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ARTICLE INFO ABSTRACT

Keywords:
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Shape deviations

The fabrication of horizontal interior circular channels poses some unique challenges to the laser powder bed
fusion (L-PBF) process. The engineering challenge is to be able to print horizontal interior channels using L-PBF
without using support structures, while the scientific challenge is to predict the shape deviation in the horizontal
channel. This paper studies the geometric fidelity (roundness and shape deviation) of L-PBF printed horizontal
interior circular channels (diameters 1-3 mm) by developing experiment-based regression models and a pre-
liminary computational fluid dynamics (CFD) simulation model. The roundness error is found to be affected by
the shape/size of the melt pool, thermal stresses, beam offset, and the slicing algorithm. It is recommended that
to decrease the roundness error, in addition to choosing a proper beam offset, the width/depth of the melt pool
should be minimized by minimizing the volumetric energy density (smaller laser power or higher scanning
speed). Shape deviation in overhanging structures is determined by the thermo-mechanical driven molten flow in
the melt pool. Hanging structures with irregular profiles (dross) are formed due to the sinking of the melt pool on
an unconsolidated powder bed under the effect of gravity, surface tension, and poor thermal conductivity.
(Partially) unmelted powder randomly adheres to the edges of the melt pool enlarging the hanging structure and
roughening the profile. Small laser power or large scanning speed benefits reducing the roundness error and
hang-diameter ratio. 0° or 45° rotational linear scanning strategy can be selected for minimizing the roundness
error or the hang-diameter ratio, respectively.

are employed as finishing techniques after L-PBF to improve the
dimensional accuracy and surface quality of the printed parts.

A particularly interesting application for L-PBF is the fabrication of
injection molds with conformal cooling channels that can improve
cooling efficiencies and reduce residual stresses in the resulting plastic

1. Introduction

The advances in additive manufacturing (AM) technology make it
possible to fabricate freeform solids with complex internal structures

directly from a computer-aided design (CAD) model without the need
for specialized tooling. Laser powder bed fusion (L-PBF), also known as
selective laser melting, is a type of AM for metallic materials in which
metal powder is fused layer by layer; here, a high-energy focused laser
beam melts the metal powder which subsequently solidifies to adhere
onto the previously printed layers in the shape of the desired CAD
model. The most popularly used alloys in L-PBF are stainless steel [1],
Al-Si-10Mg [2], and Ti-6Al-4 V [3-5]. Studies on some other alloys such
as Inconel [6], Ni-Ti [7] and WC-Co [8] have also been reported in the
literature. Generally, post-printing machining processes, e.g. milling,
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parts. A conformal cooling system is a series of interior channels with
complex topological structures and cross-sections [9-11]. It plays a
crucial role in a variety of industrial applications such as injection
molding [12,13], blow molding [14], die casting [15], hot extrusion
[16], hot embossing [17], and hot stamping [18]. Fabrication of
conformal cooling systems is not possible using conventional
manufacturing techniques such as drilling and is hence one of the
attractive application cases for L-PBF. However, it poses some unique
challenges to the L-PBF process. Some of the channels have to be printed
horizontally and without support due to the difficulty in support
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Nomenclature

Dy designed inner diameter (m)
Dy, actual horizontal diameter (m)
Dy actual vertical diameter (m)
Er roundness error

Ey hang-diameter ratio

h hatch distance (m)

Ly hanging length (m)

p laser power (W)

T temperature (K)

t layer thickness (m)

Ve parameter value in terms of uniform coded unit

Vn parameter value in terms of natural unit

Vo value in terms of natural unit for parameter at Level 0
V, value in terms of natural unit for parameter at Level +a
v scanning speed (m/s)

a coefficient for RSM design

(] volumetric energy density (J/m>)

For regression models (Egs. 4 and 5)

A designed inner diameter (mm)
B laser power (W)

C scanning speed (mm/s)

Fq, Fy coefficients

removal after printing. Moreover, the interior surfaces of these channels
cannot be mechanically polished due to their structural limitations. In
other words, high dimensional accuracy and surface quality must be
ensured in the as-built channels when horizontally printing an interior
channel without any supports.

The engineering challenge is thus to be able to print horizontal
cooling channels using L-PBF without using support structures, while
the scientific challenge is to predict (and compensate for, if possible) the
shape deviation in the horizontal channel. This is a challenging task
because of shortcomings inherent to the L-PBF process, such as shape
deviations on overhanging regions caused by thermal stresses, and
overheating damage on account of poor thermal conductivity of over-
hanging regions. Particularly, when horizontally printing a circular
interior channel, two overhanging regions at the upper half of the
channel are printed independently and finally welded together at the top
of the channel. Excessive shape deviation can lead to part-recoater
collisions or channel collapse causing build failure. Shape deviation
for an internal channel can be divided into macro (thermal stress-
induced warpage) and micro (surface roughness) deviation according
to their length scales. A smaller interior channel (dimension ~ 1—3 mm)
is more sensitive to micro shape deviations as compared to a larger
channel. The L-PBF process physics involves a series of complex thermal,
mechanical and fluid dynamical phenomena, and the resultant part
quality is highly dependent on the process parameters (estimated to be
around 50 in number) which affect the resultant surface quality and
defects [19]. Liu et al. [20] experimentally compared the coolant flow
rate and cooling performance of L-PBF printed cooling channels with
that of drilled cooling channels, and found that both the flow rate and
the cooling performance of the L-PBF printed cooling channels were
inferior to that of drilled cooling channels due to low dimensional ac-
curacy, the presence of unmelted particles, and the high surface
roughness of the L-PBF printed cooling channels.

