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ABSTRACT

Improving the quality of parts printed using Fused Filament Fabrication (FFF) is of critical
importance in a number of engineering applications. Providing additional thermal energy
during printing by external means, or by an integrated heater has been investigated in the past
to prolong the cooling curve, and therefore, ensure good adhesion with adjacent filaments. This
work presents a modified heater block assembly to apply in-process thermal load during the
upright printing of a Polylactic Acid (PLA) part. The design overcomes key shortcomings of past
work and, in particular, addresses effective printing of thin, tall structures, where filament
adhesion between layers is of particular importance. Cross-section imaging and tensile testing is
combined with a comprehensive statistical design of experiments in order to fully understand
the impact of process parameters on improved mechanical strength of printed parts. This work
contributes towards improved properties and performance of realistic and practical FFF-printed
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1. Introduction

There has been much recent evolution in manufacturing
techniques for fabricating complex parts. Additive man-
ufacturing (AM) is one such set of techniques that has
gained popularity due to its capability to fabricate
parts that would otherwise be difficult to do with con-
ventional methods (Dimitrov, Schreve, and De Beer
2006; Zein et al. 2002). AM allows customised and sus-
tainable manufacturing with expanded design flexibility
and ease of accessibility (Bromberger and Richard 2017;
Ligon et al. 2017). Unlike conventional methods such as
mold-manufacturing, AM prints the part in a bottoms-up
approach (Hod Lipson 2013; Patel et al. 2019; Dhal 2018).
According to the ASTM F42 committee, AM processes
have been divided into seven categories to standardise
terminology. Fused Filament Fabrication (FFF), which
belongs to the Material Extrusion category (ASTM F42),
is one of the most common AM techniques in the
terms of the number of parts fabricated and printers
worldwide (Turner, Strong, and Gold 2014). In FFF, a
Computer-Aided Design (CAD) model is used to manu-
facture the final part by depositing one hot extrudate
onto the another. FFF can be differentiated from the
most AM techniques because it does not use an
energy source that rasters over a powder bed, selectively

bonding the powder due to the melting and solidifying
while fabricating the final geometry (Pham and Gault
1998; Kruth, Leu, and Nakagawa 1998; Wong and Her-
nandez 2012; Zhang, Liao, and Coddet 2012; Tolochko
et al. 2003). As seen in Figure 1, in FFF systems, a thermo-
plastic filament is heated above its glass transition temp-
erature to form a polymer melt which is dispensed
through a heated liquefier onto a heated build platform
(Pham and Gault 1998; Kruth, Leu, and Nakagawa 1998;
Gibson, Rosen, and Stucker 2015). With the help of a
gantry, the print nozzle is moved in the xy-plane as it
deposits the material whereas either the bed or the
nozzle is moved in the z-direction for the out of the
plane movement. However, parts printed using FFF are
known to offer poor mechanical properties (Osborn
et al. 2015; Ahn et al. 2002; Bellini and Guigeri 2003) com-
pared to the baseline material or injection molded
counterparts.

Previous research has studied the inter-laminar failure
of the parts under various loading conditions including
tensile (Cole et al. 2016), compressive (Percoco, Lavec-
chia, and Galantucci 2012; Sood, Ohdar, and Mahapatra
2012), fatigue (Domingo-Espin et al. 2018; Gomez-Gras
et al. 2018; Puigoriol-Forcada et al. 2018) and torsion
(Rodriguez, Thomas, and Renaud 2001). These studies
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Figure 1. Schematic of the filament deposition process in FFF.

