Experimental analysis of the tensile property of FFF-printed elastomers
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Abstract:

Designing and manufacturing functional parts with enhanced mechanical property is a major goal of fused
filament fabrication (FFF) for polymeric elastomers, which exhibits major advantages in producing such parts
with a range of structures. But the unsatisfactory mechanical performance constrains greatly its real
application and there is yet no consensus in the mechanical characterization of printed samples. This work
takes the nozzle height as the considered factor and tests the tensile property of FFF-printed thermoplastic
polyurethane (TPU). Rheological property of the TPU melt, represented here by die swell behavior and shear
viscosity, were measured initially to obtain a preliminary assessment of the material suitability and an
optimization of melt extrusion conditions for FFF processing. Then correlation between the cross-section
profile of deposited bead and the tensile performance of printed sample were evaluated. Both the shape of
deposited bead and the bonding strength of two adjacent beads are emphasized when explaining the measured
tensile strength. The significance of molecular permeation efficiency at bead-bead interfaces, and bonding-
releasing patterns between adjacent beads to the tensile failure of printed objects is discussed.
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1. Introduction

Additive manufacturing (AM) of polymers, also known as rapid prototyping manufacturing and 3D printing,
has been well demonstrated with vigorous potential to reduce production cost and improve the design

flexibility ['3. Since the concept of 3D printing was firstly proposed by Charles Hull in 1986, a series of AM
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techniques have been developed for a range of materials [* 71, Thereinto, the most common method is called
as fused filament fabrication (FFF). The feedstock filaments for FFF, composed of polymers (mainly
thermoplastics ) or nanocomposites -!%, are fed by a pair of gears. The melted filament is pressure-driven
out from nozzle and then stacked layer by layer in accordance with predesigned patterns. This method is
solvent free and suitable for processing expensive materials with large scale and hierarchical structure 13- 141,

A large number of internal interfaces and residual voids among adjacent beads might be formed during
deposition. Such interfacial voids reduced the mechanical property of as-printed products. It is reported that
the 3D printed products only exhibited ~10-73% of the strength as compared with the samples produced by
injection molding or compression molding, and ~50% degree of mechanical anisotropy 1> 4],

However, standard tests to characterize the mechanical property for 3D printed objects are still required I
181 Comparisons of the mechanical property exhibited by injection moulded and 3D-printed parts are
conducted to provide a direct view of the mechanical weakness. Good mechanical property of 3D printed
part was obtained by selecting the material M1, optimizing processing techniques 2! or tailoring the
mesostructure of 3D printed samples. The key parameters include layer thickness 21, rastering angle [?21,
infill ratio (or “air gap’) 2%, trajectory of the nozzle (or ‘rastering pattern’) I and building direction (or
‘orientation”) [?5),

A particular difficulty for optimization of 3D printed products is the gap in understanding how to improve
the mechanical property. Of significant interest within 3D printed parts is the bonding strength between
adjacent beads, for enhanced understanding of fracture mechanisms. The bonding strength of two beads was
reported to be largely dependent on the environment temperature and variations in convective conditions 261,
Then the bonding strength between adjacent beads was assessed based on the temperature degradation history.

It was also reported that the best tensile property were obtained when the rastering orientation was aligned to

the loading direction [2% 25 27. 281 Microvoids introduced during bead deposition were found to be large



contributors to the mechanical anisotropy and geometry errors in printed products 2331,

Polymer elastomers, mainly in the form of powder, are commonly adopted for selective laser sintering. The
mechanical performance of 3D printed products is dependent on the coalescence quality between adjacent
particles. Critical factors in this process include particle size and shape [*), size distribution B7), processing
parameters [*® 31 and materials nature physics ). However, little information is available on elastomeric
filaments in FFF. A suitable material for FFF refers to low glass transition temperature 7y and high
crystallization rate, but elastomers are generally amorphous and supplied above 7. TPU filament provides
high flexibility, strength and good resistance to abrasion and chemicals. This draws a great interest in printing
soft TPU filaments for FFF fabrication, such as printing toy !, medical parts with good mechanical
performance *?! and strain sensor [*>* 4. However, few reports on printed elastomers focus on mechanical
property [43-47],

Therefore, based on the 3D printed TPU, experimental work is presented here on the effect of nozzle height
on tensile property. Analysis mainly focuses on the adhesion strength of bead deposition. Correlation between
the tensile performance and the shape profile of deposited bead as well as packing morphology is emphasized
when discussing the mechanical deterioration. Rheological property were measured to provide an initial
assessment of material suitability for 3D printing and to evaluate the effect of die swell of the TPU melt. In
order to explore the mechanical property dependence of as-printed products on key variables, tensile and
delamination strength between two adjacent beads were investigated based on three laydown patterns. The
mutual molecule diffusion promoting the interface formation was emphasized for the mechanical property of
printed products. The tensile measurement in this work provides an insight of the mechanical dependence of

printed TPU parts.

