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ABSTRACT

Laser Forming of Metal Foam: Mechanisms, Efficiency, and Prediction
Tizian Bucher

This thesis deals with metal foam, a relatively new material whose tremendous potential has
been identified early on. The material is an excellent shock absorber and also has a very high
strength-to-weight ratio, properties that are highly desirable particularly within the aerospace and
automotive industries. Despite the material’s immense potential, hardly any metal foam products
have made it past the prototype stage. The reason is that the material is difficult to manufacture
in the shapes required in industrial applications. Oftentimes, applications require sheets to be
bent into specific shapes, yet bending is not possible with conventional methods. Laser forming
is currently the only method that shows promise to bend metal foam panels to a range of shapes.

In this thesis, the analysis of laser forming of metal foam was taken far beyond the
experimental work that has been delivered thus far. A thorough analysis was performed of the
thermo-mechanical bending mechanism that governs the deformation of metal foam during laser
forming. This knowledge was then used to explain the effect of the process condition on the
bending efficiency and the bending limit. Additionally, the impact of laser forming on the metal
foam properties was explored. Experimental results were complemented by numerical results
that were validated both thermally (using infrared imaging) as well as mechanically (using
digital image correlation). Numerical models with different levels of geometrical complexities
were used, and the effect of the model geometry on the predictive accuracy was explored.

In the second half of the thesis, the aforementioned effort was extended to metal foam
sandwich panels, in which metal foam is sandwiched between two sheets of solid metal. The

material again has a high strength-to-weight ratio and excellent shock absorption capacity, while



also being stiff and core-protective. Just like metal foam alone, metal foam sandwich panels are
typically manufactured in flat sheets, and failure-free bending can only be achieved using lasers.

The analysis was again initiated with the bending mechanism. It was revisited whether the
foam core still follows the same bending mechanism, and how its deformation is affected by the
interaction with the solid facesheets. This insight was then used to elucidate the bending
efficiency and limit at different process conditions, as well as the impact of the process on the
material performance. Additionally, the effect of the sandwich panel manufacturing method on
the process outcome was investigated. This was achieved by contrasting two sandwich panel
types with a different foam core structure, foam core composition, facesheet composition and
facesheet attachment method. Lastly, three-dimensional deformation of metal foam sandwich
panels into typical non-Euclidean shapes such as bowl and saddle shapes was explored. It was
shown that a significant amount of 3D deformation can be induced. At the same time, it was
discussed that the achievable deformation is limited to moderate curvatures, since only a limited
amount of in-plane strains may be induced using laser forming.

The aforementioned experimental efforts were again accompanied by numerical efforts.
Sandwich panel models with different levels of geometrical complexity were used to study all
aspects pertaining to the process, and the properties to the facesheet/foam core interface were
discussed.

Overall, the work in this thesis demonstrated that laser forming is capable of bending metal
foam panels and metal foam sandwich panels up to large bending angles without causing
failures, while maintaining the favorable properties of the material. Conceptual, experimental
and numerical groundwork was laid towards a successful implementation of the material in

industrial applications.
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Caption

(a) In closed-cell metal foam, cavities are entirely surrounded by a cell wall
[4]. (b) In open-cell metal foam, cavities are connected to each other [5].

Closed-cell metal foam excels as car bumper, shown in green in the left
figure, as well as crash box, shown in blue in the left figure. The right figure
shows the metal foam filling of a crash box after a collision test [6].

Metal foam sandwich panels would excel as parabolic mirrors in solar
power plants, shown in (a) [9], due to their high stiffness and strength-to-
weight ratio. Their excellent shock and noise absorption capacity would
also make them ideal for airplane turbine engine casing, shown in (b) [11].

(a) One near-net-shape method to manufacture metal foam sandwich panels
is to start with compressed metal and foaming agents powders (precursor),
place it between facesheets and heat the assembly near the metal melting
temperature. The foaming agent releases a gas, turning the precursor into a
foam [9]. (b) 3D printing is the second near-net-shape method [14].

Many different types of failures occur during 3-point bending of metal foam
sandwich panels. Most typical are core shear failures (c,d), delamination
(b,c), and facesheet yield (e). Even the ideal scenario, shown in (a), is not
desirable, because the facesheet penetrates deeply into the metal foam [15].

Laser forming setup. The specimen is loosely clamped on one side and laser
scanned across the entire width at a dimeter D, scan speed v and power P
[18]. Depending on the bending mechanism, the specimen may bend
towards or away from the laser.

Metal foam that was used in chapters 2 & 3.

Phase diagram for a binary aluminum-silicon alloy system [32].

(a) Schematic of the structure of a hypo-eutectic Al-Si alloy, showing the
Al-rich a-phase on the left, the grainy eutectic f-phase on the right as well
as Si-rich lamellas in black. (b) Optical microscopy picture of a hypo-
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Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

eutectic Al-Si alloy, along with schematic showing the same structure as in

(a) [33].

Compressive stress-strain curve of metal foam. Initially, the response is
almost linear in segment 1. In segment 2, the cells crush and absorb energy.
In segment 3, the foam starts to densify, causing an exponential increase in
the compressive stress [34].

(a) Type I sandwich panel that was analyzed in chapter 4. (b) Type II
sandwich panel that was compared with the type I sandwich panel in
chapter 5.

(a) Uncoated aluminum block, (b) aluminum block coated with high-
emissivity graphite paint. (¢) Non-uniform temperature distribution
measured on the shiny block shown in (a), and (d) uniform temperature
distribution measured on the coated block shown in (b).

Temperature reading on the painted aluminum block (leaving & constant)
after heating the block in the tube furnace to (a) 100°C, (b) 200°C, (c)
300°C, and (d) 400°C.

Strain distribution in y-direction after laser forming a metal foam specimen
to a 45 degree angle. The data was only extracted from the stationary part
above the bending axis.

(a) Stacked Kelvin-cell geometries [38]. (b) Kelvin-cell model that was
obtained by cutting arrays of Kelvin-cells out of a solid block, after a laser
forming simulation.

(@) In a micro-CT data cloud, there are high-absorption points for
aluminum, shown as black dots, and low-absorption points for air (no dots).
For each arrangement within a cube, there is a different interpolation
scheme to divide the high-absorption area (solid) from the low-absorption
area (air) [39]. The individual interpolated surfaces are then stitched
together to obtain a closed volume, shown in (b) [40].

Voxel model of the metal foam that was used in chapters 2 & 3.

Equivalent model after a laser forming simulation.
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Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

Figure 24

Figure 25

Figure 26

Figure 27

The stress-strain response of metal foam in uniaxial tension and
compression is nearly the same up to the tensile failure point [41]. Based on
this fact it is possible to assume a symmetric yield surface and isotropic
hardening.

Initial and subsequent yield surfaces of metal foam. The yield surface is
symmetric and expands uniformly (the same in tension and compression)
due to the isotropic hardening assumption [42].

Typical EDS line scan across the interface of a type I sandwich panel,
showing the magnesium content. The interface is the intermediate region
between the high mg-content facesheet and the low mg-content foam core.

The interface is infinitesimally thin, thus only the interfacial normal and
shear tractions are looked at. Due to the traction continuity at the interface,
the two layers may deform differently by u* and u, respectively, giving rise
to a jump discontinuity u across the interface [45].

Data fit of the results in [46], which allowed establishing a temperature-
dependent function for the gap conductance.

Sandwich panel that is loaded by a lateral force F' [49]. Each layer stretches
by ¢+4¢, and the interface expands by 4.

The ratio a = Kt/E must be at least 25 for the effective stiffness E4 of the
entire sandwich panel to be the same magnitude as the stiffness £ of the
joined layers [49].

(a) Equivalent sandwich panel model, (b) Kelvin-cell sandwich panel
model, (c) type I sandwich panel specimen (left) and corresponding voxel
model (right), (d) type II sandwich panel specimen (left) and corresponding
voxel model (right).

3D equivalent sandwich panel model used for the (a) bowl shape and the (b)
saddle shape. Symmetry constraints were used to reduce the CPU-intensity.
The models were also constrained at two vertically aligned points to mimic
the experimental fixture.
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Figure 28

Figure 29

Figure 30

Figure 31

Figure 32

Figure 33

Figure 34

Figure 35

Figure 36

Figure 37

Closed-cell aluminum foam specimen after laser forming.

(a) Equivalent model, (b) Kelvin-cell model and (c) voxel model.

Determining the equivalent thermal conductivity using the visual method by
calculating the cross-sectional areas and the angular orientations of the cell
walls.

Experimental setup.

Experimental and numerical temperature history response during steel sheet
laser forming at 800 W — 50 mm/s (high) and 400 W — 25 mm/s (low).

(a) and (c) show the experimental top and bottom temperature distributions,
respectively, and (b) and (d) show the numerical (Kelvin-cell) top and
bottom temperature distributions, respectively, after a 2 s exposure to a 30
W laser with a 6mm radius.

(a) Experimental and (b) numerical (Kelvin-cell) temperature distribution
from the laser center to the edge of the laser source after a 30 W laser
exposure with a 6mm radius. The experimental data is averaged over 15
specimens and standard errors are shown.

(a) Experimental and (b) numerical (Kelvin-cell) temperature history plots
during a 2 s exposure to a 30 W defocused laser beam with a 6mm radius.
The experimental data is averaged over 15 specimens and standard errors
are shown.

(a) and (c) show the experimental top and bottom temperature history plots,
(b) and (d) show the numerical (Kelvin-cell) top and bottom temperature
history plots at scanning speeds 2.5 mm/s, 3.33 mm/s and 5 mm/s,
respectively. The laser power was 50 W with a beam radius of 6mm. The
experimental results were averaged over 20 test runs and standard errors are
shown.

Experimental and numerical (Kelvin-cell) maximum temperature gradients
during 50 W scans with a 6mm beam radius at 2.5 mm/s, 3.33 mm/s and 5
mm/s, respectively. Standard errors are shown for the experimental data.
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Figure 38

Figure 39

Figure 40

Figure 41

Figure 42

Figure 43

Figure 44

Figure 45

Typical color contours of the (a) equivalent model, (b) Kelvin-cell model
and (c) voxel model during a laser scan. Legends are omitted since the color
contours are used for a qualitative comparison.

Heat flux vectors in cross-sections of the (a) equivalent model, (b) Kelvin-
cell model and (c) voxel model during laser irradiation. Legends are omitted
since the plots are used for a qualitative comparison.

Experimental and numerical (equivalent, Kelvin-cell and voxel model) top
and bottom surface temperature history plots during a 2 s laser pulse at 30
W with a defocused beam radius of 6mm.

Experimental and numerical (equivalent, Kelvin-cell and voxel model) top
temperature history plots during a 50 W scan at Smm/s with a defocused
beam radius of 6 mm.

Experimental and numerical (equivalent, Kelvin-cell and voxel model)
maximum top surface temperatures during 50 W laser scans at 2.5 mm/s,
3.33 mm/s and 5 mm/s, respectively. Standard errors are shown for the
experimental data.

Uniaxial compressive stress-strain data (engineering) of four compression
specimens (curves 1-4) made with the same metal foam that was used in
this study [34]. The stress-strain curve can be divided into three segments:
(1) a linear regime, followed by (2) a plateau where cell crushing occurs and
a large amount of energy is absorbed, followed by (3) foam densification.
Due to their crushability, metal foams can withstand much lower
compressive stresses than solid metals.

Two approaches were used to model metal foam. In the first (“equivalent”)
model, shown in (a), a solid geometry was used and equivalent foam
properties were assigned. In the second (“Kelvin”) model, shown in (b), the
foam geometry was explicitly modeled, and solid aluminum properties were
assigned. The cavity geometry was approximated by a Kelvin-cell
geometry.

(a) Experimental setup. The laser was scanned in x-direction. The bottom
specimen surface was spray-painted white with a black speckle pattern.
Digital images were taken in between consecutive laser scans. (b) Example
strain distribution (g)y, Lagrangian strain) on the bottom surface of a laser
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Figure 46

Figure 47

Figure 48

Figure 49

Figure 50

formed specimen at a bending angle of 45°. The strain was only extracted
on the clamped half of the specimen above the bending axis to avoid effects
related to out-of-plane rotations [37].

Section of the top surface of the specimen on the laser scan line (a) before
laser forming, (b) after 1 scan and (c) after 10 scans at 90 W and 5 mm/s.
Even at this low power, localized melting of thin cell walls occurred,
marked in white. Melting started after the first scan and progressed with
each consecutive scan, forming u-shaped trenches in the cell walls and
reducing the amount of compressible material. Melting stopped once the
thickness of the remaining cell wall sections increased.

Cross-section of a foam specimen after 5 laser scans at 180 W and 10 mm/s.
The laser was scanned into the page. The white arrows show where cell
walls were bent during laser forming, indicating that the foam cannot
withstand high compressive stresses.

Comparison of the tensile strain (g),) on the bottom surface (determined via
DIC) in 4-point bending and laser forming (at 180 W and 10 mm/s). &, is
the strain resulting from a combination of cell collapsing and cell wall
deformation. Standard errors are shown, calculated over all the pixels of the
averaged areas (see Sec. 3.3). In 4-point bending, the strain increased
exponentially before a catastrophic failure, whereas in laser forming there
was a stable linear strain growth with increasing bending angle. Laser
forming yielded a larger maximum ¢,,, due to heat-induced softening, yet ¢,,
did not grow proportionally to the bending angle, and hence tensile
stretching cannot be the main cause of bending.

Strain distributions (¢,y) in (a) metal foam during 4-point bending, (b), metal
foam during laser forming, and (c) a steel sheet during laser forming. (d)
Ratio of top surface (compressive) strain over bottom surface (tensile) strain
at the bending axis, calculated for all three simulations. In 4-point bending,
bending was equally caused by compressive and tensile strains. In laser
forming, the large ratios indicate that compressive deformation was the
main cause for bending.

Relative density distribution after a single scan at 180 W and 10 mm/s. The
baseline relative density is 0.112, and a relative density of 1 indicates
complete densification. Densification occurred throughout the top 80% of
the foam, leaving only a small tensile region on the bottom surface.
Therefore, laser forming shifts the neutral axis downwards, and deformation
is dominated by compressive shortening.
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Figure 51

Figure 52

Figure 53

Figure 54

Figure 55

Figure 56

(a) Experimental and (b) numerical bending angles and tensile strain data
(&) at large bending angles. “High” refers to the condition 180 W 10 mm/s,
“low” refers to 90 W 5 mm/s. Standard errors are shown for the strain
results, calculated over all the pixels of the averaged area (see Sec. 3.3). In
both the experiment and the simulation, the bending angle and strain plots
leveled off at a large number of scans. In the numerical simulation, the limit
at 180 W and 10 mm/s was reached at a larger bending angle, since the
model did not consider melting, as well as changes in the moment of area,
laser absorption and thermal conductivity with increasing densification.

Comparison of numerical data before and after correcting for density-
dependence. Without correction, both the bending angle and strain
increment decreased only slightly with increasing scans, induced by tensile
strain hardening on the bottom surface. After incorporating density-
dependent variables, a distinct limiting behavior could be observed.

Bottom surface of a specimen scanned at 90 W and 5 mm/s at bending
angles of (a) 1°, (b) 11.6°, and (c) 16.3°. Due to some naturally occurring
stress concentrations, micro-cracks already occurred at low bending angles
of 1°. As the bending angle became larger, those micro-cracks increased in
size, and new micro-cracks formed (b,c). However, the micro-cracks
remained isolated from each other at this stage and thus hardly affected the
structural integrity of the foam.

(a) Foam specimen at a bending angle of 45°, after being laser formed at
180 W and 10 mm/s, with a cross-section shown in (b). At large bending
angles, the isolated cracks on the bottom surface grew larger and started to
coalesce, shown in (a). In close proximity to the bending axis, cells at the
top surface were crushed significantly, shown in (b), but the foam was still
far away from complete densification.

Resistance curves determined using the J-integral method, ASTM 813-89,
for a closed-cell foam with a very similar composition and porosity [79].
The white and black data points represent two test specimens. Unlike in a
brittle material, where the Jz-value would be horizontal beyond an unstable
crack length, it keeps on increasing in metal foam, indicating that the foam
fracture toughness is maintained even as the crack grows larger. Therefore,
micro-cracks do not lead to an unstable fracture, and even larger cracks do
not completely remove the structural integrity of the foam.

Fracture surfaces in (a) mechanically fractured and (b) laser formed metal
foam specimens. The fracture surface in (a) consists of a mix of dimples
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Figure 57

Figure 58

Figure 59

Figure 60

Figure 61

and clean surfaces with sharp edges, indicating a mix of ductile and brittle
fracture. The material on the surface of (b), on the other hand, appears to
have been stretched severely, indicating a more ductile fracture.

Relative density distribution at a bending angle of 45°. The baseline relative
density is 0.112, and a relative density of 1 indicates complete densification.
The densified region was highly localized around the bending axis. Over a
small area close to the top surface, the relative density increased by a factor
of 2.5, which is still far away from complete densification. Foam expansion
occurred close to the bottom surface, coinciding with the region where
cracks appeared in Fig. 54(a).

Bending angles predicted by the Kelvin model in comparison with the
predictions of the equivalent model and the experimental values. Standard
errors are shown for the experimental data. Due to its superior geometrical
accuracy, the Kelvin model yielded results that were closer to the
experimental results. Nevertheless, the model still overestimated the
bending angle, particularly at the high condition (180 W, 10 mm/s), since it
did not account for melting, as well as changes in the laser absorption (due
to using an uncoupled modeling approach).

Thermal strain distribution in a micro-CT based “voxel” model during a
laser scan at 90 W and 5 mm/s. The downward deformation represents the
initial counter-bending that occurs during the laser scan. The voxel model
has a higher level of geometrical accuracy, which could potentially be used
to predict crack-initiation sites and cell wall bending.

An example showing a metal foam sandwich (89% porosity, total thickness
10 mm, facesheets thickness 1 mm) which has a 17.4 times higher moment
of area about the y axis than a solid with the same cross-sectional area
(thickness 3.2 mm). Hence, metal foam sandwiches have a higher stiffness
to bending deformation. The cross-sections were divided into squares of 0.1
mm length, whose moment of area were calculated individually and added
using the parallel axis theorem. The y and z axes refer to the number of
squares per coordinate direction. The total number of squares was the same
for the solid and sandwich.

Two different geometries were used to model the foam core: (a) solid
geometry (“equivalent model”), whereby foam properties were assigned,
and (b) Kelvin cell geometry (“Kelvin model”), where each cavity was
approximated by a Kelvin-cell. Not visible are the cohesive layers that were
inserted between the facesheets and the foam core.
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Figure 62

Figure 63

Figure 64

Figure 65

Figure 66

Figure 67

Experimental setup. The specimens were scanned in x-direction, and a
thermally insulating material was inserted between the specimen and the
holder. The dial indicator was removed during laser scans.

Cross-sections of sandwich panels scanned at (a) D = 4 mm and v = 30
mm/s (100 scans) and (b) D = 12 mm and v = 10 mm/s (24 scans), and
cross-sections of isolated facesheets scanned at (¢) D = 4 mm and v = 30
mm/s (7 scans), and (d) D = 12 mm and v = 10 mm/s (6 scans). The power
and area energies were P = 800 W and 6.67 J/mm? in all cases, respectively,
and the final bending angle was 15°. The top facesheet bent via the TGM in
(a) and (c), the BM in (d), and the UM in (b).

Simulated temperature distributions at a cross-section (yz-plane) as the laser
passes, both in the entire sandwich (equivalent sandwich model) and in an
isolated facesheet. At D = 4 mm and v = 30 mm/s, a steep temperature
gradient exists in the top facesheet, regardless of whether the facesheet is
isolated or in sandwich configuration, indicating that the TGM is always the
governing mechanism. At D = 12 mm and v = 10 mm/s, there is hardly any
gradient over the top facesheet in both scenarios, indicating that the BM and
the UM govern in the isolated and sandwich configurations, respectively.

Experimental and numerical temperatue histories on the bottom sandwich
panel surface at D =4 mm and D = 12 mm. At D = 12 mm there is a more
significant temperature rise, indicating that more heat is transferred across
the top facesheet. At D = 4 mm, little heat reaches the bottom surface,
implying the presence of a temperature gradient in the top facesheet.

Density distribution after a laser scan at (a) D =4 mm and v = 30 mm/s, and
(b) D = 12 mm and v = 10 mm/s. The initial density is 100%. At both
conditions, the foam core densified as postulated by the MTGM. At D = 4
mm, the densification has a higher magnitude, but occurs more locally. At
D = 12 mm, densification occurs over a much greater area, allowing for a
more efficient deformation at large bending angles. A deformation scaling
factor of 5 was used. Half of the specimen is shown due to symmetry.

Vertical plastic strain distribution in z-direction (g33) at the scan line at D =
4 mm and v = 30 mm/s (a) right before the laser passes, (b) as the laser
passes, and (c) after the laser scan. Right as the laser passes, the top
facesheet (top 3 element layers) expands upwards and downwards near the
scan line, compressing the foam underneath. The foam, in turn, densifies
due to the MTGM and “pulls” the facesheet down, causing tensile strains in
the top facesheet. A deformation scaling factor of 5 was used. Half of the

Xiv

124

126

127

128

129

131



Figure 68

Figure 69

Figure 70

Figure 71

Figure 72

Figure 73

Figure 74

specimen is shown due to symmetry.

Experimental bending angles over 8 scans at D = 4 mm with v = 30 mm/s,
and D = 12 mm with v = 10 mm/s. The power and area energy are constant
at P =800 W and AE = 6.67 J/mm2, respectively. The bending angles are
averaged over 5 specimens, standard errors are shown. At D = 12 mm,
bending is more efficient than at D =4 mm.

Plastic strain distribution after a laser scan at (a) D = 4 mm with v = 30
mm/s and (b) D = 12 mm with v = 10 mm/s. At D = 4 mm, significant
compressive shortening only occurred over a small segment of the top
facesheet (top 3 element layers), unlike at D = 12 mm, where the entire top
facesheet contributed to compressive shortening, and compressive strains
extended further from the laser scan line. A deformation scaling factor of 5
was used. Half of the specimen is shown due to symmetry.

At D = 4 mm, appreciable bending angles can only be obtained by
performing parallel scans, as shown in (a), where 2 scans were performed
per scan line and offset by 1 mm. At D = 12 mm, large bending angles up to
65° and beyond can be obtained over a single scan line, as shown in (b).

Cross-section of a sandwich specimen bent to 65° at D = 12 mm and v =10
mm/s. The top facesheet thickened significantly, and foam densification
occurred over a large area. Yet the strength of the top facesheet is
maintained, if not increased. Much less densification occurred than in
mechanical bending.

Experimental bending angles over 8 scans at spot sizes ranging from D = 4
mm to D = 12 mm. The power and area energy are constant at P = 800 W
and AE = 6.67 J/mm?, respectively. The bending angles are averaged over 5
specimens, standard errors are shown. At small spot sizes, the bending
curves level off more rapidly due to an increased amount of paint
evaporation and a higher sensitivity to facesheet thickening.

Experimental bending angles after 1 scan and 8 scans at spot sizes ranging
from D =4 mm to D = 12 mm. The power and area energy are constant at P
= 800 W and AE = 6.67 J/mm?, respectively. The bending angles are
averaged over 5 specimens, standard errors are shown.

Experimental and numerical bending angles after a single scan at a spot size
of D = 12 mm and a power of P = 800 W. The experimental results were

XV

132

133

134

135

137

138

138



Figure 75

Figure 76

Figure 77

Figure 78

Figure 79

Figure 80

Figure 81

averaged over 5 specimens, standard errors are shown. With increasing scan
speed, the area energy and thus the bending angle decrease. A considerable
range of area energies can be used.

Temperature distribution in a sandwich specimen scanned at D = 12 mm
and v = 10 mm/s using a (a) equivalent sandwich model and a (b) Kelvin
sandwich model. Half of the specimen is shown due to symmetry.

Simulated temperature distributions at a cross-section (yz-plane) as the laser
passes the section, predicted by the equivalent and Kelvin models, for the
conditions D = 4 mm with v =30 mm/s, and D = 12 mm with v = 10 mm/s.
In the Kelvin sandwich model, the top facesheet temperatures and the
temperature drop across the interface are greater due to the additional
geometrical restriction of the heat flow at the interface.

Plastic strain distribution in the Kelvin sandwich model after a laser scan at
D =4 mm with v =30 mm/s. A deformation scaling factor of 10 was used.
Half of the specimen is shown due to symmetry. In (a), a cavity is located
underneath the facesheet at the scan line, and the facesheet can expand
downwards unrestrictedly. In (b), a cell wall is located underneath the
facesheet, and the downward expansion of the facesheet is restricted.

Experimental and numerical bending angles after a single laser scan at D =
4 mm and v = 30 mm/s, and D = 12 mm and v = 10 mm/s (P = 800 W =
const.). The Kelvin model is more sensitive to changes in process
conditions due to its higher geometrical accuracy. Both models over-
predicted the bending angles at D = 4 mm because they did not account for
paint evaporation and localized melting.

(a) Type I sandwich panel, (b) type II sandwich panel.

Schematic of two layers of thicknesses s1 and s> that are joined by an
interface of thickness 7, with a close-up of the traction components at the
interface [93].

Typical EDS line scan of a type I sandwich panel specimen, showing the
magnesium content. The scan was performed across the interface between
the facesheet and the foam core. The interface is the intermediary region
between the high Mg-content facesheet and the low Mg-content foam.
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Figure 82

Figure 83

Figure 84

Figure 85

Figure 86

Figure 87

Figure 88

Figure 89

(a) Equivalent sandwich model, (b) Kelvin-cell sandwich model, (c) type I
sandwich panel specimen (left) and corresponding voxel model (right), (d)
type II sandwich panel specimen (left) and corresponding voxel model

(right).

Bending angles of both sandwich panel types over 8 laser scans at a large
spot size (D = 12 mm, v = 10 mm/s) and a small spot size (D =4 mm, v =
30 mm/s), the power was constant at P = 800 W. The results were averaged
over 3 specimens, standard errors are shown.

The bending limit of the (a) type I and (b) type II sandwich panel at a large
spot size (D = 12 mm, v = 10 mm/s) were around 65° and around 45°,
respectively. In the type I sandwich panel, the top facesheet mostly
deformed inwards, whereas it mostly deformed outwards in the type II
sandwich panel.

Bending angles of the “isolated” facesheets (not attached to foam core) at a
small spot size (D = 4 mm, v = 30 mm/s). The type I facesheet, made of
AW 5005, bent more efficiently than the type Il facesheet, which was made
of Al 1060.

Plastic strain distribution in y-direction after a laser scan at (D =12 mm, v =
10 mm/s). AW 5005 facesheet properties were used in (a), and Al 1060
facesheet properties were used in (b). The remaining geometrical and
material properties were identical. The deformation was scaled by a factor
of 10 for viewing clarity. Only half of the model is shown due to symmetry.

Foam pucks were sandwiched between two solid aluminum disks. A laser
with spot size D = 12 mm was applied to the top surface of the assembly
and the temperature was measured underneath. The measured heat diffusion
through the type I and type II foams was very similar. The results were
averaged over 2 specimens that were tested from both directions, standard
deviations are shown.

The moment of area of the type I foam is on average 18% greater than the
moment of area of the type II foam, making it stiffer to bending
deformation.

Temperature history on the bottom surface of the sandwich panels during
laser scans at a large spot size (D = 12 mm, v = 10 mm/s) and a small spot
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Figure 90

Figure 91

Figure 92

Figure 93

Figure 94

Figure 95

size (D =4 mm, v = 30 mm/s). 4 specimens were tested for each sandwich
panel type, standard deviations are shown.

Temperature distribution in voxel models of (a) type I sandwich panels and
(b) type Il sandwich panels, during a scan at a large spot size (D =12 mm, v
= 10 mm/s). The laser was scanned in x-direction. The models were sliced
along the laser scan line for viewing clarity.

Cross-sections of type I and type II sandwich panels that were bent to the
bending limit. The laser was scanned into the page. At a small spot size (D
=4 mm, v = 30 mm/s), the bending limit of the type I sandwich panel is
around 15° (a), and for the type II sandwich panel it is around 12° (b). At a
large spot size (D = 12 mm, v = 10 mm/s) the limit is (c) around 65° for the
type I sandwich panel and (d) around 45° for the type II sandwich panel.

Plastic strain distributions in y-direction in a type Il sandwich panel after a
laser scan at a large spot size (D = 12 mm, v = 10 mm/s), shown using a
voxel model. The deformation was scaled by a factor of 10 for viewing
clarity. The laser was scanned into the page, and the laser center was on the
dashed line.

Plastic strain distributions in y-direction in a Kelvin-cell sandwich model
after a laser scan at a large spot size (D = 12 mm, v = 10 mm/s). Only half
of the model is shown due to symmetry. In (a), the foam core was
constructed such that cavities are underneath the top facesheet at the
symmetry plane, whereas in (b) mostly cell walls are underneath the top
facesheet. The remaining properties of both models are identical. The
deformation was scaled by a factor of 10 for viewing clarity.

(a) A cross-section of the type II sandwich panel, obtained using a micro-
CT scan, shows that there are regions of detachment between the facesheet
and the foam core. This detachment is detrimental to laser forming, since
the maximum achievable bending angle drops from 45° to around 15° at a
large spot size (D =12 mm, v = 10 mm/s), shown in (b).

Plastic strain distributions in y-direction after a laser scan at a large spot
size (D = 12 mm, v = 10 mm/s). In (a), the adhesion between the top
facesheet and the foam core is intact, whereas in (b) the top facesheet is
detached from the foam core over a half the spot size of D = 12 mm. Only
half of the model is shown due to symmetry. The deformation was scaled
by a factor of 10 for viewing clarity.
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Figure 96

Figure 97

Figure 98

Figure 99

Figure 100

Figure 101

Figure 102

The channel shape on the left is a Euclidean geometry. It can be obtained by
bending strains alone, and the bending deformation is in the yz - plane. The
bowl and saddle shapes are non-Euclidean geometries. Deforming a flat
sheet into bowls and saddles requires both bending and in-plane strains, and
the deformation occurs in three dimensions.

Radial scan pattern that was used to obtain the (a) bowl shape and (b)
saddle shape. Solid lines were performed on the top surface, dashed lines on
the bottom surface. The numbering indicates the scan sequence. Scans were
initiated on the outside and ended at the center. The diagrams apply for the
condition of D = 12 mm and v = 10 mm/s. For D = 4 mm and v = 30 mm/s,
the same overall area was treated, but the laser scans were closer together.

(a) Bowl model and (b) saddle model. In both cases, only one quarter of the
specimen was modeled, and an x and y symmetry was employed. Both
models were fixed at two vertically aligned points using encastre
constraints.

Isometric and side view of bowl shape (a) after 300 scans at a laser spot size
of D = 4 mm with scan speed of v = 30 mm/s, and (b) after 160 scans at a
laser spot size of D = 12 mm with scan speed of v = 10 mm/s. The laser
power was P = 800 W in both cases.

Average radial deflection of the bowls in Fig. 99, shown with standard
deviations. At a large spot size of D = 12 mm, a higher deflection was
obtained even though the number of scans was lower than at a small spot
size of D =4 mm.

Bowl shape predicted by the numerical model in Fig. 98(a), after
performing one iteration of the scan pattern in Fig. 97(a). The model was
mirrored in x and y - direction. The spot size was D = 12 mm and the scan
speed was v = 10 mm/s. The deformation was magnified by a factor of 10
for viewing clarity.

Comparison of experimental and numerical deflections of the bowl shape at
(a) a laser spot size of D =4 mm with scan speed of v =30 mm/s, and (b) a
laser spot size of D = 12 mm with scan speed of v = 10 mm/s. One iteration
of the scan pattern in Figs. 97(a) and 99(a) were performed. Average
deflections and standard deviations are shown for the experimental data.
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Figure 103

Figure 104

Figure 105

Figure 106

Figure 107

Figure 108

Figure 109

Saddle shape (a) after 288 scans at a laser spot size of D =4 mm with scan
speed of v = 30 mm/s, and (b) after 168 scans at a laser spot size of D =12
mm with scan speed of v = 10 mm/s. The laser power was P = 800 W in
both cases.

Average deflection of the saddles in Fig. 103, measured at the outer edges
marked as edge 1 and edge 2 in Fig. 105. The large spot size of D = 12 mm
again yielded a higher amount of deformation than the small spot size of D
=4 mm.

Saddle shape predicted by the numerical model in Fig. 98(b) after mirroring
the result in both x and y direction. The spot size was D = 4 mm and the
scan speed was v = 30 mm/s. The deformation was magnified by a factor of
10 for viewing clarity. Only half the scans of Figs. 103 and 104 were
modeled, skipping every other scan, to reduce the computational intensity.

Comparison of experimental and numerical deflections of the saddle shape
at (a) a laser spot size of D =4 mm with scan speed of v = 30 mm/s, and (b)
a laser spot size of D = 12 mm with scan speed of v = 10 mm/s after one
iteration of the scan pattern. Average deflections are shown for the
experimental data.

Temperature distributions across the sandwich panel thickness right as the
laser passes the cross-section, predicted by the numerical models. At D =12
mm, there is hardly any gradient across the top facesheet, satisfying the
thermal prerequisites for the UM. At D = 4 mm, there is a steep gradient
across the top facesheet, satisfying the thermal prerequisites for the TGM.
In both cases, there is a steep gradient across the foam, satisfying the
thermal prerequisites for the MTGM.

Cross-sections cut perpendicular to the scan path at (a) D =4 mm and v =
30 mm/s, and (b) D = 12 mm and v = 10 mm/s. The laser was scanned into
the page. The cross-sections look very similar to cross-sections obtained in
2D laser forming [91].

Plastic strain distributions in y — direction (PE22) at a cross-section that is
perpendicular to the laser scan at (a) D =4 mm and v = 30 mm/s (3D case),
and (b) D =12 mm and v = 10 mm/s (3D case), and (c) D =12 mm and v =
10 mm/s (2D case). The laser scan was performed on the symmetry plane,
hence only half of the specimen is shown. The deformation was magnified
by a factor of 10 for viewing clarity. The foam thickness differed between
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Figure 110

Figure 111

Figure 112

Figure 113

Figure 114

the 2D (c) and 3D (a,b) cases to reflect the experimental specimens used.

Circular scan pattern that was used to obtain the bowl shape at D = 12 mm
and v = 10 mm/s. The overall scan length is the same as in the radial scan
pattern of Fig. 97(a). The radii are R; = 30 mm, R> = 36.5 mm, R3 = 43.1
mm, Ry = 49.6 mm. At D =4 mm and v = 30 mm/s, the same overall area
was treated, but 10 laser radii were used that were closer to one another.

Comparison between the average deflections of the bowl shape achieved
using radial and circular scan paths. Standard deviation are shown. Much
more deformation could be achieved using radial scan patterns.

Bowl shape obtained using a circular scan pattern. The spot size was D = 12
mm and the scan speed was v = 10 mm/s. The deformation was magnified
by a factor of 10 for viewing clarity. The plastic strain magnitude is lower
than when using a radial scan pattern (Fig. 101).

Temperature distributions during (a) a radial laser scan, (b) a circular scan
far away from the edge, and (c) a circular scan close to the edge. In circular
scans, the temperature gradient is reduced, and the material surrounding the
irradiated region undergoes more heating, especially if the scan is
performed close to the edge.

Plastic strain distributions in y — direction after (a) a single laser scan close
to the edge and (b) after 4 laser scans. The compressive strain increases with
increasing distance from the edge, and its magnitude is higher on the side
facing the center of the specimen.
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List of Tables

Caption

Al 1060 undergoes more thermal softening and has a much lower flow
stress than AW 5005.

The type I foam core (AlSi10) is slightly stiffer and undergoes less thermal
softening than the type II foam core (Al 99.7).

The nine dimensional parameters that are used for the Buckingham Pi
analysis. In the second row, the regular material units are shown, whereas in
the third row the units are written in terms of the four fundamental units, the
mass M, the length L, the time 7, and the temperature 7.

The moment of area (about z = 0) of a metal foam with 89% porosity is 43.4
times higher than the area moment of a solid with the same cross-sectional
area. As a consequence, metal foam has a much higher bending stiffness.
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Chapter 1: Introduction

1.1 Metal Foam

Metal foam is a relatively new material that was introduced in the middle of the 20™ century
[1]. It has the same structure as sponges, but is made out of metal, a combination that gives rise
to truly unique material properties that have been nearly fully characterized over the past couple
of decades [2,3]. Metal foams are generally classified into two categories: (1) closed-cell foams,
in which cell walls completely encapsulate each cavity (Fig. 1(a)), and (2) open-cell foams, in

which individual cavities are connected with one another (Fig. 1(b)).

Figure 1: (a) In closed-cell metal foam, cavities are entirely surrounded by a cell wall [4]. (b) In open-cell
metal foam, cavities are connected to each other [5].

Closed-cell metals foams are exceptional shock absorbers and perfectly suited for crash-
absorption applications such as car bumpers or car crash boxes [6]. Moreover, they have a very
high strength-to-weight ratio, making them ideal for space applications such as rocket
components or space shuttle parts [7]. Closed-cell metal foams have also been reported to have
exceptional noise-absorption capabilities [2]. They are rather good thermal insulators, and
particularly suitable for fire-retardance or fire-proofing applications, since they are not

flammable unlike some polymer foams that are currently used for insulations [8]. Many more

1



potential applications exist that are summarized in [7,9], including architectural applications,

train/boat hulls, machine vibration dampers, or even cooking ware.

Figure 2: Closed-cell metal foam excels as car bumper, shown in green in the left figure, as well as crash box,
shown in blue in the left figure. The right figure shows the metal foam filling of a crash box after a collision
test [6].

Open-cell metal-foams excel as heat sinks, since their high conductivity allows for quick heat
dissipation. Furthermore, they are an ideal material for ultra-light components, because they can
be manufactured at extremely low densities. Open-cell foams are also often used as catalysts [9].
In this thesis, only closed-cell metal foams were investigated, since they are more suitable for
structural applications and have more unique properties than open-cell foams. Additionally, the
project was focused on low-density metal foams with porosities of 70% and greater, since they

are lowest in weight while having the greatest shock absorption capacity.

1.2 Sandwich Panels with Metal Foam Cores

In many applications, metal foam is not used in bulk, because it is difficult to integrate into
engineering structures, and its cell walls can easily be damaged. Instead, metal foam is often
encapsulated by solid sheet metal. The most common way this is done is by cutting a slender
metal foam panel and attaching solid metal sheets (“facesheets™) on both sides of the metal foam.
The resulting composite is called “sandwich panel”. Sandwich panels can be manufactured with

many different types of foam cores, such as open and closed-cell metallic or polymer foams. In
2



this project it was focused on the most common type of sandwich panels, consisting of a closed-
cell metal foam core, for the same reasons that were mentioned previously.

Just like bulk metal foam, metal foam sandwich panels have an exceptional shock-absorption
capacity and high strength-to-weight ratio, making them a viable option for many car
components [10]. At the same time, they are much stiffer than metal foam sheets due to the
metallic facesheets, and offer protection of the foam core. Their dimensional stability and low
weight makes them well suited for parabolic mirrors in solar plants shown in Fig. 3(a). Perhaps
one of the greatest potentials of sandwich panels lies in the aerospace industry. Sandwich panels
could potentially be used as turbine casings, shown in Fig. 3(b), since they can arrest turbine
blades in case of a failure, while also reducing the engine noise and being comparatively light
[11]. Sandwich panels would also be well suited for airplane noses as they can protect the
aircraft from bird impacts [12]. They could even serve as a substitute for honeycomb structures,
which are frequently used in aircraft nowadays. Unlike honeycomb structures, sandwich panels
are not unidirectional and have the same rotational stiffness about every bending axis. Moreover,

they can be manufactured to doubly-curved surfaces, and offer a greater flexibility in the foam

density, structure (open or closed-cell), and composition.