reinforce the idea that the reduced mechanical proper-
ties are a function of the inter-laminar bonding
between the layers. When the polymer melt is depos-
ited, the adjacent filament rasters merge into each
other resulting in the formation of the inter-laminar
bonds or necks. However, as the temperature of the
melt approaches the glass transition temperature, the
polymer melt becomes highly viscous, which slows
down and eventually stops the neck formation process
(Duty et al. 2018; Costa, Duarte, and Covas 2017). The
thermally-driven neck formation and growth process is
critical to inter-laminar bonds, and thus the mechanical
strength of printed parts (Ahn et al. 2002). It has also
been observed that the print parameters such as print
temperature (Lanzotti et al. 2008), air gap (Rodriguez,
Thomas, and Renaud 2001) and print orientation
(Ziemian, Okwara, and Ziemian 2015) affect the mechan-
ical properties of the FFF parts. Porosity is an intrinsic
defect seen in FFF parts because the rounded features
generated by the circular nozzles lead to imperfectly
stacked layers (Rodriguez, Thomas, and Renaud 2000).
This further leads to the formation of long void gaps
between the two adjacently deposited polymer beads,
accentuating the premature failure of the FFF parts.
Various papers have highlighted the importance of
temperature and heat transfer in determining the prop-
erties of the FFF parts through various experiments. It
has been shown that the complex temperature distri-
bution around the deposited polymer melt combined
with the heat transfer between the adjacent filaments
determines the quality of bond (Costa, Duarte, and
Covas 2017). Furthermore, work has been done on the
different in-process and post-process techniques to
accentuate the neck growth in FFF parts. Previous
work on post-process thermal annealing has shown
that increasing the inter-laminar bonding by heating
the part well beyond its glass transition temperature
results in a significant increase in the mechanical
strength of the parts. This method does lead to a sub-
stantial increase in strength, but geometric accuracy of

the part is compromised and application of a post-
process thermal load increases the total build-time of
the final part (Rane et al. 2020; Tamburrino et al. 2021).
Post-process annealing can take up a significant
amount of time. Other approaches have been studied
to provide an external heating source to facilitate the
inter-laminar  bonding. For example, microwave
heating has been used to raise the local temperature
during the fabrication of FFF parts (Sweeney et al.
2017). However, these approaches utilise complex and
expensive additional equipment which complicates the
FFF process. Another study was done by Ravoori et al.,
where a rectangular metal block was attached to the
nozzle assembly to apply an in-process thermal load,
thus enabling increase in neck growth (Ravoori et al.
2019). This provided a comparatively simple and a
cost-effective technique to increase the inter-laminar
bonding by the in-process heating. Also, the previous
studies have shown that the inter-laminar bonds are
weakest along the out-of-plane or the z-direction due
to the reduced reptation and neck formation when a
hot polymer melt is extruded onto a layer that is
already cold (Keles, Blevins, and Bowman 2017; Zaldivar
et al. 2017; Costa, Ferreira da Silva, and Sousa Carneiro
2019). In the work done by Ravoori et al, the tensile
coupons printed were laid flat onto the bed, and thus,
the primary neck growth process occurred between
adjacent beads on the same layer, rather than
between layers. The issue of the layer bonding manifests
itself in the printing of a thin and tall structure, such as
upright printed tall parts in a small radio-controlled
(RQ) aircraft design, and may be the reason of these
parts failing due to reduced z-strength (Skawinski and
Goetzendorf-Grabowski 2019; Taylor et al. 2020;
Kopecki, Mazurek, and Swiech 2020; Luo et al. 2021;
Ahn et al. 2002). Thus, it is desirable to take these
issues into account, evaluate what parameters affect
the necessary in-process thermal load in improving the
layer bonding, and provide a solution to the reduced
mechanical properties of FFF parts, especially in the z-
direction.

In the current work, a modified heater block assembly
has been designed to apply an in-process thermal load
during the upright printing of a Polylactic Acid (PLA)
part. A heater block is designed with a circular block
integrated into the heated liquefier. Two factors,
namely block thickness and nozzle height are studied
with 3 levels to statistically investigate the effect of
these parameters on the necessary thermal load to
improve the layer bonding in the printing of tall and
slender parts. A design of experiments (DOE) is per-
formed using a two-way full factorial analysis to study
and characterise the ultimate tensile strength (UTS)



and obtain a statistical model. Analysis of Variance
(ANOVA) is conducted to test the significance of each
factor on the increase in the UTS in the z-direction and
to find the optimum value from the different combi-
nations. Image processing is used to analyze the
change in the characteristic of the long voids seen
between the adjacent rasters as well as the change in
the shape of the void area.