2. Experimental details



2.1 Materials

Commercial TPU filaments (Flex Pro98) with a diameter Do ~1.75 + 0.05 mm were supplied by RS
Components, Holland. This TPU material has a reported density of 1.16 g cm™, a melting temperature 225°C,
a high softening point of ca. 138°C, a tensile stress at yield of ~50 MPa, a tensile modulus of 150 MPa and

elongation at break of 450%.
2.2 Sample preparation and characterizations

The TPU filament was dried fully at 80°C before printing. Rheological behavior of the TPU material were
measured using capillary rheometer RH10 (Malvern, UK) and rotational rheometer MCR 301 (Anton paar,
Austria) at the melt temperature of 215-240°C. The as-received TPU filament was pelletized initially and hot
compressed into round disks with the thickness of 1.5 mm. Particulate TPU and disk TPU were used for
capillary shear and dynamic shear measurements, respectively. Capillary die with diameter D ~0.5 mm and
aspect ratio L/D. ~16 were employed and the zero die was matched. A desktop printer, Colido X3045 (China),
was used and a common brass nozzle with inner diameter d ~0.4 mm and outer tip diameter D ~0.65 mm was
adopted. The printer was controlled by Slic3r program with the following parameters: print speed ~70 mm s’
! feeding rate 3.66 mm s, infill density ~100% with rectilinear fill pattern of 90° angle and nozzle heights of
0.2, 0.3 and 0.4 mm. Scanning electron microscope (SEM) was adopted from Hitachi TM-3000 (Japan) to
have an observation of the sample mesostructure. In order to remove the effect of perimeter layer on
mechanical testing results, tensile specimens were cut from 3D printed flats using RAY-RAN (UK) in
accordance with the ISO37-T4. The flat samples were printed with a designed thickness of 1.5 mm (Fig. 1).
Tensile property was measured by means of Mach-1™ (Biomomentum Inc., Canada) with a tensile velocity

of 0.5 mm s! at room temperature.
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Fig. 1 Geometry of tensile sample (ISO 37-T4) (a) and the 3D printed plaque (7575 mm) (b).

3. Results and discussions

3.1 Interaction between melt rheology and printing parameters
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Fig. 2 Shear viscosity (a) and extensional viscosity (b) of the TPU melt.

During printing process, molten filament was extruded out of a hot nozzle and deposited onto a platform.
The melt extrusion process essentially involves shear flow under a certain shear rate. It is well known that the
flow behavior of the melt is largely dependent on its viscoelasticity, represented here by shear viscosity and

die swell. The shear viscosity of molten TPU feedstock was measured by combining dynamic shear and

capillary shear under 215-240°C from 0.01 to 30, 000 s™!, as shown in Fig. 2.

The melt volumetric flow rate from the nozzle was 4.0-17.5 mm?® s™! corresponding to filament feed gear
revolution speed 3-13 rpm, resulting in the apparent shear rate at the nozzle exit from ca. 640 to ca. 2,800 s™.

It should be noted that the melt flow rate should match the printing speed and it is controlled by slicing program.
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The Bagley corrected shear rate within this feed revolution range is from ca. 730 to ca. 3, 200 s™!. Results in
Fig. 2 show that both temperature dependence of shear viscosity and shear-thinning behavior of the TPU melt
are clearly seen. A higher melt temperature leading to a lower shear viscosity within the shear rate range is
observed definitely. Extensional viscosity, based on the Cogswell principle, was calculated as one of the
indices of elasticity, as shown in Fig. 2b. It can be seen that the extensional viscosity decreases with increasing
extensional rate at the initial extensional rate stage and then reaches a plateau value. However, the observed
dependence of extensional viscosity on temperature indicates that to raise the melt temperature could decrease
melt elasticity and to reduce die swell.