The shape deviation of an L-PBF printed internal channel depends on
its printing orientation, with horizontally printed channels suffering the
most severe deformation and vertically printed ones the least [21]. For a
horizontally printed circular channel, the cross-sectional shape deforms
to an ellipse due to thermal stress-induced warp [21]. The critical
overhang angle (with respect to the build direction) is often recognized
as 45° [22] beyond which support structures are usually required. A
teardrop-shaped self-supporting structure, in which the upper half of a
circular channel is replaced by a triangular roof with 45° inclines, was
proposed to eliminate the overlarge overhang angle [2,23]. However,
residual stresses concentrate at the top (i.e. the sharp corner) of the
teardrop shape reducing mechanical (e.g. fatigue) strength, especially
for thin-walled channels.

High surface roughness affects not only mechanical properties (such
as a drop of fracture toughness) [24] but also fluid performance (pres-
sure drop) [25,26] during injection molding. The surface roughness R,
of an internal surface after L-PBF is usually around 10—20 pm [2], much

greater than a traditionally-machined surface [23]. It has been reported
that the channel orientation has a significant effect on the surface
roughness of L-PBF printed interior channels [2,7]. Vertically printed
interior channels have the smoothest interior surface [23]. Besides, the
surface roughness is influenced by the slicing-induced staircase effect as
the channel orientation angle increases from 0° (vertical) to 60° [2].

Under improper process conditions, other defects, such as pores,
incomplete melting, and balling, are also found in L-PBF printed parts
affecting their mechanical properties [3,5]. Porosity is formed under the
keyhole regime caused by the boiling of the melt pool when employing
an unsuitably large volumetric energy density [1]. Gong et al. [4] pro-
posed that porosity less than 1vol.% only has a slight effect on me-
chanical properties, while porosity greater than 5vol.% considerably
lessens tensile strength. On the contrary, porosity also results due to
unmelted powder when the volumetric energy density is lower than the
optimal value. Under this situation, even 1vol.% porosity highly in-
fluences tensile strength and fracture toughness. According to the
experimental results of Wei et al. [27], the porosity is significantly
determined by volumetric energy density and hatch spacing, and the
mechanical properties (tensile strength and fracture toughness) can be
enhanced by decreasing porosity.

Scanning strategies are further divided into intra-layer strategy and
inter-layer strategy. Orthogonal scanning and one way scanning are the
most widely used intra-layer and inter-layer scanning strategies,
respectively [28-30]. Zhang et al. [3] proposed that the horizontal ac-
curacy is not affected by the angles of scanning tracks between layers
due to cyclic processing. Yadroitsev and Smurov [31] proposed that the
maximum hatch space should not exceed the average width of the
continuous track to process a smooth surface.

Some studies were focused on prediction and compensation of the
deformation. Zhang et al. [3] predicted the horizontal dimensional ac-
curacy of vertically printed thin walls. The Newtonian fluid model was
assumed to be applicable for the molten materials in the melt pool. It
was concluded that the horizontal dimensional deviation is mainly
caused by heat accumulation-induced track width and temperature
history-dominated solidification shrinkage. Using their model to
pre-compensate, the printing of Ti6Al4V thin-wall samples was achieved
with a dimensional deviation of fewer than 20 pm. Kamat and Pei [21]
proposed an analytical model to predict and compensate for the
stress-induced deformation in overhanging regions of horizontally
printed internal channels. The overhanging region was treated as a
cantilever beam where the Euler-Bernoulli beam bending theory is
applicable. The model was used to predict and compensate for the shape
deviation (deformation) for three different shapes of channel
cross-sections, i.e. circular (diameter of 8—12 mm), elliptical (major axis
of 12 mm, minor axis of 8—10 mm), and diamond-shaped (vertical di-
agonal of 12 mm, angle of 80—100°), and showed good agreement with
the experimental results.

The present study focuses on the roundness and overhanging shape
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deviation of horizontally printed small-diameter (1—3 mm) interior
circular channels by considering the physics of melt pool behavior and
thermal stress/strain development. The effect of one design parameter
(designed inner diameter) and three process parameters (laser power,
scanning speed and scanning strategy) on roundness and overhanging
shape deviation is experimentally investigated using response surface
methodology (RSM). Experiment-based regression models are devel-
oped according to the experimental results. Analysis of variance
(ANOVA) shows the quality of the fit. Further, melt pool flow and
volumetric strain in overhanging regions are simulated by developing a
preliminary computational fluid dynamics (CFD) model to reveal the
effect of thermo-mechanical behavior in the melt pool on the resultant
diametric shape deviations and overhanging shape deviations. Finally,
dual-objective optimization advice is proposed to minimize the round-
ness error and hang-diameter ratio.

2. Experimental methodology
2.1. Experimental setup and materials

An L-PBF machine (EP-M100 T, manufactured by SHINING 3D Tech.
Co., Ltd., China) was employed in the present study. A random-polarized
Gaussian beam was produced by a Yb: Glass fiber laser with a wave-
length of 1080nm. The focused beam diameter was 50 um. The
maximum laser power and laser scanning speed were 200 W and
8000 mm/s, respectively. The maximum build volume of the L-PBF
machine was 120 mm x 120 mm x 80 mm. The processing was con-
ducted in a protective nitrogen (N) atmosphere with a gas pressure of
2-3.5 kPa. The gas flow direction was from right to left (in the front view
of the build chamber) which was perpendicular to the powder recoating
direction. Materialise Magics and EPlus Hatch Tools were used as the
pre-processing software that the former was for slicing and the latter was
for parameter setting. Spherical powder of 316 L stainless steel was used
as the experimental material in the present study. The powder size
distribution and chemical composition are listed in Tables 1 and 2
respectively.