2. Experiments

For the experiments, the parts were printed using
1.75mm diameter PLA filament (Hatchbox 3D,
Pomona, CA, USA). Dogbone-shaped tensile test
coupons were printed using a modified design of the
ASTM D638-02a standards as shown in Figure 2 (Rane
2018; “Compass” 2022; Patel 2018). The tensile test
coupons were designed on SOLIDWORKS 2016 (Dassault
Systems, Waltham, MA, USA) and converted to a G-Code
using Simplify3D (Simplify3D, Blue Ash, Ohio, USA) soft-
ware. Figure 3 shows the experimental setup consisting
of a Creality Ender 3 Pro printer with the attached
modified heater block assembly with 0.4 mm nozzle.
The print parameters used are specified in Table 1. The
infill percentage for the coupons was kept at 100%
with no perimeter shells. The use of a different material
may need a recalibration of some of the print par-
ameters. Previous studies had used a print setting
which provided the parts with a considerably low refer-
ence value as compared with those obtained by the
current settings leading to an inaccurate and inflated
depiction of the factor effects. These print settings
were used as they provided the best results in terms of
print quality, strength, and reduced print times. The
temperature of the heater block disc and nozzle are
the same at 200°C since they are connected to each
other. It is the same temperature as the extrusion temp-
erature set in the Gcode. The dog bone samples were
printed with their longest dimension parallel to the
build direction (z-direction). This was done to achieve
an accurate representation of the weak inter-laminar
bonds between the two adjacent layers and therefore
provide results for an increase in the UTS for the
weakest inter-laminar bonds. The infill raster angle was
kept at 0° to obtain a maximum inter-laminar bond area.

The circular aluminum heater block discs were 50 mm
in radius and had three levels of thickness: 2, 5, and
10 mm. Aluminum was used because of low weight
and ease of machining. The nozzle height from the
block was adjusted to three levels: 1, 1.5, and 2 mm.
The nozzle height is defined as a distance between the
nozzle tip and bottom of the heater block. Print speed
of 60 mm/s is still attainable with the heater block
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discs due to the lightweight aluminum. A cooling fan
with a duct was provided for a localised cooling above
the heated liquefier region, as seen in Figure 3. Localised
cooling is necessary because preliminary tests with the
fan without localised cooling showed that heat gener-
ated due to the block travels upwards via conduction,
leading to softening of the filament in the upper sec-
tions of the extrusion chamber, which ultimately
caused print failure after a few layers. While the
cooling fan at the cold end is a normal attachment on
an FFF printer, localised cooling through a duct is a criti-
cal part of this experiment setup, considering the
additional thermal load being generated through the
heater block.

Each part was printed separately to avoid any com-
pounding error and provide replications for the
different factor levels. The parts were then tested
under tensile loading using a Shimadzu Tensile Testing
machine. To apply the tensile load, a displacement
control of 5 mm/min was applied on the specimens
using a 10 kN Load cell. The load vs stroke data from
tensile tests was converted to stress versus strain by
dividing with the appropriate values of the area and
length, respectively. The maximum value of the stress
of each specimen was considered as the ultimate
tensile stress (UTS) whereas the area under the curve
was calculated to obtain the toughness (strain energy)
of the parts. The stiffness of the parts was calculated in
accordance with the ASTM Standard D638 by providing
appropriate toe compensation and assuming Hookean
behaviour in the lower sections of the Stress-Strain
curve.

The experiments and analysis were conducted using a
full factor DOE for the two response variables: Increase in
UTS and Increase in Toughness. To obtain a comprehen-
sive statistical model and the factor level effects, three
levels of nozzle height and plate thickness were
chosen as summarised in Table 2. The two-way full fac-
torial DOE runs for each combination of factors are men-
tioned in Table 2. Thus, the experimental design
included a total of nine treatment combinations with
five replications for each treatment. To avoid the sys-
tematic biases, the treatments were performed in a ran-
domised order. Each part was printed separately on the
Creality Ender 3 with each part taking about 68 min to
print. After each print, the brim (skirt) around the speci-
men was removed carefully with no further post-proces-
sing on the specimen. After completing all the
treatments, the parts were tested under a tensile load
to obtain the ultimate tensile strength and toughness.
The reference values were obtained by printing 4 speci-
mens with the same G-code as the treatments, using the
stock heater block assembly as provided with the
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Figure 2. Dimensions of modified ASTM D638-02a specimen and an actual printed specimen.

Creality Ender 3. The increase in the tensile strength and
toughness are obtained by subtracting the values
obtained for the control specimens from those of the
treatment combinations. The values of stress, strain
and toughness were calculated using MATLAB and the
statistical analysis was performed using SAS (SAS Insti-
tute Inc; Cary, NQ).

3. Results

In the following discussion, the DOE assumptions have
been verified and the appropriate statistical model
along with the ANOVA have been stated.

