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Abstract: This paper investigates the influence of sample size and layer height on the elastic modulus of
samples 3D printed by fused filament fabrication (FFF). Cubic samples of different sizes from either a stiff
thermoplastic polymer (polycarbonate (PC)) or a soft polymer (thermoplastic polyurethane (TPU)) were
printed at three different layer heights: 0.1 mm, 0.2 mm, and 0.4 mm. The samples were imaged using micro-
computed tomography to visualize porosity and tested under compression. The results indicate that the elastic
modulus of TPU varied with sample size, demonstrating size effects due to high porosity. In contrast, PC
samples had a low void volume fraction and did not demonstrate statistically significant size effects on the
elastic modulus. The variations in elastic modulus due to layer height were statistically significant for both
materials. The highest elastic modulus was observed at 0.2 mm layer height for both materials across different
sample sizes, which can be attributed to low void volume fractions. The study develops process-structure-
property relations for PC and TPU samples manufactured by FFF. It provides new insights into the design
guidelines for FFF based on the size effects. The results indicate that variations in mechanical properties due
to size effects must be considered during the design stage for TPU to accurately predict the material’s behavior.
Additionally, the locations of the printed parts that are subjected to higher loads should be printed closer to
the heated print bed due to the lower void volume fraction observed in the section of the samples printed
adjacent to the heated print bed.

Keywords: Thermoplastics; additive manufacturing; fused filament fabrication; architected
materials; design for additive manufacturing

1. Introduction:

Fused filament fabrication (FFF), also known as fused deposition modeling (FDM, a trade name
owned by Stratasys Inc.[1]), is one of the most widely used additive manufacturing (AM) techniques.
Developed as a tool for rapid prototyping, FFF has emerged as a pivotal manufacturing process in
several industries (automotive[2], aviation [3], medicine[4], and construction[5]) due to advantages
like ease of material handling, low cost, and portability.

Despite the widespread use of FFF, accurately predicting the mechanical response remains a
challenge to date. Numerous studies have investigated the effects of different printing parameters on
the structure and mechanical properties of printed materials[6-12]. However, the effects of the
sample’s size on its mechanical response are still not well understood. Such knowledge is needed for
the design process. Thus, this paper investigates the size effects in FFF.

Large variations in mechanical properties are observed in FFF due to defects formed during the
printing process. Techniques like scanning electron microscopy (SEM) and micro-computed
tomography (micro-CT) have been used to study material deposition and defects formed during FFF.
Guessasma et al. [13] were among the first to employ micro-CT to examine the defects in FFE. They
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found that defects were formed in the samples due to incomplete sintering between deposited
material (beads or raster), abrupt changes in print direction, and lack of fusion between the layers.
Figure 1 shows the resulting porosity formed due to incomplete sintering. The porosity forms an
internal structure (mesostructure), which affects the macroscopic properties of the printed samples.
Researchers have examined the effect of different printing parameters (e.g., layer height, print speed,
print temperature) on the mesostructure and resulting mechanical properties [13-16]. Three-
dimensional (3D) micro-CT images showed that long continuous voids are formed in the
mesostructure along the bead deposition direction. Minor variations in the cross-section and
oscillations were observed when focused on single voids due to irregularities such as ghosting and
rippling16.

The cooling rate and deposition angle (also known as the raster angle) play critical roles in bond
and void formation in FFF. Hernandez et al.[7] developed a two-stage thermal and sintering model
to simulate bond and void formation under different temperature conditions. They demonstrated
that higher substrate temperatures can reduce void volume. Conversely, lower processing
temperatures can increase the number and size of voids[17]. Layer height (LH) is another critical
factor affecting the formation of voids, with conflicting reports presented in the literature. In some
samples, increasing LH has been shown to reduce the number and size of the pores at the layer
interfaces[17]. In other samples, increasing LH increased the number of pores and size of voids[18,19].
The bead width and raster angles have also been found to influence the geometry of voids[20,21].
Overall, these findings highlight the complex interplay between different printing parameters and
their impact on the void characteristics in FFF.
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Figure 1. Mesostructured formed during FFF.

Based on the results obtained from the micro-CT, representative volume elements have been
developed to understand the effects of voids on the macroscopic response of the material. Tools such
as finite element analysis (FEA) [20,22-25], fast Fourier transform (FFT)[16], and semi-analytical
techniques[11] have been used to study the influence of the microstructure on the properties of the
printed material. These studies have shown that voids reduce the elastic modulus of a material and
act as sources of failure. Larger voids (resulting from parameters such as larger LH) also increase the
anisotropy of the material.