Figure 3: Metal foam sandwich panels would excel as parabolic mirrors in solar power plants, shown in (a)
[9], due to their high stiffness and strength-to-weight ratio. Their excellent shock and noise absorption
capacity would also make them ideal for airplane turbine engine casing, shown in (b) [11].
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1.3 Manufacturing Processes

Even though numerous potential applications have been identified in which metal foam and
metal foam sandwich panels would excel, metal foam products have hardly ever made it past the
prototype stage. The reason is that metal foam products are extremely challenging to
manufacture in the shapes that are required in engineering applications.

There do exist two near-net-shape processes that directly manufacture metal foam parts in the
final shape. The first process is based on powder metallurgy and drawn schematically in Fig.
4(a). In this process metal and so called “foaming agent” powders are mixed and compressed to a
precursor block. The precursor is then inserted into a mold and heated to a temperature at which
the foaming agent releases a gas and turns the precursor into a foam. At the same time the metal
powders are sintered together due to the elevated temperatures. The foamed precursor expands
and eventually fills out the mold, creating a fully foamed part with the negative shape of the
mold. The same technique can be applied to manufacture custom-shaped sandwich panels. The
only difference is that prior to heating the precursor inside the mold, it is sandwiched between
solid metal facesheets, and the assembly is bent to the required shape. During heating, the
precursor again turns into a foam, and creates metallic bonds to the adjacent facesheets due to the
elevated temperatures and the pressures that develop inside the mold [9].

While being rather convenient, this process has several drawbacks. First, the foaming process
requires a mold, and sandwich panels even require two molds for the initial deformation and
foaming. Moreover, these molds have to fit into an oven, and an excessive amount of trial and
error is required to obtain the best precursor shapes and foaming conditions. Hence, this

manufacturing process is only profitable for a very large production volume and is limited to



moderately sized parts. Another drawback is that the manufacturing process usually yields non-

uniform density and cell-distributions, because the metal foam is created in irregular shapes.

Facesheets
=_
A T
L S
Precursor
Foam core
(a)

Figure 4: (a) One near-net-shape method to manufacture metal foam sandwich panels is to start with
compressed metal and foaming agents powders (precursor), place it between facesheets and heat the
assembly near the metal melting temperature. The foaming agent releases a gas, turning the precursor into a
foam [9]. (b) 3D printing is the second near-net-shape method [14].

The second near-net-shape process is 3D printing shown in Fig. 4(b). With the recent
developments in the field of additive manufacturing, molds can be 3D printed in the negative
shape of the desired foam geometry, which can then be filled with molten metal to obtain a
metallic foam. While offering a lot of flexibility in the foam structure and the choice of the base
metal, 3D printing has the drawback of being extremely slow and only suitable for small parts
with small production volumes.

The alternative to near-net-shape processes is to manufacture generic metal foam shapes,
such as slabs and sheets, and subsequently bend them into the required shapes. This approach has
the advantage of being more cost effective, while also yielding more uniform foam densities and
cell distributions. The drawback of this approach is that it is exceedingly difficult to bend metal
foam. Several mechanical bending methods have been attempted, all reporting dissatisfying
results. 3 and 4 — point bending, for instance, cause many different types of failures [15,16]. Core
shear failures are for instance very common (Fig. 5(a)), due to the high tensile stresses that arise

and that readily exceed the tensile strength of metal foam. Other common failures are
5



indentations of the foam, either by the indenter, or, in the case of the sandwich, by the facesheet
(Fig. 5(b)). Further failures include facesheet wrinkling or failure, or facesheet delamination,

shown in Figs. 5(c) — 5(e).

Figure 5: Many different types of failures occur during 3-point bending of metal foam sandwich panels. Most
typical are core shear failures (c,d), delamination (b,c), and facesheet yield (¢). Even the ideal scenario,
shown in (a), is not desirable, because the facesheet penetrates deeply into the metal foam [15].

Some of the aforementioned failures are due to the concentrated loads exerted by the
indenter. Hydroforming was attempted in response to those failures, since the uniformly applied
water pressure removes the necessity of point loads and can create more smooth curvatures [17].
The experiments that were conducted were successful in avoiding indentation or core-shear
failures, but at the same time the process significantly compressed the foam core and reduced its
compressibility. Also, the process can only be used for sandwich panels, as the metal foam
structure is too fragile to withstand the high water pressures.

The only manufacturing process that can avoid all of the aforementioned failures is laser

forming. Laser forming is a non-contact process that causes mechanical deformation through



laser-induced heating and the subsequent thermal expansion. The process does not need any part-
specific tools and can generate a wide range of part geometries. Any part sizes from small
electronic chip components to large-sized panels can be laser formed, and the process fills the
low to medium production volume niche that the powder metallurgy and 3D printing processes

fail to occupy.

1.4 Laser Forming

The laser forming process itself is extremely straightforward. The specimen is loosely
clamped as shown in Fig. 6, and the laser is scanned over the entire length of the specimen at a
scan speed v, power P, and laser spot size D. Material parameters include the sheet thickness ¢

and the sheet size, along with the material-specific properties.

Beam diameter, D

g ®
.

Figure 6: Laser forming setup. The specimen is loosely clamped on one side and laser scanned across the
entire width at a dimeter D, scan speed v and power P [18]. Depending on the bending mechanism, the
specimen may bend towards or away from the laser.

For more than three decades, countless studies have been performed on laser forming, and
the process has been used to bend a variety of materials including steel, aluminum, nickel,
chromium, silicon [19], and even bi and tri-layer materials [20], and metal-polymer composites
[21]. The process is best understood for solid sheet metals, and three major thermo-mechanical

mechanisms have been devised that explain the bending behavior [22].
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The first mechanism, called temperature gradient mechanism (TGM), governs the case where
the sheet thickness is about the same size or greater than the laser spot size. In that case, a steep
temperature gradient establishes through the sheet thickness during forming, and only the portion
immediately underneath the laser heats up significantly. This section tries to expand, but is
hindered from doing so by the “cold” surrounding material. Instead of expanding, the material is
plastically compressed, which shortens the top section of the sheet relative to the bottom section.
The same phenomenon occurs along the entire laser scan, and the sheet ultimately bends towards
the laser.

The second mechanism, called buckling mechanism (BM), governs the scenario where the
laser spot size is much greater than the sheet thickness. As a consequence, the entire sheet heats
up uniformly throughout the thickness and tries to expand. This time, the heated segment is
restricted laterally, giving rise to uniaxial compressive stresses that buckle the heated material
away or towards the laser. The buckled region is translated along the laser scan, and the sheet
ultimately bends in the direction opposite to the buckling direction.

The third mechanism, called upsetting mechanism (UM), governs the same scenario as the
BM, except that the material is geometrically prevented from buckling. Instead of buckling, the
section thickens, which causes bending for geometries such as pipes [23] or sandwich panels, as
shown in Chapter 4.

Other bending mechanisms have been proposed that are slightly modified versions of the
above three mechanisms. Examples include the coupling mechanism (CM), which is
combination of the TGM and the UM [24], the martensite expansion mechanism (MEM) that

includes martensite formation in steels, or the residual stress point/relaxation mechanisms



(RSPM, RSRM) that address the residual stresses that develop during stationary laser pulses or
laser scans [25].

In this decade, laser forming has first been used to bend metal foams. Several studies have
been published, showing that open-cell [26,27], closed-cell [28], and closed-cell foams with
exterior skins [29] can be bent up to 45° and beyond. Successful results were reported with
different foam structures [28], and with porosities ranging from 30% up to 90% [26,30]. Most of
these studies assumed, without experimental or numerical proof, that the TGM governs bending
of the metal foam, due to the large sheet thickness. However, this study analyzed the bending
mechanisms with more rigor and found that none of the three standard bending mechanisms
(TGM, BM, UM) directly apply to laser forming of metal foam and metal foam sandwich panels.
Instead, a modified temperature gradient mechanism (MTGM) holds for laser forming of metal
foam (see chapters 2 & 3), and laser forming of sandwich panels with metal foam cores is

governed by a combination of mechanisms (see chapter 4).

1.5 Experiments

1.5.1 Materials
1.5.1.1 AlSi7 Metal Foam

In chapters 2 and 3, an aluminum foam with 7 weight percent silicon was used that is shown
in Fig. 7. The foam was manufactured by melting an aluminum-silicon alloy, adding calcium to
increase the viscosity, and subsequently adding a “foaming agent” TiH>. When subjected to the
heat, the foaming agent releases a hydrogen gas and creates cavities inside the aluminum melt.
As time progresses, an increasing amount of cavities are generated, and the existing cavities

grow larger (hence the density decreases). When the desired pore size and density are reached,



the material is cooled down, and the metallic foam is obtained. Throughout the thesis, this

method is referred to as the “melt-foaming method” [31].

Figure 7: Metal foam that was used in chapters 2 & 3.

The foam used in this project had a density of 279 kg/m® and an average pore size of 4 mm.
The silicon was added to increase the stiffness and strength of the foam. Side effects of adding
silicon are a reduced thermal conductivity and a reduced thermal expansion coefficient. The
AlSi7 alloy material can be categorized as a hypo-eutectic silicon alloy, since the silicon weight

percentage is below the eutectic 12.6 wt %, as shown in the phase diagram of Fig. 8.
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Figure 8: Phase diagram for a binary aluminum-silicon alloy system [32].
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The major phases that are present are an Al-rich a-phase, a eutectic f-phase as well as Si-rich

lamellas as shown schematically in Fig. 9(a). A typical microscopy picture is shown in Fig. 9(b).

The density and structure of the lamellas depends on the rate at which the alloy was cooled.

20um

|~ \
= _:_4;,»\
Eutectic Al dendrite
Region
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Figure 9: (a) Schematic of the structure of a hypo-cutectic Al-Si alloy, showing the Al-rich a-phase on the
left, the grainy eutectic f-phase on the right as well as Si-rich lamellas in black. (b) Optical microscopy
picture of a hypo-eutectic Al-Si alloy, along with schematic showing the same structure as in (a) [33].

Due to its low density, the metal foam has a low thermal conductivity of around 9 W/mK

compared to the bulk thermal conductivity of 170 W/mK. The specific heat and thermal

expansion coefficient are roughly the same as in solid AlSi7, but Young’s Modulus is smaller by

a factor of 27. Additionally, the flow stress is roughly an order of magnitude smaller than the

flow stress of the corresponding solid, and the compressive stress-strain curve has a

characteristic plateau (segment 2 in Fig. 10) that is responsible for the excellent shock absorption

capacity of metal foam.
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Figure 10: Compressive stress-strain curve of metal foam. Initially, the response is almost linear in segment
1. In segment 2, the cells crush and absorb energy. In segment 3, the foam starts to densify, causing an
exponential increase in the compressive stress [34].

1.5.1.2 Sandwich Panel Foam Core & Facesheets

In chapter 4, a sandwich panel with an AISi10 foam core was used (10 wt % silicon). This
metal foam type also falls into the category of hypo-eutectic alloys and its properties are very
similar to the foam properties discussed in Sec. 1.5.1.1. The facesheets were made of the AW
5005 alloy, containing magnesium as the major alloy element. The sandwich was manufactured
using a powder-metallurgy method that was already briefly introduced in Sec. 1.3. In this
process, AlSi10 and foaming agent powder mixture are compressed into a precursor and inserted
between two AW 5005 facesheets. The assembly is then heated in a furnace, during which the
foaming agent releases a gas and turns the precursor into a foam. Since the lateral expansion of
the sandwich is restricted, the foam and facesheets are subjected to both high temperatures and
pressures, promoting the formation of metallic bonds between the foam and the facesheets that
generate a strong adhesion between the components [9]. The resulting sandwich panel is shown
in Fig. 11(a) and has an average density and pore size of around 700 kg/m’® and 2 mm,
respectively. Throughout the remainder of this thesis, this sandwich type is referred to as #ype [

sandwich panel.

Figure 11: (a) Type I sandwich panel that was analyzed in chapter 4. (b) Type II sandwich panel that was
compared with the type I sandwich panel in chapter 5.
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In chapter 5, a second sandwich panel type was introduced, shown in Fig. 11(b). It is referred
to as fype Il sandwich panel, has different material compositions and was manufactured in a
fundamentally different way. The facesheet consisted of Al 1060, whose thermal properties are
very similar to the ones of the AW 5005 alloy that was used for the type I facesheet. The
mechanical properties of Al 1060 differ significantly, however, and its flow stress is much lower
than in AW 5005. Moreover, Al 1060 undergoes substantially more thermal softening than AW

5005.

Table 1: Al 1060 undergoes more thermal softening and has a much lower flow stress than AW 5005.

AW 5005 A11060 (A199.7)
, Room temp 69.5 70.7
Young éy"d‘ﬂus 200°C 66.5 632
(GPa) 400°C 64 526
Flow Stress Room temp 82.4 43.3
(MPa) 200°C 58.6 275
400°C 33.6 1123

The type II foam core differs from the type I foam core both in its composition and
manufacturing method. The foam was manufactured using the same method as the foam in
chapters 1 and 2, except that no silicon was added. The average cavity size was still around 4
mm, and the foam had a high aluminum content (> 99.7 wt %). Due to its high purity, the type II

foam core material is softer than the type I foam core material.

Table 2: The type I foam core (A1Si10) is slightly stiffer and undergoes less thermal softening than the type II
foam core (Al 99.7).

AlSi10 Al 99.7
Young’s Modulus Room tomp s 5
(GPa) 200°C 68.2 03.2
400°C 58.0 52.6
Room temp 55.9 43.3
FIO\;\V/HS)tress 200°C 40.2 27.5
(MPa) 400°C 16.8 11.3
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Finally, the type II sandwich panel used a different facesheet adhesion method than the type I
sandwich panel. Unlike in the type I sandwich panel, where a bond between the facesheets and
the foam core was establish during the foaming process, the bond was established in a separate
step in the type Il sandwich panel. The bond was achieved by sandwiching the foam between the
facesheets after adding some pure aluminum powder to the interface. The assembly was then
heated under a vacuum condition (vacuum sintering) near the melting temperature of aluminum,
causing the powder to sinter and establish a metallic bond between the facesheets and the foam
core.

All the specimens in the study were cut to a length of 100 mm, a width of 35 mm, and a
thickness of 10 mm, in order to allow for a comparison with the results obtained in previous

studies [28,29].

1.5.2 Experimental Methods

In chapters 2 and 3, the AlSi7 foam was laser formed using a Nd:YAG laser with a maximum
power of Puax = 2,000 W and a wavelength of 4 = 1,064 nm. The laser was used in a continuous
wave (CW) mode. To increase the laser absorption and avoid oxidation of the metal surface, the
specimens were spray-painted with graphite paint and tested under a protective nitrogen
environment, respectively. The power was varied between P = 30 — 180 W, the scan speed was
varied between v = 2.5 — 10 mm/s, and the spot size was kept constant at D = 12 mm.

In chapter 4, the sandwich panel with the AISi10 foam core was laser formed using a CO2
laser with a maximum power of Puax = 1,500 W and a wavelength of 4 = 10,600 nm. The laser
was again used in CW mode, and the specimens were spray painted with graphite paint. The
power was maintained at P = 800 W, the scan speed was varied between v = 10 - 30 mm/s, and

the spot size was varied between D =4 - 12 mm.
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In all cases the deflection of the specimens were measured using a dial indicator. When
measuring the deflection of the AISi7 foam, a thin metal sheets was attached to the surface at the
location of the measurement to prevent the dial indicator to penetrate into cavities and distort the

results.

1.5.2.1 Non-Dimensional Analysis of Process Conditions

In chapters 4-6, it is shown that metal foam sandwich panels can be laser formed using two
fundamentally different process parameter regimes. The first regime involves a laser spot size of
D =4 mm and a scan speed of v =30 mm/s, while the second regime involves a laser spot size
of D =12 mm and a scan speed of v = 10 mm/s. The power was P = 800 W in both regimes to
maintain a constant area energy. Due to the constant energy input, the two regimes could directly
be compared, and statements could be made about their relative efficiencies.

In order to define in a non-dimensional manner how these process parameters relate to the
specimen geometry, a non-dimensional Buckingham Pi analysis was performed. The non-
dimensional relations were obtained by assuming that the bending angle as is a function of the
laser absorption coefficient 4, the power P, the scan speed v, the spot size D, the linear

expansion coefficient au, the sheet thickness s, the specific heat ¢, and the density p.

aB=f<A,P,v,D,p,a,h,s,cp) (1.1)
All of these nine parameters (n = 9) were described in terms of four units (K = 4), the mass

M, the length L, the time ¢, and the temperature 7.

Table 3: The nine dimensional parameters that are used for the Buckingham Pi analysis. In the second row,
the regular material units are shown, whereas in the third row the units are written in terms of the four
fundamental units, the mass M, the length L, the time ¢, and the temperature 7.

Parameter 0B A P % D Oh S Cp p
, J m L L [k
SI Unit - - {s} {S} [m] {K} [m] [kgK} {mJ




MI’
Alt. Unit - - =

Hw w5 ]

Hence, this analysis yielded n — K = 5 non-dimensional parameters. The unique parameters in
the above table are the power, the scan speed, the spot size, and the thermal expansion
coefficient. The remaining parameters, with the exception of the bending angle and the
absorption coefficient, can be described in terms of the unique parameters. The first two non-

dimensional parameters of the Buckingham Pi analysis are simply /7, =a, and 77,=A. The

third non-dimensional parameter was calculated as follows:

2\¢ b d
I1,=PV'Dajs and (Aff J (%} L Gj L=M"L'T’ (1.2)

Equating the exponential parameters in the second relation and solving for a, b, ¢, and d yields:

a=b=c=0 7 s 13
= =— .
o] s (1.3)

Similarly, the fourth non-dimensional parameter was evaluated:

2\¢ S h 2
I1,=Pv' D%a)c and Mf L) e [i L—Z =M"CT"  (1.4)
g t t T) \Tt
Solving for e, f, g, and :
e=g=0
C
f=-2 = 174=apvz (1.5)
h — _] th

Finally, the fifth non-dimensional parameter was evaluated:

2\ j !
,=PvD'ap  and [Aff J (éj % Gj (%) “MPIT" (1.6
t

Solving for i, j, k, and [:
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From these calculations, the following relationship may be established:

1,=f(11,11,11,11,) (1.8)

s ¢, vDp
: a = A)_)—p!— 1.9
: f[ Dar P ] (1.9)

In essence, the Buckingham Pi analysis allowed reducing the number of variables from nine
to five. These five remaining non-dimensional variables can now be used to describe the process

conditions in relation to the material parameters. Specifically the third non-dimensional

s
parameter, //; = D gives meaningful insight into the relative size of the laser spot. In the first
s
regime, the laser spot of D =4 mm yielded /7, = D = 2.5, whereas the second regime with D =

s
12 mm yielded /7, =5=0.833 . Therefore, in the first regime the laser spot size was

substantially smaller than the sandwich panel sheet thickness, hence the process condition is
referred to as small throughout the remainder of the thesis. In the second regime, on the other
hand, the laser spot size was roughly equal to the sandwich panel thickness, and is henceforth
referred to as large.
1.5.2.2 Thermal Imaging

Throughout chapters 2, 4, and 5, an infrared (IR) camera was used to obtain temperature
measurements during and in between consecutive laser scans. Unlike thermocouples, which have

to establish a physical contact with the specimen and have a low spatial and temporal resolution,
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thermal imaging is a non-contact method that is capable of measuring the temperatures of even
thin cell walls at a high frame rate of 120 Hz.

In order to obtain reliable temperature measurements, the material emissivity had to be
calibrated. The emissivity represents the amount of infrared irradiation any body emits that has a
higher temperature than 0 K. The amount of irradiation is highest if the tested material is a
perfect black body (which also absorbs 100 % of incident radiation), represented by an
emissivity ¢ = 1, and the emissivity is zero (¢ = 0) for a perfect white body. Any material with an
emissivity of 0 <& <1 is considered a grey body.

In many materials, including aluminum, the emissivity is not only a strong function of
temperature, but also highly dependent on the surface finish. This is demonstrated in Fig. 12(c),
showing an aluminum cube (Fig. 12(a)) with side length of 15 mm that was uniformly heated to
100°C in a tube furnace. Despite the uniform temperature of the block, strong temperature
variations are visible in the thermal image due to the shiny surface finish of the aluminum block.
Uniform temperature measurements, shown in Fig. 12(d), can only be obtained when spray-
painting the block with black graphite paint (as shown in Fig. 12(b)), which is a material that has

a very high emissivity.
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2 100:°C @:100.0°C

Figure 12: (a) Uncoated aluminum block, (b) aluminum block coated with high-emissivity graphite paint. (c)
Non-uniform temperature distribution measured on the shiny block shown in (a), and (d) uniform temperature
distribution measured on the coated block shown in (b).

The additional benefit of spray-painting the surface with black graphite paint is that unlike
aluminum, the paint has a nearly constant emissivity over a higher temperature range. This is
demonstrated in Figs. 13(a) — Figs.13(d), showing the temperature readings of the aluminum
block after being heated to 100°C, 200°C, 300°C and 400°C in a tube furnace. In each case, the
emissivity value was left constant at ¢ = 0.92, and a good agreement with the furnace

temperature was obtained in each case.

@100.0°C 2 200°C

@ 288.7°C ©@400,7°C

19



Figure 13: Temperature reading on the painted aluminum block (leaving ¢ constant) after heating the block in
the tube furnace to (a) 100°C, (b) 200°C, (c) 300°C, and (d) 400°C.

In chapter 2, the IR camera was used without filter since laser forming was performed at a
wavelength (Ana:vae = 1,064 nm) ouside of the measurement range of 7 — 13 pum. In chapter 4, on
the other hand, the IR camera was used with a CO laser whose wavelength of Aco> = 10.6 um
was exactly within the measurement range. To prevent damaging the IR camera, a wide band
pass filter was used from EOC (IWBP 7650-10000) with a cut-on wavelength of 7,650 = 100 nm
and a cut-off wavelength of 10,000 £ 100 nm. The filter passed all the irradiation between 7,650
— 10,000 nm and rejected all the irradiation outside of this range.

The consequence of using a filter was that the camera measurement had to be re-calibrated.
The IR camera is constructed such that its detectors equally absorb all the irradiations between 7
— 13 pm. The camera thus comes up with an average incident irradiation value, which is then
used to calculate the temperature based on calibration tests performed by the manufacturer.
When using a filter, the absorption window is reduced, and hence the camera comes up with an
average irradiation value based on a reduced amount of incident irradiation. If the same
irradiation — temperature relation is used, the camera returns a temperature value that is too low.
To correct for the absorption window reduction, the aluminum block from Figs. 12 and 13 was
again heated to different temperatures in a tube furnace, and the measured temperatures were
compared with the actual temperatures. Based on the deviations, a temperature-dependent
scaling factor was obtained, which was multiplied to the temperature measurements that were
performed in chapter 4.
1.5.2.3 Digital Image Correlation

In chapter 3, the strain distributions in metal foam were determined using digital image

correlation (DIC). DIC is a non-contact measurement technique that measures the displacements
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in a material based on the change of a speckle-pattern. From the displacement field, different
types of strain measures are then calculated.

The requirement for DIC is a random speckle pattern with the highest possible contrast to the
background color (typically black speckles on a white background) [35]. Moreover, the average
speckle should cover 3 — 5 pixels on a digital camera [36]. During the material deformation,
sequential images are taken and compared with one another. For a small amount of deformation,
all images are compared to the initial reference image of the un-deformed body. If the
deformations are very large, the difference between the current image and the image is too great,
and no correlation can be established. In those cases, each image is compared with the previous
image, rather than the initial reference image. This method is called “incremental correlation”.

Regardless of the type of correlation, the DIC software runs the same algorithms to compare
the digital images. The images are divided into subsets, whose size is specified by the user, and it
is analyzed whether each subset of the picture has been translated from the reference
configuration to the current configuration (i.e. from one state of deformation to the next). This is
done by translating the subset by a step-size, whose value is also specified by the user. The
comparison between the two images is initiated at the so-called “seed”, which is placed at a
representative location where the deformations are comparatively small. In a dogbone specimen,
for instance, the seed would not be placed right inside the necking region, but outside in a region
where the deformation is moderate. The DIC software then starts the image comparison at the
seed, using the parameters specified by the user, and moves the subset around until the average
deviation in the grey levels becomes minimal between the two images. Once the position with

the best agreement has been found, the displacement of that part of the image has been evaluated,
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and it is moved on to the next subset one step-size away, until the translations are determined
over the entire measurement area.

After completing the translational analysis, the procedure is repeated, but this time it is
evaluated whether there has been a rotation between the reference configuration and the current
configuration. In order to do that, the subset is translated to the position of best fit, evaluated in
the previous step, and is rotated by different degrees. For each rotation, the deviation from the
reference is evaluated, and the rotation with the best agreement is determined. The same process
is repeated once more, evaluating the amount of normal stretching and shear deformation the
subset has undergone. Using those four metrics, the full displacement and rotational fields are
determined over the entire speckle surface, and the corresponding strain fields can be calculated.

The DIC technique has been developed for cases where the deformation takes place inside a
plane that is perpendicular to the digital camera, as is for instance the case in a dogbone test.
Rather often, however, the deformations are not restricted to a single plane, and the tested
specimen translates and rotates away from or towards the camera. These translations and
rotations will cause additional differences between the compared images and thus yield
“erroneous” strains during the DIC measurement. To correct for those strains, calibration tests
need to be performed in which the strain magnitudes are determined during translations and
rotations without actual material deformation [37].

In experiments performed in chapter 3, data was extracted from the stationary portion of the
specimen, not the portion that rotates away from the camera, to avoid out-of-plane effects (see
Fig. 14). In DIC measurements of 4 — point bending experiments (chapter 3), on the other hand,
out-of-plane translations had to be accounted for using the aforementioned calibration technique.

In all DIC experiments, the strain values were averaged over 5 mm from the bending axis to
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account for the irregularity in the foam structure, as well as the fact that some cell walls were too

thin for a measurement to be possible.
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Figure 14: Strain distribution in y-direction after laser forming a metal foam specimen to a 45 degree angle.
The data was only extracted from the stationary part above the bending axis.

1.6 Simulation

1.6.1 Uncoupling

In most cases, the thermal and mechanical parts of the laser forming simulation are
performed separately. The thermal analysis is performed first, and its results are used as an initial
condition in the mechanical analysis that is performed subsequently. This approach is more
computationally efficient than performing a coupled thermo-mechanical analysis, and it is valid
provided that the mechanical analysis does not affect the thermal analysis, i.e. the mechanical
deformation does not cause a significant temperature increase. In laser forming, this condition is
obviously met, since any heat generated by mechanical deformation is negligible compared to
the tremendous heat input of the laser source. Nevertheless, this point can be painstakingly

proved with an excessively long derivation, to satisfy all skeptics that like an overdose of theory.
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To prove this point, we start with the balance of energy, which is the basis from which the
governing equation of thermo-elasticity can be obtained. First, the balance of energy is written in
integral form:

ijp(ﬁéyy)(ﬂ/:—jp(g%yy)(m)dﬁ{y;dﬁjgoz_;dlf—jg@dﬁjprw (1.10)

dtV N 14 N 14

where p is the density, ¢ the internal energy, v the velocity, S the control surface, V' the volume, b
the body force, n the normal vector, ¢ the traction, ¢ the heat flux, and r the heat generation. This

formulation can be converted to the differential form:

De
— =T :grad(v)—div|q|+ pr 1.11
p, =T grad(y) (g)+p (1.11)
where T is the stress tensor. Moreover, the velocity gradient can be rewritten in terms of the

strain rate Ei/ and the rotation rate QU:

grad(v)= v, = %(Vi,j + vj,l_)+ %(vl_,j — V_,-.,-) = EU + QU (1.12)

The double product of the stress tensor and the rotation tensor is zero since the stress tensor is

symmetric but the rotation tensor is anti-symmetric. Hence we obtain:

pE=7~":E—div(g)+pr (1.13)

Further relations can be derived from the axiom of entropy inequality:
d 1 r
— dV > — vn)dS — | —qndS+ | p—=dV
dtlpn !pn(__) leg_ lpg (1.14)

where 7 is the entropy and 6 is the temperature. This relation may also be written in differential

form as:

Dn . [qj r
—+div| =|-p—==0 1.1
pl)t a 0 '00 (1.15)
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The material derivative in the entropy # can be written in terms of the internal energy &, the free

energy density y and the temperature 6 using the relation 7= i 4 :
Dy DO\ ¢
T:D-p| —+n— |-=grad(0)=>0 1.16
~~p(Dt nDt) 5 §7ad (6) (1.16)

At this point it is assumed that the free energy density y is a function of only the Cauchy Green

deformation tensor C and the temperature 6, y =y (C,0). After going through the derivatives,

the following relation is obtained:

dy D8 1 W
_p| 2 = __ d(@)+| T+2pF—F" |:D>0 1.17
pl 51 | o~ gasrad >+(~+ PESCE ] ~ (1.17)

This inequality must hold for arbitrary changes in D (which is the symmetric part of
Do
grad(v)=L), r and grad(6). Therefore, the contents of the brackets must be zero.

Additionally, we make the assumption that both the strains and rotations are infinitesimally

small, which allows writing the equations on the right:

__ Wy )n=-¥

(1) n__g small strain& rotations (1) 20
(2)g=0 F~I (2)g=0 (1.18)

v o, dC = 2dE dy

-7 3T = pat

(B)T=2pE 5 E ()T =pp

At this point we assume that the material is isotropic, and thus the free energy density
function must be invariant under a transformation Q (i.e. l//(Q-E -QT)=1//(E)). It is known

that the three invariants of the strain tensor are isotropic function, however, the third invariant

1, =det(E) produces cubic terms that become non-linear. Therefore, the free energy density
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function is chosen to only be a function of the first two invariants. Moreover, unlike in elasticity,

the free energy density function is also chosen to be a function of temperature.

v(£.0)=v(1,.1,.0) (1.19)

Since the /> contains /;, they can just be replaced by J; and J>:

I :tr(E) ; =tr(E)
=Ll )] 5[rle]] T =)

The free energy density function may now be written in terms of those two invariants and the

(1.20)

temperature:

w(Jl,Jz,H)zi{ng+/,1J2—(3/"t+2y)aT06U1} (1.21)

The derivative of the free energy density with respect to the strain tensor is:

oy 1 aJ aJ aJ
Y =— | A, L+ u—2-(31+2 60—
OE p{ VAP (32+2u)a BE}
- : - - ~ (1.22)
= ;[l(trE)l+2uI§—(3l+2/,1)059[]
and the derivatives of the invariants are:
aJ oE
Y (1.23)

aJ JdELE oE oE
( 81;3 j B (82.lk) - an E +E, a_El: = 5ki5lelk + Ek151i5kj =2E; = 2(5),]

if ij ij
This may be substituted into eq. 1.18 to obtain the stress as a function of strain and temperature:

Z’=Pg—g=/l(trE)!+2uE—(3/1+2u)a9l (1.24)

Now we can go back to the differential form of the energy equation and derive the governing

equation of thermo-elasticity:
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p—=T:E-div(q)+pr (1.25)
The tensor double product is equal to:

T:E=[A(trE)I+2uE—(3A+2u)0bl |- E

=[A(rE)L:E+2uE :E—(3A+2u)obl :E | (1.26)

The divergence of the heat flux may be re-written using Fourier’s law:

. oq o 00\ &0
d =2 - | |=—k—=—k0. 1.27
zv(g)i Ox, Ox, GX,»J ox; ! (420

Substituting these two expressions back into the energy equation yields:

p%f = A(rE) L :E+2UE : E—(3A+2u)0obl :E— k0, + pr (1.28)

The internal energy ¢ needs to be substituted by the following expression:

e=n0+y (1.29)

Hence the total derivative becomes:
De_ocDy 00 D0 2 Dy
Dt on Dt 06 Dt Oy Dt

Dy, DO Dy

Dt Dt Dt

(1.30)

: . 0 . :
As was seen earlier, the entropy is equal to 77 = ——l//. Moreover, it is assumed that the entropy is

00

a function of the small strain tensor and the temperature, 7 =1(E,0), and as a consequence

n= n(E 0 ) Therefore, the material derivatives can be written as:

De _o| on4  Ony|_ow DO Dy
Dt £~ 00 00 Dt Dt

2
=—0 ‘39"2’ 9’+1[/1(m§)g E+20E E—(30+2u)06,J, ]
p

(1.31)

This expression is substituted back into the energy equation to obtain the governing equation:
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2
-6 39"2’(9:—(3/“2#)05901'1 +kO,+ pr (1.32)

which after rearranging becomes:
kB, = pc,6+(3A+2u)ab, (E) +pr (1.33)

Another way to think about this governing equation is that it simply represents the heat equation

kVO = pc 0+ pr plus an additional internal variable, which is in this case the strain. The strain

cannot be added to the equation in scalar form since it is a tensor. Therefore, the derivative of the
trace of the strain tensor is included into the equation, which is a scalar. The term further comes
with some constant terms, including the initial temperature 6y, the thermal diffusivity a and the
Lamé constants 4 and p.

It can be assumed that there is no heat generation within the body, thus pr can be dropped.

Moreover, the coefficient ce can be replaced by the heat capacity at constant volume ¢ . In order

to make statements about uncoupling, the equation needs to be rewritten the following way:

kG,ﬁ:pcV9+(3l+2‘u) (Mzma—z—g@mzu)ae o(E),,
(3/1*'2/1) 6, [A+ZH](~)H¢

pre (+2u) \34+2u) af (1.34)

=pc,0+pc,

p
(3/l+2,u) ( A+2u J(E)kk

=pc O+ pc6 :
= PaIT PG piev: 3A+2u ) ab

(/l+2,u)

P

In the last equation, the substitution =v>was performed. Furthermore, the substitution

30+2u) 26
( ) 0
2

- = & can be made to simplify the equation:
P EY,

. E
k0. = pe 6| 148 2F2H (~).’<k (1.35)
: 3A4+2u ) af
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From this equation it can be seen that the coupling term, which contains J, is negligible if its

magnitude is much smaller than 1:

E
5[ At2u j(~)_kk «<1 (1.36)
3A+2u ) ab

The calculation can be performed using the material properties of aluminum foam:

E =1.5GPa (approx.)
v=0.33

x=21.93.10° L
K

L (1.37)
g
c, = 837L
kgK
The Lamé constants can then be calculated as follows:
P LE _ 0.33-1.5GPa 1.095GPa
(1+u)(1—2u) (1+O.33)(1—2-O.33) (138)
1.
pe—Lt _ 136Pa 4 seapy
2(1+u) 2(1+O.33)
From the Lamé constants v; and J can be calculated:
1.095-10° Pa)+2(0.564 -10° P, )2
v,=1//1+2” = ( ) k( ) :2822.7[M]
P 279£ kg
m3
2 1)’ (1.39)
3(1.95GPa)+2(0.564 GPa [21.93~10‘6 j 300K
5=(3ﬂ+2/¢)2a290:( ( ) (2 ) K ( ):00054
2 2 3 °
P (279"—%) [837Lj(2822.7)2 Pa-m
m kgK kg

In laser forming experiments of aluminum foam, both the rate of change of temperature and the

strain rate are low. For a standard laser scan at a scan speed of Smm/s, the maximum temperature

29



rate of change is 8 =300— , and the maximum strain rate in the direction perpendicular to the
s

scan line is £ =0.025, yielding:

=001<<1
21.93-10° L | 300 % (1.40)
K s

[91¢)

A+2u \ E 1.095GPa+2(0.564GPa) (0.025)
) —=(0.0054)
30+2u 3(1.095GPa)+2(0.564GPa) (

Since the result of the above equation is much smaller than 1, the term involving ¢ and the strain
rate can be dropped, leaving only the thermal part. Therefore, for the given analysis we are
allowed to uncouple the thermal and mechanical problem and treat them independently without

inducing much error.

1.6.2 Foam Geometries

In previous laser forming studies that were performed in our lab, the model geometry did not
require any special considerations, since the studies were performed on solid metal. When
modeling metal foam, however, many geometrical representations with different levels of
accuracy may be used, and it had to be evaluated which approach leads to the best results. Three
different approaches were contrasted in this thesis, falling into two categories. In the first
category, called explicit models, the metal foam shape is modeled explicitly, and material
properties are assigned of the material that comprises the foam. Two different types of explicit
models with different levels of geometrical accuracy were contrasted, a Kelvin-cell model and a
Voxel model, which are explained in more detail in the following sections. In the second
category, called equivalent models, the foam is simply represented by a rectangular box, and
metal foam properties are assigned (i.e. the properties of the combination of solid material and

cavities).
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1.6.2.1 Kelvin-cell Model

The Kelvin-cell model assumes that a single foam cavity may be approximated by a Kelvin
cell, shown in Fig. 15(a), consisting of a combination of hexagons and squares. Additionally, the
Kelvin-cell model assumes that the foam can be represented in a repeatable manner, where the
Kelvin-cell acts as a “unit” cell that is repeated throughout the model. Hence, many Kelvin cells

are aligned and subsequently cut out of a solid model, yielding the model shown in Fig. 15(b).

RN
AN

Figure 15: (a) Stacked Kelvin-cell geometries [38]. (b) Kelvin-cell model that was obtained by cutting arrays
of Kelvin-cells out of a solid block, after a laser forming simulation.

Since solid material properties are assigned to the model (i.e. bulk aluminum properties), a
constitutive relation had to be used that describes the behavior of bulk aluminum. It was assumed
that the aluminum is incompressible, and that yielding only occurs due to deviatoric (shear)

stresses pursuant the Von Mises Criterion. Mathematically, the yield criterion can be written as:

12
F:(g\/(al —0'2)2 +(o, —0'3)2 +(o, —al)zj -0,=0 (1.42)

where o1, 02, 03 are the principal stresses and o, is the tensile flow stress (assuming that the
tensile and compressive yield strengths are the same). When F < 0, the deformation is elastic.

When F = 0, plastic deformation occurs following the Von Mises flow rule:

8F(G,K)

oo

de” =dA- (1.43)
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where de?’ is the plastic strain increment and dA is the consistency parameter. Plastic strain
increments are used instead of plastic strain rates because strain rates are very low and the
processes are “infinitely” slow compared with the material relaxation time z. Finally, it was

assumed that hardening is isotropic (strain hardening) pursuant:

o, =K(e") (1.44)
where K is the strength coefficient and # is the strain hardening exponent.
1.6.2.2 Voxel Model

The previously discussed Kelvin-cell model uses a rather crude geometrical approximation to
represent the foam geometry and falls short in two regards. First, it assumes that the foam
geometry follows a repeated pattern and fails to account for the randomness in the cavity
arrangement. Second, the model uses a constant wall thickness throughout, which does not
correspond to reality, where solid material is accumulated between cavities.

To address these issues, a model was created that is based on a micro computed tomography
(micro-CT) scan, creating an “exact” replica of the foam shape. Several routes may be taken to
convert the micro-CT data cloud into a solid model that can be used in finite elements. The first
method divides the data cloud into “cubes” and interpolates the surface between high-absorption
points (solid) and low-absorption points (air), as shown in Fig. 16(a). Afterwards, a marching
cube algorithm is employed to stitch the individual interpolated surfaces together to create a

closed solid as shown in Fig. 16(b).
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(a) (b)
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Figure 16: (a) In a micro-CT data cloud, there are high-absorption points for aluminum, shown as black dots,
and low-absorption points for air (no dots). For each arrangement within a cube, there is a different
interpolation scheme to divide the high-absorption area (solid) from the low-absorption area (air) [39]. The
individual interpolated surfaces are then stitched together to obtain a closed volume, shown in (b) [40].

The aforementioned approach is extremely accurate because the resulting parts have a
smooth surface and very closely resemble the scanned original. As successful as the approach is
in creating models of trabecular bones (Fig. 16(b)), however, it turned out to be not successful
when used for metal foam. The reason is that the metal foam features were too small, requiring
either an exceedingly dense mesh or a highly accurate micro-CT scan.

In its stead, a different method was used, in which high-absorption data points of the micro-
CT data cloud were converted into cubical volumes, called voxels. The resulting model is called
a voxel model, shown in Fig.17. Voxel models were established both for the foam in chapters 2

& 3, as well as for the type I and II sandwich panels in chapter 5.