During the rastering process, the TPU melt was pressure-driven out of the nozzle tip, incurring die swell.
The die swell was observed to affect layer height, infill percentage, surface roughness and mechanical
performance of the printed products. The diameter of the extrudate Dextrudate (normally cylindrical shape)
demonstrated with a swell ratio J. The die swell ratio was calculated by:

0= Dextrudate/ Dhnozzle exit. (D

The extrudate diameter Dextrudate Was measured at the location where the die swell was fully developed.
Interestingly, constant J is revealed with the increasing feed rate (see Fig. 3a). The swell ratio J is presented
to be a linear function of nozzle temperature 7 (Fig. 3b). The melt flow rate and nozzle exit shear rate are
linearly determined by filament feed gear revolution speed (Fig. A.1). At 235°C nozzle temperature, the
diameter of the extruded bead was similar to the nozzle diameter (0 = 1.083), and at 240°C negative expansion
was observed (0 = 0.976 < 1). This effect is due to the reduced elasticity of TPU melt. Extruded beads with ¢
~ 1 are preferred because they are observed to maintain their shape during rastering, which would allow better

control of the 3D printed parts.
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Fig. 3 Die swell ratio ¢ under varied feed velocities and set temperatures (a); actual nozzle temperature and
the dependence of 6 on 7 (b).

Consequently, the nozzle temperature was set at 235°C. However, large difference was observed (Fig. 3b)
between the measured nozzle temperatures (7p) and the set temperatures (7N) by inserting a thermocouple
inside the nozzle channel (see Fig. A.2). For example, a measured temperature of 224°C was obtained instead
of the set value 235°C. This suggested that the TPU melt could be deposited at ~ 224°C during rastering. Thus,
the referenced melt shear viscosity at the nominal nozzle temperature 235°C should be selected from the
measured capillary shear viscosity at the temperature of 224°C, i.e., n*~ ca. 52-26 Pa‘s corresponding to the
corrected shear rate of ca. 730-3, 200 s!. In addition, the zero shear viscosity 7o of TPU melt at the set nozzle
temperature 235°C approached to ca. 2, 230 Pa-s which was obtained at the actual melt temperature 224°C,
which was provided by the dynamic shear at 0.01 s
3.2 Mechanical dependence on bead packing geometry

Raster orientation, which is controlled by toggling between two angles from one layer to the next, is usually
emphasized when discussing the mechanical property of 3D-printed objects. For example, parallel
construction (-0°/0°) can be achieved by rastering melted polymer lines in the same direction. According to
reference [29, 47], the parallel layers (raster angle = 0°) provided the best mechanical performance and the

highest degree of anisotropy. Advincula et al. I characterized the mechanical property of 3D-printed



products and they found that anisotropic mechanical property were commonly observed and the best tensile
performance were obtained in the direction of alignment of the beads, but this leads to significant anisotropy
in the product. In this work, a rastering angle of 90° was selected in order to reduce mechanical anisotropy of
the printed sheets from which ISO 37-T4 tensile samples were cut. Nozzle height has been found to be critical
to control the geometry of deposited beads, which influences packing density. When a bead is extruded out of
the nozzle exit and deposited on the bed or previous layer, the bead will be squeezed if the nozzle height 4 is
less than the bead diameter. The effect of nozzle height 4 on packing geometry was measured by SEM (Fig.
4).

If the nozzle height is larger than the extrudate diameter and the printing speed is higher than the melt
extrusion velocity, it is likely that control of bead geometry will be lost during the rastering process. Figure
4a shows that the deposited beads were packed densely for #=0.2 mm, giving rising to a few minor voids. For
h=0.3 and 0.4 mm non-contacted fused beads were observed, leading to high porosity (Fig. 4b, 4c respectively).
This lead to more serious mechanical deterioration, as such unbonded beads will fail to transfer external

loading.

h=0.2 mm, cross section  h=0.3 mm, cross section h = 0.4 mm, cross section

(@)

1 mm

h =0.2 mm, surface
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(d)

Fig.4 Effects of nozzle height on the geometry of cross-section (a)-(c) and surface features (d)-(f).
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Fig. 5 Bead width (a), packing density (b) and yield tensile property (c) of 3D printed TPU samples.