Apart from printing parameters, studies have shown that the sample preparation strategies and
sample geometry can significantly affect material properties[26]. In addition, the size of the sample
has also been shown to affect mechanical properties in other AM processes[27-30]. However, no
studies have been published on the size effects in the FFF. Thus, the current study focused on the
impact of size and LH on the compressive elastic modulus of samples printed using FFF. The LH was
included in addition to the sample size because, based on the literature, LH directly affects the void
volume fraction and has been shown to have conflicting effects on the materials’ mechanical
properties.

This paper is structured into five sections. Section 2 delves into the specifics of material selection,
sample preparation, and experimental methods employed in the research. Section 3 presents the
findings. A discussion of these results is provided in Section 4, followed by the conclusions, summary,
and suggestions for future work in Section 5.

2. Experimental Analysis
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2.1. Sample Preparation

Cubic samples with side dimensions of 8 mm, 12 mm, and 20 mm were 3D printed using the
Svol SV02 (Sovol3D, Shenzhen, China) at the layer heights of 0.1 mm, 0.2 mm, and 0.4 mm. The
samples were printed based on the full factorial design of experiments (DOE), as shown in Table 1.
Two polymers, polycarbonate (PC) and thermoplastic polyurethane (TPU), were chosen for this study
because of their contrasting mechanical properties. PC has a high modulus and is an amorphous
material, whereas TPU is a relatively softer and semi-crystalline material. To ensure consistent
printing conditions, the nozzle size, layer width, air gap, raster angle, print orientation, wall count,
print speed, and nozzle/bed temperatures were held constant across all the prints. The PC samples
were printed using a 0.6 mm nozzle size, nozzle temperature of 260°C, print speed of 40 mm/s, and
bed temperature of 110°C. All the TPU samples were printed at a nozzle temperature of 230°C, print
speed of 15 mm/s, and bed temperature of 70°C. The bead width was kept at 0.6 mm for all the
samples, and the raster angles were set at +45°/-45°. Five samples were studied for each DOE point,
and the weight and dimensions of each sample were recorded before testing to calculate the
equivalent density (mass/volume).

Table 1. DOE used for the analysis.

Cube dimensions Layer Height

SNo. (mm?) (mm)
1 8x8x8 0.1
2 8x8x8 0.2
3 8x8x8 0.4
4 12x12x12 0.1
5 12x12x12 0.2
6 12x12x12 0.4
7 20x20x20 0.1
8 20x20x20 0.2
9 20x20x20 0.4

2.2. Micro-CT Analysis

Micro-CT is a nondestructive imaging method that employs X-rays to generate two-dimensional
(2D) trans-axial projections of specimens and subsequently reconstructs them into a comprehensive
3D representation using specialized reconstruction software. A grayscale value is assigned to each
spatial position within the sample, representing the local phase density. In this study, PC and TPU
samples were scanned using a Rigaku CT Lab HX 130 micro-CT machine (Rigaku, Tokyo, Japan). The
samples were placed on a rotating platform situated between the X-ray source and detector screen.
The voltage, current, and distance from the source were 130 kV, 60 pA, and 20 mm, respectively. 1930
2D images were captured in continuous acquisition mode over a period of 68 min, resulting in a
resolution of 5.3 um.

The micro-CT scans were converted into TIF images and reconstructed using Amira™ (FEI)
software. The gray-level images were then converted into binary images using interactive
thresholding to separate the pores from solid features. The threshold values were adjusted twice: first
to visualize the deposited material and then to render a 3D image of the voids. Thresholding was
followed by eliminating artifacts of less than 20-unit voxels using the “remove small spots option.”
Figure 2 shows the images obtained after the two thresholding steps for a PC sample. The
segmentation process in the Amira software is described in detail in Mahrous et al.[31]. The samples
were also cropped to study the deposition of beads according to the raster angle, which allowed the
identification of repeating architecture at the mesoscale. The samples were also cropped to study the
deposition of beads according to the raster angle, which allowed the identification of repeating
architecture at the mesoscale. Label analysis was then conducted to determine the
void volume and connectivity. The void volume fraction was calculated using
Equation (1). (1)
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Figure 2. Imaged obtained after a) thresholding and b) Inverting the thresholding to view voids.

2.3. Compression Testing

The cubic samples were subjected to compression along the print direction using an MTS
Alliance RT/30 load frame (MTS Systems, Eden Prairie, MN, USA). The samples were compressed at
a 0.1 mm/min rate following the ASTM D695-15 standard. Cubic samples were used instead of cuboid
samples, as recommended by the standard, to prevent buckling. Load cells with capacities of 30 and
10 kN were used to obtain the load-displacement data. The stress-strain curves were then obtained
from the collected data. Figure 3 shows the stress-strain curves for TPU and PC for different sample

sizes printed at 0.2 mm LH.
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Figure 3. Stress-strain curve for a) PC sample and b) TPU printed with 0.2 mm LH.
3. Results

3.1. Micro-CT Image Analysis

Micro-CT images were studied to identify variations in the mesostructure and voids formed in
the samples. As discussed in Section 1, three types of defects were observed: voids caused by abrupt
changes in the printing direction, insufficient sintering, and lack of fusion between layers. Lack of
fusion between layers was rarely observed in samples made from PC but was frequently noticed in
the TPU samples. Voids formed due to abrupt changes in print direction tend to stack across different
layer heights, creating a long continuous ‘chimney'-like structure. These defects are shown in Figure
4.