2.2. Experimental design by response surface methodology

In the present study, the interior channels with circular cross-section
were printed horizontally without any support, i.e., the axial direction of
the interior channels was perpendicular to the (vertical) build direction,
as shown in Fig. 1. The channels were printed in cubic samples with a
uniform size of 5mm x 5 mm x 5.2 mm. The samples were placed on the
build plate with the orientation of the channels parallel to the powder
recoating direction. The designed inner diameter (also known as the
nominal inner diameter, D4, with a range of 1-3 mm) of the interior
channel and three process parameters related to the laser were chosen as
the investigated factors. One of these three laser parameters, laser
scanning strategy, is qualitative and the other two, laser power and
scanning speed, are quantitative.

There is a correlation between laser power, scanning speed, and
volumetric energy density [32]:

P
D= T 1)
where &, P, v, h, and t are volumetric energy density, laser power,
scanning speed, hatch distance, and layer thickness, respectively. The
volumetric energy density is a measure of averaged applied energy per

Table 1

Powder size distribution.
Powder size Do Dsg Dqo
Value (pm) 23.871 33.409 46.581
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volume of material, and was recommended to range from 40 to 200 J/
mm? by the machine manufacturer. The range of laser power and
scanning speed in the present study was thus determined following this
recommendation and a pilot experimental result.

The manufacturer-recommended layer thickness was 20—100 pm.
The layer thickness was set as 80 pm to reduce print times and to ensure
that the layer thickness was larger than the maximum powder size Dgg
(46.581 pm). The boundaries of each layer were double contoured
following the printing of the volume region, applying the same process
parameters as that of the volume region. The other process parameters
were fixed as follows according to the recommendation of the manu-
facturer: a hatch distance of 60 pm for the volume region, a spacing of
80 um between the outer boundary contour and the inner boundary
contour, and a beam offset of 40 pm for the outer boundary contour.

The experimental design was conducted using Design-Expert soft-
ware. RSM with Central Composite Design (CCD-RSM) was employed to
design the experiments where 4 factors and 5 levels for each factor are
applied, as listed in Table 3. The levels were coded as middle level (Level
0), low level (Level -1), high level (Level +1) and + alpha levels (Level
+a) relevant to 3 types of points, i.e. center points, axial points, and
factorial points, where the value of @ was set as 1.6818. The center point
was a point with all levels set to Level 0, the midpoint of each factor
range, and was repeated 5 times to get a good estimate of experimental
error. As a result, an experimental design with 95 runs was obtained.

Five laser scanning strategies, i.e. linear scanning with 0°, 45° and
90° intra-layer rotation, and grid-scanning (further divided into the
small-grid scanning and the large-grid scanning), were performed in the
experiments, as shown in Fig. 2. The fiducial scanning direction (0°
direction) was from left to right, which was against the gas flow
direction.

3. Regression model and its ANOVA

The L-PBF printed samples with different designed inner diameters
are illustrated in Fig. 3. Though the designed cross-section of the interior
channels was circular, the actual cross-section was no longer an ideal
circle due to the effect of thermal stress and strain, as well as the shape
and size of the melt pool, inducing anisotropic deformation. Besides, an
inverted triangular hanging structure (dross) formed at the top of the
interior channel in some cases, as shown in Fig. 4a. In the present study,
the term hanging length is defined as the distance from the top of the
designed channel circle to the tip (the lowest point) of the hanging
structure, as schematically shown in Fig. 4b. Three indicators, namely
actual horizontal diameter, actual vertical diameter, and hanging length
were measured using an optical microscope. Due to the presence of the
hanging structure hindering the measurement, the actual vertical
diameter was estimated as twice the measured vertical radius of the
lower half of the channel.

According to the measured indicators, two deduced responses rep-
resenting the roundness and overhanging shape deviation for a hori-
zontally printed interior channel (i.e. roundness error, Eg, and hang-
diameter ratio, Ep, respectively) are defined as:

D, — D,
Ep = 2
R D, 2
Lh
Ey =—
Y 3)

where, Dy, Dy, D;, and Ly, are designed inner diameter, actual horizontal
diameter, actual vertical diameter, and hanging length, respectively.
To develop the regression models for Egr and Ey, ANOVA was auto-
matically conducted using the Design-Expert software to evaluate the
fitness of some potential model forms (e.g. linear, quadratic, and higher-
orders). The linear model, which didn’t include quadratic or higher-
order terms (representing the interaction between process parame-
ters), showed the best fit for the experimental results. Therefore, the
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Table 2
Chemical composition of 316 L stainless steel powder.
Element C Si Mn S Cr Ni Mo Fe
wt% <0.03 <1.0 <2.0 <0.01 <0.025 16.0 - 18.0 10.0 - 14.0 2.0-3.0 Bal.
models were developed as:
i |
d.B”‘l.d | Ex = F, — 0.019783A + 5.74041 x 107*B — 2.07660 x 107*C )
irection |
: // \ Ey = F, —0.063559A + 3.39107 x 107°B — 6.03701 x 107*C (5)
! [
" 7/ \ / where, A, B, and C are designed inner diameter (mm), laser power (W),
4 N 7/ and scanning speed (mm/s), respectively; F; and F, are coefficients
_/' related to scanning strategy and derived from the fitting, as listed in
Z Table 4.
I The ANOVA for these models showed their goodness of fit, as listed in
e Table 5. The model p-value for Model Eg that was 0.04 implied that the
R4 ) model was significant and there was only a chance of 4% that a model F-
/ Intenolr,channel value as large as listed in Table 5 could occur due to noise. For Model Ey,

Fig. 1. Schematic of the build direction of the interior channel.