Figure 17: Voxel model of the metal foam that was used in chapters 2 & 3.
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Just like the Kelvin-cell model, the voxel model is assigned bulk aluminum properties and is
thus described by a bulk aluminum constitutive model. It was again assumed that the material is
incompressible and that Von Mises’ Criterion holds.
1.6.2.3 Equivalent Model

In the equivalent model, a fundamentally different approach was taken. The foam geometry

was simply represented by a solid rectangular box, shown in Fig. 18, and foam properties were

assigned.

Figure 18: Equivalent model after a laser forming simulation.

Due to the geometrical simplicity, it is possible to model the foam with a fraction of the
elements used in the Kelvin-cell and Voxel models, allowing for the simulation of multi-scan
processes. The drawback of the equivalent model is that foam properties need to be assigned that
are challenging to obtain. Another difficulty is that a foam constitutive model needs to be used,
which is more complex than a solid constitutive model, since the foam can yield due to
hydrostatic pressure in addition to deviatoric (shear) stresses. This is reflected in the more

complicated yield criterion [41]:

12
1 2 2 2
——— (ol +po -Y<0 1.45
|:1+(ﬂ/3)2( e ﬂ m)] ( )
where g. 1s the Von Mises equivalent stress, o, the hydrostatic stress, Y the yield strength and S

the aspect ratio of the yield surface. When F' < 0, elastic deformation occurs, while F'= 0 initiates

plastic deformation following the flow rule:
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_Y oF

w_ Y OF
&= %0, (1.46)
where &l is the plastic strain rate, and H is the hardening modulus defined as:
o [ o)
H=—*%h 1-—==1|h
P J+L 6J : (1.47)

where 4, and /4, are the tangent moduli in uniaxial and hydrostatic compression, respectively, and
o0 is equal to the first term in the yield criterion. The above foam crushable constitutive model,
as it is called in Abaqus, makes several assumptions. The first assumption is that the yield
surface is symmetric, implying that the yield strength in compression and tension are identical.
This assumption has been verified for a similar foam, whose compressive and tensile stress-strain

curves are shown in Fig. 19.
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Figure 19: The stress-strain response of metal foam in uniaxial tension and compression is nearly the same up
to the tensile failure point [41]. Based on this fact it is possible to assume a symmetric yield surface and
isotropic hardening.

The second assumption of the foam crushable constitutive model is that hardening occurs in
an isotropic manner. In other words the yield surface grows uniformly in all directions, as shown

in Fig. 20.
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Figure 20: Initial and subsequent yield surfaces of metal foam. The yield surface is symmetric and expands
uniformly (the same in tension and compression) due to the isotropic hardening assumption [42].

The implication is that the material hardens the same way in compression and tension. This
assumption is obviously incorrect for large strains, since metal foam absorbs a lot of energy in
compression and shows a distinct plateau in the stress-strain curve (see Fig. 10), whereas it
breaks rather catastrophically in tension at a moderate amount of deformation. However, the
assumption is correct if the tensile strains are rather small, which is the case throughout this
study as will be discussed in detail in chapter 3.

In Abaqus, the consequence of the aforementioned assumptions is that the user only needs to
specify the flow stresses in uniaxial compression. Abaqus automatically assumes that the flow

stresses are the same in uniaxial tension.

1.6.3 Heat Transfer through Metal Foam

Thus far, the model geometries were discussed, along with some of the assumptions that
were used for each modeling approach. What requires further discussion is how the different heat
transfer mechanisms were dealt with. In metal foam, heat is transferred in five different ways: (1)
conduction through solid material, (2) gas conduction through cavities, (3) natural convection
from the specimen to the ambient, (4) natural convection through the cavities, (5) thermal
radiation. (1) and (4) were accounted for in all models. The remaining heat transfer mechanisms

were not accounted for, however, because they are negligible compared to (1) and (4) (except in
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the equivalent model where they were indirectly lumped into the equivalent thermal
conductivity). In the following sections it will be proved that neglecting the said heat transfer

mechanisms yields acceptable results.

1.6.3.1 Gas Conduction through Cavities

In some polymers, gas conduction through the cavities can contribute up to 50% of the total
heat transfer since the heat conductivity of polymers is extremely low. For aluminum foam, the
situation is different because aluminum is highly conductive. Suppose that the equivalent thermal
conductivity of aluminum foam k4 .r can be calculated by multiplying the bulk aluminum
thermal conductivity k.4 by the solid volume fraction p/ps as well as a factor of 2/3 to account for

the tortuous shape of the cell walls:

kg
279268
S L P

Similarly, the gas thermal conductivity can be obtained by multiplying the thermal conductivity

of air k.- by the gaseous volume fraction, which is 1 minus the solid volume fraction:

279261 - -
K iy e = ( - ﬁ] iy =[1-—— -[0.025 —] =0.0224—— (1.49)
Ps 26505 mK) _____mK
m

From these results it can be seen that the net gas thermal conductivity only accounts for
0.236% of the overall conduction, under the reasonable assumption that the hydrogen in the

cavities was replaced by air. Hence, gas conduction may safely be neglected.

1.6.3.2 Natural Convection in Cavities
Previous studies [3] have shown that the Grashof number is a good measure to determine

whether natural convection will occur inside cavities or not:

37



3 2
Gr=8F Al Ep (1.50)

Y7

where g is the gravitational acceleration, S the gas volume expansion coefficient (1/7,, for an

ideal gas, where Ta is the average cavity temperature), 47, the temperature gradient across one
cell, / the average cell diameter, and u the dynamic viscosity of the gas. In essence, the Grashof
number calculates the ratio of buoyant forces to viscous forces. It was shown that if the Grashof
number is smaller than 1000, viscous forces dominate over buoyant forces, and natural
convection is mostly suppressed. At Grashof numbers greater than 1000, on the other hand,
significant buoyant forces arise that cause natural convection.

The Grashof number was calculated for the worst-case scenario where a 600°C gradient is
across a single cavity, corresponding to the case where one side of the cavity is at room

temperature and the other side near the melting temperature:

3 2
g : ’ Tavg : lavg : pair

g'ﬂ'ATc.lzjvg'pjir: Tavg :g.lsvg'pjir
:Lljir :Lljir :Lljir

]2 (1.51)
=280.97 <1000

= Gr=

(9.81”3) (0.0043m)3(0.5804kg3
_ S

m
2
(305.8 107 NS]
m

2

Since even the worst-case scenario yields a Grashof number smaller than 1000, natural
convection in cavities may also be safely neglected.
1.6.3.3 Thermal Radiation through Foam

The third type of heat transfer through the foam is thermal radiation. In order to derive an
equivalent radiative “conductivity” for aluminum foam that may be compared to the solid

conductivity, it first needs to be looked at Boltzmann’s law, which describes the heat flux ¢’
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passing from a surface of a high temperature 7; (top of foam specimen) to a surface of a lower

temperature 7y (bottom of foam specimen) through thermal radiation:

g =pBo(T/-T)) (1.52)
where ¢ is Boltzmann’s constant and f£; the emissivity of aluminum (~0.5). In the case of laser
forming the high temperature surface is the top specimen surface that is exposed to the laser, and
the low temperature surface is the bottom specimen surface. Boltzmann’s law assumes that a
vacuum is between the high and low temperature surfaces, which differs from the laser forming
scenario where the radiation propagation inside the foam is a result of a complex interplay
between solid absorption and cell wall reflection. To account for these factors, it is assumed that
the thermal radiation inside the foam attenuates according to the Beer-Lambert law. The Beer-
Lambert law is often used in laser materials processing to determine the laser intensity
distribution inside a solid that is being treated, where /o is the initial irradiation intensity and /(z)

is the irradiation intensity at a depth z from the surface:

I(z)=1,e” (1.53)

4k
For the case of laser processing y = o where £ is the extinction coefficient and lambda is the

laser wavelength. For the case of radiative heat transfer, the irradiation intensity / can be replaced
by the radiative heat flux g,, whereby g, is the initial heat flux and g(?) is the heat flux at a depth
t. Additionally, the reduced density of the foam needs to be taken into account by multiplying the

exponent by the solid volume fraction p/p, . Using these modifications, the Beer-Lambert law

becomes:

o ot (1.54)



This form of the Beer-Lambert law can now be substituted into Boltzmann’s law to obtain:

kL4
g, =4po(T/ T} )e » (1.55)
At this point two approximations are made. First, the temperature gradients are replaced by

average temperatures, substituting (Tj’ —7},4) ~4AT T .- Second, Fourier’s law is introduced to

come up with the “radiative conductivity” k.4, and the spatial temperature derivative in Fourier’s

dT AT
Law is replaced by the specimen thickness ¢ and the applied temperature gradient T ~ o
X
The resulting relationship then becomes:
dT 47‘ kL
Qr = _krad - " krad = 4ﬂlaﬂ7;igte a (156)
dx t
! 1.57
=  k,,=4BoT. te ” (1.57)

avg

In the case of laser forming, the following values correspond to the worst-case scenario where a
600°C temperature gradient is across the foam specimen.

B =05 ( from camera test)
~300+900

avg

t=10mm =0.01m

= 600K (extreme case)

) (1.58)
p=279.26"5
m

p=256012

"
The extinction coefficient is k = 8.5 m?/kg for a Nd:YAG laser as per [18]. Using these values,

the radiative conductivity becomes:

kP
krad :4ﬂ1 .O-'T::rg ‘t-e Ps
w (1.59)
m*K*

=4.0.5-|5.67-10°®
2560 m

(600K’ (0.01m)-exp| 8.5 2228 )(0.01m) | = 0.2428 7
) (%)
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Hence, in an absolute worst-case scenario where a 600°C gradient is across the foam specimen,
thermal radiation only accounts for around 3% of the overall heat transfer and can thus be

ignored.

1.6.4 Sandwich Modeling

Sandwich panels consist of a foam core, two facesheets, and two interfaces. For the foam
core, the same modeling techniques were used as discussed in Sec. 1.6.2. The facesheet was
modeled the same way as standard sheet metal in previous studies [43,44]. It was assumed that
the material is incompressible and only yields in shear. The same governing equations were used

as in Sec. 1.6.2.1.

1.6.4.1 Interface

The interface is a unique component of the sandwich panel, and much effort was spent to
develop a sound understanding of the different modeling techniques that are available. The
difficulty about dealing with the interfaces between the facesheets and the foam core is that they
are infinitesimally thin, as can be seen from the energy-diffraction spectroscopy (EDS) line scan
in Fig. 21 that was taken across the interface of a type I sandwich panel.
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Figure 21: Typical EDS line scan across the interface of a type I sandwich panel, showing the magnesium
content. The interface is the intermediate region between the high mg-content facesheet and the low mg-
content foam core.

The magnesium content was measured on a line across the interface. The facesheet (AlMgl) has
a high magnesium content compared to the foam core (AlSi7), and the interface represents the
region in between where the magnesium content gradually drops. In the type I sandwich panel,
the average interface thickness was measured to be 80 um, and in the type II sandwich panel the
average thickness was 120 um.

One way to model an interface that is exceedingly thin compared to the remaining
dimensions of the sandwich is to simply omit the interface altogether and directly join the
facesheets to the foam core. Even though this modeling technique works and yields almost
identical results as two improved methods that will be discussed shortly, it is not desirable
because several material properties of the facesheets and the foam core differ by more than an
order of magnitude. Notably the stiffness and yield strength of the facesheet are 69.5 GPa and
82.5 MPa, respectively, while they are only 2.75 GPa and 6.6 MPa in the metal foam (type |
sandwich panel). Due to these drastic differences in the material properties, numerical difficulties
can arise, especially in conditions where the facesheet undergoes substantially more heating than
the foam core.

A second method to deal with the interface is to model it as a solid 3D layer. This approach is
by far the most inefficient, not only because the mesh of the interfacial layer would be tiny, but
also because the mesh of the adjacent facesheets and foam core would have to be refined
excessively.

The best method is to “disregard” the stress-strain behavior of the interface itself, and to
describe the stress-state at the interface in terms of normal and shear tractions as well as jump

displacements across the interface. In essence, the tractions at the facesheet surface and the foam
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core surface are the same (traction continuity), but the two layers might deform differently,
which is why there is an “imaginary” jump discontinuity across the interface as illustrated in Fig.

22

Figure 22: The interface is infinitesimally thin, thus only the interfacial normal and shear tractions are looked
at. Due to the traction continuity at the interface, the two layers may deform differently by u* and w,
respectively, giving rise to a jump discontinuity u across the interface [45].

It was further assumed that the tractions and jump displacements are linearly related up until
failure. Failures (delamination) due to laser forming were not observed though.

Two modeling methods can be used in Abaqus to simulate the aforementioned behavior. The
first method involves cohesive surfaces that are specified as contact interactions (surface-to-
surface contact). The properties of the interface are specified in an interaction property, namely
the interfacial stiffness as well as the failure parameters (onset, propagation). The second method
involves cohesive elements that are added to the foam core surface as an “offset layer”. Both
approaches yield exactly the same thermal and mechanical results, but the latter was used, since
it allows visualizing the damage progress in the cohesive layer. This feature ultimately became
irrelevant, because no delamination was observed that was caused by laser forming.

The cohesive element layer was created by meshing the foam core, creating an orphan mesh
(mesh — create mesh part), and then creating the offset layer (mesh — edit — mesh - offset layer)

by selecting the top surface of the foam. Surfaces were created on either side of each cohesive
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layer in the part definition (by temporarily making the foam disappear with display groups).
These surfaces were subsequently used to define the adhesion between the facesheets, the
cohesive layer, and the foam core via surface-to-surface contact interactions (thermal analysis)
and tie constraints (mechanical analysis). In the thermal analysis, the material properties of the
foam were assigned to the cohesive layer (otherwise Abaqus refuses to run the job), and linear
thermal elements DC3D8 were assigned. In the mechanical analysis, a “cohesive” material
section was used and cohesive elements COH3D8 were assigned to the cohesive layer.

Two more aspects require further discussion. The first aspect is the heat transfer between the
facesheet and the foam core. In both sandwich panel types, the adhesion between the facesheets
and the foam core is established via metallic diffusion bonds, which have more imperfections
(voids, etc.) than bonds obtained through complete melting. Hence, the adhesion between the
facesheets and the foam core is imperfect, and consequently there is some thermal resistance at
the interface. This thermal resistance was taken into account in the interaction property of the
thermal analysis. Due to the lack of references pertaining gap conductance measurements in
sandwich composites, as well as the inherent difficulty of such a measurement, it was assumed
that the gap conductance follows the same temperature dependence as solid metallic layers in
direct contact. Several references that performed such experiments reported a mild linear
increase in the gap conductance with temperature, followed by an exponential increase near the
melting point [46-48]. The exponential increase in the gap conductance near the melting point is
as expected, since heating “wettens” the surfaces and dramatically increases the contact area. In

chapters 4 & 5, the data from [46] was used, shown in Fig.23.
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Figure 23: Data fit of the results in [46], which allowed establishing a temperature-dependent function for the
gap conductance.

The data fit yielded the following relation, which was used in the gapcon subroutine that will be

discussed in Sec. 1.6.6.3.

G(TA) = 2646-exp(0.002659-TA)+6.145-10’7 -exp(0.03511-TA) (1.60)

The second aspect requiring discussion is the stiffness of the cohesive layer. Throughout the
analysis it was assumed that the shear stiffnesses are zero, and that the tractions are directly
related to the jump displacements of the corresponding coordinate direction. The normal
stiffnesses, often referred to as penalty stiffness, could not be determined experimentally due to
the small thickness of the interface. Instead, a value was chosen for it such that the interface does
not affect the overall “equivalent” stiffness of the sandwich panel. To illustrate the influence of
the interfacial stiffness on the equivalent sandwich stiffness, the scenario is analyzed where the

sandwich panel is loaded by a lateral load F as shown below.
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Figure 24: Sandwich panel that is loaded by a lateral force F' [49]. Each layer stretches by #+d¢, and the
interface expands by 4.

If the joined layers are identical, they expand from their initial thickness ¢ to a final thickness
t+ot. Assuming that the interface itself stretches from an infinitesimal thickness to a finite
thickness 4, the overall deformation is 20+4. The effective strain of the sandwich then becomes:

A 2 A A
:5t+c;)‘t+ _ étt+ :8+7 (1.61)

Eor

Due to the stress continuity at the interface, the stress can be written in terms of the facesheet

strain ¢ and Young’s Modulus E, or the corresponding effective strain .7 and Young’s Modulus
E., or the interfacial stiffness K and deformation 4:

oc=Ee=E_ ¢, =KA (1.62)

Substituting the first expression, we obtain:

A
c=E,¢,=E, (5+7j (1.63)

Substituting A = E¢/K , this becomes:

E
oc=Ec=E, (5+?‘:) (1.64)

Finally, solving for the equivalent stiffness E.y, the following expression is obtained:

46



E, =" —E| — (1.65)

From this equation it is apparent that the equivalent sandwich stiffness is unaffected by the
cohesive layer if the interfacial stiffness K is as large as possible. Turon et al. showed that this
requirement is satisfied if the interfacial stiffness is at least 25 times greater than the stiffnesses
of the joined layers (where o = K#/F), as shown in Fig. 25.
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Figure 25: The ratio o = Kt/E must be at least 25 for the effective stiffness Ee of the entire sandwich panel
to be the same magnitude as the stiffness £ of the joined layers [49].

However, the interfacial stiffness cannot be arbitrarily high either, since that introduces
spurious oscillations in the analysis and creates convergence difficulties. In this study, successful
results were obtained using a 50-times greater interfacial stiffness than the facesheet stiffness.
1.6.4.2 2D Sandwich Models

For the analysis of straight (“2D”) laser scans, three different model types were used. In the
first model, the foam core was modeled using the equivalent approach that was introduced in

Sec. 1.6.2.3. The resulting model is shown in Fig. 26(a).
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Figure 26: (a) Equivalent sandwich panel model, (b) Kelvin-cell sandwich panel model, (c) type I sandwich
panel specimen (left) and corresponding voxel model (right), (d) type II sandwich panel specimen (left) and
corresponding voxel model (right).

The second model used a Kelvin-cell approach for the foam core, introduced in Sec. 1.6.2.1
and shown in Fig. 26(b). Finally, a voxel model was created both for the type I (Fig. 26(c)) and
type II (Fig. 26(d)) sandwich panels. All the model types used the same facesheet properties,
mesh and geometries, as well as facesheet adhesion method.
1.6.4.3 3D Sandwich Models

For the simulation of 3D laser forming in chapter 6, the models in Fig. 27(a) and 27(b) were
used for the bowl and saddle shapes, respectively. Due to the CPU intensity of this simulation,
only a quarter of the bowl and saddle shapes were modeled, and symmetry constrains were used
in x and y — direction. This induces some error, as the problem is not truly symmetric, but the
errors are small since a good agreement between experimental and numerical data can be
obtained. The models were additional constrained (encastre) at two vertically aligned points at

the center.
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Figure 27: 3D equivalent sandwich panel model used for the (a) bowl shape and the (b) saddle shape.
Symmetry constraints were used to reduce the CPU-intensity. The models were also constrained at two
vertically aligned points to mimic the experimental fixture.

1.6.5 Initial Conditions and Boundary Conditions

In all simulations, with the exception of micro CT models in chapter 5, only half of the
specimen was modeled due to symmetry. Also, the analysis was uncoupled into a thermal and a
subsequent mechanical part, as was previously mentioned.

In the thermal analysis, the initial temperature of the entire model was set equal to room
temperature. A user defined surface flux was specified on the top specimen surface, and the laser
shape was defined using the subroutine dflux (see Sec. 1.6.6.1). In the subroutine, the absorption
coefficient was set equal to 0.6. Natural convection was modeled on all sides except the
symmetry plane, and a heat transfer coefficient of 10 W/m°K was used. Zero heat flux was
specified across the symmetry plane.

The results of the thermal analysis were then used as a pre-defined field for the mechanical
analysis. Based on the temperature changes, the stresses were calculated via the thermal
expansion coefficient. A symmetry boundary condition was used at the center of the laser scan,
which sets the displacement in y—direction as well as the rotations about the x and z—axes equal
to zero. The displacements in x and z—direction were restricted at two vertically aligned points at

the symmetry plane. Rotations about the y—axis were not restricted.

1.6.6 User Subroutines

1.6.6.1 2D Dflux
In the dflux subroutine the laser spot with a Gaussian heat flux distribution is generated. In

the example below, the laser is scanned in x-direction by 80 mm at a power of 360 W, a spot size
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of 5 mm and a scan speed of 10 mm/s. The flux is calculated once the laser is at (0,0) minus the

radius, until the laser reached (0.08,0) plus a laser radius.

SUBROUTINE DFLUX(FLUX,SOL,KSTEP,KINC, TIME,NOEL,NPT,COORDS,
1 JLTYP, TEMP,PRESS,SNAME)

INCLUDE 'ABA_PARAM.INC'
DIMENSION FLUX(2), TIME(2), COORDS(3)
CHARACTER*80 SNAME

REAL RO, AB, P, V, RK, QMAX
REAL X1, Y1, X2, Y2, X0, YO, X, Y, R
R0=0.005

AB=0.60

P=360

V=0.01

RK=2.9957/(R0**2)
QMAX=(AB*P)*RK/3.1415926

IF (KSTEP.EQ.1) THEN

X1=0

Y1=0

X2=0.08

Y2=0
X0=-R0+X1
YO=Y1
X=X0+V*TIME(2)
Y=Y0

IF((X.LT.(X1-R0)) .OR. (X .GT. (X2+R0))) THEN
FLUX(1)=0.

ELSE
R=SQRT((X-COORDS(1))**2.0+(Y-COORDS(2))**2.0)
FLUX(1)=QMAX*EXP(-RK*R*R)

ENDIF

ENDIF

RETURN
END

In order to obtain the equations used in the subroutine, it needs to be started with the following

equations describing the energy E of the laser source:

E(r.4)=E, (ﬂ] L (w J-e[;]-cos(h/ﬁ)

soe

(1.66)
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where r is the radial position, w the beam radius, £y the maximum energy, and the variables p
and / the number of radial zero fields and number of angular zero fields, respectively. For a

Gaussian beam, both p and / are equal to zero, hence:

Llo(x):ex'x1'5700-(ex-x')=e"-x’-e*-xlzl
(J2r) 22 (5] (2 (1.67)
E(r,¢):EO-L7rJ -L;-[W—rzj-eL J-cos(l¢):E0-1-l-eL 'cos(O)
= E(r,qzﬁ):EO-e[Wz] (1.68)

The above equation describes the theoretical energy distribution in the Gaussian beam. In order
to convert the energy equation to the heat flux and make it usable for the subroutine, the

following thermodynamic relation needs to be used:
dE =dQ+dw (1.69)

Since the laser does not perform any work (dW = 0), the change in energy uniquely comes from

the change in heat. Therefore, the energy equation can be written as a heat flux equation:

g=0p e ") (1.70)
Omax 1s the maximum heat flow and defined as:

A-P-w
T

Onax = (1.71)

where A4 is the absorption coefficient and P the laser power. The radial position R is the distance
between the point (x,y), for which the heat flux is being calculated, to the current center of the

laser beam (xo,)0):

R:\/(xc—x)2+(yc—y)2 (1.72)
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1.6.6.2 3D radial Dflux

If the laser scan is to be performed from any arbitrary point (x;,y;) to a second arbitrary point
(x2,y2), several if-statements need to be included to ensure a correct directionality of the laser.
Depending on the directionality in x and y, the parameters a and b change sign, altering the
incremental change of the current position (x,y). Additionally, the slope m is calculated, requiring
additional if-statements to cover the scenarios where the denominator becomes zero. An example
code is shown below, scanning from (0,0) to (0.01,0.02):

IF (KSTEP.EQ.1) THEN

X1=0.0
X2=0.01
Y1=0.0
Y2=0.02

If (Y2 ==0).AND. (X2 .GT. 0)) THEN

a=1

b=0

ELSE IF( (Y2 == 0) .AND. (X2 .LT. 0)) THEN

a=-1

b=0

ELSE If (X2 ==0) . AND. (Y2 .GT. 0)) THEN
a=0

b=1

ELSE IF( (X2 == 0) .AND. (Y2 .LT. 0)) THEN

a=0

b=-1

ELSE IF( (X2/Y2).GT.(0) .AND. (X2 .GT. 0)) THEN
a=1

b=1

ELSE IF ((X2/Y2).LT.(0) .AND. (X2 .LT. 0)) THEN
a=-1

b=1

ELSE IF ( (X2/Y2).GT.(0) .AND. (X2 .LT. 0)) THEN
a=-1

b=-1

ELSE

a=1

b=-1

ENDIF

IF(X2.GT. (0)) THEN
c=1
ELSE
=-1
ENDIF

52



IF(Y2.GT . (0)) THEN
d=1

ELSE

d=-1

ENDIF

IF (X2 - X1) == 0) THEN
m=0
p=1

ELSE
m = ABS((Y2 - Y1)/ (X2 - X1))
p = ABS((Y2 - Y1)/ (X2 - X1))
ENDIF

X0 = X2 + a * SQRT( R0** 2.0 / (1+m**2.0))
YO = Y2 + b * p * SQRT( R0**2.0 / (1+m**2.0))

X = X0 - a* SQRT(( V * TIME(1))**2.0 / (1+m**2.0))

Y =Y0-b* p*SQRT((V* TIME(1)) ** 2.0/ (1+m**2.0))

IF((c* X .LT.c* X1).OR. (c* X .GT. ¢* X0)) THEN
FLUX(1)=0.

ELSEIF ((d*Y .LT.d* Y1).OR.(d *Y.GT.d* YO0)) THEN
FLUX(1)=0.

ELSE
R=SQRT((X-COORDS(1))**2.0+(Y-COORDS(2))**2.0)
FLUX(1)=QMAX*EXP(-RK*R*R)

ENDIF

ENDIF

1.6.6.3 3D circular Dflux

is completed.

Finally, by changing from Cartesian coordinates to polar coordinates the dflux subroutine can
also be used to perform circular scans, as shown below. The starting position is denoted by
(xs,ys), where xs refers to the scan radius if yy is zero. x; is corrected by the laser radius R0 to
ensure that the center of the laser lies on the desired radius. The circular frequency of the scan,
which ultimately determines the speed of revolution, is denoted by Wn and calculated from the
linear speed v that is specified by the user. The current position (x,y) is then calculated via sines

and cosines. The final if-statement ensures that laser firing continues until a complete revolution

IF (KSTEP.EQ.1) THEN

Xs =-.02006
Ys=0
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X0=Xs-R0
Y0=Ys

rad1 = SQRT(X0**2)
Wn =V /rad1

X = X0 * COS(Wn* TIME(1))
Y = X0 * SIN(Wn* TIME(1))

IF(TIME(1) * Wn .LT. 6.283185 ) THEN
R=SQRT((X-COORDS(1))**2.0+(Y-COORDS(2))**2.0)
FLUX(1)=QMAX*EXP(-RK*R*R)

ELSE
Flux(1)=0

ENDIF
ENDIF

1.6.6.4 Gapcon

In Sec. 1.6.4.1 it was discussed that a temperature-dependent gap conductance value was
used in the simulations. In Abaqus, this was implemented using the gapcon subroutine shown
below. Only the first component of AK had to be specified, which is the gap conductance itself.
The remaining components were the derivatives of the gap-conductance, that were set to zero,

since the gap conductance was assumed to be time-invariant.

SUBROUTINE GAPCON(AK,D,FLOWM,TEMP,PREDEF, TIME,CINAME,SLNAME,
1 MSNAME,COORDS,NOEL,NODE,NPRED,KSTEP,KINC)

INCLUDE 'ABA_PARAM.INC'
CHARACTER*80 CINAME,SLNAME,MSNAME

DIMENSION AK(5),D(2), FLOWM(2), TEMP(2), PREDEF(2,*),
1 TIME(2), COORDS(3)

REAL A, B, G, H
A=2646

B=0.002659

G=0.0000006145

H=0.03511
AK(1)=A*EXP(B*TEMP(2))+G*EXP(H*TEMP(2))
AK(2)=0

AK(3)=0

RETURN
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END

1.6.6.5 FILM

Throughout most of the work in this thesis, a constant natural convection coefficient of 10
W/m?K was used, which has been routinely done in previous numerical investigations of laser
forming. In reality, however, the heat transfer coefficient changes with the temperature of the
workpiece, because the viscosity and thermal conductivity of the surrounding air changes with
temperature. To account for changes in the heat transfer coefficient /4, a correlation for unstable

natural convection over a horizontal plate can be used:

L3

. . P (113)
air J Pr (1.73)
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where k- 1s the thermal conductivity of the air, L. the critical length, A. the specimen area, P the

specimen circumference, Nu, the Nusselt number, Ra, the Rayleight number, g the
acceleration of gravity, 7, the average plate temperature, 7, the ambient temperature, / the

inverse of the ambient temperature, and va;- 1s the kinematic viscosity of air. The Prandtl number

is nearly constant with temperature, but the thermal conductivity and the kinematic viscosity of
air vary considerably with temperature, along with the temperature gradient |TW—TQO|. When
accounting for all the temperature dependences, a worst-case scenario with an average workpiece
temperature of 600°C yields a roughly 25% higher heat transfer coefficient than a scenario where
the average workpiece temperature is 200°C (but remains close to 10 W/m?K). In Abaqus, the
temperature-dependence can be incorporated in a FILM subroutine by writing the thermal
conductivity and kinematic viscosity as a function of the temperature (TEMP), and calculating

the heat transfer coefficient at each location as shown in the code below.
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While using a FILM subroutine can slightly increase the model accuracy, it most of the time
does not justify the resulting increase in CPU intensity. During laser forming, heating is
extremely localized, and convective heat transfer is generally insignificant compared to
conductive heat transfer that occurs through the bulk material.

SUBROUTINE FILM(H,SINK, TEMP,KSTEP,KINC, TIME,NOEL,NPT, 1
COORDS,JLTYP,FIELD,NFIELD,SNAME,NODE,AREA) C INCLUDE
'ABA_PARAM.INC' C DIMENSION H(2), TIME(2),COORDS(3), FIELD(NFIELD)
CHARACTER*80 SNAME

REAL HC, HR, HH, RE, PR, K, B, KIN, DEN, THETA, EPS, TA, V

C H(1)= heat transfer coefficient

C H(2)=derivative of heat transfer coefficient

C HH=total heat transfer coefficient

C RE=Reynolds number

C PR=Prandtl number

C K=thermal conductivity of the cooling gas (W/mK)
C KIN=kinematic viscosity (in Reynolds number)
C DEN=density of the gas jet

C THETA=Boltzmann constant

C EPS=emissivity

C TA=ambient temperature

C TS=surface temperature

C LC=critical distance

C V=kinematic viscosity

RE=100

K=function 1

V=function 2

THETA=5.6703*10**-8

EPS=0.918

TA=298

G=9.81

PR=0.688
H(1)=K/LC*0.15*((G*(TEMP-TA)*LC**3)/(TA*V**2))*PR
SINK=298

RETURN
END

1.7 Organization and Objectives of Dissertation
In this thesis, the behavior of metal foam during laser forming was investigated first. The

problem was divided into two parts, a thermal part (chapter 2) and a mechanical part (chapter 3).
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In the thermal part, a detailed analysis was performed of how the laser is absorbed in the foam,
as well as how heat distributes through the foam. Based on the findings it was discussed which
bending mechanism is favored from a thermal perspective. In the mechanical part, the
deformation behavior of the foam was analyzed, specifically the cell wall crushing that occurs
during laser forming. From the results conclusions were drawn about the mechanical aspects of
the bending mechanism. It was shown that the overall bending mechanism that governs the
deformation of metal foam during laser forming differs from the traditional bending mechanisms
that have been identified for sheet metal. It was further discussed what the implications of the
bending mechanism are on the structural integrity of the metal foam, as well as its performer as
crash absorber. In both the thermal and mechanical analyses (chapters 2 & 3), numerical models
with different levels of geometrical complexity were contrasted.

In chapter 4, laser forming of sandwich panels was investigated, bringing together the
extensive knowledge that has been developed in metal foam laser forming (chapters 2 & 3) and
sheet metal laser forming (previous theses). The bending mechanisms were revisited, and it was
shown that separated mechanisms govern the deformation of the sheet metal facesheets and the
foam core. Also, the bending efficiency and limit were analyzed and related to specific process
conditions. Finally, numerical modeling techniques were analyzed, with a special focus on the
facesheet/foam core interface, a new component that has never been dealt with in previous laser
forming analyses.

In chapter 5, two fundamentally different sandwich panel types were compared in order to
determine the impact of the panel composition and manufacturing method on the outcome of
laser forming processes. The impact of each component/facet was analyzed independently as

well as collectively. It was shown that the facesheet/foam core interaction has the greatest impact
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on the bending efficiency and bending limit. Various numerical models were used throughout the
analysis to illustrate different aspects.

In chapter 6, finally, 3D laser forming of metal foam sandwich panels was explored. The
material was laser-formed into the two fundamental non-Euclidean geometries, the bowl and
saddle shapes. It was demonstrated that a substantial amount of deformation can be achieved, yet
the deformation is reduced compared to the deformation that can be achieved in 2D laser
forming. Using experimental and numerical evidence, it was shown that this discrepancy is not
due to a change in the bending mechanism, but related to the type of deformation that is required
to obtain non-Euclidean geometries. The study was concluded by analyzing the effect of the laser

scan length of the process outcome.
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Chapter 2: Effect of Geometrical Modeling on the Prediction

of Laser-Induced Heat Transfer in Metal Foam

2.1 Introduction

Aluminum-foam (Al-foam) is a relatively new material that has stimulated a lot of interest
due to its high strength to weight ratio and its excellent shock and noise absorption properties
[50]. Al-foam can be manufactured in many different ways, yet it is most commonly
manufactured in flat panels [51]. In many engineering applications such as car bumpers or
spacecraft components, however, Al-foam needs to be in specific shapes. Since near-net shape
manufacturing is difficult and expensive, it becomes necessary to bend Al-foam to the desired
shape. Bending Al-foam is not trivial because the cell walls can only sustain low stresses and
crack easily. As a consequence, conventional mechanical bending methods cause fracture and

cell collapse [16,52]. Therefore, an alternative bending method is needed.

Laser forming is an alternative advanced manufacturing method used to bend materials. The
process is well understood for solid materials, and many aspects of the process have been studied
previously. Li et al., for instance, studied laser forming under constant line energy as well as
strain rate effects during laser forming [43,53]. Cheng et al. studied cooling effects during multi-
scan experiments and microstructural changes in steel during laser forming [44,54]. The laser
forming process has also been studied for sheets of varying thicknesses [55], and algorithms

have been developed for process synthesis [56].

Previous studies have shown that laser forming can successfully bend metal foams as well.

Guglielmotti et al. [29] and Quadrini et al. [57] investigated the feasibility of laser forming of Al-
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foam sandwich panels and open-cell Al-foams for different power levels, scanning speeds, sheet
thicknesses and foam densities. They found that laser forming of Al-foam is possible without cell
collapse and skin delamination. The maximum number of scan lines was found to be limited by
foam densification, melting, and crack growth on the bottom surface. The optimum processing
conditions and the corresponding maximum bending angles were determined. The experimental
results were limited to bending angle measurements, and heat transfer issues were not addressed.

Moreover, no numerical studies have been performed yet.

Santo et al. [28] and Quadrini et al. [58] extended the previous parametrical study to large-
pore open-cell Al-foams. They first introduced numerical schemes that explicitly modeled the
foam geometry. Uncoupled sequential thermal and mechanical models were used, and the
material data for AlSi7Mg was temperature-dependent. The numerical model was indirectly
validated using a 3-point bending test, but no comparison was made between experimental and
numerical laser forming results. The heat transfer results were limited to color contour plots and
time-history curves at selected points, and no detailed discussion was performed of the

underlying heat transfer aspects of laser forming.

In addition, the microstructural changes in Al-foam during laser forming have been studied,
as well as the effect of heat treatments on the mechanical properties of Al-foam [59,60]. Again,
no comparison was made between numerical and experimental data, and similar heat transfer

results were reported as in the previous studies.

More recently, Zhang et al. used laser forming on closed-cell Al-foam [61]. They developed
two types of numerical models in uncoupled thermo-mechanical analyses. The first model

assumed a solid geometry and used foam material properties, while the second model used an
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explicit geometry with solid material properties. The models were employed to analyze both the
temperature history during laser scans as well as the mechanical response of the foam during
laser forming. Zhang et al. was the first group to compare numerical bending angles with
experimentally measured bending angles. However, the heat transfer results of the numerical
simulations were not verified experimentally. Moreover, a highly simplified explicit porous

model was used, as will be discussed later.

Figure 28: Closed-cell aluminum foam specimen after laser forming.

The current study was focused on the heat transfer aspects of laser forming of closed-cell Al-
foam that is shown in Fig. 28. While laser forming is a thermo-mechanical process, one may
uncouple the thermal process from the mechanical process and use the thermal results as initial
conditions for the mechanical analysis. Hence, a good understanding of the heat flow and the
transient temperature profiles during laser forming is vital to explain why and under which
circumstances foams can bend. Especially from a numerical standpoint, accurate thermal
simulations are the key to performing successful mechanical simulations. In order to determine
the best way to model Al-foam, several numerical models with different levels of geometrical
complexities were compared. The models included an equivalent model with a solid geometry, a
Kelvin-cell model with a Kelvin-cell geometry, and a voxel model with a geometry that was

based on an X-ray computed-tomography (CT) scan. The numerical models where then validated
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by experimental data, which was obtained using an infrared camera to measure the transient

response of Al-foam during laser pulses and laser scans.
2.2 Background

2.2.1 Heat Transfer in Metal Foams

There are four different mechanisms through which heat can be transferred in foams: (1)
solid conduction, (2) gas conduction through the cavities, (3) natural convection inside the
cavities and (4) radiation heat transfer. Since the thermal conductivities of metals are generally
very large, most of the heat transfer occurs through solid conduction. In the current study, the
maximum contribution of gas conduction was calculated to be around 0.2%, which is negligible.

Natural convection inside the cavities is governed by the Grashof number
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where g is the gravitational acceleration, f is the volumetric expansion coefficient of the gas, A4T.
is the maximum temperature gradient over a single cavity, d is the cavity diameter, p; and u, are
the density and dynamic viscosity of the gas, respectively. The Grashof number describes the
ratio of buoyant forces to viscous forces. If Gr < 1000, viscous forces are dominant over buoyant
forces, and natural convection is suppressed [62]. In the current study, the Grashof number was
one order of magnitude smaller than the threshold and thus the contribution of natural convection
inside the cavities was negligible. Finally, the radiation heat flux in metal foams is governed by a

combination of Boltzmann’s law and the Beer Lambert law [3]
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where ¢ is the emissivity, ¢ is the Boltzmann constant, 7., is the average between the top and the
bottom surface temperatures, ¢ is the sheet thickness, ks is the solid thermal conductivity, and
prps 1s the solid volume fraction. In the current study, the maximum contribution of radiative
heat transfer was calculated to be around 3% of the total heat transfer. Therefore, radiation had a

higher impact than gas conduction and gas convection, but its contribution was still negligible.

2.2.2 Numerical Models

Numerical simulations of the laser forming process are very powerful since they can
determine the best processing parameters without having to perform an excessive amount of
experiments. For metal foams, numerical simulations become even more important since foams
can have different densities and mass distributions, and thus the number of process parameters is

even greater than in solid laser forming.

Figure 29: (a) Equivalent model, (b) Kelvin-cell model and (c) voxel model.
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In this study, three different numerical models were used and are shown in Fig. 29. The first
model strove to simulate the complex laser forming process with the simplest possible model
geometry, which is a solid. In the second model, the foam geometry was approximated using a
Kelvin-cell geometry, which will be referred to as Kelvin-cell model. The goal was to use an
approximate geometry that is easy to generate but still as representative of the actual foam
geometry as possible. The third and final model, which will be referred to as voxel model, aimed
to replicate the exact foam geometry by using an FEM model that was based on an X-ray
computed tomography (CT) scan. The first model is called an equivalent model, while the latter

two models fall into the category of explicit porous models.