Of the three types of defects, the majority of voids were formed due to insufficient sintering
between the beads. These voids were observed between the two deposited beads along the raster
angle and had a consistent cross-section along the raster angle. However, the cross-section of the
voids could vary in the print direction. Smaller voids were typically found near the print bed,
whereas voids with larger cross-sections were observed at the top of the samples. This variation in
the cross-section was more pronounced in larger samples and samples with larger void sizes (TPU).

Furthermore, the voids resulting from inadequate sintering were not interconnected in the PC,
whereas they formed a connected network in TPU. This behavior was because, due to high elasticity,
the heated TPU squeezes and stretches along the raster angle when pushed through the nozzle,
resulting in shrinkage of the deposited bead width when compared with the specified value[32]. As
a result, the printer must be carefully calibrated to compensate for this effect. The volume fraction of
the voids observed in the PC samples was between 6\% and 8\%. In contrast, the void volume
fractions of the TPU samples were significantly higher, ranging from 26\ % to 34\ %. It should be
noted that providing an exact void volume fraction for all samples was challenging because the value
depends on the thresholding process. Therefore, a range is provided.
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Figure 4. a) Top view of the voids formed in 8 mm x 8§ mm x 8§ mm PC samples printed at 0.4 mm LH,
b) side view of voids formed due to insufficient sintering; c) top view of the voids formed in 8 mm x
8 mm x 8 mm TPU sample printed at 0.4 mm LH, d) side view of voids formed due to insufficient
sintering.

Smaller sections of the samples were cropped to study the effect of LH on the void size and
connectivity. A lower LH resulted in voids with smaller cross-sections (Figure 5). However, the
frequency of voids along the printing direction increased because additional layers were required to
print the same height. Figure 5 compares the formation of voids across different LHs in the PC and
TPU samples. As a result, the smallest void volume fraction was observed in samples with 0.2 mm
LH compared to 0.1 mm and 0.4 mm LH.

a) c) e)

CX

—_—
500 pm

d)

—_—
500 pm

Figure 5. Variation in voids due to varying LH- a, b side and top view of voids formed in 8 x 8 x 8
mm3 sample printed at 0.1 mm LH, ¢, d side and top view of voids formed in 8 x 8 x 8 mm3 samples
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printed at 0.2 mm LH, e, f side and top view of voids formed in 8 x 8 x 8§ mm3 samples printed at 0.4
mm LH.

3.2 Modulus and Specific Energy Absorption

The compression modulus was calculated for the PC and TPU samples along the print direction
from the linear region of the stress-strain curve. Figure 6 compares the results. For the PC, the mean
compression modulus did not vary significantly with sample size for the 0.1 mm and 0.2 mm LH, but
it did vary for the 0.4 mm LH. In contrast, the compression modulus decreased with an increase in
the sample size for TPU. Maximum compression modulus was observed for LH of 0.2 mm when the
sample size was kept constant for both PC and TPU.

While comparing the stress-strain curves, nonlinearity was observed at small strains across all
samples. The initial nonlinearity region was smaller in the PC than in the TPU. Because significant
nonlinearity was observed in TPU, the specific energy absorption (SEA), as defined in Equation 2,
was also calculated up to 40\ % strain. Figure 7 compares the SEA of the TPU samples. A similar SEA
trend was observed in the compression modulus.

Area under load — displacement curve
SEA =

Weight of the sample

Compression Modulus (PC) m 8 mm Side Cube
® 12 mm Side Cube
B 20 mm Side Cube

Qo
N—
ot
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Figure 6. Compression moduli of a) PC and b) TPU.
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Figure 7. SEA by TPU.

4. Discussion

The significance of layer height and sample size on compressive elastic moduli was further
investigated using analysis of variance (ANOVA). Minitab software was employed to perform the
ANOVA. Before conducting the ANOVA, an Anderson-Darling test was administered to assess the
normality of the data. The results of the test revealed that while the compression modulus for PC was
normally distributed, the compression modulus of TPU was not. Consequently, a Box—Cox
transformation was applied to perform the ANOVA for TPU. The results of the ANOVA for PC and
TPU are presented in Tables 2 and 3, respectively. The p-values obtained from the ANOVA (Tables
2 and 3) suggest that the layer height and sample size significantly influence the elastic moduli of
TPU samples. However, only LH demonstrated a statistically significant impact on the elastic moduli

of the PC.
Table 2. Analysis of variance for PC.
Source DF AdjSS AdjMS F-Value P-Value
Sample size 2 0.004207 0.002104 0.62 0.545
LH 2 0.096618 0.048309  14.19 0.000
Sample 4 0.002783 0.000696 0.20 0.934
size*LH
Error 33 0.112318 0.003404
Total 41 0.215120
Table 3. Analysis of variance for TPU.
Source DF AdjSS AdjMS F-Value P-Value
Sample size 2 0.000418 0.000209  99.03 0.000
LH 2 0.000083 0.000041  19.60 0.000
Sample 4 0.000086 0.000022  10.22 0.000
size*LH
Error 27 0.000057 0.000002
Total 35 0.000644