3.1. Raw increase in the strength and strain
energy due to the nozzle height and plate
thickness

3.1.1. Raw increase in the UTS

Experimental data presented in Figure 4 clearly shows an
increase in ultimate tensile strength in the treatment
combinations obtained by subtracting the average
value for control specimens from those of the treatment

Table 1. Print parameters used in this work.

Print Layer Print Bed
Parameter  speed height Infill  temperature  temperature
Value 60mm/s 0.2mm  100% 200°C 60°C

combinations with respect to the nozzle height. The dots
in the figure represent these values. Figure 4 shows that
as the nozzle height increases from 1 mm to 2 mm, the
average ultimate tensile strength reduces somewhat.
This is likely because as the nozzle height approaches
2 mm, the top layer is exposed to a lower temperature
field as compared to that when the nozzle height is
kept at 1 mm. These differences in the temperature
profiles with the changes in the nozzle height affect the
bonding between the layers. Previous studies have
shown that when the temperature of the previous layer
is maintained at a higher level an increase in the strength
is obtained due to the better neck formation (Sweeney
et al. 2017). This holds true for the current study; we
see that the average increase in the ultimate tensile
strength of the parts falls from 23.3 MPa to 16.2 MPa as
we increase the nozzle height from 1 mm to 2 mm.

In contrast with the impact of nozzle height, however,
no trend or notable difference is seen in the measured
strength with plate thickness, as shown in Figure 5.
The average increase in the strength is seen to be
maximum for the 2 mm plate thickness, followed by 10
and 5 mm plate thicknesses, but the difference is rela-
tively small.

Figure 6 presents boxplots for the distribution of
increase in the UTS. Figure 6 shows that the nozzle
height has a dominant effect on the increase in ultimate
tensile strength of the parts as compared to the plate thick-
ness. A general upward trend is noticed as the nozzle
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Figure 3. Print head assembly.

height is varied from 2 mm to 1 mm. No such trend can be
concluded for the effect of the plate thickness on the
increase in ultimate tensile strength of the parts.

3.1.2. Raw increase in toughness (strain energy)
From Figure 7, it is seen that the effect of nozzle height
on toughness is similar to the effect on UTS. As the
nozzle height goes from 1 mm to 2 mm, a consistent
fall in the strain energy is seen. The average increase in
the toughness of the parts falls by more than 50%
(2159 KPa to 1029 KPa) as the nozzle height increases
from 1 mm to 2 mm. The increase in toughness can be
correlated to reptation across the interfaces which is
influenced by the exposure temperature and time dur-
ation. For a nozzle height of 1 mm, the top layers are
exposed to a much greater temperature as compared
to the nozzle height of 2 mm, thus leading to a signifi-
cant fall in toughness with the increase in nozzle
height. At T mm nozzle height, there is greater reptation
and intermingling of the polymer chain leading to an
enhanced toughness.

Figure 8 presents the effect of plate thickness on raw
increase in toughness. A general upward trend in the
average toughness is found as the plate thickness

Table 2. Nozzle height and plate thickness levels for the design
of experiments.

Levels Nozzle height (mm) Plate thickness (mm)
1 1 2

2 15 5

3 2 10

Heater block

Thermocouple

Heating element

Nozzle height
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Teflon tube

\»

Forced cooling

\

Plate diameter

increases, with an increase from 1225 kPa to 1742 kPa
between 2 and 10 mm plate thickness. This can be
attributed to the fact that for a larger plate, the layers
are exposed to a higher value of temperature for a
longer time duration, but further investigation such as
numerical simulations may be needed to comprehen-
sively test this hypothesis.

The boxplots in Figure 9 show that the increase in the
toughness has a larger spread for the plate thickness as
compared to the nozzle height showing a dominant
effect of the nozzle height. Also, a positive correlation
is seen between the increase in the plate thickness
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Figure 4. Plot showing the raw increase in the strength with the
nozzle height.
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Figure 5. Plot showing the raw increase in the strength with the
plate thickness.

with the increase in the toughness whereas a negative
correlation between the increase in the nozzle height
and increase in the toughness is seen.

3.2. Two-way fixed effects model and verification
of assumptions

In the current study for both response variables, the two-
factor full interaction model is given as

Yie = n+ i+ B+ (aB)j + &je (1

Where u is the overall mean, a; and §; represent the main
effects due to the nozzle height and plate thickness.
Further, (aB);e and ¢ are represent the interaction
effects and the associated error term.