2.2.2.1 Equivalent Model

Equivalent models have a solid geometry and use foam material properties. They are rather
widely applicable and have been used for different types of laser processes in the past. Mukarami
et al. [63], for instance, used an equivalent model for laser welding of porous lotus-type
magnesium, and Yilbas et al. [64] used an equivalent model for laser cutting of Al-foam. In both
cases, phase changes had to be taken into consideration, which were of no concern in the current
study. Moreover, Mukarami et al. used anisotropic material properties due to the elongated
shapes of the pores, whereas this study assumed isotropic material behavior. An equivalent
model was also used by Zhang et al. to model laser-forming of Al-foam [61]. In their study,
however, the solid volume fraction of the Al-foam was more than twice the solid volume fraction
of the foam that was used in this study, which was only 11%. This study thus investigated
whether even low-density closed-cell foams may be approximated with a solid geometry.

The main challenge associated with equivalent models is the determination of the equivalent

material properties. For a heat transfer analysis, three material properties are required: the
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density, specific heat and thermal conductivity. The density of the foam can be measured, and
the equivalent specific heat of the foam is approximately equal to the specific heat of the solid
material out of which the foam is made [2-3,63]. The equivalent thermal conductivity, on the
other hand, needs to be determined. In most cases, temperature-dependent data only exists for the
solid material out of which the foam is made but not for the foam itself. Therefore, it becomes
necessary to relate the equivalent thermal conductivity to the corresponding solid thermal
conductivity. This can be done with many different methods that are summarized in [42,65]. In
this study, three different methods were compared to highlight the important role that foam
properties play in equivalent models. In the first two methods, the foam thermal conductivity keq
was related to the solid thermal conductivity ks through the volume fraction pyps and a shape

factor f::

Py
ky, =k,—1. (2.3)

N

The first method determined the shape factor by assuming that the foam structure may be
represented as a Voronoi model with the random morphological microstructure that was
proposed by Lu et al. [66]. In the second method, the shape factor was visually determined by
measuring the cross-sectional areas A4; and the angular orientations y; of the cell walls as shown in
Fig. 30 [67]:
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Figure 30: Determining the equivalent thermal conductivity using the visual method by calculating the cross-
sectional areas and the angular orientations of the cell walls.

Finally, in the third method, experimental laser-forming data was used to tune the equivalent
thermal conductivity while all the remaining variables and processing parameters were left
constant.
2.2.2.2 Explicit Porous Models

Explicit porous models use solid material properties and aim to replicate the closed-cell foam
geometry. They generally fall into two categories, which may be called approximate models and
“exact” CT-based models. Approximate models assume a unit cell geometry and repeat the
geometry to generate a full-scale model. Zhang et al., for instance, used spherical unit cells in a
closed-packed arrangement to simulate closed-cell Al-foam [61]. While being extremely simple
to model, spherical cavity models have the major disadvantage that the minimum volume
fraction 1s limited to 27%. Moreover, they overestimate the material accumulation at cell
intersections and underestimate the minimum cell wall thickness. An alternative unit cell
geometry is the Kelvin cell, which was used in this study and has also been used for compression
and impact tests by De Giorgi et al. [68] and Mills et al [69], respectively. In both studies, the

Kelvin-cell model was exclusively used for mechanical analyses, and no thermal simulations
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were performed. Furthermore, the foam cell wall thicknesses were very thin in both studies,
which allowed for the simplification of the geometry by using shell elements. In the current
study, however, no such simplifications could be used. De Giorgi et al. also introduced a more
sophisticated approximated model that used randomly oriented ellipsoids of different sizes [68].
The resulting micro-structure was rather close to the real foam, and a good agreement was
achieved with experimental compression test data. However, the model required sophisticated
algorithms to generate the random geometry, which defeated the original purpose of using an
approximated geometry.

The second category of explicit porous models is based on CT-scans. CT-scans use X-rays
and can thus measure the internal structure of Al-foam at a high resolution. The result of a CT-
scan is a point cloud that gives the attenuation coefficient at every point of the measured object.
For aluminum foams that are filled with air cavities, the point cloud contains zeros for air and
finite values for aluminum. In order to obtain a FEM model from the CT-scan, the point cloud
needs to be translated into a solid geometry. This was done by simply converting each solid data
point of the point cloud into cubical volumes, called voxels. The advantage of this approach over
other existing approaches explained in [42] is that the implementation is straightforward to
perform and directly generates a solid geometry that can be used in a FE software.

The numerical simulations were performed in the commercial FEM software ABAQUS. The
governing equation for the numerical simulations was Fourier’s law:

q=—kVT (2.5)
Linear 8-node brick elements DC3D8 were used for the equivalent and the voxel model, and
linear 4-node tetrahedrons DC3D4 were used for the Kelvin-cell model. For the equivalent
model, a refined mesh was used close to the laser scan line to ensure that high temperature
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gradients could be captured. A FORTRAN subroutine DFLUX was employed to model the
Gaussian laser beam. An algorithm was used within the subroutine to adjust the beam radius with
varying depth. The absorption coefficient of the model was set equal to the experimentally

measured absorption coefficient that will be discussed in Sec. 2.4.1.

2.3 Experimental Procedures

A hypoeutectic closed-cell Al-foam was used containing 7 weight percent silicon. The foam
was manufactured at the Northeastern University of China using a melt-foaming method that is
explained in [2], using TiH2 as a foaming agent and Calcium to increase the viscosity of the
liquid aluminum. Its volume fraction was 11% and its density was 279 kg/m*. Temperature-
dependent material properties of AlSi7 were extracted from [70]. The Al-foam was
manufactured in the form of large bricks that were afterwards cut into 100mm X% 35mm x 50mm
blocks using end mill tools. These blocks were afterwards sliced using slitting cutters to obtain a

total of 20 specimens with dimensions of 100mm x 35mm % 10mm.

IR Camera
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Figure 31: Experimental setup.

A GSI-Lumonics 2kW Nd:Yag laser was used with a minimum spot size of Imm and a
wavelength of 1064nm. The specimens were clamped onto a 6 degree-of-freedom Stdubli
RX1300 robot and scanned underneath the laser source as shown in Fig. 31. A long-wavelength
infrared camera with a maximum frame rate of 120Hz was used to generate close-up thermal
measurements. A specimen holder stage was made that allowed mounting the IR camera below
and on the top of the specimen. The top surface was imaged at a 45° angle to prevent the IR
camera from interfering with the laser.

Stationary laser experiments were performed at 30W using a defocused laser beam with a
6mm radius. The laser center was aimed at cell wall intersections to minimize the amount of
radiation absorbed within the cavities. During the laser application, the top and bottom
temperature distributions were measured in real time at 120Hz. The tests were repeated at
multiple locations on several specimens to statistically account for the irregularities in the foam
structure.

Laser scan experiments were performed at SOW using a defocused laser beam radius of 6mm.
The specimens were scanned across the entire width at scanning speeds of 2.5mm/s, 3.33mm/s
and 5Smm/s. The temperatures were again measured in real time at 120Hz on the top and bottom
surfaces. The specimens were scanned in the x-direction close to the center of the specimen.
Multiple scans were performed on several specimens, and for each scan the y-position was varied

slightly.
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2.4 Results & Discussion

2.4.1 Thermal Imager Calibration

Aluminum is a grey body with a low emissivity, and its emissivity can change dramatically
as a function of position, surface texture and temperature. In order to minimize the uncertainty in
the emissivity value, the test specimens were coated with black graphite paint, which is a
material known to have a very high emissivity. To measure the emissivity of the graphite paint, a
coated aluminum specimen was heated to 100°C, 200°C, 300°C and 400°C in a tube furnace, and
the emissivity value in the IR camera was adjusted until the measured temperature matched the
furnace temperature. The emissivity remained constant at 0.92 for all temperatures. As a result, a
constant emissivity of 0.92 was used for all experiments.

The spatial resolution of the IR camera is limited to the smallest area a single pixel can
detect. This was calculated to be 0.05mmx0.05mm for a 23° lens operated at a minimum
measurement distance of 20mm. Since the average foam wall thickness was approximately

85um, the spatial resolution was sufficient to detect most of the geometrical details.
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Figure 32: Experimental and numerical temperature history response during steel sheet laser forming at
800W — 5S0mmy/s (high) and 400W — 25mm/s (low).
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The IR camera response time was tested by imaging a high-speed steel sheet forming process
at powers of 800W (high) and 400W (low) with scanning speeds 50mm/s and 25mm/s,
respectively. The temperature was measured on the top surface. Since the camera measurement
range was limited to 150-900°C, the experimental results were extrapolated below 150°C. Figure
32 shows a comparison between the experimental results and numerical results that were
generated with a model that was used in previous studies by Li et al. [53] and Bao et al. [71]. The
numerical model could be used as a reference since it had been validated by comparing the
simulated bending angles with experimentally measured bending angles. A very good agreement
was achieved between the simulation and the experiment, indicating that the camera response

time is sufficient to capture transient temperature phenomena during laser forming processes.

2.4.2 Stationary Heating Source

In laser forming processes, power levels are normally chosen such that no melting and
detrimental microstructural changes occur even at the highest experienced temperature. In the
current study, the power levels had to be chosen more conservatively to prevent even thin walls
from melting. However, no special consideration was given to microstructural changes since it
was assumed that microstructural changes have a negligible effect on the heat transfer.

To ensure that no melting occurs, a low power of 30W was used with a large defocused laser
beam radius of 6mm. Note that in Secs. 2.4.2 and 2.4.3, only the Kelvin-cell model was used for
the numerical simulations. Since the Kelvin-cell model represents a good middle ground between
the simplicity of the equivalent model and the complexity of the voxel model, it was used
representatively for all the numerical models. The comparison between the three models will be

performed in Sec. 2.4.5.
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Figure 33: (a) and (c) show the experimental top and bottom temperature distributions, respectively, and (b)
and (d) show the numerical (Kelvin-cell) top and bottom temperature distributions, respectively, after a 2s
exposure to a 30W laser with a 6mm radius.

Figures 33(a) and 33(b) show the experimental and numerical temperature distribution on the
top surface. The top surface was imaged at an angle of 45° after the completion of the 2s pulse at
30W. In general, a good agreement was achieved between the experimental and numerical color
contours. Figures 33(c) and 33(d) show the corresponding experimental and numerical color
contours on the bottom surface. In the experiment, the maximum temperature magnitudes were
slightly higher than the numerical ones, which can be attributed to the geometrical assumptions
of the Kelvin-cell model. In the real foam, the cell walls were very thin and were oriented almost
perfectly perpendicular to the top surface. As a consequence, the laser irradiation was mostly
absorbed within the cavities, and the heat could easily conduct to the bottom of the specimen. In
the Kelvin-cell model on the other hand, the cell walls were thicker (since the thickness was
constant in the entire model) and the cell walls were oriented at an angle relative to the top

surface (see Sec. 2.4.5). Therefore, the cell walls could absorb a majority of the incoming heat
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flux, and the heat needed to conduct through a greater distance to reach the bottom surface. This
discrepancy in the absorption could be remedied by using spherical cavities as was done by
Zhang et al. [61]. However, the minimum volume fraction of spherical cavity models is around
27%, which is much higher than the 11% volume fraction of the foam that was used in this study.
The volume fraction could potentially be reduced by randomizing the cavity geometry, size and
orientation as was done for ellipsoidal cavities by De Giorgi et al. [68]. Yet, that approach
significantly increases the model complexity and thus reduces the benefit of using an
approximate geometry. It can be concluded that the Kelvin-cell model has the advantage of
achieving a volume fraction of precisely 11% while being rather simple to model, but it comes at
the cost of a rather crude geometrical approximation.

Figure 34 shows the experimental and numerical radial temperature distributions on the top
surface after 0.5s, 1s and 2s during the laser pulse. In both the experiment and the simulation the
temperature distribution maintained the same profile throughout the laser pulse, which
approximately mirrored the Gaussian profile of the incoming laser irradiation. During the laser
pulse, the temperature profile simply shifted up, indicating that the material underwent uniform

heating throughout the pulse.
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Figure 34: (a) Experimental and (b) numerical (Kelvin-cell) temperature distribution from the laser center to
the edge of the laser source after a 30W laser exposure with a 6mm radius. The experimental data is averaged
over 15 specimens and standard errors are shown.

Figure 35 shows the experimental and numerical temperature history on the top and bottom
surface during the 2s laser pulse. It also shows the transient temperature gradient that was
calculated by subtracting the bottom temperature from the top temperature. Overall, a very good
agreement was achieved between the experimental and numerical results for the top, bottom and
the gradient. The bottom numerical temperature was again slightly lower than the experimental
one for the same reason that was explained earlier. As a consequence, the Kelvin-cell model
slightly overestimated the gradient. From both the experiment and the simulation it is evident
that a steep temperature gradient develops quickly when Al-foam is subjected to a laser pulse.
The experimental and numerical time constants of the gradient were 0.18s and 0.2s, respectively.
It can further be observed that the bottom temperature rise was delayed relative to the top.
Interestingly, once the bottom temperature started to rise, it kept rising at the same rate as the

top, such that a constant gradient was maintained throughout the rest of the laser exposure.
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Figure 35: (a) Experimental and (b) numerical (Kelvin-cell) temperature history plots during a 2s exposure to
a 30W defocused laser beam with a 6mm radius. The experimental data is averaged over 15 specimens and
standard errors are shown.
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2.4.3 Moving Heating Source

Figures 36(a) and 36(b) show the top experimental and numerical temperature history plots
during laser scans at SO0W with a 6mm radius at scanning speeds 2.5mm/s, 3.33mm/s and Smm/s.
Note that the laser powers had to be kept low to prevent thin cell structures from melting, as
explained in Sec. 2.4.2. In order to maintain similar line energies as in solid laser forming, the
scanning speeds had to be reduced as well. Further note that the experimental plots were
extrapolated below 150°C due to the camera range limit. To explain these results, two
phenomena need to be discussed that occur when the laser scanning speed is increased. Firstly,
the incoming heat flux is reduced since the material is subjected to the laser for a shorter amount
of time. Secondly, there is less time for the heat to diffuse away from the top surface, as shown
by Li et al. [53]. These phenomena work against each other since the former decreases the top
temperature while the latter increases it. As can be seen in Figs. 36(a) and 36(b), the first
phenomenon was dominant in the experiment because the temperature increased significantly
with decreasing scanning speed. In the simulation on the other hand, the temperature difference
was much smaller, indicating that the second phenomenon was dominant. This discrepancy is
related to the difference in the absorption that was explained in Sec. 2.4.2. In the experiment, the
heat could quickly diffuse to the bottom, even at elevated scanning speeds. In the Kelvin-cell
model, on the other hand, the heat remained trapped close to the top surface. At higher scanning
speeds, the heat was unable to diffuse away quickly, and the temperature therefore increased
substantially. The bottom temperature history plots of Figs. 36(c) and 36(d) confirm these

observations since the experimental temperatures were much greater than the numerical ones.
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Figure 36: (a) and (c) show the experimental top and bottom temperature history plots, (b) and (d) show the
numerical (Kelvin-cell) top and bottom temperature history plots at scanning speeds 2.5mm/s, 3.33mm/s and
Smmy/s, respectively. The laser power was S0W with a beam radius of 6mm. The experimental results were
averaged over 20 test runs and standard errors are shown.

Figure 37 shows the maximum experimental and numerical temperature gradients during a
50W laser scan at 2.5mm/s, 3.33mm/s and Smm/s. The gradients were obtained by subtracting
the bottom temperature distributions from the top temperature distributions and extracting the
maximum values. The experimental and numerical gradients differed in magnitude since the
numerical bottom temperatures in Fig. 37 were lower than the experimental bottom temperatures.
In both the experiment and the simulation, the gradient decreased with increasing scanning
speed. This result is intuitive because the gradient had less time to establish with increasing

scanning speed. Moreover, it is obvious from the results in Fig. 37 that the decrease in the top
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temperature with increasing speed was greater than the corresponding decrease in the bottom

temperature.
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Figure 37: Experimental and numerical (Kelvin-cell) maximum temperature gradients during SOW scans with
a 6mm beam radius at 2.5mm/s, 3.33mm/s and 5mm/s, respectively. Standard errors are shown for the
experimental data.

2.4.4 Fourier Number

In laser forming of solid metals, three bending mechanisms have been identified, which are
the temperature gradient mechanism (TGM), buckling mechanism (BM) and upsetting
mechanism (UM) [22]. Moreover, the Fourier number was found to be a good indicator of which

bending mechanism is dominant. It can be expressed as

D
Fo= % (2.6)

where D is the laser diameter, a is the foam thermal diffusivity, v is the laser scanning speed and
t is the sheet thickness. For Fo < 1, TGM is expected to be the dominating mechanism, whereas
Fo > 1 indicates that BM or UM are the dominating mechanisms. In order to determine whether
the same threshold is valid for foams, the foam Fourier numbers need to be compared to the
corresponding solid Fourier numbers. In foams, the laser diameters are generally bigger and the

scanning speeds are lower than in solids since the laser power needs to be kept low. At the same
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time, foams have much smaller thermal diffusivities compared to solids, while foam sheet
thicknesses are comparatively larger. Since the Fourier number is inversely proportional to the
square of the thickness and only linearly dependent on the remaining variables, the Fourier
numbers of foams should generally be lower than the corresponding solid Fourier numbers.
Thus, based on this analysis TGM should always be the dominant bending mechanism.
Moreover, even if the Fourier number was greater than 1, BM and UM could not occur in
foams. In order for BM and UM to be dominant, the material needs to be able to develop high
compressive stresses to allow buckling or thickening. Due to the thin cell walls, however, foams
crush before such high compressive stresses can develop. Therefore, it is not necessary to specify

a threshold on the Fourier number since TGM is the only possible bending mechanism for foams.

2.4.5 Numerical Model Comparison

In this section, the equivalent, Kelvin-cell and voxel models are compared with each other
and with experimental results. Before starting the comparison, several comments need to be
made about the equivalent model. Since equivalent models use a simple solid geometry, extreme
care needs to be taken in the determination of the equivalent thermal conductivity. The three
different approaches introduced in the background were contrasted. The Voronoi-structure
method and the visual method yielded shape factors of 0.43 and 0.46, which resulted in
equivalent thermal conductivities of ke = 8.1W/mK and k.q = 8.7W/mK, respectively. The
experimentally tuned equivalent thermal conductivity turned out to be ke; = 10.5W/mK. Thus,
there was a rather significant disparity in the results, which is based on the underlying
assumptions of the different methods. In the Voronoi-structure method, it was assumed that the
foam structure could be approximated by randomly oriented honeycombs with constant wall

thicknesses. Since solid aluminum is accumulated between cavities in the actual foam, the
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geometrical approximations in the Voronoi-structure were still too crude despite the randomized
cell distribution. A higher level of accuracy was achieved with the visual method in which the
cell wall areas and the cell wall orientations were taken into account. However, the model
accuracy was still limited since the mass distribution was not taken into account. This becomes
clear from the fact that the visual method would predict the same shape factors for foams with
huge and tiny cells as long as their cell walls have the same overall area and average orientation.
In this specific case, the experimentally tuned thermal conductivity yielded the best results since
it was directly tuned with laser-forming thermal data. Overall, this comparison emphasized that
the choice of the equivalent thermal conductivity evaluation method has a high impact on the
performance of the equivalent model, especially for foams with small solid volume fractions.
Figure 38 shows typical color contour plots of the equivalent, Kelvin-cell and voxel model
during a laser scan. In the equivalent model, all the incoming laser irradiation was absorbed at
the top surface (z=10mm). Therefore, heating was extremely localized and the isotherms were
very shallow close to the top surface. Moreover, the isotherms were rather wide in the x and y-
direction, indicating that the heat could easily escape along the side of the specimen. As a
consequence, less heat could reach the bottom surface, and the temperature magnitude on the
bottom surface was reduced. In the Kelvin-cell model, the laser irradiation could penetrate into
the material, which caused the isotherms to be spaced farther apart in the z-direction. Yet, since
the cell walls were oriented at an angle at the top surface, a majority of the incoming heat flux
was still absorbed close to the top surface. In the voxel model, the laser could penetrate deeply
into the material since the thin cell walls were almost perpendicular to the top surface. As a
consequence, the heat flux was mainly absorbed inside the cavities. The isotherms were thus

spaced further apart in the z-direction, indicating that more heat could reach the bottom surface.
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Overall, the temperature distribution of the voxel model was most realistic, while the equivalent

model induced significant errors due to inaccurate top surface boundary conditions.

Figure 38: Typical color contours of the (a) equivalent model, (b) Kelvin-cell model and (c) voxel model
during a laser scan. Legends are omitted since the color contours are used for a qualitative comparison.

Figure 39 shows the cross-sectional heat flux vectors of the different numerical models
during a laser scan. The figure nicely illustrates the differences in the absorption schemes that
were discussed in Fig. 38. In the equivalent model, the heat was absorbed entirely at the top
surface (z = 10mm), while in the voxel model the heat could penetrate even further into the
material than in the Kelvin-cell model due to the different cell wall orientations and thicknesses.
The figure further illustrates differences in the heat flow patterns. In the equivalent model, the
heat could diffuse away radially from the top surface, which overestimated the heat transfer in y-
direction and underestimated the heat transfer to the bottom surface. In the explicit porous
models on the other hand, the heat was channeled through the thin cell walls since it was
assumed that the heat transfer through the cavities is negligible. As a consequence, the topmost
cavities created a barrier for the heat transfer in the y-direction, and less heat could escape along
the side of the specimen. In the voxel model, the heat flow was additionally obstructed in
locations where cell walls were interrupted or of a small thickness. Thus, the voxel model again
provided the most realistic heat flow simulation since it contained the highest level of

geometrical details.
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Figure 39: Heat flux vectors in cross-sections of the (a) equivalent model, (b) Kelvin-cell model and (c) voxel
model during laser irradiation. Legends are omitted since the plots are used for a qualitative comparison.

Figure 40 compares the top and bottom temperature history plots of the experiment and the
three numerical models during a 2s laser pulse with a 6mm radius at 30W. On the top surface,
the Kelvin-cell model and the equivalent model agreed well with the experimental results. In the
voxel model, however, the temperature rise was delayed. This discrepancy can be related to the
surface geometry of the voxel model. During the voxel model generation, each data point of the
CT-scan was converted to a cubical element, called a voxel. As a consequence, the surface of the
voxel model had a staircase structure, which overestimated the surface area and hence the
convective heat losses. Due to the increased convective losses, the rise in the temperature was
delayed. On the bottom surface, the equivalent model predicted a very small temperature rise,
which is related to the fact that the entire laser irradiation was absorbed at the top surface as
shown previously. The Kelvin-cell and voxel model predictions were much closer to the

experimental results, which is again consistent with the previous findings. Overall, the
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differences between the three models could be mostly attributed to the laser absorption boundary
condition on the top surface. If the specimen thickness was increased or the cavity size was

reduced, the influence of the top surface boundary condition would be reduced, and thus the

three models would yield more similar results.

250 1 —— Experiment - - - Equivalent
- - --Kelvin Voxel
] i&;«:&&ﬂrﬂ
£ EET
o P
é 150 4
o
@
£
& 100 1
Pt
I/Iﬂ1~1~1~1~1
7 /Vr:/,‘ff_/: Tee=sc
._«ks::&rffft—:‘, _________________ -
0 : i . I I
0.0 05 10 s .
Time (s)

Figure 40: Experimental and numerical (equivalent, Kelvin-cell and voxel model) top and bottom surface
temperature history plots during a 2s laser pulse at 30W with a defocused beam radius of 6mm.

The results from Fig. 39 can be used to predict the amount of bending that each model will
generate in a thermo-mechanical analysis. Previous studies [43,53] have shown that the bending
angle is proportional to the temperature gradient. Therefore, the equivalent model is expected to
yield the highest bending angles, whereas the explicit porous models are expected to generate
smaller bending angles.

Figure 41 compares the experimental temperature history plots with the numerical plots for a
S0W laser scan with a beam radius of 6 mm and at a scanning speed 5 mm/s. The equivalent and
Kelvin-cell models yielded similar heating and cooling rates as the experiment. In the voxel

model, the heating and cooling rates were slightly reduced due to the overestimation of
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convective losses as mentioned previously. In the Kelvin-cell model, the temperature magnitudes

were slightly higher than in the experiment as was explained in Sec. 2.4.3.
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Figure 41: Experimental and numerical (equivalent, Kelvin-cell and voxel model) top temperature history
plots during a S0W scan at Smm/s with a defocused beam radius of 6mm.

Figure 42 shows the maximum experimental and numerical temperatures during SOW scans
at 2.5 mm/s, 3.33 mm/s and 5 mm/s. All the numerical models predicted a linear decrease in the
maximum temperature with increasing scanning speeds. In the experimental results the trend was
not perfectly linear since the standard deviations were rather large. The voxel model was the only
model that was able to capture the full temperature drop with increasing scanning speed. This
reflects the fact that the temperature distributions and the heat flow patterns of the voxel model
were most realistic. The Kelvin-cell and the equivalent model, on the other hand, both under
estimated the temperature drop. The equivalent model performed slightly better than the Kelvin-
cell model since the heat was able to escape in the y-direction along the side of the specimen. In
the Kelvin-cell model, the heat remained trapped close to the top surface and could neither
escape through the bottom nor the side. Hence, the temperatures could rise rather high despite

the increase in the scanning speed.
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Figure 42: Experimental and numerical (equivalent, Kelvin-cell and voxel model) maximum top surface
temperatures during SOW laser scans at 2.5mm/s, 3.33mm/s and Smm/s, respectively. Standard errors are
shown for the experimental data.

2.5 Conclusions

The equivalent, Kelvin-cell and voxel models all predicted steep temperature gradients
during laser forming of Al-foam, and this result was both validated by experiments and theory.
The advantages and disadvantages of the three numerical models were evaluated. The equivalent
model was extremely simple to generate, but introduced significant errors due to the assumption
that the entire heat flux is absorbed at the top surface. As a consequence, this model
underestimated the bottom surface temperature, which in turn led to a higher predicted
temperature gradient. Due to the crude geometrical structure of the equivalent model, the
specification of the equivalent material properties was crucial, especially since the solid volume
fraction was low. In comparison, the Kelvin-cell model was able to replicate the exact volume
fraction of the real foam without significantly increasing the model complexity. Due to the
accuracy in the volume fraction, a good agreement was achieved with the experiment for the
response to stationary laser sources. At the same time, the shape of the Kelvin-cells

overestimated the laser absorption close to the top surface, which limited its response to changes
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in laser scanning speeds. Finally, the voxel model could replicate the exact foam geometry,
which allowed for the most accurate temperature distributions and heat flow predictions during
the laser exposure. As a consequence, the model was highly responsive to changes in processing
conditions. The drawbacks of the voxel model were that it was computationally intensive and the
staircase structure of its surface caused an overestimation of the surface area and therefore the

convective losses.
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Chapter 3: Laser Induced Mechanical Response of Metal

Foam during Laser Forming

3.1 Introduction

Since its introduction in the first half of the 20th century, metal foam has been the subject of
countless research studies. Many researchers have demonstrated the great potential of the
material due to its high strength-to-weight ratio and its outstanding noise and shock absorption
capacity [3,11]. Its material properties have been studied in great detail [2,42], and numerous
potential industrial applications have been identified [9,72].

Despite all these efforts, metal foam products have rarely made it past the prototype stage.
The reason is that industrial applications often call for intricately shaped parts that are
challenging to manufacture. Near-net-shape manufacturing methods for metal foam do exist,
such as 3D printing [13], as well as a powder metallurgy process [10]. The former, however, is a
notoriously slow process, limited to small production volumes and part sizes. The latter, in turn,
requires molds, limiting it to large production volumes and moderately sized parts.

Metal foam is normally manufactured in generic shapes, such as slabs or sheets, and
subsequently bent to the required shape. This approach is less costly, can be implemented on a
much larger scale, and yields a more uniform density distribution. The challenge associated with
this method is that metal foam is prohibitively difficult to bend due to the foam’s high moment
of area and bending stiffness. Conventional mechanical bending methods have shown no success
to date. 3-point bending, for instance, generates high tensile stresses that exceed the foam failure

strength and cause immediate failure [16]. Similarly, hydroforming was shown to cause
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excessive densification [17]. Therefore, an alternative bending method is needed that does not
exert mechanical forces.

Laser forming has been investigated as an alternative bending method, since it is a non-
contact method that does not require part-specific molds. The process is considered an economic
option for low to mid production-volumes because it can be used to form arbitrarily sized parts
into a wide range of geometries without a mold. Laser forming has been studied extensively for
sheet metal forming, and many aspects have been investigated, such as strain rate effects [43]
and process synthesis considerations [56].

Within the last decade, several research groups have attempted laser forming of metal foam
and reported positive results. Experiments have been conducted with open-cell foams [57],
closed-cell foams [61], and closed-cell foams with outside skin [29], each case showing that
bending angles up to 45° are feasible. The reported experimental work involves parametrical
studies, in which bending angles have been measured for a range of different processing
parameters, such as power, spot size, scan speed and cooling methods. Moreover, the process has
been studied for a range of metal foam properties, such as densities, pore sizes and sheet
thicknesses. Additionally, issues related to microstructure [59] and heat treatments [60] have
been addressed, and some predictive capabilities have been developed [28,30,61].

From the aforementioned work, a rather complete picture emerges about the processing
window that is required for metal foam laser forming, and some rudimentary numerical
capabilities have been developed. However, the existing work has three essential shortcomings.

First, none of the previous studies have addressed the underlying bending mechanism in
sufficient detail. So far it has been assumed, without experimental proof, that the temperature

gradient mechanism (TGM), identified by Vollertsen [22] for sheet metal laser forming, is
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always the governing bending mechanism in metal foam laser forming. While this assumption
has been experimentally confirmed from a thermal standpoint [26], metal foam does not meet the
requirements of TGM from a mechanical standpoint, as discussed in the next section.

Second, previous studies have observed the existence of a maximum bending angle [29,57],
but no comprehensive discussion of the reasons for the limiting behavior has been made. Also,
the cited studies failed to address the impact of laser-induced imperfections, which occur during
large-bending angle experiments, on the mechanical performance of the foam.

Finally, the cited experimental work is limited to bending angle measurements, and thus the
existing numerical models have only been validated via the bending angle [30,61]. Additionally,
the process has never been simulated up to large bending angles, and no comparison between
models of different geometries has been done.

A step towards addressing the last issue was recently accomplished by measuring the
transient temperature distributions in metal foam, using an infrared camera [26]. The obtained
results were used to validate three numerical models with different levels of geometrical
accuracy. In this study, the efforts from [26] were extended to the analysis of the mechanical
aspects of laser forming. This was done by experimentally validating the numerical strain
distributions using digital image correlation (DIC). Additionally, the bending mechanism was
revisited by comparing metal foam laser forming with steel sheet laser forming, as well as 4-
point bending. From the similarities and differences, a modified temperature gradient mechanism
(MTGM) has been proposed. Finally, the limiting behavior of metal foam was investigated, both
experimentally and numerically, by determining the extent of cell collapsing near the top surface,
and monitoring the crack formation on the bottom surface. The impact of both of these

imperfections on the foam crushability and structural integrity was investigated.
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3.2 Background

3.2.1 Metal Foam Mechanics and Deformation

Metal foam shows fundamentally different deformation behaviors in tension and
compression. In tension, the material can undergo only a small amount of plastic deformation
and has a low strength. In compression, on the other hand, the stress-strain curve can be divided
into three distinct stages, as shown in Fig. 43. Initially, the stress increases linearly with strain,
then transitions to a large “plateau” where cells collapse, followed by an exponential increase
after the foam is fully compressed. Due to the wide plateau, the area under the stress-strain curve

is large, explaining why metal foam is an excellent energy absorber.
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Fig. 43 Uniaxial compressive stress-strain data (engineering) of four compression specimens (curves 1-4)
made with the same metal foam that was used in this study [34]. The stress-strain curve can be divided into
three segments: (1) a linear regime, followed by (2) a plateau where cell crushing occurs and a large amount
of energy is absorbed, followed by (3) foam densification. Due to their crushability, metal foams can
withstand much lower compressive stresses than solid metals.

Metal foam bending involves a combination of tensile and compressive deformation.
Compared to solid material, metal foam has a very large bending stiffness S, which is defined as

the resistance of the material to bending deformation and is denoted by

_ BEI

Sl3

(3.1)
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where B; is a scaling factor that is boundary and loading condition dependent, £ is Young’s
modulus, / the moment of area, and / the beam length [3]. The reason is that the moment of area
of the foam is more than an order of magnitude greater than the moment of area of a solid with

the same net cross-sectional area (Table 4), where [ is calculated via

S0/2

I = zzy(z)dz (3.2)

—50/2
where sy is the sheet thickness and y(z) the net section width at height z. Thus, the combination of
high bending stiffness and low tensile strength explains why mechanical bending of metal foams
is prohibitively difficult.

Table 4 The moment of area (about z = 0) of a metal foam with 89% porosity is 43.4 times higher than the
area moment of a solid with the same cross-sectional area. As a consequence, metal foam has a much higher

bending stiffness.
. Moment
Cross-section
of area
z 50,
Solid | 1
% 50 100 150 200 250 y
Z 50
Foam o § 434
=0 "s0 100 150 200 250 300 y

Unlike solid material, which is in most cases assumed to be incompressible, metal foam can
yield both due to deviatoric stresses, as well as hydrostatic stresses. Assuming isotropic behavior,
the yield surface is a closed symmetric ellipsoid with aspect ratio a, and the yield criterion

involves both Von Mises’ equivalent stress ce as well as the mean stress om [41]:

12

0'62+0520'31) -Y<0 (3.3)

1
——(
1+(a/3)
where Y is the uniaxial yield strength. When F' < 0, the material behavior is elastic, and when F =

0, plastic deformation occurs pursuant to the following flow rule
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gl =—— (3.4)
' H do;

where eg is the plastic strain rate, and H is the hardening modulus defined as

=2 ha+(1—0})hp (3.5)
(o2 O

where h,; and h,, are the tangent moduli in uniaxial and hydrostatic compression respectively,

and & is the equivalent stress that is equal to the first term in the yield criterion (eq. (3.5)).

3.2.2 Bending Mechanism

The thermo-mechanical bending mechanisms underlying laser forming are currently only
well understood for solid materials [22]. For metal foam laser forming, it has thus far always
been assumed, without experimental proof, that the temperature gradient mechanism (TGM) is
the governing bending mechanism.

TGM was introduced by Vollertsen [22] for sheet metal laser forming, and it governs the
scenario where a steep temperature gradient develops across the thickness of the workpiece. The
material immediately below the laser spot heats up and tries to expand, but is restricted by the
“cold” surrounding material. Instead of being able to expand, the material point becomes
plastically compressed. This phenomenon occurs along the entire scan line, making the material
shorter on the top surface and bending the workpiece towards the laser.

From a heat transfer standpoint, experiments have confirmed that steep temperature gradients
develop across metal foam during laser forming [26], and thus the prerequisites for TGM are
met. When investigating the mechanical aspects of laser forming, however, it becomes

questionable whether TGM is valid for metal foam for several reasons.
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First, the “shortening” that occurs in TGM via the formation of plastic compressive strain
does not seem possible in metal foam, due to its crushability. The reason is that unless metal
foam is in the densification stage, its yield strength is less than one 60th of the yield strength of
the solid metal it is made of, since its fragile cell walls crush when subjected to large
compressive stresses.

A second argument that puts TGM in question is the low tensile strength of metal foam. Even
though TGM postulates that bending is mainly caused by compressive strains on the top surface,
some tensile deformation occurs near the bottom surface as well. Solid metal can plastically
deform in tension and thus accommodate the tensile deformation. Metal foam, on the other hand,
can undergo only a small amount of plastic tensile deformation and fractures shortly beyond the
linear elastic regime [73]. Thus, bending via TGM should cause an immediate fracture in metal
foam. Hence, the traditional TGM does not fully capture the foam response during laser forming

and needs to be revisited.

Fig. 44 Two approaches were used to model metal foam. In the first (“equivalent”) model, shown in (a), a
solid geometry was used and equivalent foam properties were assigned. In the second (“Kelvin™) model,
shown in (b), the foam geometry was explicitly modeled, and solid aluminum properties were assigned. The
cavity geometry was approximated by a Kelvin-cell geometry.

3.2.3 Numerical Simulations
The metal foam geometry was modeled using two different approaches shown in Fig. 44,
with details explained in [26]. In the first model, “equivalent” model (used in Secs. 3.4.1 - 3.4.3),

a solid geometry with equivalent foam properties was used. In the second model, “Kelvin”
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model, (used in Sec. 3.4.4), the foam geometry was modeled explicitly, approximating the cavity
geometry by a Kelvin-cell geometry, and assigning solid aluminum properties. The simulation
was carried out using uncoupled thermo-mechanical analyses, whereby the output of the thermal
analysis was used as a predefined field for the mechanical analysis. While this study exclusively
discusses the mechanical aspects of the simulation, a detailed investigation of the thermal aspects
may be found in [26].

In the equivalent model, the constitutive behavior was modeled using the equations
introduced in Sec. 3.2.1, making two major assumptions: (1) the yield surface is symmetric,
which has been verified for a similar metal foam [41], and (2) hardening occurs in an isotropic
manner. The latter assumption is not valid for large deformations due to the fundamentally
different responses of metal foam in tension and compression. Since the tensile strains are small
compared to the compressive strains, however, the induced errors are small. In the Kelvin model,
the constitutive behavior was modeled using Von Mises’ yield criterion and the Levy-Mises flow
rule.

The foam mechanical behavior at large bending angles was simulated using the equivalent
model. The cell crushing behavior of the foam was modeled in an average sense, by calculating
the volumetric plastic strain rate &, from the flow rule (eq. (3.4)), using the expression [41]

5
X ¢

LI +(T3)2}? (3-6)

where £ is the work conjugate strain rate of & that can be expressed as ¢ = 6/H. The volumetric
strain rate can also be written as €; = R/R, where R is the relative density and R is the relative

density variation rate. Integrating this equation gives the current relative density R
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R=R, exp(—_[é“. dt) =R, exp(—Aeﬁ) (3.7)
where R is the relative density at the previous time increment and Ag;; are the logarithmic “true”
strain increments in all directions [52]. Eq. (3.7) was then used to calculate the relative density
distributions at a cross-section of the foam.

The simulations were implemented in Abaqus, and densification calculations were performed
in Matlab. Multi-scan simulations were performed on the Stampede supercomputer provided by
XSEDE [74]. Quadratic elements C3D20 were used for the equivalent model, and linear
tetrahedral elements C3D4 were used for the Kelvin model. A y-symmetry boundary condition
was used that set displacements in the y-direction (U2) and rotations about the x and z-axes
(URI1, UR3) equal to zero. Furthermore, the displacements in x and z (U1, U3) were restricted at
two vertically aligned points on the symmetry surface. Rotations about the y-axis (UR2) were
not restricted.

The thermal properties were used from [26]. The temperature-dependent thermal expansion
coefficient au(7T) of the foam was assumed to be identical to that of the corresponding solid and
was extracted from [70]. Temperature-dependent Young’s modulus E(7) was obtained for solid
AlSill [75] and converted to foam using relations given in [76]. The elastic and plastic Poisson’s
ratios v and v, were obtained from [76] and [41], respectively. The flow stress ar was obtained
from [34], and the temperature dependence was adapted from solid aluminum data [70]. The
compressive yield stress ratio o/p. was estimated based on [41].

Steel sheet forming simulations were performed using the model in [43]. 4-point bending
simulations were based on U-bend simulations developed by Brandal and Yao [77]. The loading
block and supports were defined as rigid shells, and a general contact interaction, with zero

friction, was used. Loading was exerted by vertically displacing the loading block.
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3.3 Experimental Procedures

Closed-cell Al-foam was used, with 7 weight percent silicon, a volume fraction of 11.2% and
a density of 279 kg/m3. The foam was manufactured employing a melt-foaming method that used
TiH> as a foaming agent and calcium to increase the viscosity of the liquid aluminum. Slitting
cutters and end mill tools were used to cut test specimens to a length, width and thickness of 100

mm, 35 mm and 10 mm, respectively.
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Fig. 45 (a) Experimental setup. The laser was scanned in x-direction. The bottom specimen surface was
spray-painted white with a black speckle pattern. Digital images were taken in between consecutive laser
scans. (b) Example strain distribution (gyy, Lagrangian strain) on the bottom surface of a laser formed
specimen at a bending angle of 45°. The strain was only extracted on the clamped half of the specimen above
the bending axis to avoid effects related to out-of-plane rotations [37].