Table 3
Parameters and their levels used in RSM design.
Level
Factor
- -1 0 1 o
A: Designed 1.00 1.41 2.00 2.59 3.00
inner
diameter
(mm)
B: Laser power 60.00 68.11 80.00 91.89 100.00
W)
C: Scanning 150.00 190.54 250.00 309.46 350.00
speed (mm/
s)
D: Scanning Linear (0° Linear (45° Linear (90° Grid Grid
strategy rotation) rotation) rotation) (large) (small)

Laser

scanning
direction

(2)

the chance that a model F-value this large could occur due to noise was
even less than 0.01 % as its p-value was less than 0.0001. The lack of fit
F-values for Eg and Ey, 1.27 and 1.92, respectively, implied that the lack
of fit was not significant relative to the pure error and there were
chances of 28.37 % and 5.31 %, respectively, that a lack of fit F-values
this large could occur due to noise. Consequently, the models were with
good significance as the lack of fit was insignificant. In addition, the
predicted R-squared was in reasonable agreement with the adjusted R-
squared, whose difference was less than 0.2. The adequate precision,
measuring the signal to noise ratio that a value greater than 4 is desir-
able, was 6.376 and 23.438 for Eg and Ep respectively, meaning an
adequate signal for each model, and indicating the models could be used
to navigate the design space.

Therefore, the effect of designed inner diameter, laser power, and
scanning speed on roundness error and hang-diameter ratio, is illus-
trated by perturbation plots, as shown in Fig. 5. Each curve in the plots
corresponded to the variation of a single parameter while the scanning
strategy was set as linear with 0° rotation (Level —a) and the other two

L=
==

:\::ﬁﬂ_:?ﬁ ]

L

Laser scanning < >
direction

(b)

Fig. 2. Schematic of laser scanning strategies: (a) linear scanning (¢ = 0°, 45°, and 90°, respectively) and (b) grid-scanning (L = 2.5 mm for large-grid scanning and

0.5 mm for small-grid scanning).

(Lo PP TP

3 Z

6 7 8

Fig. 3. L-PBF printed samples with different designed inner diameters (from left to right: D4=1.00, 1.41, 2.00, 2.59, and 3.00 mm, respectively).
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! Hanging \‘
' structure ,
I

\ Actual

contour /
AN %

Designed
contour

(b)

Fig. 4. A hanging structure (dross) formed at the top of an interior channel.

Table 4

Coefficients F; and F, under different scanning strategies.
Scanning strategy F Fy
Linear (0° rotation) 0.086072 0.26349
Linear (45° rotation) 0.090690 0.22527
Linear (90° rotation) 0.099963 0.24255
Grid (large) 0.099349 0.30241
Grid (small) 0.088911 0.34005

parameters were set to a constant of Level 0, as listed in Table 3. The
uniform coded units of parameters were applied to replace their natural
units. The conversion between uniform coded units and natural units

were calculated by

a(Vy — V,

ve = A=) 6)
Va - VO

where, V¢ and Vy are parameter values in terms of a uniform-coded unit

and the natural unit, respectively; Vy and V, are the values in terms of

the natural unit for the parameters at Level 0 and Level +a, respectively.

4. Development of a simulation model

A 3D simulation model was developed using the commercial CFD
software Flow-3D to explain the experimental results preliminarily. A
single-track scanning process was simulated so that the laser scans from
the solid region to the overhanging region. The dimensions of the ge-
ometry model are illustrated in Fig. 6. The powder was in uniform size

Table 5
ANOVA for regression models (Egs. 4 and 5).
Source Sum of squares DOF Mean square F value p-value Prob > F Significance
Eg: Roundness error
Model 0.0261 7 3.723x 1073 2.22 0.04 Significant
Residual 0.1459 87 1.677 x 103
Lack of fit 0.1181 67 1.762 x 1073 1.27 0.2837 Not significant
Pure error 0.0278 20 1.391 x 1073
Ey: Hang-diameter ratio
Model 0.4404 7 6.292 x 1072 25.3 < 0.0001 Significant
Residual 0.2114 85 2.487 x 103
Lack of fit 0.1821 65 2.802 x 1073 1.92 0.0531 Not significant
Pure error 0.0293 20 1.463 x 1072
7 33 - - -
Designed inner diameter —— Designed inner diameter -~
6 b ~ @ ----- Laserpower |  o. | >N - Laser power 4

v

w
\
\
\
\
\

Eg: Roundness error (%)
o~

]

Scanning speed

-1 0 1
Input parameters (Coded units)

@)

(9%
(=]
T

Scanning speed .~

27

N
=
T

\
\

Ey: Hang-diameter ratio (%)

[ 5]
—
T
\
\,

2 -1 0 1 2
Input parameters (Coded units)

—
=3

®)

Fig. 5. Perturbation plots for the effect of designed inner diameter, laser power, and scanning speed on (a) roundness error and (b) hang-diameter ratio.
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with a diameter of 22 pm. The powder packing was generated using
SolidWorks and then imported into the model via an STL file. All the
boundaries were treated as continuous. The effects of gravity, viscosity,
surface tension, heat transfer, and solidification were considered in the
simulation. The modeling space was meshed by cubic cells with a size of
5 pm. The workstation was configured with an Intel Core i5-3470 CPU (4
cores with 3.20 GHz frequency) and 8 GB DDR3 memory. The material
properties used in the simulations are listed in Table 6. The simulation
results on melt flow and volumetric strain will be illustrated in Sections
5&6.