Here we assume that the model has unknown fixed
effects subjected to the following restrictions:)’; (a); =
0, Y (B =0, Y (aB);=0 and ) (aB);=0. Also, it is
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Figure 7. Plot showing the raw increase in the toughness with
the nozzle height.

assumed that the error term in the ANOVA model, g is
normally distributed with a constant variance and
mutually independent errors. The assumption of the nor-
mally distributed residuals is tested by visually inspecting
the Normal Probability Plot (NPP) for both responses, as
shown in Figure 10. It is seen that both plots have some
sampling variations, but there do not exist any heavy
tails or other serious departure from normality. Therefore,
the assumption of the normality is satisfied for both
response variables (Dean and Springer 2017). As a
result, a transformation does not need to be applied to
the data, and the linear model shown in Equation 1 is
reasonable.

In order to verify the assumption of a constant var-
iance, the residuals are plotted as a function of the
fitted values (estimated means,y) as shown in
Figure 11. Figure 11 shows that there are no collocated
residuals for both response variables (average increase

24+
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Figure 6. Boxplot showing the variance in the distribution of the increase in the UTS for the different nozzle heights and plate

thicknesses.
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Figure 8. Plot showing the raw increase in the toughness with a
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in the UTS and average increase in the toughness), and
the scatter of points are randomly distributed with
somewhat equal spread. Therefore, the assumption of
constant variance is reasonable.

3.3. ANOVA and factor interactions

This section discusses the ANOVA and factor interactions
from the DOE. First, the increases in UTS and toughness
are discussed. Next, pairwise comparisons are made for
the response variables. Finally, an optimised design of
the heater block assembly is presented.

3.3.1. Increase in UTS

From the interaction plots shown in Figure 12, three dis-
tinct lines are seen, which show that the main effects for
the nozzle heights are present. With an increase in the
nozzle height, the average increase in UTS falls, thus
indicating that for 1 mm nozzle height, maximum
increase in the UTS is obtained. A fall in the average
increase in UTS is seen for 2 mm plate thickness to
5 mm plate thickness for 2 mm nozzle height, but this
can be attributed to the presence of sampling variability.
The three distinct lines show a slight fall in the average
increase in UTS for the 5 mm plate thickness, but the
overall trend is to remain constant with a zero slope,
thus indicating the absence of the main effects due to
the plate thickness that can be further verified from
the ANOVA results shown in Table 3. From the ANOVA
results, we see the breakdown of the variability (sums
of squares) of the response variable, increase in UTS.
Nozzle height has the maximum contribution to the
variability, and 89% of the variability in the response
can be explained by the full interaction model. From

VIRTUAL AND PHYSICAL PROTOTYPING ’ 995

the ANOVA results we see that, for the interaction
effects, the p-value (0.0694) > 0.01 (confidence level of
99%). Thus, it can be concluded that the interaction
effects are negligible. Due to the absence of interaction
effects, we now check for the main effects due to the
plate thickness and nozzle height. The p-value for the
plate thickness (t) (0.0147) > 0.01 (confidence level of
99%), thus indicating the absence of main effects due
to the plate thickness. The absence of the interaction
effects and main effects due to the plate thickness on
the increase in UTS show that for future work the appro-
priate model is the additive model,

Yie = u + i + &, (2)

that has the assumptions that ) ; (a); =0, where q; are the main
effects due to the nozzle height, p is the overall mean for all
treatments and & is the error term.

3.2.2. Increase in toughness
From the interaction plot for increase in the toughness
shown in Figure 13, we see that there are three distinct
lines present corresponding to the nozzle heights, indi-
cating the presence of main effects due to the nozzle
heights. Here we see that as the nozzle height increases
there is a signifcant fall in the average increase in tough-
ness of the specimen. Unlike the previously studied
response (increase in the UTS) in the current response,
we see an overall positive correlation of the average
increase in the toughness with the plate thickness. The
non-zero slopes of the lines indicate the presence of
the main effects due to the plate thickness. The lines
show similar trends, indicating that the interaction
effects between the nozzle height and plate thickness
are not important. The above inferences can be further
verified from the ANOVA results obtained in Table 4.
The ANOVA results show that the nozzle height has a
maximum contribution to the sums of the squares. We
also see that for the interaction effects the p-value
(0.1502) > 0.01 (confidence level of 99%), confirming
our inference from the interaction plots that the inter-
action effects are not important. However, comparison
of the p-values for the main effects due to the nozzle
height and plate thickness show that these main
effects are present for a confidence level of 99%. Due
to the absence of interaction effects, for future work,
an additive model is appropriate, i.e.