Laser forming experiments were performed using a continuous-wave Nd:YAG laser with a
wavelength of 1064 nm. All the experiments were performed using a spot size of 12 mm, and the
specimens were positioned below the focal plane to ensure that the laser intensity does not
increase inside cavities (Fig. 45(a)). The specimens were clamped at one end using rubber pads
to provide thermal insulation. Nitrogen was used as a protective gas to avoid oxidation, and in

between successive scans the specimen was allowed to cool to room temperature to prevent heat
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accumulation effects. The bending angle was determined by measuring the vertical deflection
with a dial indicator.

The specimens were scanned underneath the laser using a 6 DOF Stdubli RX-130 robot. Two
representative processing conditions were contrasted with (power, scan speed) of (90 W, 5
mm/s) and (180 W, 10 mm/s), respectively. The line energy LE = P/v was kept constant, since
constant LE experiments reveal several aspects of the physical behavior of metal foam and allow
for a meaningful comparison with numerical simulations as has been shown in [53].

Digital image correlation (DIC) was used to determine the strain distribution on the bottom
specimen surface in between consecutive laser scans (Fig. 45(b)). The DIC experiments were
performed by spray-painting the bottom specimen surfaces white and subsequently applying a
black speckle pattern. A digital camera with a resolution of 2448 x 2048 pixels was used to take
images of the speckle pattern after each laser scan. To achieve the best resolution of about 100
um, it was ensured that the speckle sizes corresponded to 3-5 pixels on the digital camera
[35,36]. The commercial DIC software VIC-2D from Correlated Solutions was used to calculate
the Lagrangian strain fields from the digital images, which were subsequently converted to the
logarithmic “true” strain fields. All the strains were computed in the tensile direction (g)y).
Several calibration tests were performed to ensure that the results were independent of variables
such as the subset, stepsize, seed placement and incremental correlation. An example of a
processed image is shown in Fig. 45(b), representing a strain distribution (g,,) at a bending angle
of 45°.

To avoid strains induced by out-of-plane rotations [37], the strain was only extracted on the
clamped half of the specimen above the bending axis (Fig. 45(b)). To minimize the impact of

local inhomogeneities, the data was averaged over the entire specimen width and a distance of 5

96



mm from the bending axis. Standard errors were calculated over all individual pixels within that
area.

The laser forming strain distributions were compared with strain distributions in 4-point
bending experiments. 4-point bending tests were performed pursuant to a combination of ASTM
standards D7249 and C1341. The data was averaged over a rectangle similar to laser forming,

and was also corrected for strains caused by out-of-plane displacements [37].

3.4 Results & Discussion

3.4.1 Bending Mechanism

In the background section, it was predicted that metal foam is unable to develop the
compressive strains central to the traditional temperature gradient mechanism (TGM), due to its
crushability and low compressive strength. Laser forming experiments revealed two aspects of
the foam behavior that spoke in favor of this prediction. First, no matter how low within the
processing window the laser power was chosen, localized melting of thin cell walls was
unavoidable. As shown in Fig. 46, melting initiated at the first laser scan and progressed with
each successive laser scan. Thin cell walls started melting from the top surface, forming u-
shaped trenches that deepened until either the entire cell wall was melted away, or the cell wall
thickness increased. If metal foam bending indeed occurred due to plastic compressive strains,
melting would drastically impede bending, because it reduces the amount of compressible
material. Experiments have shown the contrary, however, implying that plastic compressive

strains cannot be the major cause of bending.

97



Fig. 46 Section of the top surface of the specimen on the laser scan line (a) before laser forming, (b) after 1
scan and (c) after 10 scans at 90 W and 5 mm/s. Even at this low power, localized melting of thin cell walls
occurred, marked in white. Melting started after the first scan and progressed with each consecutive scan,
forming u-shaped trenches in the cell walls and reducing the amount of compressible material. Melting
stopped once the thickness of the remaining cell wall sections increased.

The second aspect is that cell wall bending occurred close to the bending axis (Fig. 47),
clearly indicating that the cell walls are unable to withstand high compressive stresses.

g "csj""’-“:h' S

Fig. 47 Cross-section of a foam specimen after 5 laser scans at 180 W and 10 mm/s. The laser was scanned
into the page. The white arrows show where cell walls were bent during laser forming, indicating that the
foam cannot withstand high compressive stresses.
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Fig. 48 Comparison of the tensile strain (&) on the bottom surface (determined via DIC) in 4-point bending
and laser forming (at 180 W and 10 mm/s). gy, is the strain resulting from a combination of cell collapsing
and cell wall deformation. Standard errors are shown, calculated over all the pixels of the averaged areas (see
Sec. 3.3). In 4-point bending, the strain increased exponentially before a catastrophic failure, whereas in laser
forming there was a stable linear strain growth with increasing bending angle. Laser forming yielded a larger
maximum &y, due to heat-induced softening, yet &, did not grow proportionally to the bending angle, and
hence tensile stretching cannot be the main cause of bending.

An alternative explanation is that metal foam bending is mainly caused by tensile stretching
near the bottom surface instead of compressive deformation on the top. To investigate this
hypothesis, the tensile strain ¢y, (determined via DIC) was compared for laser forming and 4-
point bending (Fig. 48). ¢, is the strain resulting from a combination of cell collapsing and cell
wall deformation. In laser forming, &), indeed grew substantially larger than in 4-point bending,
due to heat-induced softening. However, while the maximum ¢,, in laser forming was around 4
times greater than in 4-point bending, the maximum bending angle was greater by a factor of 7.
Therefore, ¢, did not grow proportionally to the bending angle, hence tensile stretching cannot

possibly account for all of the bending deformation.
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Fig. 49 Strain distributions (g),) in (a) metal foam during 4-point bending, (b), metal foam during laser
forming, and (c) a steel sheet during laser forming. (d) Ratio of top surface (compressive) strain over bottom
surface (tensile) strain at the bending axis, calculated for all three simulations. In 4-point bending, bending
was equally caused by compressive and tensile strains. In laser forming, the large ratios indicate that
compressive deformation was the main cause for bending.

Numerical results confirmed that tensile stretching is not the driving force of the bending
deformation. Figure 49(d) shows the ratio of the compressive top surface strain to the tensile
bottom surface strain for metal foam laser forming, steel sheet laser forming, and 4-point
bending (models shown in Figs. 49(a)-49(c)). The equivalent model was used for the simulation

of metal foam, which was experimentally validated in [26,27]. In all cases, the strains were
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extracted at the bending axis. For foam and steel laser forming, the ratio was averaged over 10
scans and two typical conditions [foam - (90 W, 5 mm/s; 180 W, 10 mm/s), steel - (400 W, 25
mm/s; 800 W, 50 mm/s)], to obtain a most representative value. For 4-point bending, the ratio
was averaged over all the bending angles until the experimental failure angle. The results in Fig.
49(d) clearly show that, whereas compression and tension contributed equally in 4-point
bending, compressive deformation was the major cause of bending in laser forming.
Interestingly, metal foam and steel sheet laser forming nearly yielded the same ratio, implying
that the compressive “shortening” on the top surface should be identical in both metal foam and

steel.
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Fig. 50 Relative density distribution after a single scan at 180 W and 10 mm/s. The baseline relative density
is 0.112, and a relative density of 1 indicates complete densification. Densification occurred throughout the
top 80% of the foam, leaving only a small tensile region on the bottom surface. Therefore, laser forming
shifts the neutral axis downwards, and deformation is dominated by compressive shortening.

Numerical relative density distributions at a cross-section, calculated after a single laser scan
at 180 W and 10 mm/s (Fig. 50), allow a similar conclusion to be drawn. The baseline relative
density is 0.112, and a relative density of 1 indicates complete densification. The densified
(compressed) region stretched over the top 80 % of the foam, leaving only a small expanded
(tensile) region on the bottom. Therefore, laser forming seems to shift down the neutral axis and
limits the amount of tensile deformation occurring, unlike in 4-point bending (Fig. 49(a)), where

the neutral axis lies midway through the thickness (assuming small bending angles).
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The findings in Figs. 46-50 allow only one explanation: cell wall bending and cell crushing
in metal foam laser forming, observed in Fig. 47, is equivalent to plastic compressive strains in
steel sheet laser forming.

Using that insight, the bending mechanism of metal foam can be revisited. Metal foam
develops steep temperature gradients across its thickness and thus meets the thermal pre-
requisites of TGM [26]. Similar to solid metal, bending is mainly achieved via compressive
deformation, and tensile deformation near the bottom surface only occurs to accommodate the
“shortening” on the top surface. The reason for its “shortening” near the top surface, however,
differs from conventional TGM. Unlike solid sheet metal, which develops plastic compressive
strains, metal foam shortens due to cell wall bending and cell collapsing. Moreover, metal foam
does not immediately undergo a tensile fracture on the bottom surface due to heat-induced
softening, as well as a downward shift in the neutral axis that limits the amount of tensile
deformation. Since metal foam still meets most of the requirements set by TGM, this revised

bending mechanism may be called modified temperature gradient mechanism (MTGM).

3.4.2 Bending Limit

For laser forming of solid sheet metal, several studies reported that the bending increment
decreases with increasing laser scans [55,80]. In laser forming of metal foam, a similar limiting
behavior was observed at two different processing conditions, (high — 180 W; 10 mm/s) and (low
— 90 W; 5mm/s), shown in Fig. 51. In the experiment, as well as the simulation, the rate of
change of both the bending angles and tensile strains decreased with an increasing number of
scans and eventually approached zero, indicating that there is a maximum achievable bending

angle.
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Fig. 51 (a) Experimental and (b) numerical bending angles and tensile strain data (eyy) at large bending
angles. “High” refers to the condition 180 W 10 mm/s, “low” refers to 90 W 5 mm/s. Standard errors are
shown for the strain results, calculated over all the pixels of the averaged area (see Sec. 3.3). In both the
experiment and the simulation, the bending angle and strain plots leveled off at a large number of scans. In
the numerical simulation, the limit at 180 W and 10 mm/s was reached at a larger bending angle, since the
model did not consider melting, as well as changes in the moment of area, laser absorption and thermal
conductivity with increasing densification.

In solid metals, the limiting behavior can be attributed to increases in the sheet thickness,
strain hardening on the bottom surface, and variations in the laser absorption due to coating
removal and heat-induced surface discoloration [55,78]. In metal foam, on the other hand,
thickening does not occur, and neither does strain hardening on the top surface, since the flow
stress remains constant until densification. Tensile strain hardening on the bottom surface only
occurs to a small extent, because metal foam can only undergo limited amounts of plastic tensile
deformation. Variations in the laser absorption do occur in metal foams, since cavities crush and
rotate with increasing bending angle, but they are not significant enough to be the major cause of
the bending limit. Similarly, melting ceases after a few laser scans and cannot be responsible for
the limit either.

Therefore, the bending limit must be caused by a phenomenon that does not occur in sheet
metal laser forming, which is cell crushing and the subsequent densification. Densification

increases the amount of material away from the central axis of the foam, and hence increases its
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moment of area, rendering the foam stiffer. Simultaneously, both Young’s Modulus [77] and the

flow stress [3] of the foam increase exponentially with its relative density, as shown in

ﬂ: (l_pf/p»*) (3.8)
E, (1+(2-30)p,/p.)
%
&z0.3(¢&J +(1-g) 2L (3.9)

where E,,0,,p, are the Young’s Modulus, yield strength, and density of the foam respectively,

and £ ,0

s

, P, the corresponding solid properties. v, is the Poisson’s ratio of the solid, and ¢ is

the percentage of solid material at cell intersections, which was assumed to linearly increase with
foam density. These equations show that densification stiffens the foam even further and

reduces the amount of plastic deformation. Densification also increases the thermal conductivity,

1.8 k 1.65
(&J <—f<(ﬂj (3.10)
Py ko ps

where kr and ks represent the foam and solid thermal conductivities, respectively. As a

as is shown by [2]

consequence, the heat diffusion away from the top surface increases, thereby reducing the
amount of thermal expansion and plastic compressive deformation. Hence, densification is the
main reason for the bending limit in metal foam laser forming.

From the results in Fig. 51, it is apparent that (180 W; 10 mm/s) yielded a higher maximum
bending angle than (90 W; 5 mm/s). The reason is that, for an increased power and speed (at LE
= const.), heat has less time to dissipate, thus increasing the temperature rise, thermal expansion,
and plastic compressive “shortening” close to the top surface [26,53]. Hence, more densification

is required to stop the plastic compression from occurring.
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Fig. 52 Comparison of numerical data before and after correcting for density-dependence. Without
correction, both the bending angle and strain increment decreased only slightly with increasing scans,
induced by tensile strain hardening on the bottom surface. After incorporating density-dependent variables, a
distinct limiting behavior could be observed.

Numerical results confirm the above reasoning. Without accounting for densification effects,
the bending and strain increment only slightly decreased with increasing laser scans in Fig. 52,
whereby the decrease was caused by tensile hardening on the bottom surface. When calculating

the density as a field variable using p = pe ™ (from eq. (3.7)) and incorporating density-

dependent Young’s Moduli and flow stresses from eqns. (3.8) and (3.9), both the bending and
strain increment decreased much more quickly, and the resulting corrected results agreed better
with the experimental trends. Therefore, simulations confirmed that densification-induced
changes in the material properties are the major cause of the bending limit.

While the numerical results agreed with the experimental results at 90 W and 5 mm/s, they
overestimated the bending angle at 180 W and 10 mm/s, and simultaneously underestimated the
tensile strain on the bottom surface. Several approximations in the model led to this error that
only became significant at large bending angles and higher powers/speeds. First, melting was
neglected, which relaxes stresses in the material and thus reduces the amount of bending.
Second, the model failed to account for changes in the moment of area, owing to its solid

geometry. Finally, due to it being an uncoupled analysis, the model did not account for changes
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in the laser absorption, as well as densification-induced changes in the thermal conductivity, £,
whose impact can become significant at large bending angles. This problem could be mediated
by using a coupled thermo-mechanical analysis, but doing so currently renders the simulation too

CPU-intensive to study laser forming at large bending angles.

3.4.3 Impact of Laser Forming on Metal Foam Performance

Bending deformation in metal foam laser forming is achieved by introducing irreversible
plastic deformation, which, as was shown previously, manifests itself mainly through cell
crushing and some tensile deformation. This plastic deformation may affect the performance of
metal foam as a crash absorber and structural member. In this section, it is demonstrated that the
impact of laser-induced imperfections are negligible until large bending angles are reached.

A first type of laser-induced imperfections is crack formation near the bottom surface. Some
thin cell walls, which have naturally occurring stress concentrations, while also being favorably
aligned with the bending direction, can form micro-cracks already at low bending angles of 1°
(Fig. 53(a)). More micro-cracks form with increasing bending angles (Figs. 53(b) and 53(c)), but

they are small in size and remain isolated from each other. Once the bending angle approaches

45°, the cracks grow and start coalescing, forming a more visible crack (Fig. 54(a)).

Fig. 53 Bottom surface of a specimen scanned at 90 W and 5 mm/s at bending angles of (a) 1°, (b) 11.6°, and
(c) 16.3°. Due to some naturally occurring stress concentrations, micro-cracks already occurred at low
bending angles of 1°. As the bending angle became larger, those micro-cracks increased in size, and new
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micro-cracks formed (b,c). However, the micro-cracks remained isolated from each other at this stage and
thus hardly affected the structural integrity of the foam.

Fig. 54 (a) Foam specimen at a bending angle of 45°, after being laser formed at 180 W and 10 mm/s, with a
cross-section shown in (b). At large bending angles, the isolated cracks on the bottom surface grew larger and
started to coalesce, shown in (a). In close proximity to the bending axis, cells at the top surface were crushed
significantly, shown in (b), but the foam was still far away from complete densification.

The impact of those micro and macro-cracks on the structural strength of metal foam can be
determined by analyzing its fracture behavior. Sugimura et al. [79] and Mccullough et al. [80]
showed that metal foam does not fracture in a “clean” manner. Instead, the cellular structure
makes crack propagation rather tortuous, and major cracks in the foam are always preceded, and
accompanied by, small side cracks. Therefore, even in the presence of micro-cracks, metal foam
is still far away from complete failure, unlike a typical brittle material, in which the smallest

crack can initiate a catastrophic failure.
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Fig. 55 Resistance curves determined using the J-integral method, ASTM 813-89, for a closed-cell foam with
a very similar composition and porosity [79]. The white and black data points represent two test specimens.
Unlike in a brittle material, where the Jr-value would be horizontal beyond an unstable crack length, it keeps
on increasing in metal foam, indicating that the foam fracture toughness is maintained even as the crack
grows larger. Therefore, micro-cracks do not lead to an unstable fracture, and even larger cracks do not
completely remove the structural integrity of the foam.

Further insight can be obtained by evaluating the J-value, which is defined as the decrease in
potential energy due to the growth of an incremental crack length, Aa [81]. Figure 55 shows the
J-integral resistance curve obtained by Sugimura et al. for a similar foam [79]; comparable
results were obtained by Mccullough et al. [80]. The exact crack length, up to which the J-
integral resistance curve is reliable, depends on the precise specimen geometry, particularly the
distance that is available for crack growth as per ASTM E813-89. Regardless of the geometry,
however, the J-curve in Fig. 55 shows a clear tendency to increase with crack length, unlike for
brittle materials, where the J-curve describes a horizontal line beyond an unstable crack length
[82]. Therefore, the micro-cracks observed in Fig. 53 hardly reduce the crack resistance, and
even large cracks do not entirely remove the structural integrity of the foam.

While the aforementioned fracture analysis applies to mechanically fractured aluminum
foam, it can be shown that the fracture behavior of laser-formed metal foam is even less of
concern. Figure 55 shows a comparison between the fracture surfaces in 4-point bending and
laser forming. Whereas the fracture surface in 4-point bending contained a mix of rough ductile
dimples and clean brittle surfaces with sharp edges, the material on the laser formed fracture
surface appears to have been pulled towards the right side, and thus has undergone a substantial
amount of plastic deformation before fracture. Hence, the fracture in laser forming was much
more ductile, due to a heat-induced reduction of the flow stress, which explains why laser
forming yielded much larger tensile strains ¢, in Fig. 48. This result further emphasizes that the
structural integrity of laser formed metal foam, even more so than untreated foam (in Fig. 55), is

hardly affected by micro-cracks until large bending angles are reached.
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Fig. 56 Fracture surfaces in (a) mechanically fractured and (b) laser formed metal foam specimens. The
fracture surface in (a) consists of a mix of dimples and clean surfaces with sharp edges, indicating a mix of
ductile and brittle fracture. The material on the surface of (b), on the other hand, appears to have been
stretched severely, indicating a more ductile fracture.

The second type of imperfection introduced by laser forming is cell crushing, first discussed
in Fig. 47, and now shown intensified at a large bending angle in Fig. 54(b). In order to
determine the impact of cell crushing on the foam crushability, the changes in the relative density
at large
bending angles were analyzed, shown in Fig. 57. Even at a bending angle of 45°, the maximum
relative density achieved was 0.271, which is far away from complete densification of R = 1.
Figure 57 further shows that the compressed area is highly localized around the bending axis,
which is also the case in the experiment (Fig. 54(b)). Therefore, while cell crushing does to an
extent reduce the compressibility of metal foam, it occurs in a highly localized manner, and to a

degree that does not severely hamper the performance of metal foam as a crash absorber.
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Fig. 57 Relative density distribution at a bending angle of 45°. The baseline relative density is 0.112, and a
relative density of 1 indicates complete densification. The densified region was highly localized around the
bending axis. Over a small area close to the top surface, the relative density increased by a factor of 2.5,
which is still far away from complete densification. Foam expansion occurred close to the bottom surface,
coinciding with the region where cracks appeared in Fig. 54(a).

3.4.4 Alternative Numerical Models

So far, the numerical simulations were performed using a solid geometry model, which was
found to induce errors due to its inaccurate laser-absorption [26], as well as its inability to model
changes in the moment of area with increasing bending angle. These issues can be remedied by
explicitly modeling the foam geometry.

Figure 58 shows the bending angle predictions of a Kelvin model for 8 laser scans, in
comparison with the equivalent model predictions and the experimental data. The high and low
conditions again refer to (180 W; 10 mm/s) and (90 W; 5 mm/s), respectively. On the one hand,
the Kelvin model yielded results that more closely matched with the experimental values, due to
its improved geometrical accuracy. On the other hand, the model still overestimated the bending
angle at 180 W and 10 mm/s, since it did not account for melting, as well as changes in the laser
absorption with increasing bending angle (due to using an uncoupled analysis). Also, the model
geometry was too simplified to accurately predict crack initiation sites or cell wall bending.
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Fig. 58 Bending angles predicted by the Kelvin model in comparison with the predictions of the equivalent
model and the experimental values. Standard errors are shown for the experimental data. Due to its superior
geometrical accuracy, the Kelvin model yielded results that were closer to the experimental results.
Nevertheless, the model still overestimated the bending angle, particularly at the high condition (180 W, 10
mm/s), since it did not account for melting, as well as changes in the laser absorption (due to using an
uncoupled modeling approach).

A more accurate geometry can be obtained by “randomly” dispersing unit cells of different
sizes throughout the model geometry, as was done by de Giorgi et al. [68] and Roohi et al. [30]
for low and high-density foams, respectively. However, the “random” dispersion of the cells still
follows systematic algorithms, and the unit cell geometry remains highly simplified.

In order to obtain genuine randomness, a micro-CT based “voxel” model could be used.
From a thermal standpoint, it has already been shown that the voxel model can yield good results
[26]. Figure 59 demonstrates that the voxel model can also be used to model the mechanical
response of the foam, showing the thermal strain distribution during a laser scan at 90 W and 5
mm/s. Due to its geometrical accuracy, particularly its capacity to model even thin cell walls, the

voxel model could potentially be used to predict early-stage cracking and cell wall bending.
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Fig. 59 Thermal strain distribution in a micro-CT based “voxel” model during a laser scan at 90 W and 5
mm/s. The downward deformation represents the initial counter-bending that occurs during the laser scan.
The voxel model has a higher level of geometrical accuracy, which could potentially be used to predict crack-
initiation sites and cell wall bending.

Despite these advantages, it is often not worth going to the great lengths of using a voxel model,
since the modeling technique comes along with several disadvantages. First, each voxel model

represents only one particular metal foam specimen, and it becomes necessary to generate a new
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voxel model for each specimen if a high level of accuracy is desired. Second, due to its
extremely large number of elements, the CPU-intensity increases dramatically, and the specimen
size that can be modeled is limited. Due to these significant drawbacks, the equivalent and
Kelvin models are in most cases adequate to model the metal foam response during laser

forming, despite their limited geometrical accuracy.

3.5 Conclusions

In this study, the mechanical response of metal foam during laser forming was investigated.
Metal foam was found to undergo compressive shortening via cell wall bending and cell crushing
near the irradiated surface, as opposed to compressive plastic strains that occur in laser forming
of solid sheet metal. Based on this deviation from the traditional TGM, a modified temperature
gradient mechanism (MTGM) was proposed. From bending angle and strain measurements
(determined via DIC), it was found that the achievable bending angle is limited, which can be
attributed mostly to densification-induced changes in the thermal conductivity, material stiffness,
flow stress, and moment of area. At bending angles around 45°, crack formation and cell
crushing were observed. It was shown, however, that these cracks do not negatively impact the
structural integrity of the foam, and the extent of the cell crushing has a minor impact on the
foam crushability, since the foam remains far away from full densification and the densification
is localized.

Numerically, the mechanical response of metal foam was modeled using an equivalent
model, which captured the experimental trends despite using a highly simplified geometry.

Alternative modeling approaches using different explicit foam geometries were discussed.
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Chapter 4: Laser Forming of Sandwich Panels with Metal

Foam Cores

4.1 Introduction

Metal foam has long been acknowledged for its excellent shock and noise absorption
properties, as well as its high strength to weight ratio [2,3]. Despite its desirable characteristics,
metal foam alone is generally not suitable for structural applications because its thin cellular
structure can easily be damaged and often makes the practical incorporation difficult. In many
cases, it is therefore desirable to encapsulate metal foam within a shell of solid metal. Of
particular interest are so called “sandwich” panels, where plates of metal foam are “sandwiched”
in between solid metal sheets. The metal sheets (“facesheets”) not only protect the foam core
from damage, but also significantly improve the stiffness of the composite while maintaining a
high strength to weight ratio.

Potential applications for sandwich panels with metal foam core range from various car
components [1,10,83] to solar power plants [7] and train/ship structures [6,84]. Perhaps the
greatest potential for application exists in the aerospace industry. Specifically, sandwich panels
could be used as turbine casings to arrest blades in case of a failure and reduce noise while
maintaining low weight [11]. Metal foam sandwich panels could further be used in airplane
“noses” to absorb impact energy from bird collisions [10]. In some applications, they could also
replace honeycomb structures that are frequently used in modern airplanes. Unlike honeycomb
structures, which are anisotropic and cannot be readily curved, metal foam is isotropic and can
be bent to doubly-curved shapes [2]. Moreover, the densities and geometries that can be used for

honeycomb structures is limited, whereas sandwich panels with metal foam core can be
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manufactured in a variety of different densities, cell shapes (using open/closed cell foams), and
cell sizes [9].

The challenge associated with using sandwich panels with metal foam core in industrial
applications is that they must be manufactured to specific, and oftentimes intricate shapes. It is
possible to manufacture sandwich panels directly into the required shape using powder
metallurgy processes [9]. This process involves creating a precursor material consisting of
compressed metal and foaming agent powders, placing it between solid metal “facesheets”, and
bending the assembly to the desired shape. Afterwards, the assembly is moved to a furnace,
which causes the foaming agent to release a gas that turns the precursor into a foam. Elevated
temperatures cause metallic bonds to form between the foam and adjacent facesheets. While
feasible, the drawback of this process is that it requires molds both for the initial forming and
subsequent heating. This limits the part size and makes the process very expensive for low
production volumes. Furthermore, the structure and density of the resulting foam core is
oftentimes irregular because it was produced in a non-uniform shape.

An alternative method to manufacture engineering parts is to start with generic shapes, such
as flat panels, and subsequently bend them into the required shapes. This method is significantly
cheaper and offers better control over the metal foam properties. At the same time, this method is
challenging because sandwich panels with metal foam core are difficult to bend. Mechanical
bending has been attempted, such as 3-point bending [15,16] or die stamping [52], but caused
many different types of defects and failures. Additionally, 3-point bending has been attempted at
elevated temperatures, yet no improvement was observed beyond slightly postponing the onset

of failures in mechanical bending at room temperature [85]. Although hydroforming allowed
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forming dome-shaped parts, it severely densified the metal foam core and thus diminished the
favorable properties of the sandwich panel [17].

A viable alternative to the aforementioned processes is laser forming, since it is based on
thermally-induced mechanical deformation and requires no physical contact with the treated
material. The process has successfully been used to bend a variety of different metal foams, such
as closed-cell foams [16,27], open-cell foams [28], as well as foams with protective skins [29].
Yet, no attempt has been made to apply laser forming to sandwich panels with metal foam cores.
Extending the laser forming study to sandwich panels is challenging because the interfaces and
interactions between the facesheets and the foam core are critical to the overall material and must
be taken into consideration. The existence of an interface significantly complicates the heat
transfer and mechanics, and more involved numerical simulations are consequently required to
understand these phenomena. These issues, along with a thorough discussion of the bending

mechanisms and the applicable process window, are investigated in this study.

4.2 Background

4.2.1 Sandwich Panel Manufacture and Bending

Sandwich panels consist of three components: a foam core (metal foam in this study) and two
solid metallic “facesheets” that are attached on either side of the foam core. In some studies,
sandwich panels are referred to as materials in which the core and the facesheets are a single
part. Examples are metal foams that develop protective skins during powder metallurgical
processes [9,29]. More commonly, however, sandwich panels consist of facesheets and a foam
core that are distinct entities and initially separated. These sandwich panels have stronger

facesheets that better protect the foam core and increase the stiffness of the sandwich panel.
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Additionally, these sandwich panels offer a greater flexibility in material composition, since
different material types and alloys can be used for the facesheets and the foam core combination.

To manufacture these sandwich panels, the facesheets need to be attached to the core, which
can be achieved in different fashions. In this study, a typical method in which a precursor block
consisting of compressed aluminum and foaming agent powders was used. The precursor is
sandwiched between two facesheets and heated near the melting temperature of the metal
powder. During heating, the foaming agent releases a gas that generates cavities inside the
precursor and forms the foam. To ensure the sandwich panel has a uniform thickness and that
metallic bonds can establish between the foam and the facesheets, expansion in the direction of
panel thickness is restricted during the foaming process [9].

While having an exceptional strength and stiffness, the resulting sandwich panels are
extremely challenging to bend, due to several reasons. First, the major constituent of the
sandwich panels is metal foam, which is unable to withstand the high tensile stresses that
develop during mechanical deformation processes [27]. Hence, core shear failures are one of the
most prevalent failure types seen in mechanical bending [2,15,16]. Second, sandwich panels are
extremely stiff, and their moment of area / is substantially greater than the moment of area of a

solid with the same cross-sectional area (Fig. 60), where / is calculated using

50/2

Izj zzy(z)dz 4.1)

—50/2
where so is the sheet thickness [2]. As a consequence, the sandwich panel has a much higher
bending stiffness S than the corresponding solid as shown in
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where / is half the beam length, £ is Young’s Modulus, and ¢ is the vertical deflection of the
beam during bending [2]. Therefore, a greater bending moment M is required to achieve the
same bending deflection d, which in turn increases the stresses in the foam core, making it even
more prone to shear failures. High stresses also develop in the facesheets that can cause facesheet

failures or wrinkling [2,15].

Moment

Cross-section
of area

N

Sandwich

¢ i'ﬂ 17.4

Zs
50l i _ y
[} 50 100 150 200 250 00

Fig. 60 An example showing a metal foam sandwich (89% porosity, total thickness 10 mm, facesheets
thickness 1 mm) which has a 17.4 times higher moment of area about the y axis than a solid with the same
cross-sectional area (thickness 3.2 mm). Hence, metal foam sandwiches have a higher stiffness to bending
deformation. The cross-sections were divided into squares of 0.1 mm length, whose moment of area were
calculated individually and added using the parallel axis theorem. The y and z axes refer to the number of
squares per coordinate direction. The total number of squares was the same for the solid and sandwich.

Third, deforming sandwich panels is exceedingly difficult due to the presence of the
facesheet/foam interfaces. During mechanical bending processes, such as 3-point bending,
significant stress discontinuities develop at the interfaces due to the drastic difference in the
material properties between the metal foam and the facesheets. Assuming bending occurs about
the x-axis (see Fig. 60) and is achieved by a bending moment M, the normal strain at a distance z

from the neutral axis can be written as &,, = —z/ R [86], where R is the radius of curvature. The

normal stress (in y-direction) then becomes

Ez
oy =E¢, = _E 4.3)
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where E is Young’s Modulus. The sign indicates that the deformation is compressive and tensile
above and below the neutral axis, respectively. Since the radius of curvature is constant, the
magnitude of the stress discontinuity depends on the difference in Young’s Modulus between the
facesheet and the foam, which can readily reach a factor of 100. At the interface, this stress
discontinuity is experienced as a shear traction and can cause delamination [15,16].

Finally, the interaction between the facesheet and the foam can cause additional undesirable
effects. Due to the high compressive stresses that develop during mechanical bending, the
facesheet can buckle into the foam core, compressing the foam to a fraction of its original
thickness [2,15]. As a consequence, the foam loses a majority of its local compressibility and

renders the sandwich useless for shock-absorption applications.

4.2.2 Laser Forming

Laser forming of solid sheet metal is well understood; several mechanisms explain the
bending behavior at different process conditions [22]. The first bending mechanism, temperature
gradient mechanism (TGM), governs the scenario where the sample sheet thickness is relatively
large compared to the laser spot size. Steep temperature gradients develop across the sheet
thickness, and heating is highly localized underneath the laser source. As a consequence, the
thermal expansion of the heated material is restricted by the cold surrounding material, and
plastic compression occurs. Plastic compression is propagated along the entire laser scan,
shortens the top of the sheet relative to the bottom, and ultimately bends the material towards the
laser. The second mechanism, buckling mechanism (BM), governs the scenario where the laser
spot is much larger than the sheet thickness, causing uniform heating across the thickness. The
sheet again tries to expand but is hindered by the surrounding material, ultimately buckling away

or towards the laser source. The buckled region is propagated along the laser scan, and the sheet
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eventually bends in the direction opposite to the buckling direction. The third mechanism,
upsetting mechanism (UM), governs the same scenario as the BM, except the section is
geometrically prevented from buckling and instead undergoes thickening.

For metal foams, it was shown that none of the above mechanisms exactly apply, and a
modified temperature gradient mechanism (MTGM) was proposed [27]. In the MTGM, a steep
temperature gradient develops across the thickness just like in the TGM, but the compressive
shortening near the top surface occurs via cell crushing as opposed to plastic compressive strains.

For sandwich panels with metal foam cores, the bending mechanism analysis becomes more
involved. For one, the interaction between the facesheets and the metal foam must be taken into
consideration. The facesheets tend to bend at a higher rate than the metal foam core and are thus
“held back”, which can give rise to stresses at the interface. Moreover, there is no bending
mechanism that is valid both for solid sheet metal and metal foam, and hence there is no
mechanism that can explain the bending behavior of the entire sandwich panel. The TGM and
the MTGM, for instance, cannot govern bending of the entire sandwich panel, since the foam
deformation is not mainly based on plastic compression, and the facesheet cannot undergo
crushing, respectively. The BM cannot be valid either, since the thickness of the composite is too
large to undergo buckling. The UM can only partially explain the sandwich deformation for a set
of process conditions, as will be shown, but does not explain how the foam core can bend
without undergoing fracture. It turns out that the sandwich panel deformation can be explained
by a combination of two mechanisms, which interact and give rise to a new phenomenon at the

interface between the top facesheet and the foam core.
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4.3 Numerical Simulation

Several methods can be used to model sandwich panels. The simplest method is to model the
sandwich as a block, divide it into three regions and assign facesheet and foam properties to the
corresponding regions [87]. Though extremely simple, the disadvantage of this method is that the
facesheet and core are always rigidly connected, and the heat transfer between them is assumed
to be perfect (infinite conductance). Since the facesheet and foam core are not fully melted
during manufacturing, however, the interface contains micro-voids, and the adhesion is
imperfect. Hence, a finite thermal conductance is to be expected, which can only be taken into
account by models where the facesheets and the foam core are initially detached.

Initially detached models require a joining method, of which there are again several
alternatives. A simplistic method involves joining the facesheet and foam core using tie
constraints or contact interactions [15,17]. Both methods can model contact resistances, yet do
not allow for any delamination to occur. Cohesive surfaces have the same thermal capabilities,
but also allow for delamination to occur when specified damage parameters are exceeded [88].
The same result can be achieved by inserting a thin layer (e.g. 10 um) at the interface consisting
of cohesive elements, with the additional benefit that delamination can be monitored and
visualized [89]. Even though delamination did not occur in the current study, this approach was
used for both interfaces, in anticipation of future studies where delamination effects become
important.

The cohesive element approach assumes the interface layer to be infinitesimally thin, and the
deformation is described in terms of the tractions ¢ and the displacement discontinuity u across

the interface. The tractions and displacements are linearly related through the stiffness matrix K
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where the subscripts #, s, ¢ refer to the normal, 1% and 2™ shear directions, respectively. The
stiffness of the cohesive layer is set very high to avoid affecting the response of the sandwich
[49].

To simulate the imperfect heat transfer at the interfaces, temperature-dependent conductance
values G(T) were assigned. G(T) data is currently only available for metals in direct contact that
are subjected to a pressure. Several references suggest an exponential increase of G with
temperature 7 [46-48]. For sandwich panels, the conductance should be greater than in direct
contact because of the presence of metallic bonds, however due to the lack of available reference
data, the G(7) relationship from [46] was used.

The laser forming simulation was performed in an uncoupled manner, using the thermal
results as input to the mechanical analysis. The facesheets were modeled using Von Mises’ yield
criterion, and temperature-dependent material properties were extracted from [70]. Simulations
were implemented in the finite element software ABAQUS using DC3D20 and C3D20R
elements for the thermal and mechanical analysis, respectively. The top and bottom facesheets
were modeled with 3 and 2 elements through the thickness, respectively.

The metal foam was modeled in two different ways. In the first method (“equivalent model™),
shown in Fig. 61(a), the foam was modeled as a solid, and metal foam properties were assigned.

Yielding was assumed to occur due to deviatoric and hydrostatic stresses, pursuant the criterion

1/2
- (0'62+0520'j1)] ~Y<0 (4.5)
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where o. is the Von Mises’ equivalent stress, o, the mean stress, Y the yield strength, and a the
aspect ratio of the yield surface [41]. When F < 0, the material behavior is elastic, and when F =

0, plastic deformation occurs pursuant to the following flow rule

o _ Y OF »
" Hoao, (46)
where 85 is the plastic strain rate, and H is the hardening modulus defined as
A
H=—¢ h"+L1_TeJ hp 4.7)
c o

where 4, and /1, are the tangent moduli in uniaxial and hydrostatic compression, respectively, and
o is the equivalent stress equal to the first term in eq. (4.5). The assumptions of this model and
the sources for the material data are discussed in detail in [26,27]. The x and y mesh refinement
was the same as in [27], in z-direction the mesh was more refined towards the interfaces and
coarser towards the center of the foam. In the second method (“Kelvin model”), the foam cavity
was approximated by a Kelvin cell, shown in Fig. 61(b), and solid AlISil0 properties were
assigned. The element types and meshing technique were the same as in [27], with the exception

that a cavity size of 2 mm was used, yielding a density of 700 kg/m?>.

Fig. 61 Two different geometries were used to model the foam core: (a) solid geometry (“equivalent
model”), whereby foam properties were assigned, and (b) Kelvin cell geometry (“Kelvin model”), where
each cavity was approximated by a Kelvin-cell. Not visible are the cohesive layers that were inserted
between the facesheets and the foam core.
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In the equivalent model, the cohesive layer was meshed with COH3D8 elements that were
half the size of the adjacent metal foam elements. In the Kelvin model the same element size was
used for the cohesive layer as in the adjacent metal foam elements. The thermal and mechanical
boundary conditions were the same as in prior analyses [26,27], and an absorption coefficient of

A =0.6 was used [43].

4.4 Experimental Methods

Sandwich panels manufactured by Havel Metal Foam Gmbh were used in this study,
consisting of AW 5005 facesheets and AlSi10 metal foam core. The thickness of the sandwiches
was 10 mm, and the average density of the metal foam was measured to be 700 kg/m>. The
manufacturing method was discussed in Sec. 4.2.1. Sandwich specimens were cut to a length of
100 mm and a width of 35 mm and mounted onto a thermally insulated stage as shown in Fig.
62. A CO laser with a wavelength of 10.6 pm was used to scan the specimens in x-direction. To
improve the naturally poor absorption of 10.6 pm radiation in aluminum [18], the specimens
were coated in black graphite paint. The specimens were cooled to room temperature after each

laser scan, at which point the deflection was measured with a dial indicator.
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Fig. 62 Experimental setup. The specimens were scanned in x-direction, and a thermally insulating material
was inserted between the specimen and the holder. The dial indiactor was removed during laser scans.