5. Discussion on the formation mechanisms of diametric
deviation

The shape deviation related to the diameter, typically represented by
the roundness error (defined in Eq. 2), can be further divided into two
sub-errors in orthogonal directions, i.e. horizontal diametric error and
vertical diametric error. The sources and formation mechanisms of these
two sub-errors are similar but their dominant factors are different. Two
factors, namely the shape and size of the melt pool and thermal stresses,
mainly determine the diametric deviation of an interior circular chan-
nel. These two factors influence oppositely the vertical diametric error,
and which one plays the dominant role depends on the channel diameter
and process parameters. Meanwhile, the horizontal diametric error is
more affected by the shape and size of the melt pool rather than thermal
stresses. In addition, the beam offset and slicing algorithm also affect the
shape deviation to some extent.

5.1. Deviation determined by melt pool

During L-PBF, a melt pool is formed in the laser-material interacting
zone. The melt (and solidification) front moves along with the scanning
laser beam. The formation of the solid is actually on account of the so-
lidification of the melt pool. The size and shape of the melt pool thus
heavily influence the final contour as well as the shape deviation.

5.1.1. Effect of the melt pool on horizontal diametric deviation
Imagining the trajectory of the laser spot center is aligned with the
designed boundary when the laser beam scans the boundary of a solid
area, the printed boundary thus doesn’t coincide with the designed
boundary. The deviation between designed and actually printed
boundaries depends upon the width of the melt pool. Theoretically, this
is equal to the half-width of the melt pool, as shown in Fig. 7a. A beam
offset is usually employed in L-PBF to compensate for the deviation
induced by the melt pool. There are three situations of beam offset with
respect to the deviation induced by the melt pool: i) the beam offset is
smaller than the half-width of the melt pool (Fig. 7b), ii) the beam offset
is equal to the half-width of the melt pool (Fig. 7c), or iii) the beam offset
is larger than the half-width of the melt pool (Fig. 7d). The situation
shown in Fig. 7c is the ideal situation where the beam offset can exactly
compensate for the deviation induced by the melt pool. Since the size of
the melt pool depends on the volumetric energy density (which will be

Scan direction  —
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Table 6
Material properties used in the simulations.

Properties Value

Density (kg/m3 )
Specific heat (J/kg K)
Thermal conductivity (W/m K)

Solid: 7260, liquid: 7249
Solid: 722, liquid: 726
Solid: 29.35, liquid: 28.95

Liquidus temperature (K) 1697.15
Solidus temperature (K) 1674.15
Volumetric thermal expansion (1/K) 1.73x107°
Latent heat of fusion (J/kg) 2.6 x 10°

Surface tension (N/m) 1.8225 — 4.226 x 10~ 4T — 1774)

Bulk modulus (GPa) 163
Shear modulus (GPa) 77.2
Elastic modulus (GPa) 200
Poisson ratio 0.305
Yield stress (MPa) 205

further discussed in Section 5.3.2), the ideal beam offset varies with
process parameters. Since a constant beam offset (40 pm) is used, the
situation shown in Fig. 7b applies to the present study, namely, the beam
offset is smaller than the half-width of the melt pool (the former cannot
compensate for the deviation induced by the melt pool completely). The
following discussions are thus in light of this situation.

As shown in Fig. 7b, the actual channel built on each layer is nar-
rower than the designed one. When horizontally building an interior
channel layer by layer, there is a horizontal offset between designed and
actually printed contours, as shown in Fig. 8. Therefore, the actual inner
diameter in the horizontal direction is smaller than the designed one.
This horizontal diametric error is mainly induced by the width of the
melt pool. The offset between the designed and actually printed
boundaries increases with the increased width of the melt pool.

It must be noted that thermal conduction between powder particles
is essentially a heat transfer process from powder to gas to powder. The
effective thermal conductivity of a powder bed is strongly determined by
the thermal conductivity of the gas due to gaps between powder parti-
cles. Hence, the thermal conductivity of a powder bed is much smaller
than that of a solid. Ref. [33], in which experiments were conducted at
temperatures from 295 to 470 K, found that the thermal conductivity of
a powder bed (~0.05Wr1f1 K’l) is two orders of magnitude smaller
than that of a solid (13.4Wm 'K 1). Moreover, the thermal conduc-
tivity of a powder bed remains essentially constant at a gas pressure of
1.6 kPa, which is close to the gas pressure range used in the present
study. At a lower thermal conductivity, thermal energy in the melt pool
cannot be conducted to the surrounding fast enough, resulting in heat
accumulation and thus an increase in the melt dimensions. Therefore, as
shown in the simulation results in Fig. 9, the width of the melt pool at the
overhanging regions is more than in the ‘core’ regions due to the lower
thermal conductivity of powder, which further contributes to the hori-
zontal diametric error for internal channels. Moreover, similar findings
were also proposed by Safdar et al. [34] and Kamara et al. [35] despite
that they studied different thermal conductivity for the liquid phase but
not the solid phase.