Yie = n+ai+ B+ €je 3)

with the assumptions that }}; (a); =0 and )} (8); =0,
where q; are the main effects due to nozzle height, §;
are the main effects due to plate thickness, u is the
overall mean for all treatments and ¢ is the error
variable.
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Figure 9. Boxplot showing the variance in the distribution of the increase in the toughness for the different nozzle heights and plate

thicknesses.

3.4. Pairwise comparisons

A Tukey's pairwise comparison is carried out for both
response variables to obtain the significant factor
levels at a 95% confidence level. This analysis of the
factor effects recognises how the factor levels are stat-
istically different from one another. For the increase in
the UTS, only the main effects due to the nozzle
height are present, thus a Tukey’s pairwise comparison
is carried out for the different levels of the nozzle
height as shown in Figure 14. The vertical lines used to
connect the two factor levels are not statistically
different. Figure 14 shows that all three nozzle heights
have mean differences in the increase in the UTS that
are statistically different from each other. This suggests
that as the nozzle height is reduced from 2 mm to
1.5 mm to 1 mm progressively, higher increases in the
UTS can be achieved.

For the increase in toughness, we have two main
effects, namely, main effects due to the nozzle height
and main effects due to the plate thickness. Figure

25 - Increase in UTS

Residuals
o

Normal scores

Figure 10. Normal Probability Plot for both response variables.

15 shows the line plots using Tukey’s pairwise compari-
sons for the both the main effects. From the line plot
for the nozzle heights, we see that the three levels
have mean differences in the increase in the toughness
that are statistically different from each other. This
implies that as the nozzle height is reduced from
2mm to 1.5mm to 1 mm we get a progressively
higher increase in the toughness. From the line plot
for the plate thickness, we see that the mean differ-
ences in the increase in the toughness for the 5 and
10 mm plate are not statistically different. But we see
that the 2 mm plate has mean differences which are
statistically different from the 5 mm plate. This indi-
cates that as the plate thickness is increased from
2 mm to 5 mm we see a higher increase in the tough-
ness. But between the 5 mm plate and 10 mm plate
the increase in the toughness is not significant. Thus,
the maximum increase in the toughness can be
achieved for the 5 mm plate or the 10 mm plate with
the T mm nozzle height.

Increase in Toughness
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Figure 11. Residuals vs. Fitted values plot.

3.5. Optimized design of heater block assembly

Based on the Tukey's pairwise comparison, it is seen that
the optimised parameters for a maximum UTS and
toughness are 1 mm nozzle height and 5 mm plate
thickness. Based on these parameters a nozzle with an
integrated plate was designed as shown in Figure 16.
The 5 mm plate thickness was chosen instead of the
10 mm plate because Tukey's pairwise comparison
shows that the two are not statistically different (in
terms of increase in average UTS and toughness), also
the 5mm plate is lighter in weight, reducing the
inertia during rapid movements due to lower mass,
and it reaches the desired temperature in a shorter dur-
ation of time. Two nozzles were fabricated, one with a

Residuals
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25 mm plate diameter and the other with a 50 mm
plate diameter. This was done to study the effect of
the plate diameter on the UTS and toughness. The pre-
vious design had the heater block (with the plate) and
nozzle as separate parts which were assembled as
shown in Figure 16, but this caused polymer melt
leakage from around the nozzle which leads to print fail-
ures and difficulty in changing a clogged nozzle. In the
revised design seen in Figure 16, the plate was inte-
grated into the nozzle thus the nozzle could be hand
tightened or loosened into the heater block and
reduces the assembly time if the nozzle is clogged.
Five specimens were printed using each nozzle and it
was seen that their effect on the UTS and the toughness
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Figure 12. Interaction plot for the increase in the UTS.
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Table 3. ANOVA for the increase in UTS.

Degrees of  Type lll Sums  Mean F
Source Freedom of Squares Square value Pr>F
Nozzle 2 378.24 189.12 129.17 <.0001
height (h)
Plate 2 13.93 6.97 4.76 0.0147
thickness
(t)
hxt 4 13.97 3.49 238 0.0694
Error 36 52.71 1.46
Corrected 44 458.85

total

was similar to that of the previous design with 1 mm
nozzle height and 5 mm plate thickness as seen from
the stress—strain plots in Figure 17. The plate diameter
does not show a significant effect on either the UTS or
the toughness, this is because the printed specimens
are always under the plate and are exposed to similar
temperature fields for both plate diameters. Table 5
shows the increase in the average UTS and toughness
for the revised design.