Two different approaches were taken during the determination of the process conditions. In
the first approach, inspiration was drawn from multi-layer composite laser forming studies [21],
in which the TGM was induced in the top layer, and the remaining sections of the composite
were bent by the resulting bending moment. In the second approach, it was attempted to bend the
entire sandwich panel through a laser forming mechanism by subjecting the entire section to a
steep temperature gradient. For both approaches, bending was successful, but the bending
mechanisms turned out to be different than anticipated, which will be discussed later. The first
approach yielded a small spot size of D =4 mm with a high scan speed of v = 30 mm/s, whereas
the second approached yielded a large spot size of D = 12 mm and a lower scan speed of v =10
mm/s. The power was kept at P = 800 W to maintain a constant area energy AE = P/Dv.

Since both process conditions give rise to fundamentally different bending mechanisms, most

of this study was dedicated to the comparison of the two conditions. However, the process
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window is not limited to these two conditions, and laser forming can also be achieved with
intermediate laser spot sizes between D =4 — 12 mm and scan speeds between v =10 — 30 mm/s,
as will be demonstrated in Sec. 4.5.3.

The temperatures on the bottom surface of the sandwich were measured using an IR camera.
The IR camera was mounted underneath the specimen, and an aluminum shield was added to the
stage to avoid damaging the IR camera. The maximum frame rate of 120 Hz was used, which
provided sufficient detail to capture the temperature-time history. The spatial resolution of the IR

camera is roughly 0.1 mm at the distance operated, and the temperature resolution is 0.1 K.
4.5 Results & Discussion

4.5.1 Bending Mechanism

To study the bending mechanism, sandwich specimens and “isolated” facesheets that were
removed from the sandwich were both laser formed to about 15°. Then, the typical cross-sections
of the sandwich specimens (Figs. 63(a) and 63(b)) were compared with cross-sections of
“isolated” facesheets (Figs. 63(c) and 63(d)). The process conditions used for (a) and (c) were a
small spot size of D =4 mm with a scan speed v = 30 mm/s, and for (b) and (d) a large spot size
of D = 12 mm with a scan speed v = 10 mm/s. The power and area energy were constant at P =

800 W and AE = 6.67 J/mm?, respectively.




Fig. 63 Cross-sections of sandwich panels scanned at (a) D =4 mm and v = 30 mm/s (100 scans) and (b) D =
12 mm and v = 10 mm/s (24 scans), and cross-sections of isolated facesheets scanned at (¢) D =4 mm and v
=30 mm/s (7 scans), and (d) D = 12 mm and v = 10 mm/s (6 scans). The power and area energies were P =
800 W and 6.67 J/mm? in all cases, respectively, and the final bending angle was 15°. The top facesheet bent
via the TGM in (a) and (¢), the BM in (d), and the UM in (b).

The bending of the isolated facesheets is governed by well-known bending mechanisms. At
D = 4 mm, some thickening occurred on the top surface (Fig. 63(c)), which is an established
consequence of TGM-dominated bending [90]. At D = 12 mm (Fig. 63(d)), there was
insignificant change in the facesheet thickness, and the spot size was substantially greater than
the facesheet thickness, indicating that the BM is the governing mechanism [22].

In comparison, it is evident that the bending of sandwich panels is governed by different
mechanisms, since the cross-sections look quite different under both process conditions. At D =
12 mm (Fig. 63(b)), the top facesheet no longer bent via the BM because it was prevented from
buckling by the attached metal foam. Instead, the facesheet thickened, a response that is
indicative of the well established UM. The temperature distributions across the thickness, shown
in Fig. 66 as the laser passes, confirm this finding. Both in the isolated and sandwich
configuration, there was hardly any temperature gradient across the top facesheet, speaking in
favor of the BM and the UM, for each configuration respectively.

At D =4 mm (Fig. 63(a)), the top facesheet in the sandwich configuration thickened not just
upwards, but also downwards, which is uncharacteristic for the TGM and suggests that a
different bending mechanism governs deformation. The thermal results from Fig. 64 suggest the
contrary, however, since a steep temperature gradient developed across the top facesheet

regardless of whether it was isolated or attached to the foam core.
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Fig. 64 Simulated temperature distributions at a cross-section (yz-plane) as the laser passes, both in the entire
sandwich (equivalent sandwich model) and in an isolated facesheet. At D =4 mm and v = 30 mm/s, a steep
temperature gradient exists in the top facesheet, regardless of whether the facesheet is isolated or in sandwich
configuration, indicating that the TGM is always the governing mechanism. At D =12 mm and v = 10 mm/s,
there is hardly any gradient over the top facesheet in both scenarios, indicating that the BM and the UM

govern in the isolated and sandwich configurations, respectively.

Further evidence can be drawn from the experimental and numerical results in Fig. 65,
showing the temperature history at the bottom sandwich panel surface at the scan line. At D =12
mm, a substantial amount of heat was transferred across the sandwich. This indirectly implies
that the top facesheet heated up uniformly, again suggesting that the UM governed bending of
the top facesheet. At D = 4 mm, on the other hand, little heat reached the bottom sandwich
surface, suggesting the presence of a temperature drop in the top facesheet, which gives rise to
the TGM. It must be noted that in the experiment, a laser shield was placed very close to the
bottom sandwich surface to protect the IR camera. This shield absorbed some heat and is

responsible for the discrepancy between the experimental and numerical peak temperatures.
Also, there is a significant temperature drop across the top interface, which can be attributed to
the finite interface conductance. The temperature drop was more significant at D = 12 mm than

at D =4 mm due to the exponential temperature-dependence of the interface conductance G(7).

127



130
--u--D =12mm, v = 10mm/s - experiment
--4--D =4mm, v = 30mm/s - experiment
D =12mm, v = 10mm/s - simulation
—— D =4mm, v = 30mm/s - simulation

120

1104
100
%0 -
80
70
60 -
50 -

40 4

Bottom surface temperature (°C)

30

20+

Time (s)

Fig. 65 Experimental and numerical temperatue histories on the bottom sandwich panel surface at D =4 mm
and D = 12 mm. At D = 12 mm there is a more significant temperature rise, indicating that more heat is
transferred across the top facesheet. At D = 4 mm, little heat reaches the bottom surface, implying the
presence of a temperature gradient in the top facesheet.

Thus far, the bending mechanism analysis was solely focused on the top facesheet, and
evidence was found that the TGM and UM govern facesheet bending at D =4 mm and D = 12
mm, respectively. The question now becomes how the rest of the sandwich panel bends. Two
pieces of evidence show that the foam core actively bends through a laser forming mechanism as
well, rather than bending solely because of the bending moment exerted by the top facesheet.
First, steep temperature gradients develop across the foam during the laser scan as shown in Fig.
64, both at D =4 mm and D = 12mm. Second, the metal foam undergoes some densification
during the laser scan as shown in Figs. 66(a) and 66(b), which is identical to the densification
occurring during laser forming of free-standing metal foam [27]. The density changes were

calculated using

ﬁ — e’(‘gu*gzz*g}z) — e’(gii) (48)

P
where po is the initial density and ¢; are the normal strain components [52]. The initial density

(p= po) 1s represented by 100%. Both results imply that the metal foam bent via the MTGM [27].
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Experimental results confirm this finding, since some cell-crushing can be seen at small bending

angles (Figs. 63(a) and 63(b)), and especially at large bending angles (see Sec. 4.5.2).
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Fig. 66 Density distribution after a laser scan at (a) D =4 mm and v = 30 mm/s, and (b) D =12 mm and v =
10 mm/s. The initial density is 100%. At both conditions, the foam core densified as postulated by the
MTGM. At D = 4 mm, the densification has a higher magnitude, but occurs more locally. At D = 12 mm,
densification occurs over a much greater area, allowing for a more efficient deformation at large bending
angles. A deformation scaling factor of 5 was used. Half of the specimen is shown due to symmetry.

Therefore, both the top facesheet and foam core actively contribute to the bending
deformation through different bending mechanisms. The last sandwich component requiring an
analysis is the bottom facesheet. According to Fig. 64, there is no temperature gradient across the
bottom facesheet, and the amount of heating is low as well. Hence, the bottom facesheet is the
only component of the sandwich panel that does not actively contribute to bending. Instead, it is
bent mechanically by the bending moment exerted by the foam core and the top facesheet.

Having discussed the bending mechanisms, it becomes clear why laser-formed sandwich
panels do not undergo any failures mentioned in Sec. 4.2.1. Core shear failures do not occur
because the foam deformation through the MTGM is mostly compressive [27]. Similarly,

buckling of the top facesheet does not occur, since the top facesheet undergoes compressive
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shortening via the TGM. Facesheet wrinkling does not occur either because the facesheets are
too thick, and bottom facesheet failures are prevented by heat-induced softening. Facesheet
delamination can occur, depending on the joining method. In this study, a very strong joining
method was used, which did not give rise to any delamination.

A further topic requiring discussion is the thickening on the bottom surface of the top
facesheet (Fig. 63(a)). Two mechanisms can be held responsible for this behavior. First, the
metal foam densifies, as shown in Figs. 66(a) and 66(b), and the associated volume reduction
leaves a void in the foam to be filled. Since the adhesion between the top facesheet and the metal
foam remains intact, the facesheet must fill this void, which it can readily accomplish because it
is subject to high compressive stresses and also softened due to the laser-induced heating.
Second, the top facesheet expands downwards right as the laser passes. Figure 67 shows the
strain distribution &33 in z-direction (a) right before the laser passes, (b) while the laser passes and
(c) at the end of the laser scan. Immediately before the laser passes, the top facesheet starts
expanding uniformly. As the laser passes, the facesheet rapidly expands both upwards and
downwards, inducing a compressive strain in the metal foam underneath. Meanwhile, the foam
undergoes some compressive deformation of its own through the MTGM, thereby “pulling” the
facesheet down and inducing a tensile strain in the facesheet. This condition is maintained until

the end of the laser scan, shown in Fig. 67(c).
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Fig. 67 Vertical plastic strain distribution in z-direction (€33) at the scan line at D =4 mm and v = 30 mm/s (a)
right before the laser passes, (b) as the laser passes, and (c) after the laser scan. Right as the laser passes, the
top facesheet (top 3 element layers) expands upwards and downwards near the scan line, compressing the
foam underneath. The foam, in turn, densifies due to the MTGM and “pulls” the facesheet down, causing
tensile strains in the top facesheet. A deformation scaling factor of 5 was used. Half of the specimen is shown

due to symmetry.
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4.5.2 Bending Efficiency & Limit

In the previous section it was shown that small (D =4 mm) and large (D = 12 mm) laser spot
sizes induce different bending mechanisms in the top facesheet. The bending mechanisms, in
turn, significantly impact both the bending efficiency and the bending limit.

Figure 68 shows that the bending angles achieved at D = 12 mm were more than twice the
bending angles achieved at D = 4 mm over 8 laser scans, even though the area energy was
constant in both cases (AE = 6.67 J/mm?). These results clearly suggest that bending is

significantly more efficient at larger laser spot sizes.

—m— Bending angle, D=12mm v=10mm/s
1 —4—Bending angle, D=4mm v=30mm/s

A

Bending angle (degrees)

Scan number

Fig. 68 Experimental bending angles over 8 scans at D =4 mm with v =30 mm/s, and D = 12 mm with v =
10 mm/s. The power and area energy are constant at P = 800 W and AE = 6.67 J/mm?, respectively. The
bending angles are averaged over 5 specimens, standard errors are shown. At D = 12 mm, bending is more
efficient than at D =4 mm.

To explain the trends observed in Fig. 68, the plastic compressive strain distributions in y-
direction (&3, ) were analyzed over a cross-section of the sandwich panel. At D = 4 mm (Fig.

69(a)), large compressive strains developed at the center of the top facesheet due to intense

heating and the large thermal expansion forces characteristic of the TGM. The remaining
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facesheet segments contributed much less to compressive deformation, and the plastically
deformed area was generally localized near the laser scan line. At D = 12 mm (Fig. 69(b)), the
plastically deformed region extended further from the laser scan line, and the compressive strains
were more uniformly distributed throughout the top facesheet. Hence, bending was more
efficient at D = 12 mm because a larger segment of the top facesheet contributed to compressive

shortening.
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Fig. 69 Plastic strain distribution after a laser scan at (a) D =4 mm with v =30 mm/s and (b) D = 12 mm with
v =10 mm/s. At D =4 mm, significant compressive shortening only occurred over a small segment of the top
facesheet (top 3 element layers), unlike at D = 12 mm, where the entire top facesheet contributed to
compressive shortening, and compressive strains extended further from the laser scan line. A deformation
scaling factor of 5 was used. Half of the specimen is shown due to symmetry.

Furthermore, bending was more efficient at D = 12 mm because the foam core bent more
efficiently via the MTGM. Unlike at D = 4 mm (Fig. 69(a)), where the foam only underwent
plastic compression adjacent to the scan line, the plastically compressed region was much larger
at D = 12 mm (Fig. 69(b)). The same conclusion can be drawn from the densification plots in

Figs. 66(a) and (b), as well as experimental results at large bending angles (Fig. 71).
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Finally, bending was more efficient at D = 12 mm because the bottom facesheet reached
higher temperatures during the laser scan, as shown in Fig. 65, and consequentially underwent a
higher amount of heat-induced softening than at D =4 mm.

Similar to the bending efficiency, the maximum achievable bending angle is very sensitive to
the laser spot size. At D = 4 mm, the maximum bending angle is merely ~15°, as shown in Fig.
63(a). Large bending angles can exclusively be achieved by performing multiple parallel laser
scans. In Fig. 70(a), for instance, two scans were performed per scan line, and each scan line was
offset by 1 mm. At D = 12 mm, on the other hand, bending angles up to 65° and beyond can be

achieved over a single scan line as shown in Fig. 70(b).

(a)

Fig. 70 At D = 4 mm, appreciable bending angles can only be obtained by performing parallel scans, as
shown in (a), where 2 scans were performed per scan line and offset by 1 mm. At D = 12 mm, large bending
angles up to 65° and beyond can be obtained over a single scan line, as shown in (b).

(b)

One cause for the different limiting behaviors is the bending mechanism that governs the
deformation of the top facesheet. At D = 4 mm, the top facesheet bends via the TGM, and
considerable thickening occurs over the small area around the laser scan line (Fig. 63(a)). This
thickening causes a significant drop in the bending angle increment Aa, since Ao is proportional
to the inverse of the sheet thickness squared for TGM conditions [22]. Eventually, the facesheet
becomes too stiff, and Aa — 0 for the entire sandwich. At D = 12 mm, significant thickening

occurs as well, especially at large bending angles as shown in Fig. 71. However, the bending
134



efficiency is less affected, because the temperature distributions in the top facesheet remains
mostly uniform due to the large laser spot size, and the thermal prerequisite for the UM is still
met.

Another cause for the different limiting behaviors is the efficiency of the foam densification
via the MTGM. As mentioned in Sec. 4.5.1, densification occurs very locally at D = 4 mm,
unlike at D = 12 mm where a large segment of the foam densifies, as seen in Fig. 71. Therefore
the foam can densify unrestrictedly at D = 12 mm, whereas it might locally approach

solidification at D = 4 mm, reducing the bending efficiency [27].

Fig. 71 Cross-section of a sandwich specimen bent to 65° at D = 12 mm and v = 10 mm/s. The top facesheet
thickened significantly, and foam densification occurred over a large area. Yet the strength of the top
facesheet is maintained, if not increased. Much less densification occurred than in mechanical bending.

After reviewing the behavior of sandwich panels at large bending angles, the impact of laser
forming on sandwich performance can be examined. The first issue to be examined is facesheet
thickening. On one hand, a thickened facesheet increases the strength and stiffness of the
sandwich panel. Conversely, the thickened segment has undergone numerous rapid heating and
cooling cycles that can cause a material embrittlement [44]. However, since the facesheet
thickening occurs over a larger scale and aluminum is less susceptive to detrimental
embrittlement effects, it is expected that the top facesheet performance is maintained, if not

improved. The second issue is foam densification. At D = 4 mm, the densification resembles the
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densification observed during laser forming of free-standing metal foam [27]. With an increasing
number of scans, the densification becomes more localized and thus minimally affects foam
crushability. At D = 12 mm, the densification is wide-spread, due to the MTGM, as well as the
large-scale thickening of the top facesheet. Still, the densification is much smaller than in
mechanical bending, where the top facesheet deeply penetrates into the foam core and can reduce

its thickness by up to 75% [15,16].

4.5.3 Other Process Conditions

The process window is not limited to the two process conditions that have been compared
thus far, but covers the entire spectrum in between. As shown in Fig. 72, any laser spot size
between D =4 mm and D = 12 mm yields a successful result (at AE = const.). At each spot size,
the bending curve slightly leveled off with an increasing number of laser scans. At D = 4 mm
and D = 6 mm, the bending curve leveled off more quickly since the TGM, which is more
sensitive to facesheet thickening (see Sec. 4.5.2), was dominant in the top facesheet. Also, the
paint wore off faster due to the higher temperatures that developed in the top facesheet. At D =
10 mm and D = 12 mm, the bending curves leveled off the least, since the BM, which is less
sensitive to facesheet thickening, was dominant in the top facesheet. Also, the temperatures in
the top facesheet were the lowest and caused the least amount of paint evaporation. Finally, D =

8 mm was somewhere in between, and only leveled off at a high number of laser scans.
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Fig. 72 Experimental bending angles over 8 scans at spot sizes ranging from D =4 mm to D = 12 mm. The
power and area energy are constant at P = 800 W and AE = 6.67 J/mm?, respectively. The bending angles are
averaged over 5 specimens, standard errors are shown. At small spot sizes, the bending curves level off more
rapidly due to an increased amount of paint evaporation and a higher sensitivity to facesheet thickening.

More insight into the bending efficiency can be obtained by comparing the bending angles
achieved by each condition after one and eight laser scans, shown in Fig. 73. After one scan,
there was a distinct increase in the bending angle from D = 4 mm to D = 8 mm, which became
even more pronounced after 8 scans. Again, the reason is that as the spot size increases, less
paint evaporation occurs, and the bending mechanism is less sensitive to facesheet thickening.
Additionally, at D = 4 mm and D = 6 mm, facesheet temperatures were very close to melting
temperatures (see Fig. 64), hence localized melting could occur, releasing part of the
compressive stresses. Figure 72 further shows a slight drop in the bending angle from D = 8 mm
to D = 12 mm after one laser scan. After eight scans, this trend disappeared, and the bending
angles leveled off beyond D = 8 mm. The initial trend is related to the fact that increasing scan
speeds at constant input energies reduce heat diffusion time, thereby increasing the temperatures
and thus the bending angles [53]. This effect is negated after multiple scans, since larger spot

sizes experience less paint evaporation and are less sensitive to facesheet thickening.
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Fig. 73 Experimental bending angles after 1 scan and 8 scans at spot sizes ranging from D =4 mm to D = 12
mm. The power and area energy are constant at P = 800 W and AE = 6.67 J/mm?, respectively. The bending
angles are averaged over 5 specimens, standard errors are shown.

Laser forming of sandwich panels is not only possible with a range of spot sizes, but there is
also a considerable amount of freedom in the choice of the area energy. As shown in Fig. 74, a
40% change in the scan speed (and hence the area energy) still yielded appreciable bending
angles. The spot size and the power were maintained at D = 12 mm and P = 800 W, respectively.
Increasing the scan speed caused a drop in the area energy and hence a reduction of the bending

angle, a trend that is well captured by the simulation.
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Fig. 74 Experimental and numerical bending angles after a single scan at a spot size of D = 12 mm and a
power of P =800 W. The experimental results were averaged over 5 specimens, standard errors are shown.
With increasing scan speed, the area energy and thus the bending angle decrease. A considerable range of
area energies can be used.

4.5.4 Numerical Model Comparison

Thus far, all the presented numerical results were generated using an equivalent sandwich
model shown in Fig. 61(a). In this section, the equivalent sandwich model is compared with the
Kelvin sandwich model shown in Fig. 61(b), in which the cavities of the foam core are explicitly
modeled using Kelvin-cell geometries.

On one hand, the foam model geometry appears to be less important in sandwich panels than
in free-standing foams [26], because the laser absorption in the top facesheet is the same
regardless of the foam geometry. Also, the temperature distributions during laser scans are very

similar in both models, as shown in Fig. 75 for D = 12 mm, v =10 mm/s, and P = 800 W.

(@)

NT11

Fig. 75 Temperature distribution in a sandwich specimen scanned at D = 12 mm and v = 10 mm/s using a (a)
equivalent sandwich model and a (b) Kelvin sandwich model. Half of the specimen is shown due to
symmetry.

On the other hand, the foam core geometry does have a significant impact on the heat
transfer between the facesheets and the metal foam core. In the equivalent sandwich model there
is no geometric restriction to heat flow between the facesheet and metal foam, whereas the heat
flow in the Kelvin sandwich model is channeled through thin cell walls. This leads to

discrepancies in the temperature gradients as shown in Fig. 76 (analogous to Fig. 64). Due to the
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geometrical restriction of the heat flow, more heat gets “trapped” in the top facesheet of the
Kelvin sandwich model. As a consequence, the top facesheet heats up more and a greater
temperature drop establishes across the interface. This discrepancy is more pronounced at D = 12
mm than at D = 4 mm, since heat has more time to dissipate due to the reduced scan speed [53],

thereby rendering the interface property more important.
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Fig. 76 Simulated temperature distributions at a cross-section (yz-plane) as the laser passes the section,
predicted by the equivalent and Kelvin models, for the conditions D = 4 mm with v = 30 mm/s, and D = 12
mm with v = 10 mm/s. In the Kelvin sandwich model, the top facesheet temperatures and the temperature
drop across the interface are greater due to the additional geometrical restriction of the heat flow at the
interface.

The foam core geometry also has a significant impact on the mechanical interaction between
the facesheets and foam core. In the equivalent sandwich model, the top facesheet thickens the
same way everywhere along the laser scan path (see Fig. 67). In the Kelvin sandwich model, on
the other hand, the foam core has high geometry-induced stiffness, which locally restricts
facesheet expansion, a phenomenon that was also observed in experiments. At sections where a
cavity is underneath the facesheet at the scan line (Fig. 77(a)), the facesheet can expand
downwards unrestrictedly, and significant plastic compressive strain develops in the facesheet.

At sections where a cell wall is located underneath the facesheet at the scan line (Fig. 77(b)), the
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facesheet expansion is restricted and less plastic compressive strains develop. This phenomenon
occurs predominantly at D = 4 mm, because the facesheet expansion is highly localized at the
laser scan line. At D = 12 mm, the facesheet thickens over a larger distance from the laser scan
line, and the impact of the foam core geometry is reduced.

(a) (b)
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Fig. 77 Plastic strain distribution in the Kelvin sandwich model after a laser scan at D = 4 mm with v = 30
mm/s. A deformation scaling factor of 10 was used. Half of the specimen is shown due to symmetry. In (a), a
cavity is located underneath the facesheet at the scan line, and the facesheet can expand downwards
unrestrictedly. In (b), a cell wall is located underneath the facesheet, and the downward expansion of the
facesheet is restricted.

Due to its increased geometrical accuracy, the Kelvin sandwich model has an increased
sensitivity to changes in process conditions, as shown in Fig. 78. Whereas the equivalent
sandwich model predicted little difference in bending angle between the small spot size (D = 4
mm) and the large spot size (D = 12 mm), the Kelvin sandwich model predicted a more
significant difference between the two, which more closely agrees with experimental results.
Both models over-predicted the bending angles at D = 4 mm, since neither of the models account

for paint evaporation and possible local melting effects that occur at D =4 mm.
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Fig. 78 Experimental and numerical bending angles after a single laser scan at D =4 mm and v = 30 mm/s,
and D =12 mm and v = 10 mm/s (P = 800 W = const.). The Kelvin model is more sensitive to changes in
process conditions due to its higher geometrical accuracy. Both models over-predicted the bending angles at
D =4 mm because they did not account for paint evaporation and localized melting.

4.6 Conclusions

This study demonstrated that sandwich panels with metal foam core can be laser formed with
a wide range of process conditions. It was shown that both the top facesheet and the metal foam
core bend via a laser forming mechanism and actively contribute to the bending deformation.
The top facesheet bending mechanism depends on the laser spot size and varies between the
TGM (for small spot sizes around D = 4 mm) and the UM (for large spot sizes around D = 12
mm). The metal foam core bends via the MTGM for all spot sizes. It was also demonstrated that
sandwich panels bend more efficiently at large spot sizes than at small spot sizes, since larger
segments of the top facesheet and the metal foam contribute to the compressive shortening.
Moreover, it was shown that much greater bending angles can be achieved at larger spot sizes,
due to the reduced impact of facesheet thickening on bending mechanism efficiency. Finally, it

was shown that Kelvin sandwich models yield better predictions of bending angles and the
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facesheet/foam core interaction than equivalent sandwich models, due to their higher geometrical
accuracy.

From this study, it became clear that the facesheet/foam core interface plays a central role in
laser forming of sandwich panels. Different adhesion types might significantly affect the heat

transfer and the mechanics, and hence change the outcome of the laser forming process.
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Chapter S: Laser Forming of Metal Foam Sandwich Panels:

Effect of Manufacturing Method

5.1 Introduction

Metal foam has long been praised for its unique properties, notably its shock and noise
absorption capacity and its high strength-to-weight ratio [2]. The material can realize its fullest
potential in a sandwich configuration, where the metal foam is encapsulated by sheet metal on
both sides. The solid metal “facesheets” of sandwich panels not only protect the foam core from
wear and tear, but also create a high stiffness composite that still boasts a great shock absorption
capacity while having a relatively low weight.

Many potential applications have been identified for sandwich panels with metal foam cores,
ranging from parabolic mirrors in solar power plants, to rocket components and space
equipment, to telescopic arms on construction equipment [7,9]. The material foremost has a great
potential in the aviation industry, where it may be used for turbine casings to arrest failed turbine
blades [11], for lightweight engine nacelles, or for airplane noses to absorb the shock during bird
impacts [12]. In some applications, the material may even replace honeycomb structures that are
widely used in airplanes nowadays, since it allows for a greater flexibility in its geometrical and
structural attributes and has a uniform stiffness about all bending axes [2].

What currently hampers the implementation of sandwich panels with metal foam cores is that
the material is challenging to manufacture in the shapes that are required in engineering
applications. There do exist two near-net-shape methods that directly manufacture sandwich
panels in non-straight shapes. The first process is 3D printing [13], which has a limited

dimensional accuracy and is only suitable for small parts with a small production volume. The
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second process is based on powder metallurgy. In this process, a “precursor” consisting of
compacted metal and foaming agent powders is created and placed between two facesheets that
are bent to the desired shape [9]. The entire assembly is placed into a mold and heated near the
melting temperature of the precursor metal. The heating causes the foaming agent to release a
gas that turns the precursor into a foam. Simultaneously, sintering occurs, joining the foam core
to the facesheets via metallic bonds. While being convenient, this process is only suitable for
relatively small parts, since it requires several molds that need to be uniformly heated. Moreover,
the process is only adequate for a very large production volume, since much trial and error is
required to achieve a uniform foam structure and density.

The alternative to the aforementioned processes is manufacturing the sandwich panel in a
straightforward shape, such as a flat panel, and subsequently bending it to the required shape. In
this fashion, panels with uniform properties can be manufactured at a lower cost. The challenge
with this approach is that bending sandwich panels with metal foam cores is not possible with
standard forming processes. 3-point bending causes many types of fractures ranging from core
crushing to core failure or delamination [15]. Die stamping suffers similar defects [52], and
hydroforming significantly densifies the foam core [17]. The only process that does not cause
premature failures in the material is laser forming, as it is a non-contact process that induces
deformation through heating and subsequent thermal expansion. The underlying bending
mechanisms and numerical modeling considerations were analyzed in great detail in a previous
study [91].

In [91] it was shown that laser forming can successfully bend a specific sandwich panel type, in
which the facesheets and the foam core are joined directly during manufacture, discussed in

detail in the following section. In this study, it was investigated whether laser forming is equally
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capable of bending a fundamentally different sandwich panel type, in which the facesheets and
the foam core are joined after having been manufactured separately. This sandwich panel type
additionally has a different foam structure and facesheet type than the sandwich panel that was
used in [91]. Through this analysis, it was determined whether the sandwich structure,
composition, and manufacturing method have an impact on the bending mechanism, efficiency,
and limit. The overarching goal of the study was to broaden the understanding of laser forming
of sandwich panels with metal foam cores, and to deliver the insights necessary to implement a

broader variety of sandwich panels in industrial applications.

5.2 Background

5.2.1 Sandwich Panel Manufacturing Methods

In this study, two fundamentally different types of sandwich panels with metal foam cores
were compared. In the first type (referred to as Type I, shown in Fig. 79(a)), the foam core and
the connection between the facesheets/foam core were established in the same step. In the second
type (referred to as Type II, shown in Fig. 79(b)), the foam core and facesheets were

manufactured independently and joined subsequently.

Fig. 79 (a) Type I sandwich panel, (b) type Il sandwich panel
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Only one method may be used to manufacture sandwich panels of the first type. This method
is very similar to the near-net-shape method that was mentioned in the previous section [9]. A
“precursor” consisting of compacted metal and foaming agent powders is placed in between
solid metal facesheets and heated near the melting temperature of the precursor metal. During
heating, the foaming agent releases a gas that creates bubbles, and simultaneously the metal
powders are sintered together. As the precursor expands into a foam, its lateral expansion is
restricted, thereby developing a pressure that causes the foam core to establish a metallic
connection with the facesheets.

To manufacture sandwiches of the second type, many approaches may be taken to join the
facesheets to the foam core. The simplest approach is to use an adhesive, which, though very
affordable, is not adequate for laser forming since the adhesives cannot withstand the high
temperatures that develop. The alternative is to establish metallic bonds via brazing [92] or
diffusion bonding (i.e. sintering), which are generally stronger and more resistant to elevated
temperatures. The latter metallic bond type was used in this study. In order to improve the
bonding quality, pure aluminum powder was added between the facesheets and the foam core
prior to vacuum sintering.

The advantage of type I sandwich panels is that the foam and the joints between the foam and
the facesheets are created in the same step, whereas an additional joining step is required in type
IT sandwich panels. Also, the joint of type I sandwiches is more uniform and contains fewer
defects than type II joints (as will be shown later), since the foam core does not have to be cut to
the required dimensions prior to adhering it to the facesheets. At the same time, type Il sandwich
panels have a more uniform foam density than type I foams, which are typically denser near the

facesheet and less dense in the center. Moreover, virtually any foam geometry (open-cell, closed-
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cell, large/small pore) may be used in type II sandwich panels, provided that the foam
composition is compatible with the facesheet and allows for diffusion bonding to occur. Type 11
sandwiches also do not require any molds, and the sandwich thickness can more readily be
varied while still maintaining uniform foam properties.

Overall, type I sandwich panels would excel in structural applications where facesheet
delamination could have catastrophic consequences. Type II sandwich panels would excel as
shock absorbers where it is crucial to have consistent foam properties as well as a high flexibility

in the foam geometrical attributes.

5.2.2 Thermally-Induced Stresses at the Interface

The thermo-mechanical behavior of the facesheets and the foam core during laser forming is
well understood. In a previous study it was shown in great detail that the top facesheet bends via
the temperature gradient mechanism (TGM) when a small laser spot size around 4 mm is used,
and it bends via the buckling mechanism (BM) for large laser spot sizes around 12 mm (which
turns into the upsetting mechanism (UM) in sandwich configuration). It was further shown that
the metal foam bends via the modified temperature gradient mechanism (MTGM) regardless of
the process condition [91]. The bottom facesheet is the only component that bends
“mechanically” due to the bending moment induced by the top facesheet and the foam core.
Detailed descriptions of all of the aforementioned mechanisms may be found in [22].

The behavior of the facesheet/foam core interface during laser forming, on the other hand, is
comparatively poorly understood. The thermo-mechanical response of multilayered materials has
only been studied in detail for the case where the entire composite is uniformly heated [96],

which differs from the laser forming scenario where the temperature distributions are usually
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non-uniform. Yet, the analysis still allows for a useful comparison of the two sandwich panel
types that are investigated in this study.

The stress-state at the interface can be described in terms of tractions and displacement
discontinuities across the interface, since both sandwich panel types have a finite yet exceedingly
thin interface. Assuming that an interface of thickness # with normal and shear stiffnesses Eo, Go
joins two layers with thicknesses s;, thermal expansion coefficients a;, and normal and shear

stiffnesses Ey, Gy (see Fig. 80), the normal and shear tractions #,, ¢ at the interface become [93]

2 (5.1)

t =G, % (5.2)

where y; and z; are the displacements of both layers in y and z-direction, respectively (see Fig.

80).
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Fig. 80 Schematic of two layers of thicknesses s1 and sz that are joined by an interface of thickness n, with a
close-up of the traction components at the interface [93].

From eqns. (5.1) and (5.2) it is evident that the interfacial traction magnitude increases with
decreasing interface thickness #. The interface thicknesses were measured using energy
dispersive X-ray spectroscopy (EDS), and it was found that the average type I interface thickness
of 80 um was smaller than the average type II interface thickness of 120 um. An example EDS
line scan of a 350 um segment of a type I sandwich is shown in Fig. 81, where the interface can

be clearly identified as the transitional zone between the low Mg-content foam core and the high
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Mg-content facesheet. Hence, the interfacial tractions are greater in type I sandwich panels,
making them more prone to debonding. Interestingly, however, the EDS analysis also revealed
that the interfacial thickness increases during laser forming. In the type I sandwich panel, for
instance, the thickness increased from 80 um to 120 — 130 pum after being laser formed at typical
process conditions. Therefore, laser forming seems to alleviate the stress concentration at the

interface by promoting more intermetallic diffusion.
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Fig. 81 Typical EDS line scan of a type I sandwich panel specimen, showing the magnesium content. The
scan was performed across the interface between the facesheet and the foam core. The interface is the
intermediary region between the high Mg-content facesheet and the low Mg-content foam.

The displacement discontinuities in eqns. (5.1) and (5.2) can be determined from the
following equations, assuming that the displacements are infinitesimally small and only arise due

to uniform heating of the facesheet and the foam core

dy, P S,
——Y = AT + ——+——
dr ws,E, 2R (5-3)

1

dz. 12(1-07)M,
dr? T Es’ (54)

where dr is the width of the section over which the force analysis is performed (see Fig. 81) and
v; 1s Poisson’s ratio. The first term in eq. (5.3) represents the thermal expansion in y-direction of

each layer due to the heating by AT. The second term in (5.3) is due to the load P; that arises in
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both layers (compressive in one and tensile in the other) because the layers are unable to slide
past each other. w refers to the specimen width. The third term in (5.3) is due to the moments M;
that the layers exert onto each other since the radius of curvature R at the interface differs from
the radii that the two layers strive to follow. These moments M; also cause a displacement
discontinuity in z-direction, shown in eq. (5.4), since they would cause each layer to bend by a

different amount if the layers were separated [93].

From eqns. (5.1) — (5.4) it can be seen that substantial displacement discontinuities arise due
to the different thicknesses of the foam core (8 mm) and the facesheets (I mm). The equations
further show that the displacement discontinuities, and hence the interfacial stresses, increase the
more the material properties of the foam core and the facesheets differ. Based on this, the
interfacial stresses are again predicted to be higher in the type I sandwich panel, where the
AlSi10 foam core properties substantially differ from the AW 5005 facesheet properties, than in
the type II sandwich panel where both the foam core and the facesheets consist mostly of

aluminum (= 99.6 wt %).

Based on this theoretical analysis, the type I sandwich panel is more susceptible to develop
high interfacial stresses that could lead to delamination. In reality, however, no delamination
occurred during laser forming in either sandwich type as will be shown later. Therefore, the
diffusion-based metallic bonds of the sandwich panels are strong enough to withstand the
stresses caused by laser heating. This might in part be due to the ongoing intermetallic diffusion

that occurs during laser forming.
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5.2.3 Numerical Simulation

Three types of numerical models were used in this study, which may be grouped into the
categories of equivalent sandwich models and explicit sandwich models. Equivalent sandwich
models (Fig. 82(a)) approximate the foam geometry as a rectangular box and use metal foam
material properties. Since metal foam is able to yield both due to shear stresses (Von Mises

equivalent stress o.) as well as due to hydrostatic stresses o, the yield criterion becomes [41]

12
1 2, @2 2 _

where Y is the yield strength and f the aspect ratio of the yield surface. When F < 0, elastic

deformation occurs, while F' = 0 initiates plastic deformation following the flow rule

v o

v ¥
" H oo, (5-6)
where 85 is the plastic strain rate, and H is the hardening modulus defined as
A A
H=—h +|1-==|h
& o & P (5'7)

where 4, and /4, are the tangent moduli in uniaxial and hydrostatic compression, respectively, and
¢ is equal to the first term in eq. (5.5). The assumptions of the model were discussed in detail in
a previous study [27]. In the finite element code Abaqus that was used in this study, this
constitutive model is incorporated as foam crushable model. The mesh that was used for the
foam model is shown in Fig. 85 and discussed in detail in [26,27].

Explicit models, in contrast, directly model the foam structure and use the bulk properties of
the metal that comprises the foam (AISil0 for type I and Al 99.7 for type II). Hence, they are

governed by a constitutive model that describes the behavior of bulk metals. Similar to many
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previous laser forming studies [53], the deformation is assumed to be incompressible, and Von
Mises’ yield criterion, the Von Mises flow rule, as well as strain hardening are assumed to hold.
Two types of explicit models were used in this study that are discussed in detail in [26,27]. The
first model, called Kelvin cell sandwich model (Fig. 82(b)), approximates the shape of a single
cavity by a Kelvin cell geometry and assumes the wall thickness to be constant throughout. The
model was obtained by cutting arrays of Kelvin cells out of a solid block. The second explicit
model that was used is a voxel sandwich model. It was obtained by performing a micro computed
tomography (CT) scan of 25 mm by 25 mm sandwich panel specimens at a resolution of 30 pm,
and by converting high absorption points of the data cloud to cubical volumes that are called
voxels. The resolution was then manually reduced to 150 um in order to reduce the number of
elements to around 400,000. Figure 82(c) shows a voxel model of the type I sandwich panel,
next to the original, and Fig. 82(d) shows a voxel model of the type II sandwich panel. Due to

their reduced size, the voxel models were only used for a qualitative analysis in this study.

Fig. 82 (a) Equivalent sandwich model, (b) Kelvin-cell sandwich model, (¢) type I sandwich panel specimen
(left) and corresponding voxel model (right), (d) type II sandwich panel specimen (left) and corresponding
voxel model (right).

In all three models, the facesheets were modeled as incompressible solids that follow Von
Mises’ yield criterion. In the equivalent and Kelvin sandwich models, 3 and 2 elements were
used through the thickness of the top and bottom facesheets, respectively. In the voxel models, 4

and 3 elements were used, respectively, due to the finer mesh of the foam.
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The interface between the facesheets and the foam was modeled using cohesive elements.
The stress-state was described in terms of tractions and displacement discontinuities that were

linearly related via the stiffness matrix K

u,

K. 0 0

t 1=l 0 K. 0|u (5.8)
0 0 K,

where the subscripts 7, s, and ¢ refer to the normal, 1% and 2™ shear directions, respectively. All

stiffness components of the cohesive elements were set to a very large value (80 GPa) to ensure

that the overall sandwich stiffness is unaffected by the presence of the interface [49].

All the simulations were performed in an uncoupled manner, using the results of the heat
transfer analysis as input to the mechanical analysis. For the heat transfer analysis, DC3D20,
DC3D10, DC3DS8 elements were used for the equivalent, Kelvin, and voxel foams, respectively,
and C3D20R, C3D10, C3D8R elements were used for the mechanical analysis. For the
facesheet, DC3D20 and C3D20R elements were used for the heat transfer and mechanical
analysis, respectively. DC3D8 and COH3DS8 elements were used for the cohesive elements
during the thermal and mechanical analyses, respectively.