Figure 5a shows the width of the beads illustrated in Figs. 4d, e &f versus nozzle height. It can be seen that
the bead width decreases with increasing 4, and the width of the beads deposited for #=0.3 and 0.4 mm are
lower than the nozzle exit diameter (~ 0.4 mm), i.e. there will be more free surface flow of the melt (i.e. less
control of bead geometry) under these conditions. Also when the nozzle traverse speed is higher than the melt
extrusion velocity, the melt extrudate will be stretched along the rastering direction. In this case, the adjacent
parallel beads separate from each other with a visible gap between them, leading to a decrease of packing
density (Fig. 5b), and a consequent drop in tensile strength (Fig. 5¢). We note that the generated voids could
also have a significant negative impact on the fatigue property of printed parts. The lowest packing density
~0.888 g-cm™ (~76.6% of material initial density) is observed in the samples printed at #/=0.4 mm, while the

highest packing density ~1.119 g-cm™ (~96.5% of material density) corresponds to the samples printed at
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h=0.2 mm. The samples deposited at #/=0.2 mm demonstrate a tensile strength of ~34.9 MPa and an elongation
at break of ~403%, which were 69.7% of tensile strength and 89.6% of elongation at break of the TPU bulk
material, respectively. The tensile property of the as-printed TPU for #=0.2 mm show good retention of

material strength but lower elongation at break.
3.3 Cross-sectional geometry of deposited beads

The cross-sectional geometry of deposited beads is critical for tailoring interfacial bonding quality and
mutual molecular diffusion during the FFF process. The temperature gradient of the melting region and the
feeding velocity are crucial to melting the filament fully and feeding it steadily. The significance of extrusion
stability and continuity on the control of bead shape has been emphasized to obtain better control of porosity
and mechanical property in previous studies (411,

Figure 6a illustrates the effect of nozzle height # on bead shape profile. When / is lower than the bead
diameter and the nozzle traverse velocity is lower than the melt extrusion velocity, the deposited beads will
be squeezed by the nozzle tip with a compression stress, oc. In this case, the actual width W of the bead will
be enlarged. Such squeezing effect further contributes to edge overlapping of adjacent beads. The squeezing
stress oc derives from the normal compression force Fx which is related to the viscosity and flow rate of the
extruded melts %!, Figs. 6b&c present the single deposited bead shape of two adjacent beads which were
deposited at the same nozzle temperature, nozzle traverse velocity and feeding rate. The feeding rate was set
as ~ 0.0567 mm filament feeding length per unit nozzle moving length ~1.0 mm (assuming steady, continuous
melt extrusion). The adjoining beads show varied outcomes indicating that the bead deposition does not
accurately follow nozzle traverse across the printer bed. Distorted bead lines are shown in Figure 6¢c. An
elongated rectangular cross section with rounded edges is observed for 4 ~ 0.2 mm while a more circular cross
section is revealed by increasing 4. However, the actual layer thickness is still far from the set value of 4. A

well bonded interfacial layer will enhance mechanical performance of the printed product, while poor adhesion

10



could lead to layer delamination under external loading. The variation in width and thickness of deposited
beads are shown in Fig. 6d. The bead thickness increases and bead width decreases with the increase of nozzle
height /4. The average bead thicknesses of beads are 0.137, 0.245 and 0.266 mm for the beads deposited at 0.2,
0.3 and 0.4 mm nozzle height, respectively. The observed thicknesses of the tested beads were always lower
than the nozzle height under which the beads were deposited. The spread in the W outweighed /4 in all tested
samples for TPU which implies a different set of material characteristics when compared with PLA and ABS,
commonly used FFF materials, from the experiments in [51]. More irregular shapes were observed for the
TPU beads without a significant deformation recovery.
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Fig. 6 Schematics of die swell and squeezing effect (a), bead geometry of cross-section (b), bead distortion
(c) and bead width and thickness (d).
3.4 Bonding strength between two adjacent beads

Beads which are not parallel to the direction of externally imposed force on a printed product could be

subjected to a component of the force transverse to the bead, potentially causing delamination of the beads.
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Therefore, the deposited beads of a tensile specimen could be subjected to tensile force and delamination force
simultaneously. Two kinds of bond delamination have been explored: bead to neighbouring bead, and bead to
a substrate layer of beads. Three lay-down patterns were used to evaluate bead delamination, as shown in Figs.