4. Discussion

With a change in the plate thickness, we see that the
increase in the average toughness goes up as the plate
becomes thicker from 2mm to 5mm to 10 mm.
However, the Tukey’s line plots suggest that the mean
differences between the 5 mm plate and 10 mm plate
are not statistically significant. Thus, one could choose
a 5mm plate to achieve highest average increase in
the toughness. Apart from this, a 5 mm plate would be
a better choice as it heats up much faster than the
10 mm plate and reduces the inertia effects in which
the print head would experience greater resistance
with tool path changes, hops between small distances,
or even starts and stops, especially at a higher speed.
The effect of greater inertia would be reflected in part
quality with the potential for decreased geometric accu-
racy. Thus, a nozzle height of 1 mm and plate thickness
of 5 mm gives us the best results for the increase in
average UTS (23.2 MPa, 118.6%) and increase in
average toughness (2577.4 KPa, 558.6%). The increase
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Figure 13. Interaction plot for the increase in the toughness.

Table 4. ANOVA for the increase in toughness.

Source Degrees of Freedom Type lll Sums of Squares Mean Square F value Pr>F
Nozzle height (h) 2 97,36,406.44 48,68,203.2 24.65 <.0001
Plate thickness (t) 2 24,20,682.15 12,10,341.07 6.13 0.0051
hxt 4 14,21,927.11 3,55,481.78 1.80 0.1502
Error 36 71,08,455.87 197,457.11

Corrected total 44 20,687,471.57




Nozzle Estimate
height

1 23.29
1.5 19.58

2 16.19

Figure 14. Line plot for Tukey's Pairwise comparison: the
increase in the UTS.

Nozzle Estimate
height
1 2159.0
15 1465.9
2 1029.35
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in average UTS and average toughness have been sum-
marised in Table 6 for all factor level combinations.
The increase in UTS can also be characterised by
looking at the cross-sectional images as seen in
Figures 18 and 19. Figure 18 shows the cross-sectional
images of the failed surface for the reference and
different treatment combinations. It is seen that for the
reference surface, elongated voids are present
between adjacent rasters. These elongated voids
reduce the bond area and act as failure initiation zones
leading to the low values of UTS in the reference speci-
mens. No noticeable change in the voids is seen as the
plate thickness changes from 2 mm to 10 mm, but
moving from the nozzle height of 2 mm to 1 mm, the

Plate

Estimate
Thickness
10 1742.73
5 1686.5
2 1225.05

Figure 15. Line plots for Tukey’s Pairwise comparison: the increase in the toughness.
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Figure 16. Optimised heater block design (on the right) as compared to the original design.
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Figure 17. Stress-strain plots for specimen printed using the optimised heater block assembly.

voids coalesce together as shown in Figure 18. This leads
to an increased bond area between the layers and
reduces the failure initiation zones, thus increasing UTS
as we reduce nozzle height to 1 mm. Also, during the
testing, crazing is noticed on the parts that are printed
using the modified heater block assembly, thus indicat-
ing a shift from a laminar behaviour towards
homogeneity.

Figure 19 shows the changes in the void shapes and
bond length for the different treatment combinations. It
is seen that for the reference specimens we see equally
spaced diamond shaped voids. But on studying the
cross-sections of the specimen on which treatment com-
binations were applied, we see that the void shape
changes from a diamond to a circular void. Similar
changes in the void shapes have been seen in the pre-
vious studies with a post process annealing thus indicat-
ing an analogous effect that takes place here. These
diamond shaped voids have sharp edges, which act as

Table 5. Increase in the average UTS and toughness with
optimised heater block assembly.