The material properties for the type I foam (AlSi10) were extracted from [70], and the
properties for the AW 5005 facesheet (AIMgl) were extracted from [94]. For the type II
sandwich, Al 99.7 properties from [95] were used both for the facesheet and the foam core. An

absorption coefficient of 0.6 was used. The laser source was modeled with the user subroutine

dflux.
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5.3 Experimental Methods

Two sandwich panel types were used in this study, whose manufacturing methods were
explained in detail in Sec. 5.2.1. To maximize the scope of this study, the type I and type II
sandwich panels additionally consisted of different facesheet types and foam structures. In the
type I sandwich panel, the facesheets were made of AW 5005, containing Magnesium as major
alloy element. The foam core was made of AlSil0 and had an average cavity size of roughly 2
mm. In the type II sandwich panel, both the facesheet and the foam had a high aluminum content
(> 99.6 wt %), with the facesheet being made of Al 1060. In both sandwich panel types, the
facesheet thickness was 1 mm. The foam core was manufactured using the melt foaming method
[31], using TiH> as the foaming agent and having an average cavity size of roughly 4 mm. The
foam cores of both sandwiches had an average density around 700 kg/m? (74% porosity) and a
thickness of 8 mm.

Laser forming experiments were performed using a CO; laser with a wavelength of 10.6 um.
The specimen surfaces were coated with black graphite paint to maximize the laser absorption.
Between successive laser scans the specimens were allowed to cool back to room temperature.
The specimens were scanned in x-direction shown in Fig. 82(a), and the deflection was measured
using a dial indicator.

Two process conditions, which were also used in a previous study [91], were investigated. In
the first process condition, a large spot size of 12 mm was used with a slow scan speed of 10
mm/s. In the second process condition, a small spot size of 4 mm was used with a fast scan speed
of 30 mm/s. The power was set to 800 W for both conditions to maintain a constant area energy.

An infrared camera was used to measure the bottom surface temperature of the sandwich

panels during laser forming. The frame rate of the camera was 120 Hz (8 ms per frame), and the
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spatial resolution was roughly 0.1 mm. The specimens were placed above an aluminum shield to
prevent the laser irradiation from damaging the IR camera. The measured surfaces were coated
with highly emissive black graphite paint (e = 0.92) to maximize the measurement accuracy, and

the results were averaged over a diameter of 1 mm.

5.4 Results & Discussion

5.4.1 Bending Efficiency & Limit

This study was initiated by investigating the impact of the sandwich composition and
manufacturing process on the bending behavior, specifically the bending efficiency and the
maximum achievable bending angle. Both sandwich panel types were laser formed at a small
laser spot size (D =4 mm, v = 30 mm/s) and a large laser spot size (D = 12 mm, v = 10 mm/s),
and the bending angles were recorded over 8 scans (Fig. 83). At D = 4 mm, the two sandwich
panel types bent by about the same amount over 8 laser scans. Also, the maximum achievable
bending angle was similar, being ~15° for the type I panel and ~12° for the type Il panel. At D =
12 mm, on the other hand, the type I panel bent at a much higher rate than the type II panel.
Moreover, the maximum achievable angle was around 65° (Fig. 84(a)), while the maximum

angle was ~45° for the type Il panel (Fig. 84(b)).
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Fig. 83 Bending angles of both sandwich panel types over 8 laser scans at a large spot size (D = 12 mm, v =
10 mmy/s) and a small spot size (D =4 mm, v = 30 mm/s), the power was constant at P = 800 W. The results
were averaged over 3 specimens, standard errors are shown.

Fig. 84 The bending limit of the (a) type I and (b) type II sandwich panel at a large spot size (D =12 mm, v =
10 mm/s) were around 65° and around 45°, respectively. In the type I sandwich panel, the top facesheet
mostly deformed inwards, whereas it mostly deformed outwards in the type II sandwich panel.

Hence, some attribute(s) of the sandwich panels caused a significant deviation in the
efficiency and bending limit at a large spot size. Due to the numerous differences between the
sandwich panel types, a series of experiments and numerical studies were performed to identify

the cause(s) of the aforementioned deviations.
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5.4.2 Effect of Facesheet

The impact of the facesheet composition was investigated first. The type I (AW 5005) and
type II (Al 1060) facesheets hardly differ in their thermal properties, but they have two notable
differences in their mechanical properties. First, the yield strength of the type I facesheet is
almost twice the yield strength of the type II facesheet. Second, the type II facesheet undergoes
substantially more softening than the type I facesheet at elevated temperatures. Intuitively, one
would expect the type II sandwich to bend more, due to its softness. Laser forming experiments
of “isolated” facesheets (not attached to foam core) showed the opposite (Fig. 85), however, an
unintuitive result that is characteristic to laser forming. The TGM that is induced at this process
condition (D = 4 mm, v = 30 mm/s) relies on the fact that the thermal expansion of the heated
material is restricted by the “cold” surrounding material, a condition that is better satisfied by a
stiff material such as AW 5005, and less so by a material that undergoes substantial thermal

softening such as Al 1060.
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Fig. 85 Bending angles of the “isolated” facesheets (not attached to foam core) at a small spot size (D = 4

mm, v =30 mm/s). The type I facesheet, made of AW 5005, bent more efficiently than the type II facesheet,
which was made of Al 1060.
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The same explanation applies when the entire sandwich panel is bent at a large spot size of
D =12 mm: the facesheet deformation via the UM is more efficient if the thermal expansion of
the heated material is restricted by the “cold” surrounding material, which is again better
satisfied by the type I facesheet. Numerical simulations confirmed this by showing that the
plastic compressive strain in y—direction are much greater for the type I facesheet (Fig. 86(a))
than in the type II facesheet (Fig. 86(b)). The simulations also showed that the sandwich panel
with type I facesheet properties bent by 0.68°, compared to the sandwich panel with type II
facesheet properties that only bent by 0.56° (leaving all remaining properties the same).

Overall, the facesheet comparison showed that the type I facesheet bends at a higher rate than
the type II facesheet, which is partially responsible for the difference in the bending efficiency in
Fig. 83. Yet, the facesheet composition accounted for only around 20% of the difference in the
bending efficiency, whereas the overall difference in efficiency in Fig. 83 was around 50%.
Therefore, there are other factors that more significantly influenced the bending efficiency.
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Fig. 86 Plastic strain distribution in y-direction after a laser scan at (D = 12 mm, v = 10 mm/s). AW 5005
facesheet properties were used in (a), and Al 1060 facesheet properties were used in (b). The remaining
geometrical and material properties were identical. The deformation was scaled by a factor of 10 for viewing
clarity. Only half of the model is shown due to symmetry.
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5.4.3 Effect of Foam Core

The next component that was analyzed was the foam core. From a thermal standpoint, the
two foams are hardly any different, as can be seen from their thermal response in Fig. 87. The
results were obtained by machining two cylindrical foam pucks with a diameter of 25 mm and a
thickness of 6 mm for both foam types. All the tested pucks had a similar density and surface
area, and they were tested in both directions (4 tests per foam type). The pucks were placed
between mirror-polished aluminum disks with a thickness of 1 mm (see diagram in Fig. 87). The
assembly was clamped in a holder, a laser source with diameter of D = 12 mm was applied to the
top surface, and the temperature history was recorded on the bottom surface using an IR camera.
The exposed surfaces of the aluminum disks were spray-painted with black graphite paint to
increase the laser absorption (top) and to ensure a high emissivity (bottom). The results in Fig. 87
show that the heat diffusion is very similar through both foam types, despite the fact that their

structures are fundamentally different.
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Fig. 87 Foam pucks were sandwiched between two solid aluminum disks. A laser with spot size D = 12 mm
was applied to the top surface of the assembly and the temperature was measured underneath. The measured
heat diffusion through the type I and type Il foams was very similar. The results were averaged over 2
specimens that were tested from both directions, standard deviations are shown.
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From a mechanical standpoint, the two foam types do not differ significantly either. The type
I foam consists of an AlSi10 alloy and has a higher strength than the high aluminum-content type
IT foam (> 99.6 wt %). Hence, the type I foam is expected to bend more efficiently during laser
forming. This effect is canceled out by the fact that the moment of area of the type I foam is on
average 18% higher than the moment of area of the type II foam (Fig. 88), making it more
resistant to bending deformation. The moment of area was calculated for each pixel of a

particular micro-CT slice using the following relation

1 =Ii/2222y(z)dz (5.9)
where s is the sheet thickness. The individual moments were then summed up using the parallel
axis theorem. The moment of area was calculated about a horizontal axis at the center of
specimens (not shown in Fig. 88).

Based on all the above results, both the thermal and mechanical responses of the type I and II
foams are very similar. Therefore, the foam core behavior cannot possibly be the reason for the

different bending efficiencies and bending limits observed in Figs. 83 and 84.

Moment

Cross-section
of area

Type I Foam 1.18

Type Il Foam

Fig. 88 The moment of area of the type I foam is on average 18% greater than the moment of area of the type
II foam, making it stiffer to bending deformation.

161



5.4.4 Thermal Response of Sandwich Panel

Neither the facesheets nor the foam cores are the major cause of the different behavior of the
type I and II sandwich panels. Hence, the two sandwich panel types must differ in the way that
their facesheets and foam cores interact. This interaction occurs on a thermal as well as a
mechanical basis. The thermal interaction was investigated first by scanning both sandwich panel
types at a small spot size (D =4 mm, v = 30 mm/s) as well a large spot size (D =12 mm, v =10
mm/s), and by recording temperature on the bottom sandwich surface using an IR camera, shown
in Fig. 89. For both sandwich types, the bottom surface reached higher temperature values at a
larger spot size and a slower scan speed. This finding is consistent with previously reported
results and relates to the fact that more heat diffusion can occur at slow scan speeds [26,43].
Figure 8 also shows that the type I sandwich panel reached slightly higher temperature
magnitudes than the type II sandwich panel, which can be attributed to two causes. First, the
facesheet adhesion quality is superior in type I sandwich panels, as will be shown later. Second,
the type 1 foam is denser near the facesheet than at its center, allowing for an increased heat
transfer between the facesheet and the foam compared to the type Il sandwich panel. Overall, the
temperature difference between the two sandwich types was rather insignificant, however,

considering that their top surfaces were heated up to 600°C.
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Fig. 89 Temperature history on the bottom surface of the sandwich panels during laser scans at a large spot
size (D =12 mm, v = 10 mm/s) and a small spot size (D =4 mm, v =30 mm/s). 4 specimens were tested for
each sandwich panel type, standard deviations are shown.

Numerical simulations confirmed that the thermal response of both sandwich panel types is
similar. Figures 90(a) and 90(b) show the temperature distributions in the type I and type II
sandwich panels during a laser scan at D = 12 mm and v = 10 mm/s, performed using voxel
models. The same temperature-dependent gap conductance relationship was used at the interface
for both panels, discussed in detail in [91]. As was mentioned previously, heat can flow rather
continuously from the top facesheet to the foam core in the type I sandwich panel (Fig. 90(a))
due to the small cavity size and the high foam density near the facesheets, whereas its flow is
restricted to the sparsely spaced cell walls in the type II sandwich panel (Fig. 90(b)). As a
consequence, the top facesheet heated up slightly more in the type II sandwich panel.
Nevertheless, the thermal behavior of the two sandwich panel types was similar and must not

have been the cause for the different bending efficiencies and bending limits.
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(a)
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Fig. 90 Temperature distribution in voxel models of (a) type I sandwich panels and (b) type II sandwich
panels, during a scan at a large spot size (D = 12 mm, v = 10 mm/s). The laser was scanned in x-direction.
The models were sliced along the laser scan line for viewing clarity.

5.4.5 Mechanical Response of Sandwich Panel

Having ruled out the differences in the facesheets, the foam core, as well as the thermal
interaction between the facesheets and foam core as major causes of the discrepancies in Figs. 83
and 84, the mechanical interaction of the facesheets and foam core is the last possible option.
Results confirmed that the foam core structure is the key factor deciding how the facesheets and
the foam core interact, thereby defining the bending behavior of the entire sandwich. While the
type I foam core consists of many thin cell walls that can readily crush when subjected to
compressive stresses, the type Il foam core consists of fewer thick cell walls that only bend when
subjected to very high compressive stresses. One consequence of this is that the deformation via
the MTGM is less efficient in the type Il foam. The second and more important consequence is

that the top facesheet starts behaving differently during laser forming.

2 no thickening

thickenin
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Fig. 91 Cross-sections of type I and type II sandwich panels that were bent to the bending limit. The laser was
scanned into the page. At a small spot size (D =4 mm, v = 30 mm/s), the bending limit of the type I sandwich
panel is around 15° (a), and for the type II sandwich panel it is around 12° (b). At a large spot size (D = 12
mm, v =10 mm/s) the limit is (c) around 65° for the type I sandwich panel and (d) around 45° for the type Il
sandwich panel.

In the type I sandwich panel, the top facesheet can readily penetrate into the foam core, both
at small spot sizes (Fig. 91(a)) and large spot sizes (Fig. 91(c)), due to the high crushability of
the foam core. In the type II sandwich, on the other hand, the top facesheet can penetrate into the
foam core if a cavity is underneath, but not if a cell wall is underneath. Fig. 91(b) highlights this
point, showing an example where the deformation at the scan line (in the center) is strictly
divided between a left segment where the facesheet was able to thicken downwards (in negative
z-direction) due to a cavity, and a right segment where no downward thickening occurred due to
the presence of a cell wall.

This facesheet thickening behavior has a relatively minor impact on the bending efficiency
and maximum bending angle at a small spot size of D = 4 mm, because the facesheet
deformation via the TGM is relatively localized. At large spot sizes of D = 12 mm, however, the
facesheet deformation is more widespread due to the UM, and the behavior of the top facesheet
becomes more important. Unlike in the type I sandwich panel (Fig. 91(c)), where the top
facesheet could significantly penetrate into the foam core, the top facesheet could hardly
penetrate into the foam core in the type II sandwich panel (Fig. 91(d)). Instead, most of the

165



facesheet deformation occurred in an outward direction (positive z-direction). As a consequence,
the overall thickness of the type II sandwich panel increased tremendously, rendering the
sandwich stiffer and limiting the maximum achievable bending angle. The type I sandwich panel
(Fig. 91(c)), in contrast, maintained almost the same thickness, allowing deformation up to larger
bending angles.

Numerical simulations with voxel models qualitatively illustrate this point. Figures 92(a) and
92(b) show the plastic compressive strains in y-direction in a type II sandwich panel after a
single laser scan at D = 12 mm, v = 10 mm/s and P = 800 W. Case (a) represents a scenario
where a cavity is situated underneath the facesheet (by the scan line) and is contrasted with case
(b), where a cell wall is located underneath the facesheet. In (a), the facesheet is able to thicken
in downward direction, and high plastic strain magnitudes are reached due to the efficient action
of the UM. In (b), the facesheet can only thicken in the upward direction, the UM becomes less

efficient, and lower plastic strain magnitudes are reached.
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Fig. 92 Plastic strain distributions in y-direction in a type II sandwich panel after a laser scan at a large spot
size (D = 12 mm, v = 10 mm/s), shown using a voxel model. The deformation was scaled by a factor of 10
for viewing clarity. The laser was scanned into the page, and the laser center was on the dashed line.

This effect can also be quantified using a Kelvin-cell model. In Fig. 93(a), the Kelvin-cell
foam core was aligned such that most of the space underneath the top facesheet was occupied by
cavities (representing case (a) from above). In Fig. 93(b), the Kelvin-cell foam core was aligned
such that cell walls were located directly underneath the top facesheet (representing case (b)
from above). All other parameters and geometrical properties were identical. The first scenario
yielded a bending angle of 0.81° at the same condition as in Fig. 92, and the second scenario
yielded a bending angle of only 0.73°. The simulation further yielded the same facesheet

thickening behavior and plastic compressive strain distributions as the voxel models in Fig. 92.
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Fig. 93 Plastic strain distributions in y-direction in a Kelvin-cell sandwich model after a laser scan at a large
spot size (D = 12 mm, v = 10 mm/s). Only half of the model is shown due to symmetry. In (a), the foam core
was constructed such that cavities are underneath the top facesheet at the symmetry plane, whereas in (b)
mostly cell walls are underneath the top facesheet. The remaining properties of both models are identical. The
deformation was scaled by a factor of 10 for viewing clarity.

(b)

Overall, the previously shown results demonstrate that the foam structure of the type II
restricts the downward expansion of the top facesheet. As a result, the top facesheet thickens
mostly in an upward direction and bends less efficiently. This result is amplified at large laser

spot sizes where the deformation region is large. Moreover, the maximum achievable bending
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angle is reduced, because the upward facesheet thickening increases the overall sandwich panel

thickness and renders the sandwich more resistant to bending deformation.

5.4.6 Importance of Facesheet Adhesion Quality

In the previous section it was shown that the foam core structure has a significant impact on
the maximum achievable bending angle. The interface adhesion quality has an even greater
impact on the bending limit. If the facesheets are completely bonded to the foam core via
metallic diffusion bonds, large bending angles of 65° (type I sandwich panel) and 45° (type II
sandwich panel) can be achieved, since laser forming does not cause any delamination. This fact
can readily be accepted, looking at Fig. 91, where the adhesion between the facesheets and the

foam core remained perfectly intact despite all the contortions of the top facesheet.

(a) Detached (b) _ Detached

Fig. 94 (a) A cross-section of the type Il sandwich panel, obtained using a micro-CT scan, shows that there
are regions of detachment between the facesheet and the foam core. This detachment is detrimental to laser
forming, since the maximum achievable bending angle drops from 45° to around 15° at a large spot size (D =
12 mm, v =10 mm/s), shown in (b).

If, on the other hand, the facesheet adhesion is poor and there are regions of detachment after
manufacture, the maximum achievable bending angle plummets. Pre-existing detachment has not
been observed in the type I sandwich panel, as the adhesion quality is generally high due to the
diffusion bonds being created during the formation of the foam core. In the type II sandwich
panel, however, regions of pre-existing detachment do occur, as shown in Fig. 94(a). The reason

why the type II sandwich is more prone to having pre-existing detachment is that the foam core
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and the interfacial adhesion are created in separate steps. During cutting and handling the foam
core might get locally damaged, so that it no longer is in contact with the facesheets during
sintering. Gaps between the facesheets and the foam core may also occur if the pressure during
the sintering step is not applied uniformly.

Given a situation with pre-existing detachment, the bending limit dropped from 45° (Fig.
91(d)) to merely 15° (Fig. 94(b)). Several factors are responsible for this significant drop in the
bending limit. First, pre-existing detachment decreases the heat transfer from the top facesheet to
the rest of the sandwich, reducing the temperature gradient in the foam core as well as its
contribution to bending via the MTGM. Second, the bottom facesheet heats up less and
undergoes less heat-induced softening. Finally, the top facesheet is completely unable to
penetrate into the foam core. It was mentioned previously that the top facesheet penetrates less
into the foam core in the type II sandwich panel than in the type I sandwich panel, but it still
penetrates to some extent as can be seen in Fig. 91(d). In the detached case, however, the
facesheet entirely thickens away from the foam core (positive z-direction), increasing the
sandwich panel thickness and rendering it more resistant to bending deformation.

Numerical simulations again support the aforementioned arguments. Using an equivalent
model, a case with perfect adhesion (Fig. 95(a)) was contrasted with a case where the top
facesheet was detached from the foam core over half the beam spot size of D = 12 mm (Fig.
95(b)). In the detached case, the top facesheet underwent more heating and thus developed
greater plastic compressive strains in y-direction. At the same time, the plastic compressive strain
distribution in the foam core was reduced near the laser scan line, indicating less efficient

bending via the MTGM [27]. The simulations also confirmed that the top facesheet only
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thickened in an upward direction (positive z-direction) in the detached case, whereas it thickened

in both directions in the intact case.
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Fig. 95 Plastic strain distributions in y-direction after a laser scan at a large spot size (D = 12 mm, v = 10
mm/s). In (a), the adhesion between the top facesheet and the foam core is intact, whereas in (b) the top
facesheet is detached from the foam core over a half the spot size of D = 12 mm. Only half of the model is
shown due to symmetry. The deformation was scaled by a factor of 10 for viewing clarity.

5.4 Conclusions

This study comparatively studied the behavior of two types of sandwich panels with metal
foam cores during laser forming. They differed in the facesheet type, foam core structure and
composition, as well as the adhesion method. It was shown that the two sandwich panel types
have a similar bending efficiency and bending limit when formed at small laser spot sizes (D = 4
mm). At large laser spot sizes (D = 12 mm) it was shown that type I sandwich panels bend at a
much higher rate and achieve a higher bending angle.

Two major causes were identified for this discrepancy. First, it was shown that the type I
facesheet bends at a higher rate, owing to its increased strength and stiffness. Second, it was
demonstrated that the foam core structure determines how the top facesheet thickens during laser
forming. In the type I sandwich panel, the top facesheet can penetrate into the foam core,
allowing for a more efficient deformation via the upsetting mechanism. In the type II sandwich

panel, on the other hand, the top facesheet mostly thickens away from the foam core, increasing
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the overall thickness of the sandwich panel and rendering it more resistant to bending
deformation.

Overall, this study demonstrated that a large variety of metal foam sandwich panel types can
be laser formed, provided that the bond between the facesheets and the foam core is sufficiently
strong to withstand the high temperatures and stresses that develop during the process. The
bending efficiency and limit depend on the interactions between the panel properties and process
conditions. Using the understanding developed in this study, potential applications in industry

can be further explored.
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Chapter 6: 3D Laser Forming of Metal Foam Sandwich

Panels

6.1 Introduction

Throughout the past few decades, research studies have revealed that metal foam sandwich
panels have an excellent stiffness, shock absorption capacity and strength-to-weight ratio [2,3].
Additionally, sandwich panels are more easily integrable in engineering structures than free-
standing metal foam, and their metallic “facesheets” protect the foam core. Due to these
favorable properties, numerous potential applications have been identified for the material [7,9].
Many of these applications have started becoming realizable thanks to the efforts of recent
studies, showing that laser forming can successfully bend the material up to high angles without
inducing failure [91,96]. These studies performed a detailed analysis of the process window, the
laser-induced bending mechanisms, and the bending efficiencies and limits at different process
conditions. The impact of the sandwich panel manufacturing method was also discussed. While a
lot of ground has been covered, the work thus far has been limited to straight-line laser scans and
shaping of Euclidean (2D) geometries. In industrial applications, however, non-Euclidean (3D)
geometries are often necessary to meet design requirements. Karmann GmbH [2,72], for
instance, is working on car body structures that are largely made of metal foam sandwich panels,
due to their exceptional stiffness, reduced weight compared to steel panels, and vibration
damping properties. There has also been talk about using metal foam sandwich panels as cone-
shaped adaptors to support the payload in manned rockets [9], or as structural components in

various intricately shapes airplane components, as discussed in Sec. 2.2.
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Those concept studies considered two near-net-shape manufacturing methods for the
industrial application of sandwich panels. The first method is based on powder metallurgy [9];
metal and foaming agent powders are compressed inside a mold that has the desired shape. The
resulting precursor is placed between solid metal sheets, which have also been stamped to the
desired geometry. The assembly is then heated near the metal melting point, causing the foaming
agent to release a gas that turns the precursor into a foam. During foaming, the lateral expansion
of the sandwich panel is restricted, giving rise to high pressures at the facesheet/foam core
interface that promote the formation of metallic bonds. While being able to manufacture a wide
range of shapes, this process is only economic for a large production volume because it requires
several molds. Additionally, the part size must be small, due to the high cost of large dies, and
the requirement of fitting the assembly into an oven. Another drawback is that the foam core cell

distribution and density oftentimes becomes irregular during expansion and compression.

The second near-net-shape manufacturing method is 3D printing. Metal foam sandwich
panels may either be 3D printed directly in the required shape, or a cast of the negative foam
shape can be printed, out of which the foam can be cast [13]. Both approaches have the
drawback that they are slow, can only manufacture relatively small parts, and are only applicable
for low production volumes.

In order to overcome the aforementioned limitations, metal foam sandwich panels need to be
manufactured in flat panels and subsequently be bent to the desired shape. Unfortunately, similar
to 2D deformation, traditional bending methods are inherently unsuccessful at shaping 3D
geometries. Hydroforming, for instance, causes severe foam crushing after forming sandwich
panels into dome shapes [17]. Other traditional bending methods, such as die stamping [52],

have not been attempted for 3D geometries, since they were unable to form 2D geometries
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without significant defects. In this study, laser forming was investigated for 3D geometries,
building upon the success of the method at shaping metal foam sandwich panels in 2D [91,96].

To date, 3D laser forming has only been investigated for sheet metal. Most of the effort has
been spent generating two fundamental 3D shapes, which are the bowl and saddle shapes. The
outcome of 3D laser forming experiments has been studied for a wide range of scan patterns,
scan speeds, spot sizes, and powers [97-100]. Similarly, process synthesis has been studied in
great detail, where the scan pattern and process conditions are determined using FEM based on a
principal strain-based method [101,102]. However, it has never been attempted to bend metal
foam sandwich panels into 3D geometries using lasers.

In this study, it was investigated whether laser forming of 2D Euclidean geometries can be
extended to forming 3D non-Euclidean geometries. It was analyzed whether the fundamental
knowledge that has been acquired for 2D laser forming regarding the bending mechanisms and
the process window translates to 3D laser forming. Finally, it was investigated whether the
numerical modeling techniques that were developed in previous studies [91,96] remain

applicable when 3D laser forming is concerned.
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6.2 Background

6.2.1 Laser Forming of Euclidean Geometries

Previous studies have shown that laser forming can successfully bend metal foam sandwich
panels into Euclidean (2D) geometries using a series of parallel and straight scans [91,96].
Euclidean geometries, such as the channel geometry shown in Fig. 96, only require bending

strains, which arise if the strain distribution through the sheet thickness is non-uniform. As

shown in eq. (6.1), a bending strain vector ¢, develops if the minimum principal strain gls/ > at

the top sandwich panel surface (z = s/2) differs from the minimum principal strain glo at the mid-
plane of the sandwich panel (z = 0)

) s/2 0 0
Ey =& 0 —&n (6.1)

. . . s/2 0 . .
where s is the sandwich panel thickness, and n, and n, are the directional vectors at the top

surface and the mid-plane of the sheet, respectively [102]. The minimum principal strain is used
instead of the maximum principal strain because laser forming mostly induces compressive
deformation perpendicular to the scan path [27].

Laser forming can generate Euclidean geometries with very large amounts of deformation,
and achieve bending angles up to 65° after repeated scans over single scan line. Additionally,
small radii of curvature can be achieved, because the process shortens the top sheet segment
relative to the bottom sheet segment, giving rise to large bending strains. The “shortening” is
achieved through thermo-mechanical bending mechanisms that simultaneously occur in the top
facesheet and the foam core. [91,96]. In the top facesheet, the bending mechanism depends on

the process conditions. When the laser spot size is significantly smaller than the sandwich panel
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thickness, the laser-irradiated material in the facesheet undergoes extreme heating, while the
surrounding material remains at room temperature. As a consequence, the thermal expansion of
the heated material is suppressed and converted to plastic compressive strain. This mechanism is
well known as the temperature gradient mechanism (TGM) [22]. If, on the other hand, the laser
spot size is equal to or greater than the sandwich panel thickness, the top facesheet heats up more
uniformly. The thermal expansion is again converted to plastic compressive strain, due to the
heated material being restricted by the surrounding material, causing a thickening of the top
facesheet relative to the bottom facesheet. This mechanism is commonly referred to as upsetting
mechanism (UM).

In the foam core, the bending mechanism responsible for the compressive shortening is
independent of the process condition [27,91,96]. The compressive shortening is driven by
temperature gradients, analogous to the TGM. However, the thermal expansion is not converted
to plastic compressive strain as in the TGM. Instead, the thermal expansion causes cell wall

bending and collapse, as postulated by the modified temperature gradient mechanism (MTGM).

Saddle

z=y2 Z=X2+y2 Z='X2+y2

Fig. 96 The channel shape on the left is a Euclidean geometry. It can be obtained by bending
strains alone, and the bending deformation is in the yz - plane. The bowl and saddle shapes are
non-Euclidean geometries. Deforming a flat sheet into bowls and saddles requires both bending
and in-plane strains, and the deformation occurs in three dimensions.
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6.2.2 Shaping of Non-Euclidean Geometries

In many industrial applications, Euclidean (2D) geometries are not sufficient, and non-
Euclidean (3D) geometries are required to realize design intents. Examples include airplane
noses that could be used to protect aircraft against bird impacts [12], or airplane engine nacelles
and car bodies [2]. Regardless of how complicated the 3D shape may be, it can be decomposed
into the two fundamental non-Euclidean geometries, the bowl and saddle shapes (see Fig. 96).
The airplane nose, for instance, has a distinct bowl shape, while the engine nacelle and car
bodies consist of combinations of bowl and saddle shapes.

Unlike Euclidean geometries that have zero Gaussian curvature and only require bending
strains, non-Euclidean geometries have a positive (e.g. bowl) or negative (e.g. saddle) Gaussian
curvature. Hence, they require both bending strains as well as in-plane strains, especially if a
large amount of deformation is required [101,102]. Mathematically, Euclidean shapes only
include deformation in one direction such as the channel (z = )?), while non-Euclidean shapes
require shortening (e.g. bowl, z = x’ + ) or stretching (e.g. saddle, z = - x’ + ) of the entire
material section in the second coordinate direction, as shown in Fig. 96. Whether laser forming is
capable of inducing those in-plane strains was subject of this current investigation.

In order to specify scan patterns for the bowl and saddle shapes, inspiration was drawn from
3D laser forming of sheet metal. Several different approaches have been reported, depending on
the complexity of the geometry. For simple geometries, such as the bowl shape, scan paths may
be determined from laser forming principles. For all the bending mechanisms mentioned in Sec.
6.2.1 (TGM, UM, MTGM), compressive shortening is induced near the top surface, and the
material bends about the laser scan line towards the laser. This knowledge can be used to devise

straightforward scan patterns, such as radial [97] or circular scan patterns [98]. A radial pattern,
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shown in Fig. 97(a), was used throughout Secs. 6.4.1 — 6.4.3, and contrasted with a circular scan
pattern (Fig. 110) in Sec. 6.4.4. In both scan patterns, all the scans were performed on the top
surface, represented by solid lines in Figs. 97(a) and 110. For the radial pattern, the scans were
performed in an inward direction, terminating near the center of the specimen. The scans were
initiated some distance away from the specimen edges to account for the delay between the laser
shutter and the stage actuator. The scans were performed in the sequence indicated to allow for a

smooth and more symmetric deformation of the entire specimen.

@ 130mm

17

130mm

7 7 1 1 A \ “
14 10 6 2 4 8 12 (b)
Fig. 97 Radial scan pattern that was used to obtain the (a) bowl shape and (b) saddle shape. Solid
lines were performed on the top surface, dashed lines on the bottom surface. The numbering
indicates the scan sequence. Scans were initiated on the outside and ended at the center. The
diagrams apply for the condition of D = 12 mm and v = 10 mm/s. For D =4 mm and v = 30 mm/s,
the same overall area was treated, but the laser scans were closer together.

Using laser forming principles also allows for the determination of more complicated shapes
such as the saddle shape, as was done in [99]. However, a more effective method of determining
the scan paths for complicated shapes is process synthesis, which was briefly mentioned in the
introduction [101,102]. In this approach, the desired geometry is modeled in FEM and
compressed between rigid plates. Based on the resultant strain field, the scan paths can be drawn
perpendicular to the directions of maximum plastic compressive strain. For a steel sheet of a
thickness of 5 mm, this approach yielded a radial scan pattern [102] that was implemented in this

study (see Fig. 97(b)) due to the high thickness of the sandwich panel of 10 mm. Since the
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deformation is bi-directional, half of the scans were performed on the top surface (solid lines in
Fig. 97(b)), and half of the scans were performed on the bottom surface (dashed lines in Fig.
97(b)). The scans were performed in an inward direction, terminating near the center of the
specimen.

For the process conditions, the same overall approach was pursued as in 2D laser forming
[91]. Using the hypothesis that the bending mechanisms are not vastly different (to be discussed
in Sec. 6.4.3), it was assumed that 3D laser forming could be performed with the same two
process parameter regimes that were mentioned in Sec. 6.2.1. In the first regime, the laser spot
size of D = 4 mm was small compared to the sandwich panel thickness, and an elevated scan
speed of v =30 mm/s was employed. In the second regime, the laser spot size of D = 12 mm was
slightly greater than the sandwich panel thickness, and a slower scan speed of v = 10 mm/s was
used to maintain a constant area energy of 6.66 J/mm?. The laser power was maintained at P =

800 W for both conditions.
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6.2.3 Numerical Simulation

The same constitutive relations and overall modeling approach was used as in 2D laser
forming of Euclidean geometries [91]. The facesheets were assumed to be incompressible and
were modeled using Von Mises’ yield criterion, Von Mises’ flow rule, and isotropic (strain)

hardening. Facesheet material properties were extracted from Ref. [94].

Facesheet

Facesheet

Fac\esheet

x-symmetry y-symmetry y-symmetry x-symmetry

<> encastre encastre

Fig. 98 (a) Bowl model and (b) saddle model. In both cases, only one quarter of the specimen was
modeled, and an x and y symmetry was employed. Both models were fixed at two vertically
aligned points using encastre constraints.

The foam was modeled using an ‘“equivalent” modeling approach, which used a
straightforward cylindrical and rectangular geometry for the bowl (Fig. 98(a)) and saddle (Fig.
98(b)) shapes, respectively. The foam behavior was modeled using the crushable foam
constitutive model in ABAQUS. It was assumed that yielding can occur as a result of shear
stresses, represented by Von Mises’ equivalent stress o in the following yield criterion, and in

hydrostatic compression, represented by the mean stress o

1 2 2 2
F=|——lo +a’c -Y<0 6.2

where o is the aspect ratio of the elliptical yield surface, and Y is the flow stress [41]. The
deformation is elastic if 7' < 0 and plastic if = 0. It was further assumed that the plastic strain
increment is perpendicular to the yield surface pursuant Drucker’s postulate, yielding the

following flow rule
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&j = H oo, (6.3)
where &l is the plastic strain rate, and H is the hardening modulus that is described by
o, [ o)
H="th +|1-=%h
=k +L = J , (6.4)

where 4, and /i, are the tangent moduli in uniaxial and hydrostatic compression, respectively, and
& is equal to the first term in the yield criterion. A detailed discussion of all the assumptions and
their validity may be found in Refs. [26,27], along with a list of sources for the metal foam
material properties.

The interface between the facesheets and the foam core was modeled using a cohesive layer.
Due to the infinitesimal thickness of this layer, tractions and separations were used at the

interface instead of stresses and strains. A linear traction-separation law was used
n sz 0
0 K U, (6.5)
0 0
where ¢ is the traction, u the separation (jump discontinuity), and K the penalty stiffness. The
subscripts 7, s, and ¢ refer to the normal, 1% and 2™ shear directions, respectively. A high
stiffness of 850 GPa was assigned to the cohesive layer, so as to not affect the deformation
behavior of the sandwich panel [49]. A temperature-dependent gap conductance relationship was
used from Ref. [46], which is discussed in detail in Ref. [91].
Due to the large size of the specimens and the high number of laser scans, symmetry
boundary conditions were assumed that allowed modeling a quarter of the bowl (Fig. 98(a)) and
saddle (Fig. 98(b)) shapes. The symmetry boundary conditions assume no heat transfer across

the symmetry plane, no translations perpendicular to the plane, as well as no out-of-plane
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rotations. Unlike in 2D laser forming, symmetry boundary conditions induce some amount of
error in 3D laser forming, since the problem is inherently asymmetric. However, the errors are
relatively small and the predictions are still consistent with experimental values, as will be
shown later. In addition to the symmetry boundary conditions, the specimens were anchored at
two vertically aligned points at the center, marked in red in Fig. 98(a) and Fig. 98(b).

As will be discussed in Sec. 6.3, the sandwich panel showed substantial variations in the
foam core thickness and density. To account for those variations and make a comparison with
experiments possible, the thickness of each bowl and saddle model was adjusted to match the
experimental average for that particular process condition. Changes in Young’s Modulus, the
flow stress, and the thermal conductivity with density were accounted for as well, using relations
given in Ref. [27].

All the simulations were uncoupled into a thermal and mechanical part, which were
performed subsequently, using the thermal results as initial condition for the mechanical
analysis. In the bowl model, DC3D10/C3D10 elements were used for the facesheets/foam core,
and DC3D6/COH3D6 elements were used for the cohesive layer in the thermal and mechanical
analyses, respectively. In the saddle model, DC3D20/C3D20R elements were used for the
facesheets/foam core, and DC3D8/COH3DS8 elements were used for the cohesive layer in the
thermal and mechanical analyses, respectively. An absorption coefficient of 4 = 0.6 was used for

the thermal analysis, and all the simulations were performed in the FEM software ABAQUS.
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6.3. Experimental Methods

The aluminum foam sandwich panel that was used in this study was manufactured using a
powder-metallurgy technique by Havel Metal Foam GmbH. In this method, aluminum and
foaming agent (TiH») powders are compressed, and the resulting precursor is sandwiched
between solid metal “facesheets”. The assembly is then placed into an oven and heated near the
metal melting temperature. The elevated temperatures cause the foaming agent to release
hydrogen gas, which creates bubbles and turns the precursor into a foam. Simultaneously, the
lateral expansion of the material is restricted, giving rise to substantial pressures that sinters the
foam to the adjacent facesheets [9].

The facesheets were made of AW 5005, and their thickness was 1 mm. The foam core was
made of AISi10, and its thickness and density varied considerably, ranging between 8§ — 10 mm
and 500 — 650 kg/m?, respectively. The total sandwich panel thickness was between 10 — 12 mm.
To account for the variations in the foam thickness and density, two experiments were performed
for each condition per geometry, making sure that the average thickness and density were
comparable.

The bowl specimens were cut to a diameter of 130 mm, while the saddle specimens were cut
to squares with side lengths of 130 mm. Both specimen types were mounted at the center using a
tapped hole. All specimens were painted with black graphite paint to increase the laser
absorption. The specimens were laser formed using a CO> laser with a 1,500 W capacity and a
wavelength of 10.6 um. After each laser scan, the specimens were cooled to room temperature.
The two process conditions that were contrasted were introduced in Sec. 6.2.2. Deflections were
measured by attaching a dial indicator to a robotic stage. Cross-sections were cut using a

diamond saw and polished using 1,200 grit sand paper before imaging.
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6.4. Results & Discussion

6.4.1 Bowl Shape

Both process parameter regimes that were discussed in the background yielded a substantial
amount of bending deformation, as shown in Figs. 99(a) and 99(b). For the regime employing the
larger spot size of D = 12 mm, the scan pattern in Fig. 97(a) was used, which was repeated 8
times to obtain 160 scans. For the regime employing the smaller spot size of D =4 mm, a denser
line pattern with 50 scan lines was used. This modification was made based on the assumption
that the bending mechanisms in 2D and 3D laser forming are similar (to be discussed in Sec.
6.4.3), and that consequently less bending deformation is induced per scan line at D = 4 mm. The
50 scan line pattern was repeated 6 times to obtain a total of 300 scans.

(a) (b)

Fig. 99 Isometric and side view of bowl shape (a) after 300 scans at a laser spot size of D =4 mm
with scan speed of v = 30 mm/s, and (b) after 160 scans at a laser spot size of D = 12 mm with
scan speed of v =10 mm/s. The laser power was P = 800 W in both cases.

Despite using nearly half the scans, more bending was achieved at D = 12 mm than at D =4
mm, as shown in Fig. 100. Hence, for the same area energy, the deformation is more efficient at
D = 12 mm. The same result was obtained for Euclidean geometries in Ref. [91], where several
factors were identified to explain this difference in the bending efficiency. It was shown that the

upsetting mechanism (UM), which governs the deformation of the top facesheet at D = 12 mm,
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induces plastic deformation over a larger region than the temperature gradient mechanism
(TGM), which governs the deformation of the top facesheet at D = 4 mm. Similarly, it was
shown that a larger segment of the foam core contributes to bending via the modified
temperature gradient mechanism (MTGM) at D = 12 mm. Finally, it was shown that the bottom
facesheet underwent more heat-induced softening at D = 12 mm, rendering the sandwich less
resistant to bending deformation. In Sec. 6.4.3 it will be proven that all these factors are also

valid for laser forming of non-Euclidean 3D geometries.