7a-c. Two adjacent beads bonded with the deposition patterns were printed for tensile measurement.
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Fig. 7 Schematics of the bead deposition patterns: (a) bead-bead tensile, (b) bead-bead release and (c) bead-
layer.
Figure 8 shows both release and tensile force of the bonded beads corresponding to the patterns in Figs. 7a
& 7b, respectively. It can be seen that both the release force and the tensile force decrease with the increase of
nozzle height due to the varied interfacial features (Fig. 6b). The adjacent beads deposited at lower nozzle

heights promoted molecular diffusion due to the increase of interfacial area. The delamination and tensile
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behaviour of individual beads are shown in supplementary Figs. A.3 & A.4. The delamination force of the

bonded beads fluctuates during the tensile test, demonstrating sinusoidal variation with strain. The peak value

is regarded as the critical peeling (delamination) force between two adjacent beads, i.e. bonding force, as

shown in Fig. 8.
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Fig. 8 The delamination force of two adjacent beads corresponding to Figs. 8a & b.

For the pattern of a single bead sticking to a substrate layer (see Fig. 7¢), the release force was also measured

and the release behavior was found to be more irregular, as shown in Fig. 9. When nozzle height 4 was set at

0.2 and 0.3 mm, the deposited bead was squeezed and then stacked upon the substrate layer. But for 2 ~ 0.4

mm, such squeezing effect was less significant. This reduces the bonding strength between the single bead

and the layer. For samples built at # ~ 0.2 and 0.3 mm, the onset of the release behaviour happens at the point

where the bonding interface begins (Figs. 9a&b). For & ~ 0.4 mm, however, a fluctuating release force was

observed. This is because the deposited bead is not fully bonded with the layer surface, i.e. in partially contact.
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Fig. 10 Delamination between adjacent beads printed at: (a) #~=0.2 mm, (b) #/=0.3 mm and (c¢) #=0.4 mm.

Figure 10 illustrates the typical delamination features of bonded beads after tensile testing. Interfacial
diffusion between two adjacent beads is observed clearly for all the samples deposited under varied nozzle
heights. The bonding quality of two adjacent beads shows a decreased trend with the increase of 4. For samples
deposited at 4= 0.2 mm, fracture failure of the bead is observed after being delaminated for ~ 411um (the
width of the interface is ~80-88um). However at 4= 0.4 mm only interfacial delamination is observed, due to
a lower degree of molecular diffusion. The crack-tip failure behaviour shown in Fig. 10a is similar to elastic-

plastic fracture mechanic characteristics °?, indicating a high quality of interfacial bonding at #= 0.2 mm.
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3.5 Discussion of the effect of molecular diffusion across interface on bonding strength

It is recognised that all the factors promoting the mutual diffusion process at bead interfaces can enhance
the mechanical property of printed products. Shmueli et al. ! emphasized the effect of temperature profile
during printing on the structure/property of samples. The mutual molecular diffusion between adjacent beads
was found to be a function of sintering time and temperature.

The model proposed by Pokluda et al. ¥ is used to describe the diffusion process, as shown in Eq. (2).

-5 1
dg _ T' 23 cos@sind(2—cosd)®
dt  d,u

T 2)
(1—cosB)(L+cosh)?

where @=sin"'y/r represents the diffusion degree by ratio of the formed neck height 2y to bead diameter
d=2r (see Fig. 6a), I is surface tension, db is initial bead diameter, x is melt viscosity and 7 is sintering time.
The ideal value of y is expected to approach to ». During this diffusion process after depositing, the temperature

T is coupled with time ¢ which can be described by the energy balance equation as

o

oT axj
T—hP(T -T,), 3)

CAv—=A
p OX

where p is material density, C is specific heat, 4 is bead cross section area, v is printing velocity, 4 is thermal
conductivity (including convection) with air and foundation, T, is equilibrium temperature and P is
perimeter length.