A

r

A

180

470

Powder bed

Solid substrate

B 200 |

A

VI‘ Vl

Fig. 6. The dimensions of the geometry model (unit: pm).
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5.1.2. Effect of the melt pool on vertical diametric deviation

As discussed in Section 5.1.1, the width of the melt pool affects the
horizontal diametric deviation of a horizontally printed interior chan-
nel. Similarly, its vertical diametric error is influenced by the depth of
the melt pool. It is shown in Fig. 8b that the depth of the melt pool is
larger than the layer thickness. The melt depth-to-layer thickness ratio is

usually more than 2 [36]. This ensures that not only the currently
printed layer but also the previously printed layer(s) is/are melted and
re-solidified under the laser heating effect which is necessary for effi-
cient bonding. For solid regions (i.e. with no overhangs), this behavior
leads to thermal residual stresses accompanied by slight deformation.
For overhanging regions, however, the layers below the currently
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Fig. 9. Shapes of the melt pool in the volume region and overhanging region (on the A-A cross-section marked in Fig. 6).

printed layer are unmelted and hence in powder form. Due to the large
depth of the melt pool, the powder bed below the currently printed layer
which ideally should not be processed is nevertheless melted and fused
to the bottom of the overhanging region. As a result, the final vertical
diameter of a horizontally printed interior channel is smaller than the
designed diameter.

In L-PBF, in addition, a solid model is sliced into layers, and the sliced
contour is step-like. Due to the slicing algorithm, the step end is inside
the designed contour, as shown in Fig. 8a. This also results in the printed
contour being smaller than the designed one in both horizontal and
vertical directions.

5.2. Deformation induced by thermal stresses

Besides being affected by the shape and size of the melt pool, the
vertical diametric error is highly affected by thermal stresses and the
induced plastic strains. During laser-materials interaction, there are
complex melt pool dynamics, e.g. heat transfer, phase transition, and
turbulent flow driven by Marangoni convection [37]. The different
heating and cooling rates induce temperature differences in the melt
pool, causing thermal stresses in the solidified solid layers. Residual
stresses are partly relieved by the material undergoing deformation
especially in thinner sections. Hence there is a tendency for the layers to
warp up. In general, the larger and thinner the layer, the more pro-
nounced the deflection. This especially affects overhanging regions that
are built without support. It has been shown in the literature [38] that
overhanging regions exhibit more deviation but lower residual stresses,
in contrast to the volume region where the residual stresses are higher
but the deviation is much lower.

The L-PBF of a horizontal internal channel essentially entails printing
a cantilever of variable cross section, as shown in Fig. 10. The left part
(green region) is constrained by layer(s) below, indicating a strong
stiffness, and thus suffers little deflection. On the other hand, the
cantilever part on the right (yellow region) is unconstrained and will be
more deflected due to stress relief. At the upper half of the channel, the
overhang angle increases with the number of printed layers, resulting in
the increase of the cantilever length and thus more significant
deflection.

The deflection in the overhanging (cantilever) region discussed
above and schematically shown in Fig. 10 is justified by the simulation-
predicted volumetric strain illustrated in Fig. 11. In this figure, negative
volumetric strain indicates a shrinkage while positive volumetric strain
indicates an expansion. Two main things can be concluded: firstly, the
volumetric strain in the overhanging region is evidently at a much
higher level than in the solid region, especially for the shrinkage strain,
indicating that the constraints in the solid region restrain the deforma-
tion; and secondly, in the overhanging region, the upper half shrinks
(circled in red) while the lower half expands (circled in black). As a
result, the upper half pulls the lower half upwards, causing the deflec-
tion of the overhanging region. Therefore, the cantilever part warps up
and the channel is elongated in the vertical direction.

Deformed %

. g [y
cantilever \_," L

rrd -

. - -
o~ f Deflection
-

Re
./-

; /\
. Contour of

1 interior channel
'
E—— Fixed region

Cantilever
region

Build
direction

Fig. 10. Schematic of the deflection in the overhanging region.

As discussed above, the displacement (deflection) is mainly man-
ifested in the vertical direction while the displacement in the horizontal
direction is negligible. Thus, the horizontal diametric error is hardly
affected by thermal stresses.

5.3. Effect of process parameters on roundness error

From the experimental results, it is seen that the as-printed diameter
is smaller than the designed diameter. The diametric deviation varies
with direction. As discussed in Sections 5.1 & 5.2, the roundness error is
a combined consequence of horizontal diametric error and vertical
diametric error, which are affected by shape and size of the melt pool,
thermal stresses, beam offset, and slicing algorithms. The effect of these
factors on actually printed horizontal and vertical diameters is sum-
marized in Table 7.

It is seen that the shape/size of the melt pool and slicing algorithms
lessen the actually printed diameter in both horizontal and vertical di-
rections. Thermal stresses enlarge the actually printed vertical diameter
but have little effect on horizontal diametric error. In contrast, beam
offset enlarges the actually printed horizontal diameter but influences
vertical diametric error hardly. This indicates the shape deviation
caused by the shape/size of the melt pool and slicing algorithms can be
compensated by the thermal stresses-induced deformation (in the ver-
tical direction) and beam offset (in the horizontal direction) to some
extent.

5.3.1. Effect of designed inner diameter on roundness error

Strictly, the designed inner diameter is a design parameter but not a
process parameter. The factor(s) dominating the diametric error is/are
related to the designed inner diameter. Because the actual vertical and
horizontal diameters are slightly smaller than the designed ones, for
interior channels with small inner diameters (1—3 mm), the shape/size
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Table 7
Effect of four factors on actually printed horizontal and vertical diameters.

Influencing factors Actually printed horizontal ~ Actually printed vertical

diameter diameter
Shape and size of the Lessening Lessening
melt pool
Thermal stresses Neglected Enlarging
Beam offset Enlarging Neglected
Slicing algorithms Lessening Lessening

of the melt pool and the slicing algorithm dominate the vertical and
horizontal diametric errors.