15
—u—D =12mm, v=10mm/s
1 --4--D=4mm, v=30mm/s

Vertical displacement (mm)

Radial distance (mm)
Fig. 100 Average radial deflection of the bowls in Fig. 99, shown with standard deviations. At a
large spot size of D = 12 mm, a higher deflection was obtained even though the number of scans
was lower than at a small spot size of D =4 mm.

From Fig. 100, it can further be seen that the deviation in the bending deformation was
slightly greater at D = 4 mm than at D = 12 mm. The same phenomenon was observed
throughout the rest of the experimental results. Due to the localized plastic deformation
occurring at D = 4 mm, the deformation of the top facesheet is more sensitive to the local foam
structure, and hence the deviations in the bending results are greater.

The process was numerically simulated and a result is shown in Fig. 101. The simulation was
carried out on a quarter of the circular specimenl as shown in Fig. 98(a), and the visualization

was based on mirroring the result in x and y — direction. The deflection was magnified by a factor
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of 10 for viewing clarity, and only one iteration of the scan pattern in Fig. 97(a) was used.
Despite using the symmetry constraints, laser scans lying on the symmetry planes yielded very
similar plastic strain distributions as laser scans that were performed away from the symmetry

planes.
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Fig. 101 Bowl shape predicted by the numerical model in Fig. 98(a), after performing one iteration
of the scan pattern in Fig. 97(a). The model was mirrored in x and y - direction. The spot size was
D =12 mm and the scan speed was v =10 mm/s. The deformation was magnified by a factor of 10
for viewing clarity.
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Fig. 102 Comparison of experimental and numerical deflections of the bowl shape at (a) a laser
spot size of D = 4 mm with scan speed of v = 30 mm/s, and (b) a laser spot size of D = 12 mm
with scan speed of v = 10 mm/s. One iteration of the scan pattern in Figs. 97(a) and 99(a) were
performed. Average deflections and standard deviations are shown for the experimental data.

Only one iteration of the radial scan pattern in Figs. 97(a) and 99(a) was performed at the
spot sizes of D = 12 mm and D = 4 mm, respectively. The experimental data was averaged over
two specimens. The thickness and density of the foam core were set equal to the experimental

average, and the density-dependent material properties were adjusted accordingly. At D = 12
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mm, a good agreement was achieved, while at D= 4 mm, the simulation overestimated the
deformation, especially near the specimen edge. The same trends were observed for 2D laser
forming of Euclidean geometries [91], where it was shown that the overestimation at D = 4 mm
can be attributed to localized melting and paint removal that occurred due to elevated
temperatures. Both of these factors reduced the experimental bending deformation but were

neglected in the simulation.

6.4.2 Saddle Shape

Laser forming of saddle shapes was equally successful at both D =4 mm and D = 12 mm,
shown in Figs. 103(a) and 103(b), respectively. At D = 12 mm, the pattern in Fig. 97(b) was
used. This pattern of 28 scans was repeated 6 times, equating to a total of 168 scan, to allow for a
meaningful comparison with the bowl shape in Fig. 99(a). At D = 4 mm, 48 scans were
performed per iteration instead of 28 (12 per side instead of 7), due to the lower deformation per
scan as discussed in Sec. 6.4.1. The laser treated area was the same as at D = 12 mm, maintaining
the same distance between the outermost scans and the edges, but the scans were performed
closer to one another because the deformation is more localized for this process condition. The
scan pattern was repeated 6 times to obtain a total of 288 scans, which is again comparable to the

number of scans used in forming the bowl shape in Fig. 99(b).

(b)
Fig. 103 Saddle shape (a) after 288 scans at a laser spot size of D =4 mm with scan speed of v =
30 mm/s, and (b) after 168 scans at a laser spot size of D = 12 mm with scan speed of v = 10
mm/s. The laser power was P = 800 W in both cases.
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Figure 104 shows the deflection of the outer edges (defined as edge I/ and edge 2 in Fig.
105), which were averaged over both sides. Just like for the bowl shapes, D = 12 mm yielded
significantly more bending than D = 4 mm, despite being bent with fewer scans and using the

same area energy. The reason for this behavior is the same as discussed in Sec. 6.4.1.
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Fig. 104 Average deflection of the saddles in Fig. 103, measured at the outer edges marked as
edge 1 and edge 2 in Fig. 105. The large spot size of D = 12 mm again yielded a higher amount of
deformation than the small spot size of D =4 mm.

Moreover, it is evident from Fig. 104 that the overall deflection in the saddle shape was
smaller than in the bowl shape (Fig. 100). At D = 12 mm, for instance, the maximum deflection
in the saddle shape was 6.7 mm, less than half the maximum deflection of 13.6 mm for the bowl
shape. This discrepancy is due to the deformation taking place in two opposite directions.
Particularly near the specimen diagonals, the material is simultaneously pulled in the positive
and negative z — directions. Hence, the deformation induced by the top surface scans to some
extent negates the deformation induced by the bottom surface scans and vice versa. This effect
becomes less important as the specimen size and the distances between top surface and bottom

surface laser scans are increased.
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Fig. 105 Saddle shape predicted by the numerical model in Fig. 98(b) after mirroring the result in
both x and y direction. The spot size was D = 4 mm and the scan speed was v = 30 mm/s. The
deformation was magnified by a factor of 10 for viewing clarity. Only half the scans of Figs. 103
and 104 were modeled, skipping every other scan, to reduce the computational intensity.
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Fig. 106 Comparison of experimental and numerical deflections of the saddle shape at (a) a laser
spot size of D = 4 mm with scan speed of v = 30 mm/s, and (b) a laser spot size of D = 12 mm
with scan speed of v = 10 mm/s after one iteration of the scan pattern. Average deflections are
shown for the experimental data.

Numerical simulations were capable of predicting the saddle shape, as shown in Fig. 105,
with the aid of symmetry conditions. Due to the computational intensity of the saddle model
(Fig. 98(b)), which were larger and required more elements than the bowl model, only every
other scan line was modeled that is shown in Fig. 97(b). The plastic strain distribution in Fig. 105
again looks uniform on all scan lines, regardless of whether the laser scans were performed on or
away from the symmetry planes.

The comparison with experimental data, shown for D =4 mm and D = 12 mm in Figs. 106(a)

and 106(b), respectively, again showed a better agreement at the latter condition. The
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experimental results were averaged over two specimens for each condition, and the numerical
models were adjusted for the foam core thickness and density. At D = 4 mm, the bending angles

were again overestimated, due to the same reasons that were discussed in Sec. 6.4.1.

6.4.3 Bending Mechanism

In order to analyze the bending mechanism, the thermal and mechanical response of the
metal foam sandwich panel was investigated during laser forming. All the results in this section
were obtained for the bowl shape but are valid for the saddle shape as well.

The thermal response was analyzed using the numerical results in Fig. 107, which shows the
temperature distribution that establishes across the sandwich panel as the laser passes the cross-
section. At D = 12 mm, there is hardly any gradient across the top facesheet, implying that the
thermal pre-requisites for the UM are met. At D = 4 mm, on the other hand, a steep temperature
gradient established across the top facesheet, meeting the pre-requisites for the TGM. Across the
foam core, there is a steep temperature gradient at both process conditions, satisfying the
requirements of the MTGM. Hence, the thermal response of the sandwich panel suggests that the
top facesheet and the foam core bend via separate bending mechanisms, which are the TGM/UM

and the MTGM, respectively.
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Fig. 107 Temperature distributions across the sandwich panel thickness right as the laser passes
the cross-section, predicted by the numerical models. At D = 12 mm, there is hardly any gradient
across the top facesheet, satisfying the thermal prerequisites for the UM. At D =4 mm, there is a
steep gradient across the top facesheet, satisfying the thermal prerequisites for the TGM. In both
cases, there is a steep gradient across the foam, satisfying the thermal prerequisites for the MTGM.

Fig. 108 Cross-sections cut perpendicular to the scan path at (a) D =4 mm and v = 30 mm/s, and
(b) D = 12 mm and v = 10 mm/s. The laser was scanned into the page. The cross-sections look
very similar to cross-sections obtained in 2D laser forming [91].

To confirm the findings from the thermal analysis, cross-sections that were cut perpendicular
to the laser scan direction were analyzed. At D =4 mm (Fig. 108(a)), the top facesheet thickened
slightly both into the foam core (-z - direction) and away from the foam core (+z - direction). The
former is characteristic for the TGM, while the latter was also observed in 2D laser forming and
was attributed to several factors [91]. First, the thermal expansion of the top facesheet during the
laser scan is not suppressed, allowing the top facesheet to undergo some thickening in the
negative z - direction. Second, the foam core densifies via the MTGM, leaving a void that needs
to the filled by the top facesheet, leading to its thickening in the negative z - direction. Third, the
foam core bends at a lower rate than the top facesheet, and thus limits the amount of tensile
stretching the top facesheet can undergo on the bottom surface. This leads to a shear traction that
the foam core exerts onto the top facesheet, which can also promote an expansion of the top

facesheet into the foam core. At the larger spot size of D = 12 mm, whose cross-section is shown
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in Fig. 108(b), the top facesheet also thickened in both directions similar to D = 4 mm. At the
same time, the thickening occurred over a larger material section, which was shown to be

characteristic for the UM [91].
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(b) (c)

Fig. 109 Plastic strain distributions in y — direction (PE22) at a cross-section that is perpendicular
to the laser scan at (a) D =4 mm and v = 30 mm/s (3D case), and (b) D = 12 mm and v = 10 mm/s
(3D case), and (c) D = 12 mm and v = 10 mm/s (2D case). The laser scan was performed on the
symmetry plane, hence only half of the specimen is shown. The deformation was magnified by a
factor of 10 for viewing clarity. The foam thickness differed between the 2D (¢) and 3D (a,b)
cases to reflect the experimental specimens used.

Numerical simulations confirmed the aforementioned findings. Figures 109(a) and 109(b)
show the plastic strain distributions for D = 4 mm and D = 12 mm, respectively, at a cross-
section in the yz - plane mid-way through the laser scan. Only half of the specimen is shown
because the laser scan was located on the symmetry plane. It can be seen that a larger segment of
the top facesheet underwent plastic compression at D = 12 mm than did at D = 4 mm, where the
plastic compression was more localized near the scan line. This again confirms that the former
case is governed by the UM while the latter is governed by the TGM. In the foam core, the
plastic strain distribution was very similar to the distribution obtained in laser forming of
freestanding metal foam [27], verifying that the MTGM was the governing mechanism. The
bottom facesheet was again the only component that deformed due to the bending moment

exerted by the top facesheet and the foam core, rather than a laser-induced bending mechanism.
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Overall, the thermal and mechanical response of metal foam sandwich panels during 2D and
3D laser forming is nearly identical, both qualitatively and quantitatively. Qualitatively, the
bending mechanisms are analogous, since the phenomena during 3D deformation shown in Figs.
107 — 109 are identical to those observed during 2D laser forming [91]. Quantitatively, nearly the
same amount of plastic compressive strains are induced in 2D and 3D, as shown in Figs. 109(c)
and 109(b), respectively.

The bending and in-plane strains required for 3D deformation as stated in Sec. 6.2.2 depend
on process conditions. Laser spot sizes of D =4 mm and D = 12 mm were considered. At D =4
mm, the deformation in the top facesheet (TGM) and the foam core (MTGM) only involved
bending strains, and a moderate amount of deformation was achieved, as shown in Figs. 99(b)
and 103(b). At D = 12 mm, the bending strains in the top facesheet were largely replaced by in-
plane strains (UM). Hence, the compressive shortening in the top facesheet was more efficient,
and a slightly larger amount of deformation was achieved.

From the results in Figs. 107 - 109 it can also be concluded that in the absence of in-plane
strains, deformation can still be induced, however, the amount of deformation increases
considerably if the bending strains in the top facesheet are mostly substituted by in-plane strains.
To obtain curvatures of greater magnitude than those in Figs. 99 and 103, in-plane strains need to
be induced across the entire sandwich panel thickness, which cannot be achieved using laser

forming.

6.4.4 Effect of Scan Line Length
One issue that becomes important, due to the high thickness of metal foam sandwich panels,
is the length of the laser scan path. To investigate the effect of the scan length, a circular scan

pattern shown in Fig. 110 was compared with the radial scan pattern shown in Fig. 97(a). To
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allow for a meaningful comparison, a constant input energy was maintained. This was achieved
by defining a circular scan pattern such that the overall scan length of the circular and radial scan
patterns was identical for experiments of equal laser spot size. Several circular scan patterns with
different spacings may satisfy this criterion, so no unique solution exists. Two scan patterns were
investigated in this section. For the experimental results in Figs. 111 and 112, the pattern in Fig.
110 was used for the process condition of D = 12 mm and v = 10 mm/s, where the laser radii
were (R;, Rz, R3, R4) = (30, 36.5, 43.1, 49.6) millimeters. At D =4 mm and v = 30 mm/s, the
same overall area was scanned, but more laser scan lines were employed that were more closely
spaced with the radii (R;, R,..., Rio) = (30, 32.2, 34.4, 36.5, 38.7, 40.9, 43.1, 45.2, 47.4, 49.6)
millimeters. For the numerical results in Figs. 113 and 114, on the other hand, a scenario was
analyzed where the largest circular scan was only 10 mm away from the specimen edge. This
scenario illustrated several points that could be used to explain the importance of the path length.

From Fig. 111 it can be seen that the circular scan pattern yielded significantly less bending
than a radial scan pattern. Choosing a circular scan pattern with a larger spacing to the specimen
edge increases the amount of bending, while a larger spacing decreases the amount of bending

and can even cause delamination of the top facesheet.
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Fig. 110 Circular scan pattern that was used to obtain the bowl shape at D = 12 mm and v = 10
mm/s. The overall scan length is the same as in the radial scan pattern of Fig. 97(a). The radii are
R;=30mm, R>=36.5 mm, R;=43.1 mm, R;s=49.6 mm. At D =4 mm and v = 30 mm/s, the same
overall area was treated, but 10 laser radii were used that were closer to one another.
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Fig. 111 Comparison between the average deflections of the bowl shape achieved using radial and
circular scan paths. Standard deviation are shown. Much more deformation could be achieved

using radial scan patterns.

In order to explain the difference between the deformation induced by the circular and radial
scan patterns of equal energy input, the numerical results from Sec. 6.4.1 were compared with
numerical results that were performed using a circular scan pattern (Fig. 112). The scan pattern
used 4 concentric circles, where the outermost circle was very close to the specimen edge. No

symmetry constraints were used in this simulation to capture the heat accumulation effects. The
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process condition was D = 12 mm and v = 10 mm/s, and the overall scan length was the same as
in the radial pattern.
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Fig. 112 Bowl shape obtained using a circular scan pattern. The spot size was D = 12 mm and the
scan speed was v = 10 mm/s. The deformation was magnified by a factor of 10 for viewing clarity.
The plastic strain magnitude is lower than when using a radial scan pattern (Fig. 101).

The temperature distributions were compared first, as shown in Fig. 113, during (a) a radial
scan, (b) a circular scan far away from the specimen edge, and (c) a circular scan close to the
specimen edge. For the circular scans, the temperature distributions are shown after % of a
revolution. Comparing scenarios (a) and (b), it is apparent that while little heat reaches the
bottom surface in a radial scan, much more heat reaches the bottom surface in circular scans due
to pre-heating of the material. Moreover, the temperature gradients are farther apart, and there is
a longer “trail” where the material underwent significant heating. All of these factors imply that
the temperature gradient in circular scans is smaller, and that the material surrounding the laser-
irradiated material undergoes more heating. Hence, the thermal prerequisites of the bending
mechanisms (TGM, UM, MTGM) are not satisfied. The thermal prerequisites are even more
poorly satisfied when the circular scan is performed very close to the edge (Fig. 113(c)). The
reason is that the gradients become even smaller, and the material surrounding the irradiated

region undergoes even more heating.
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Fig. 113 Temperature distributions during (a) a radial laser scan, (b) a circular scan far away from
the edge, and (c) a circular scan close to the edge. In circular scans, the temperature gradient is
reduced, and the material surrounding the irradiated region undergoes more heating, especially if
the scan is performed close to the edge.

How well the thermal prerequisites of the bending mechanisms are met translates into how
much plastic compressive strain is generated. This becomes clear from Fig. 112, where the
maximum plastic strain magnitude is significantly lower than in the radial case in Fig. 101.
Figure 114 confirms this finding, showing the plastic strain distribution at a cross-section in the
yz-plane at the center of circular specimen. Fig. 114(a) shows an asymmetric plastic strain
distribution, generated from performing the outermost laser scan. By the specimen edge (left
side), little plastic compressive strain developed both in the top facesheet and the foam core

compared to the side that faces the center of the specimen (right side). The reason is that close to
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the edge, the surrounding material underwent more heating and thermal softening, and
consequentially allowed for more thermal expansion of the laser-irradiated material. Thus, a
lower amount of the thermal strains in the laser-irradiated material turned into plastic
compressive strains. Figure 115(b) confirms that as the distance to the edge increases (from the
1t to the 4™ scan), the thermal prerequisite is better satisfied, and a higher amount of plastic

compressive strain is generated.
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Fig. 114 Plastic strain distributions in y — direction after (a) a single laser scan close to the edge
and (b) after 4 laser scans. The compressive strain increases with increasing distance from the
edge, and its magnitude is higher on the side facing the center of the specimen.

In summary, it was shown that the scan path length becomes more important for metal foam
sandwich panels, not because it changes the bending mechanisms, but because the thermal and
mechanical prerequisites of the bending mechanisms are more difficult to satisfy. Especially for

small specimens, the scan paths must be kept as short as possible.
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6.5. Conclusions

This study demonstrated that laser forming could induce 3D deformation in metal foam
sandwich panels. Both bowl and saddle shapes, the two fundamental non-Euclidean geometries,
can be achieved under very different process conditions.

It was further shown that the mechanisms of laser-induced 3D bending are identical to laser
forming of 2D geometries. At process conditions where the laser spot size is significantly smaller
than the sheet thickness, only bending strains are present in the top facesheet and the foam core,
and a moderate amount of deformation can be achieved. Increasing the laser spot size to the
order of the sheet thickness converts most of the bending strains in the top facesheet to in-plane
strains, and a slightly higher amount of deformation can be achieved. Even at large laser spot
sizes, however, the 3D deformation is limited to moderate curvatures, because laser forming
cannot induce in-plane strains throughout the entire sandwich panel section, which is necessary
for producing large curvatures.

This study further showed that the choice of the scan path length is more important in metal
foam sandwich panels than sheet metal, due to the larger thickness of the sandwich panels. The
farther away laser scans are performed to the specimen edge, the better the thermal and
mechanical pre-requisites of the laser bending mechanisms are satisfied, yielding more bending
deformation. Lastly, this study demonstrated that accurate 3D bending predictions can be
achieved in numerical simulations using the same modeling techniques that applied to 2D laser

forming.
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Chapter 7: Conclusions

7.1 Laser Forming of Metal Foam

The work in this thesis made a significant contribution towards realizing the full potential of
metal foam, a material that has been praised for its properties but that has failed to enter mass
production thus far. Inspiration was initially drawn from a fellow research group that showed
that lasers are capable of bending metal foams to large bending angles without causing failures.
While still lacking in any conceptual understanding and predictive capabilities, the study
demonstrated that it is possible to manufacture metal foam in simple shapes, such as flat panels,
and bend the sheets to the required shapes.

Being inspired by all the possibilities that laser forming opens up, this work continued the
experimental efforts and demonstrated that laser forming is also capable of bending metal foam
sandwich panels to large bending angles without causing failures. It was shown that sandwich
panels may be laser formed using two fundamentally different process parameter regimes. In the
first regime, the laser spot size is significantly smaller than the sandwich panel thickness (s/D >
1), while in the second regime the spot size is very close to the sandwich panel thickness (s/D ~
I). It was proven that the process window is not just limited to these two regimes, but
encompasses all the laser spot sizes in between, provided the scan speed of laser power is
adjusted to maintain a constant area energy. Lastly, it was shown that metal foam sandwich
panels can be deformed into “3D” non-Euclidean geometries, such as bowl and saddle shapes.
Overall, the experimental work made another tremendous amount of potential applications

feasible that were purely in the conceptual realm before.
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Throughout the remainder of the thesis, much effort was spent to go beyond the
aforementioned parametrical study and develop a more fundamental understanding of the
process. In order to do that, the thermo-mechanical bending mechanisms were analyzed that are
responsible for the deformation of metal foam during laser forming. It was shown that a single
bending mechanism is responsible for the deformation of metal foam. In metal foam sandwich
panels, on the other hand, two bending mechanisms operate in tandem, one governing the
deformation of the top facesheet and another governing the deformation of the foam core.

The thermal analysis of the bending mechanisms revealed that steep temperature gradients
develop across metal foam, regardless of the process condition and whether the material is
isolated or sandwiched between solid facesheets. Hence, from a thermal perspective, metal foam
meets the pre-requisites postulated by the temperature gradient mechanism (TGM). The thermal
analysis further showed that the bending mechanism governing the deformation of the top
facesheet depends on the process condition. When the laser spot size is much smaller than the
sandwich panel thickness (s/D > 1), steep gradients develop in the top facesheet, similar to the
foam core, and the pre-requisites for the TGM are met. When the laser spot size is on the order
of the sheet thickness (s/D ~ [), on the other hand, there is hardly any temperature gradient
across the top facesheet, and the thermal pre-requisites of the upsetting mechanism (UM) are
met.

For the top facesheet, the mechanical analysis of the bending mechanisms confirmed the
aforementioned findings. At a small laser spot size (s/D > 1), the plastic deformation in the
facesheet was highly localized, and an increase in the facesheet thickness was obtained that is

characteristic for the TGM. Similarly, at a large spot size (s/D ~ 1), a more wide-spread plastic
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deformation was obtained, in combination with a uniform facesheet thickening in all directions,
both of which are characteristic for the UM.

For the metal foam, on the other hand, the mechanical analysis revealed that the sheet metal
bending mechanisms no longer hold. It was demonstrated that metal foam is unable to withstand
high compressive stresses, since thin cell walls readily bend and cause cell collapse. From this
result it was concluded that the plastic deformation in metal foam is achieved precisely through
cell wall bending and cell crushing, as opposed to plastic compressive strains postulated by the
TGM. This subtle yet important difference was summarized in a new bending mechanism, called
the modified temperature gradient mechanism (MTGM), due to its similarity to the TGM.

The major consequence of the MTGM is that material densification occurs, a phenomenon
that has not been observed in any “classic” laser forming bending mechanisms. Due to the
densification, the thermal conductivity, Young’s Modulus and the flow stress increase, all of
which reduce the driving force of the MTGM and cause a bending limit. Densification also
reduces the compressibility of the material, however, due to the localized occurrence of
densification the crushability of the material is hardly affected.

Throughout chapters 5 and 6, it was proven that the aforementioned bending mechanisms
hold true regardless of the material manufacturing method and the deformation geometry (2D or
3D). While neither factors affect the nature of the bending mechanism, they affect the efficiency
of the process, as well as the bending limit that can be achieved. If metal foam with extremely
thick cell walls and large material accumulations between cavities is laser formed, cell crushing
occurs less readily, dropping the efficiency of the MTGM. At the same time, the thickening of
the top facesheet, a phenomenon that was attributed to the foam core/facesheet interaction, is

impeded, again reducing the efficiency and bending limit that may be achieved.
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Inducing deformations in 3D, such as bowl and saddle shapes, also reduces the overall
achievable bending deformation. The reason is that laser forming is unable to induce in-plane
strains throughout the entire sandwich panel section, which are required for large-scale 3D
deformation. Nevertheless, a significant amount of deformation may be achieved, especially if

large laser spot sizes are used that induce in-plane strains throughout the top facesheet.

7.2 Numerical Simulation of Laser Forming of Metal Foam

Besides the aforementioned experimental and conceptual work, a fundamental understanding
was developed of how metal foam needs to be modeled, and how geometrical modeling affects
the predictive capability. It was shown that accurate predictions can be made both with
equivalent models, which are geometrically crude but accurately model the foam constitutive
behavior, as well as explicit models that aim to replicate the foam geometry.

Equivalent models have the advantage of being simple to model and requiring fewer
elements, which improves their CPU efficiency. At the same time, the models fail to accurately
represent the laser absorption inside cavities, and also do not account for the tortuosity of the
heat transfer path. In sandwich panels, equivalent foam cores overestimate the heat transfer
between the facesheets and the foam core, requiring manual adjustment to account for the small
contact area that exists in reality. From a mechanical standpoint, equivalent models make
multiple assumptions such as isotropic behavior, symmetry of the yield surface, and isotropic
hardening that are at the verge of oversimplification. Despite the abundance of assumptions and
the limited accuracy in the thermal treatment, equivalent models were shown to be surprisingly

accurate and predict experimental trends correctly.
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Explicit models outperform equivalent models in the geometrical accuracy, particularly in the
treatment of the thermal aspect. Due to their structure, the laser can penetrate into cavities, and
the heat dissipation becomes tortuous due to the cellular structure. In sandwich panels, heat
transfer between the top facesheet and the foam core is restricted due to the limited contact area,
which again better corresponds with reality. The accuracy in the thermal treatment translates to
the accuracy of the mechanical prediction as well. The bending angles predicted by the Kelvin
cell model were slightly closer to the experimental values than the predictions of the equivalent
model. Also, the high level of geometrical detail of the Kelvin-cell and in particular the voxel
model was instrumental to develop a sound understanding of the bending mechanisms,
particularly when it comes to the facesheet/foam core interaction in the sandwich panels. At the
same time, the difference in predictive accuracy between explicit and equivalent models is
relatively small, and oftentimes does not justify the extreme increase in CPU intensity that comes
with the geometrical accuracy. In most cases, especially if multi-scan simulations are required,
equivalent models provide sufficiently accurate predictions.

This thesis also investigated in great detail how the facesheet/foam core interface is to be
modeled. In Abaqus, various paths lead to the same result, including a rigid connection, cohesive
surfaces, or layers with cohesive elements. The first choice is often not desirable, as the extreme
differences between the facesheet and foam core material properties can lead to convergence
difficulties. The cohesive surface and element approaches are both based on traction-separation
laws and accurately represent the sandwich panel behavior during laser forming. The cohesive
element approach was used in this thesis, since it has the additional benefit of allowing the
visualization of the damage progress (which ended up being redundant in this context though). It

was shown that the sandwich panel behavior is only unaffected by the presence of the cohesive
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layer if the layer stiffness is more than an order of magnitude greater than the stiffness of the

joined layers.

7.3 Future Work

Overall, the work in this thesis delivered the theoretical, experimental and numerical
groundwork, with which a more effective and versatile industrial implementation becomes
possible. While the scope of this thesis project is comprehensive, some future work could be
carried out.

First, a better understanding can be developed of how laser forming affects the material
properties and structural attributes. Thus far, the impact of laser forming on the material
properties was determined based on visual observation (experimentally) and densification plots
(numerically). This work can be extended by performing various tests to quantify the impact of
laser forming on the material properties. For instance, the 3D cell crushing behavior can be
characterized more closely by taking a series of micro-CT scans at different levels of bending
deformation. From this sequence of micro-CT scans, the development of the 3D strain fields can
be determined using digital volume correlation (DVC), which in turn allows for the precise
calculation of the cell crushing in 3D. Besides DVC, experiments can be performed to quantify
changes in the material properties of the foam. Cylindrical coupons can be extracted from
untreated and laser formed specimens, and compression tests can be performed to quantify losses
in the crushability. Similarly, 4-point bending tests may be used to determine whether laser
forming has a detrimental or beneficial impact on the bending stiffness and structural integrity.
Additionally, cyclic tensile strength tests can be performed (within the linear regime) to
investigate whether thermally-induced changes to the material properties affect the fatigue life of

the material. In order to perform these tests, it would have to be ensured that a low number of
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bending scans and small bending angles are used, to allow for a meaningful comparison with
untreated specimens. Finally, experiments can be performed to quantify the changes in the
material properties of the material that comprises the foam. This can be achieved by taking
untreated and laser formed specimens, filling the cavities with resin, and puncturing the cell
walls using a nano-indenter. From the test results, a comparison can be made of the hardness and
the stress-strain curve for untreated cell walls and cell walls at varying distances from the laser,
to determine how much laser forming causes hardening and embrittlement.

Second, the effect of the material composition and the facesheet adhesion method on the
formability and bending mechanism can be investigated in more detail. A previous study has
shown that the outcome of laser forming processes is strongly dependent on the material or alloy
that comprises the foam [61]. Adding silicon carbide (SiC) as alloy element to aluminum, for
example, rendered laser forming nearly impossible due to the significant drop in thermal
expansion caused by SiC. Additionally, it can be investigated whether laser forming can bend
sandwich panels in which the facesheets were bonded to the foam core using adhesives, which
are currently the cheapest sandwich panels available. A successful bending result would allow
for a significant reduction in the production cost, rendering numerous applications not just
feasible but affordable.

Third, a subject requiring further study is the process synthesis of metal foam sandwich
panels. For sheet metal, FEM-based methods were formulated based on thin-plate assumptions
[56] to determine the required plain strain field, which in turn allows the synthesis of laser scan
trajectory, power and speed. . Those assumptions no longer hold for metal foam, due to the large
sheet thickness, and the algorithm needs to be revisited. A possible route is to extend the FEM-

based methods to determine the required plain strain field in the top facesheet, which is relatively
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thin, while additional algorithms are to be developed to determine the bending strain throughout
the panel thickness. The synthesis then proceeds to determine process parameters to realize both
strain fields.

A further advancement that could be carried out in the numerical simulations is to
incorporate densification effects in the thermal analysis. In chapter 3, densification effects were
already taken into consideration in the mechanical analysis by calculating the density as a field
variable and providing density-dependent data for Young’s Modulus and the flow stress. The
same technique could be extended to the thermal analysis by providing density-dependent
thermal conductivities. To update the thermal conductivity values with changes in density, one of
two techniques may be chosen. In the first technique, the thermal and mechanical analyses are
performed sequentially, i.e. the mechanical results are used as input to the next thermal analysis,
whose results are used as input to the next mechanical analysis etc. Alternatively, the simulations
can be performed in a coupled manner.

Finally, some changes in the laser processing parameters could be explored to increase the
process window. For metal foams, it was shown that the process window is somewhat limited,
and very specific area energies ought to be used. Area energies beyond the required value readily
cause excessive melting, while area energies below the required levels do not cause any bending
at all. The sensitivity of the process to the area energy might be reduced when pulsed lasers are
used instead of continuous-wave lasers. Pulsed lasers might allow maintaining steep gradients
while avoiding excessive thermal damage that is usually associated with high area energies. To
achieve a better performance, the 3D shape of the laser may also be considered and potentially
modified. Rather than focusing solely on the laser properties at the foam surface, the laser

volume may be taken into account, since the laser is able to penetrate into the cavities of the
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foam. In the simulation, the volumetric laser absorption could conveniently be modeled by

employing a volumetric heat generation using the subroutine HETVAL.
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Appendix

This appendix contains information on where to find relevant archived files and how to run
simulation files. The thesis may be found in folder “\(1) Thesis”, and the proposal and defense
presentation may be found in “\(2) Presentation”. All the numerical files may be found in the
folder “\(3) Numerical Models”, which itself contains five sub-folders, three of which are related
to the work mentioned in this thesis.

Chapter 2

All the models that were used in chapters 2 are located in the sub-folder “\(3) Numerical
Models\Foam”. There are three types of models in this folder, equivalent models, Kelvin models,
and voxel models. Each of these folders contains a thermal analysis that was used in chapter 2.
The thermal files are run by creating a job (or specifying job = thermal.inp), in which the
subroutine file dflux is specified. This subroutine can be found in many subfolders, as well as in
Sec. 1.6.6.1, both for straight laser scan lines as well as circular laser scan lines.

Chapter 3

The “\(3)...\Foam\Equivalent Model” and “\(3)...\Foam\Kelvin Model” folders contain the
mechanical analyses that were used in chapter 3. The mechanical analyses were performed after
the thermal analysis, i.e. the output of the thermal analysis was used as a predefined field in the
mechanical part. This of course implies that the .odb file of the thermal analysis must be present.
On your personal computer, the .odb file must be in the temp folder or wherever your computer
puts output files, on the supercomputer the thermal .odb file must be located in the same folder in
which you run the mechanical analysis. The mechanical model is run like any other simulation,

by creating a job or using job = mechanical.inp.
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The “\(3)...\Foam\Equivalent Model” folder also contains two different mechanical models,
one including density-dependent material properties, the other containing density-independent
material properties. Both were used in chapter 3. For a low amount of laser scans, the error
induced by using density-independent material properties is negligible. For large bending angles
and a large number of scans, I recommend using density-dependent material data for increased
accuracy. The density-dependent properties are Young’s Modulus, the thermal conductivity, and
the flow stress. Both density dependent and independent data may be found in the file compiled
material data.xlsx in the folder “\(4) What everybody ...\(11) Material Properties”. The files
Material Properties Instructions.docx and Overview of properties, sources and assumptions.xlsx
give a detailed instruction of the origin of every single material property, along with the
assumptions that went into their definition. Sources and references for the equivalent and
explicit material properties may be found in the subfolder “\(4)...\(11)...\Type I Foam Core”.

Instructions on how to run these analyses on the supercomputing facility XSEDE may be
found in the folder “\(4) What everybody ...\(3) XSEDE application & procedure\”. The folder
contains example slurm files in the file Example slurm file.docx, along with detailed instructions
in XSEDE Instructions.doxs, XSEDE Checklist2.docx, and XSEDE in a Nutshell.docx.

Chapter 4

All the simulations pertaining to chapter 4 may be found in “\(3) Numerical
Models\Sandwich\Chapter 4”. There are two different types of numerical models. First, there is
an Equivalent sandwich model, whose metal foam core is made using the equivalent approach.
The folder again contains a thermal and a mechanical part. There are two different subroutines,
one for the spot size of D = 4 mm, the other for the spot size of D = 12 mm. Please note that

these subroutines both contain dflux, specifying the laser shape, as well as gapcon, which
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specifies the gap conductance across the facesheet/foam interface (discussed in detail in Sec.
1.6.6.4). Second, there is a Kelvin sandwich model, whose metal foam core is made of a Kelvin
cell model. The folder contains a thermal and mechanical part, and the subroutines are given for
both spot sizes. Please note that there are two parts to the mechanical analysis, a part 1 and part
2. The reason is that the mechanical part takes more than 48 hours to complete on XSEDE, and
the analysis has to be restarted.

How analyses are restarted is discussed in “\(4) What everybody ...\(3) XSEDE application &
procedure\”. Restartl.inp gives an example in which an analysis is restarted that was terminated
mid-way through a step. Restart2.inp gives an example in which an analysis is restarted, and a
separate new step is added to the analysis. Detailed instructions on how to modify the slurm file
for restart jobs can be found in the file Example slurm file.docx.

The material properties of the foam core and the facesheet can be found in the file Compiled
material data.xlsx in “\(4)...\(11) Material Properties”. The sources for the foam core are in the
folder Type I Foam Core, and the sources for the facesheet are in the folder 7Type I Facesheet
(AW 5005 — AlMgl).

Chapter 5

All the simulations pertaining to chapter 5 may be found in “\(3) Numerical
Models\Sandwich\Chapter 5”. There are three sub-folders. The first sub-folder Different
Facesheet contains the thermal and mechanical analysis of an equivalent sandwich panel model,
in which the facesheet properties were changed to the Type II properties. I used this model to
identify the impact of the facesheet properties (while leaving everything else constant). The
second sub-folder Type I Voxel Model contains the thermal and mechanical voxel models of the

type I sandwich panel. The third sub-folder Type II Voxel Model contains the thermal and
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mechanical voxel models of the type II sandwich panel. The voxel models were created with the
Matlab code that is explained in detail in the sub-folder “\(4) What everybody...\(5) Matlab code
to create voxel model”.

The material properties for the type II sandwich panel can be found in the file Compiled
material data.xlsx in “\(4)...\(11) Material Properties”. The sources for the foam core and
facesheet are in the folder Type II Facesheet & Foam Core.

Chapter 6

All the simulations pertaining to chapter 6 may be found in “\(3) Numerical
Models\Sandwich\Chapter 6”. There are three types of models in this folder. First, there are
models of the bowl specimen in Bow!/ Radial, which were scanned using a radial scan pattern.
Only a quarter of the bowl is modeled due to symmetry. Once again there is a thermal and
mechanical part. The fortran subroutine defining the radial scan pattern is
Bowl _D4_symmetry.for at D = 4 mm, and the corresponding simulation for the spot size of D =
12 mm is Bowl DI2 symmetry.for. The radial pattern was created and drawn using turtle
graphics in python. The files with the related python code are in the sub-folder “\(4) What
everybody...\(13) Python code for radial scan patterns”.

Second, there are models of the saddle specimen in the folder Saddle, again containing
subroutines defining a radial scan pattern at both spot sizes, as well as a thermal and mechanical
part. Only a quarter of the saddle is modeled due to symmetry. The paths were again defined and
drawn in python and can be found in the same place.

Third, the folder Bow! Circular contains a “complete” (no symmetries) model of the bowl,

and a subroutine file that defines the circular scans. The folder again contains a thermal part, as
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well as five mechanical parts. There are five parts because the simulation took five times 48
hours to complete, due to the CPU intensity of the model.
Miscellaneous

There are detailed instructions on how to create a sandwich panel model in the file
Instruction on How to Create a Sandwich Panel Model.docx in the folder “\(3) Numerical
Models”. Using this guide, you will be able to re-create any model that I mentioned previously.
The folder “\(3) Numerical Models\4-Point Bending” contains a 4-point bending simulation of
metal foam (no facesheets), which I used in chapter 3 to explain the bending mechanism. The
folder “\(3) Numerical Models\Scribing” contains a laser scribing model that I used while briefly
working on the topic with Grant.

All my papers may be found in the folder “\(5) Papers”.

Any remaining thing that you possibly need to know is in the folder “\(4) What everybody
should’ve done but didn’t do”, which again contains many subfolders. The sub-folder “\(4)...\(1)
Micro Epsilon IR Camera” contains operation instructions, all the quotes, manuals, and
specifications for the filter that was used for the CO; laser in chapters 4 & 5. The sub-folder
“\(4)...\(2) DIC Procedure” contains DIC manuals and a brief instruction on how to go about
DIC in general. The sub-folder “\(4)...\(3) XSEDE application & procedure” contains
instructions on how to run models on the XSEDE supercomputer (regular jobs, restart, append
step, etc.), as well as my startup and research requests. The sub-folder “\(4)...\(4) All issues |
ever had with equipment” goes through all the problems I have ever encounter with lab
equipment, and how they were solved. The sub-folder “\(4)...\(5) Matlab code to create voxel
model” contains all the matlab files that I used to convert the micro-CT data cloud into a voxel

model. The folder also contains detailed instructions of the code, which I used in chapters 2 and
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5. The sub-folder “\(4)...\(6) Matlab code to calculate moment of area” contains the Matlab code
that took digital images and calculated the moment of area of a cross-section. I used this
technique in chapters 3-5. The folder again contains detailed instructions of the Matlab code. The
sub-folder “\(4)...\(7) Calculating densification” contains the Matlab code that I used to create
densification plots in chapters 3 & 4. The code uses displacement and strain data and computes
the densification, as explained in the word document in the folder. The sub-folder “\(4)...\(8)
Machining & Preparing specimens” contains any information pertaining machining and
preparing foam specimens of chapters 3 & 4. The sub-folder “\(4)...\(9) Polishing &
Photography” contains some instructions about polishing and photography techniques that I
used. The sub-folder “\(4)...\(10) Staubli Robot Programs” contains an example program for the
Staubli robot, for the likely case where the memory of the robot and the laptop are wiped out at
the same time. The sub-folder “\(4)...\(11) Material Properties” contain all the material
properties used in all simulations. The sub-folder “\(4)...\(12) 5" paper — ICALEO Version”
contains my 5" paper in the ICALEO format. Finally, the sub-folder “\(4)...\(13) Python code
for radial scan pattern” contains python code with which the radial scan patterns of chapter 6

were defined and drawn (involves turtle graphics).
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