Size effects are evident in TPU due to its substantial void volume fraction and low elastic
modulus. When subjected to compression, the deposited material initially deformed to fill the voids
before transferring the loads, resulting in noticeable nonlinearity at low strains (less than 10% strain
for TPU). The moduli of the smaller TPU samples were higher due to their lower void volume fraction
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and higher density. Variations in void volume fraction across sample sizes were observed due to
inconsistent thermal gradients across the samples. Thermal gradient in FFF can be controlled using
printing parameters like print speed, print temperature, and print bed temperature. Reduced print
speed and higher bed temperature can reduce the thermal gradient, promoting sintering between the
deposited beads[10,33-37].

Due to variations in the thermal gradient, a sample can be divided into three distinct sections:
the bottom, middle, and top (see Figure 8a). The distinction between the three sections is more
prominent in taller samples. The bottom section is closest to the print bed. The material in this section
undergoes slow cooling rates due to the heated print bed, leading to higher sintered areas and denser
sections. In the middle section, the effect of the heat supplied by the print bed reduces due to a
considerable distance from the heat source. The cooling rate in the middle section is determined by
printing parameters such as print temperature, print speed, and ambient temperature. The beads
deposited in this section experience repeated heating and cooling cycles due to multiple layers being
added above them. The polymers deposited in the top section had a similar cooling rate. However,
the material deposited in this section experienced fewer repeated heating and cooling cycles because
of the limited amount of material deposited on top, resulting in a smaller wetted area and higher void
fraction.

The variation in densities among the three sections is more pronounced in materials with larger
voids, such as TPU, than in materials like PC. As a result, higher density was observed in smaller
TPU samples (e.g., cubes with 8 mm sides) than in larger samples (e.g., cubes with 20 mm sides). The
densities of the PC and TPU samples are shown in Figures 8b and 8c, respectively. Higher densities
indicate low void volume fraction, leading to an increased compression modulus. Due to significant
size effects observed in TPU, variation in mechanical properties due to the sample size should be
taken into account during the design process.

The current study investigated the compression modulus variations along the print direction,
focusing on the size effect. Further research could explore size effects perpendicular to the print
direction and for various infill densities. The size effects in these cases may differ due to the
anisotropic nature of the printed material and the variations in void volume fraction. However, these
factors were not addressed in the present study.
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Figure 8. a) Three sections in TPU 1xIxImm? sample, b) Equivalent densities PC, and c) Equivalent
densities TPU.

5. Conclusions

Cubic samples with varying dimensions and layer heights were printed using filaments made
of PCand TPU. The internal structures and defects present in the samples were analyzed using micro-
CT. The study revealed the presence of three primary types of defects in the samples due to abrupt
changes in the print direction, lack of bonding between filaments, and voids resulting from the non-
rectangular cross-section of the deposited filaments. The voids observed in the PC samples were
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aligned with the raster angle and did not connect across layers. On the other hand, voids in TPU
formed an interconnected network spanning across layers. The print direction affected the frequency
and cross-section of the voids observed in the samples. Samples printed at larger layer heights (LH)
had fewer voids, but the present voids had a larger cross-section.

Conversely, owing to the increased number of layers, smaller LH samples had a higher number
of voids, leading to a trade-off between the number of voids and void volume fraction. The presence
of voids directly affected the equivalent density of the material. As a result, samples printed at 0.2
mm LH had the highest density compared to 0.1 mm and 0.4 mm LH. The samples with a higher
density demonstrated a higher compression modulus. Although LH was determined to be a
statistically significant factor for both PC and TPU, the size effects were not consistently observed.
While changing size did not have a statistically significant impact on the compression modulus for
the PC samples, smaller samples exhibited a larger compression modulus for TPU. The significant
size effect observed in TPU can be attributed to the higher void volume fraction present in TPU
samples. Variations in mechanical properties due to size effects should be considered during the
design process to predict the behavior of the manufactured part accurately. In addition, part of the
component most susceptible to failure or subjected to higher loadings should be printed near the
print bed if possible due to the lower void volume fraction and higher modulus experienced while
depositing material closer to the heated print bed.
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