The shape and size of the melt pool are independent of the designed
inner diameter. When increasing the designed inner diameter, the ratios
of layer thickness to the designed inner diameter and depth of the melt
pool to designed inner diameter decrease correspondingly. The relative
vertical diametric error decreases in spite of the absolute vertical dia-
metric error keeping constant. Similarly, the relative horizontal dia-
metric error decreases due to the constant absolute horizontal diametric
error and the decreased ratio of the width of the melt pool to the
designed inner diameter. As a result, the roundness error is negatively
proportional to the designed inner diameter according to Eq. 2, as shown
in Fig. 5a.

5.3.2. Effect of laser power and scanning speed on roundness error

The shape and size of the melt pool, namely melting width and depth,
mainly depend on laser spot size and volumetric energy density, the
latter of which is calculated by Eq. 1. When the laser spot size is kept as a
constant, the size of the melt pool is only determined by the volumetric
energy density. In other words, an increased volumetric energy density
leads to an increased melting width and melting depth, leading to an
increase in the horizontal and vertical diametric errors consequently.
Moreover, the increased volumetric energy density leads to the increase
of temperature difference and thus thermal stresses, inducing more
significant warpage and compensating partially for the diametric error
induced by the shape/size of the melt pool in the vertical direction.
Therefore, the increment of the vertical diametric error is less than the
increment of the horizontal diametric error, resulting in an increase in
the roundness error according to Eq. 2.

According to Eq. 1, either an increase of laser power or a decrease of
scanning speed results in an increase of volumetric energy density,
indicating that the increased laser power raises the roundness error
while the increased scanning speed reduces it.

5.3.3. Effect of scanning strategy on roundness error

In Egs. 4 & 5, there is a constant term, F, whose value listed in Table 4
is dependent on scanning strategy indicating the effect of scanning
strategy on roundness error and hang-diameter ratio. It can be
concluded from the equations that in spite of the scanning strategy
influencing roundness error and hang-diameter, it doesn’t affect their
changing trend and changing rate with the other process parameters (i.e.

designed inner diameter, laser power, and scanning speed). In other
words, for two specified scanning strategies, the difference in either
roundness error or hang-diameter ratio is the same under varying
designed inner diameter, laser power, or scanning speed.

It is seen in Table 4 that the 0° rotational linear scanning approach
and small grid scanning approach result in the smallest and second
smallest roundness errors, respectively. Meanwhile, the 90° rotational
linear scanning and large grid scanning approaches result in the worst
roundness. The effect of scanning strategy on roundness error is not
significant indicating that the difference in roundness error between the
best and the worst situations is about 1.4 %.

It should be noted that there is usually a considerable effect of gas
flow direction with respect to the scanning direction on printing quality.
It is found in the literature that it mainly affects the ultimate tensile
strength, compression strength, and porosity as the spattered powder
may be blown into the laser scanning path resulting in contamination
[39-41]. Although there is no convincing evidence in the literature up to
now, the gas flow direction may introduce anisotropy in residual
stresses. In the present study, all channels were printed in the same
orientation with respect to the gas flow direction so as to assume they
were affected by the gas flow direction all equally. Further in-
vestigations may be conducted focusing on the effect of gas flow direc-
tion in the future.

6. Discussions on the formation mechanisms of hanging
structure

As introduced in Section 3, there is an inverted triangular hanging
structure (i.e. dross formation) at the top of the interior channel. This
dross is a considerably significant defect for L-PBF printed interior
channels with small inner diameters ranging from 1 to 3 mm. It is seen in
Fig. 5b that the hang-diameter ratio can even be as high as 32 % in a
1 mm diameter interior channel. According to the experimental results
obtained by us and in the literature [21], the dross is not significant for
L-PBF printed interior channels with larger diameters (> 8 mm). This
indicates that the hanging length, as well as the hang-diameter ratio, is
highly dependent on the designed inner diameter. The cross-sectional
profiles of the overhanging regions of interior channels with different
designed inner diameter are illustrated in Fig. 12. The profiles are
measured by a laser confocal microscope (Keyence VK-X200).

Besides the inner diameter, volumetric energy density is another
important factor influencing the formation of a hanging structure.
Fig. 13 illustrates the simulation result on the propagation of a melt pool
from a solid region to an overhanging region. In an overhanging region
as shown in Fig. 13c, the melt pool is supported by unconsolidated
powder rather than a solid structure. There are gaps between the pow-
der. Due to gravity, the molten material flows downward into the gaps,
partially sintering the powder particles and sinking the melt pool
(Fig. 13d). During this process, some powder below the designed over-
hanging region is surrounded and melted by the molten materials,
becoming a part of the melt pool. Dross formation thus occurs in the
overhanging region after solidification of the melt pool, as shown in
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Fig. 13e. In addition, as discussed in Section 5.1.1, thermal energy in the
melt pool cannot be conducted to the surrounding fast enough when
printing an overhanging region due to the numerous gaps and thus the
low thermal conductivity, resulting in the deepening of the melt pool.
Also, the viscosity of the molten materials decreases (indicating a better
fluidity) with increasing melt pool temperature. These behaviors further
contribute to the formation of the hanging structure. With the increase
of volumetric energy density, the melt pool becomes larger and the
viscosity becomes smaller, exacerbating the sinking of the melt pool.
When the volumetric energy density exceeds the threshold, the melt
pool above the powder bed would collapse due to overlarge surface
tensions, interrupting the printing.

At the edges of the melt pool, some powder may be partially melted.
Meanwhile, some unmelted powder may adhere to the edges of the melt
pool. It enlarges the hanging structure and roughens the profile. This
phenomenon becomes more prominent with the increasing volumetric
energy density. It is seen in Fig. 12 that the profile of the hanging
structure is irregular, indicating the complex thermo-mechanical
behavior in the melt pool and the randomness of the formation pro-
cess of dross.