In a 3D printing process, the interface growth occurs between two adjacent beads of which one is assumed
to be in the melt state and the other is solid phase (previously deposited). The squeezing behaviour, on the one
hand, changes the cross-section outline of the deposited beads, and on the other hand, results in difference of
the interfacial layer contact area and original neck formation. After the TPU melt is deposited onto the bed,
the melt temperature (~224°C) will typically reduce to the bed temperature in less than 2.5 seconds 1. If the

TPU melt is deposited onto a substrate layer, however, the previously deposited beads could be reheated
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rapidly by the hot melt and then achieve an equilibrium thermal state. Therefore, the temperature-driven

[26

diffusion process can be assumed to be mainly promoted by the hot melt ?°], In this case, Eq. (3) then can be

rewritten as

m— =T, @)

where m1 and m2 are constants related to material properties and printing parameters, e.g. the printing speed
and the envelope temperature. When the printing speed and nozzle temperature are constant, given the initial
(depositing) and infinite (envelope) temperatures, the bead cooling process is expressed in terms of bead
geometry, i.e. 4 and P.

According to Arrhenius law, the deposited TPU beads should have the identical activation energy AE under
the same envelope temperature and therefore the molecular chains behave identical diffusion ability in
interface bonding process. Owing to the same material of the adjacent beads and the identical printing
parameters, factors of specific heat capacity, heat transfer efficiency, surface (tension) energy and heat

conductivity of material are identical. The self diffusion coefficient Ds obeys the Arrhenius law !;

D, (T)=D, exp(-Q/RT) (5)
where Q is the activation energy, Do is a pressure-dependent constant, R is Molar gas constant and 7 is bulk
temperature. Higher heat flux could be obtained by increasing the heat conduction area which is related to the
interfacial area, i.e. contacting area between two beads. The diffusion behaviour of the adjacent beads could
be equivalent during the interface formation. The interfacial bonding strength, therefore, is then dominated by
the contact surface area. This increase of contact area not only promotes the thermal transmission but also
enhances the molecular chains diffusion (Fig. 11). The heat energy of the most recently deposited bead (red)
transfers to the lower cooled bead (blue) and it therefore reheats the cooled bead. The interfacial surface is

then expanded, which is helpful to enhance the mutual diffusion. When the bead temperature decreases to the
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ambient or substrate temperature, the development of interfacial layer terminates, achieving an equilibrium

state.
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Fig. 11 Schematic diagram of diffusion process between a hot bead and a cool bead.

4. Conclusions

This work provides an experimental approach to elucidate the mechanical dependence of 3D printed TPU
on printing parameters, taking the nozzle height as an example. Within the shear rate range in FFF processing,
the die swell ratio of deposited bead strand is found to be dominated by nozzle (hence polymer melt)
temperature, and changes linearly with the nozzle temperature. Both shear and extensional viscosity of the
extruded melt reveal typical thinning behavior and decreases with the increase of melt temperature within the
shear rate range ca. 10>-10° s™'. Morphological comparison results show that well controlled bead shape can
be obtained when the feeding and rastering process are consistent and stable. A lower nozzle height favors
increased packing density and reduces internal voids of printed part, leading to enhanced tensile property. The
stacking morphology of deposited bead affects the dependence of tensile performance on the porosity and
bead cross-section profile. In order to obtain an insight of the tensile property dependence, two bonded
adjacent beads with three contacting models show apparently different releasing stress-strain behavior. A large
nozzle height leads to loss of control of bead shape and deterioration of the interfacial contact morphology;

however, the squeezing effect occurring at a low nozzle height promotes mutual molecular diffusion and

17



consequently improves the bonding strength. Such interfacial bonding strength is also related to the interfacial

contacting area, which is dependent on the bead profile.
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Fig. A.1 The relationship of gear feeding velocity (revolution speed) vs. apparent shear rate

Fig. A.2 Nozzle tip and the measurement of actual nozzle temperature
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Fig. A.3 Release behavior of bonded beads measured under displacement controlled conditions at a constant
cross head speed of 0.5 mm/s for #=0.2, 0.3 and 0.4 mm, respectively. The release force curves demonstrated
as sinusoidal fluctuation and the peak values (the pink curve marked by arrows in Fig. A. 3a) was used as the

onset of release. Each model was tested for six times.
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Fig. A.4 Tensile behavior of bonded beads measured under displacement controlled conditions at a constant
cross head speed of 0.5 mm/s for #=0.2, 0.3 and 0.4 mm, respectively. Herein, ten samples for each model
were tested. Similarly, the first yield peak point in the tensile curves was regarded as the critical value of the

onset of delamination.
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