The increasing overhang angle decreases the contact area of the melt
pool with the solid region, leading to a poorer thermal conductivity and
a larger hanging structure. The overhang angle varies in a circular
interior channel, increasing closer to the zenith of the channel. Conse-
quently, the cross-sectional profile of a hanging structure is approxi-
mately inverted triangular. There are two approaches to address this
problem. The first one is to add supports for overhanging regions
improving the thermal conduction, which is not applicable to the cases
in this study. The second one is to set different process parameters for
overhanging regions from that for solid regions; for example, smaller
laser power and/or higher scanning speed, reducing the volumetric
energy density on overhanging regions [42].

The experimental result shows that the hanging length slightly in-
creases with the increasing designed inner diameter. This indicates the
sinking of the melt pool is boosted when printing a larger diameter
channel. However, the increment of hanging length is much smaller than
the increment of designed inner diameter.

The effect of scanning strategy on the hang-diameter ratio was
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discussed in Section 5.3.3. It is seen in Table 4 that the 45° rotational
linear scanning approach results in the smallest hang-diameter ratio,
while the small grid scanning approach results in the largest hang-
diameter ratio. The effect of scanning strategy on the hang-diameter
ratio is much more significant than that on roundness error. The dif-
ference in the hang-diameter ratio between the best and the worst sit-
uations is as high as 11.5 %.

7. Dual-objective optimization advice

There are two ways to minimize the shape deviations in the hori-
zontally printed interior channels. The one is to compensate for the
deviation in the design stage, namely the L-PBF-oriented design [21].
The other one is to reduce the melt pool size at the boundaries and
improve the thermal cycle by optimizing the process parameters. The
former is an effective way to reduce the roundness error. However, it is
unsuitable for the minimization of hanging structures because the shape
of a hanging structure is too irregular and random to be predicted and
compensated by modifying the pre-print design.

The problem of minimizing the shape deviation on both the round-
ness error and the hang-diameter ratio is a dual-objective optimization
problem. As the designed inner diameter is a design parameter but not a
process parameter, it should be selected according to the design
requirement but not be optimized. From the regression models devel-
oped in Section 3, the relationships between the results and the pa-
rameters are linear, and there is no interaction between parameters.
According to the model monotonicity, therefore, small laser power or
large scanning speed benefits reducing the roundness error and hang-
diameter ratio. It is not possible to select a scanning strategy for opti-
mizing both the roundness error and hang-diameter ratio, as the effect
trends of scanning strategy on them are different. When the roundness
error takes priority, the scanning strategy is optimized as 0° rotational
linear scanning. When the hang-diameter ratio takes priority, the scan-
ning strategy is optimized as 45° rotational linear scanning.

8. Conclusions

This paper studied the roundness and overhanging shape deviation
of horizontally L-PBF-printed small-diameter (1 —3 mm) interior circular
channels, by conducting RSM experiments and developing a preliminary
CFD simulation model. It is found that the roundness error is mainly
affected by the shape and size of the melt pool and thermal stresses,
while the beam offset and slicing algorithm also contribute to the
roundness error to some extent. Formation of overhanging shape devi-
ation, namely the hanging structures, is highly determined by the
thermo-mechanical driven molten flow in the melt pool.

The printed cross-sectional profile of a circular interior channel is
anisotropically deformed that the deformation in horizontal and vertical
directions is different, inducing a roundness error. Although the absolute
vertical and horizontal diametric errors remain constant with a
decreasing designed inner diameter, the relative vertical and horizontal
diametric errors increase resulting in the increase of roundness error. To
decrease the roundness error, in addition to choosing a proper beam
offset, the size (both width and depth) of the melt pool should be
minimized by minimizing the volumetric energy density (smaller laser
power or higher scanning speed).

Although thermal stresses should be minimized during the process,
the vertical deformation is partially compensated due to the deflection
accompanying the relief of thermal stresses on the weakly-constrained
overhanging regions. The simulation results showed that the volu-
metric strain in the overhanging region is much more than in the solid
region. Besides, there is a strong upwards pull effect causing deflection
of the overhanging region due to the significantly differential shrinkage
and expansion in the upper half and the lower half of the overhanging
region respectively.

0° rotational linear scanning approach and 90° rotational linear
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scanning approach showed the smallest and largest roundness errors,
respectively. However, the effect of scanning strategy on roundness
error was not very significant and the difference in roundness error
between the best and the worst situations was about 1.4 %.

Hanging structures with irregular profiles (dross) were formed due to
the sinking of the melt pool on an unconsolidated powder bed under the
effect of gravity, surface tension, and poor thermal conductivity. The
more volumetric energy density on overhanging regions, the larger the
hanging length. (Partially) unmelted powder randomly adhered to the
edges of the melt pool enlarging the hanging structure and roughening
the profile. A small-diameter interior channel is much more sensitive to
dross than a large-diameter interior channel. The increment of hanging
length was much smaller than the increment of the designed inner
diameter. The effect of scanning strategy on the hang-diameter ratio was
much more significant than that on roundness error. 45° rotational
linear scanning approach derived the smallest hang-diameter ratio,
while the small grid scanning approach resulted in the largest hang-
diameter ratio. The difference in the hang-diameter ratio between the
best and the worst situations was 11.5 %.

Finally, dual-objective optimization advice on minimizing the
roundness error and hang-diameter ratio was proposed. Small laser
power or large scanning speed benefited reducing the roundness error
and hang-diameter ratio. 0° or 45° rotational linear scanning strategy
was selected for obtaining the minimized roundness error or the mini-
mized hang-diameter ratio, respectively.
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