Increase in
average UTS

Integrated nozzle Increase in average

Levels  plate diameter (mm) (MPa) toughness (kPa)
1 25 243 23121
2 50 25.2 2185.2

stress concentration points that cause premature failure
of the reference specimen. In contrast, a shift towards cir-
cular voids reduces the stress intensity factor, thus
leading to a further increase in the strength of the parts
when the in-process annealing is applied. Further analyz-
ing the images for the void area calculation through
Image) software (Rasband, W.S., ImageJ, U. S. National
Institutes of Health, Bethesda, Maryland, USA, https://
imagej.nih.gov/ij/, 1997-2018) indicated that there was
a slight reduction (less than 1%) in the average void
area (5.56%) for the 1 mm nozzle height of all plate thick-
nesses in comparison to the reference specimens (6.27%).
Hence the change in the void area shape has a predomi-
nant effect in comparison to the reduction in the void

Table 6. Increase in the average UTS and toughness for different
factor level combinations.

Increase in
Plate Nozzle average ultimate Increase in

thickness height tensile strength average
Levels (mm) (mm) (MPa) toughness (KPa)
1 2 1.0 235 1591.3
2 2 1.5 20.5 12473
3 2 2.0 17.8 836.5
4 5 1.0 23.2 2577.4
5 5 1.5 20.1 1601.4
6 5 2.0 15.6 880.8
7 10 1.0 23.7 2308.3
8 10 1.5 18.6 1549.1
9 10 2.0 15.5 1370.7
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Elongated
voids

Figure 18. (a) Cross-section of a reference coupon. (b1)—(b3)
Cross-section of a coupons printed with 2 mm block with
nozzle height of 1 mm, 1.5 mm and 2 mm, respectively. Simi-
larly, (c1)-(c3) and (d1)-(d3) are representative cross-sections
of specimens printed with 5 and 10 mm block with nozzle
height of 1 mm, 1.5mm and 2 mm. All cross-sections are
normal to the build direction.

Coalesced
voids

area itself. Figure 20 shows the stress-strain plots for the
different factor level combinations. The parts printed with
the modified heater block assembly show enhanced
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stiffness (increased Young's Modulus) as compared to
the reference values as well as an increase in the
average failure strain (0.06 or 146% for the 5 mm plate
with 1 mm nozzle height). Also, the failure mode of the
specimen shifts from a brittle (reference specimen) to a
more elastic-brittle failure when fabricated using the
modified heater block assembly. In the study, the ductility
and toughness show positive correlation with each other.
An increase in the ductility is seen with a decrease in the
nozzle height and increase in the plate thickness. The
stress—strain plots for the 5 mm plate and 10 mm plate
show a similar behaviour with a noticeable brittle elastic
failure at the 1 mm and 1.5 mm nozzle height. For the
2 mm plate we see an enhanced stiffness and UTS, but
the failure is more brittle as compared to the other two
plates.

Another important inference that can be made from
the stress-strain plots is that there is a change in the
elastic modulus of the parts (considering only the
Hookean region). For the different plate thicknesses
and nozzle heights, it is seen that the increased
change in the Young’s modulus remains fairly constant
with an average of 2144.4 + 135.2 MPa. Table 7 shows
the average Young’'s modulus for the reference and
average Young's modulus of the parts printed using
the novel print head. The increased ductility and
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Figure 19. (a) Cross-section of a reference coupon. (b1)-(b3) Cross-section printed with 2 mm block with nozzle height of 1 mm,

1.5 mm and 2 mm, respectively. Similarly, (c1)-(c3

) and (d1)-(d4) are representative cross-sections of specimens printed with 5

and 10 mm block with nozzle height of 1, 1.5 and 2 mm. All cross-sections are parallel to the build direction.
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Figure 20. Stress-strain curves for specimen fabricated using
different plate thicknesses and nozzle heights, and reference.

Young'’s modulus are associated with the higher degree
of reptation. When the polymer chains are heated to a
temperature above the glass transition temperature,

Table 7. Young’s Modulus of reference and treated parts as
compared with bulk material
Young's Modulus (MPa)

1651.8 +48.72 45%
21444 £135.2 60%

Compared to bulk material

Reference
Novel Print head

they get excited and interact across the interface. Mobi-
lity and exchange of the polymer chain across the inter-
face occur, which is proportional to the increase in
ductility and Young’s modulus. The experimental
findings are thus corroborated with the reptation
theory, as a higher annealing yields a higher degree of
reptation and results in improved mechanical properties.

5. Conclusions

In this study, a novel modified heater block assembly
was designed in an effort to improve the mechanical
properties of FFF parts. A design of experiments
approach was taken to characterise the effect of the
nozzle height and plate thickness on the two response
variables (increase in the average UTS and toughness).
In the two-way, full factorial design of experiments,
three factor levels were chosen for each. The specimens
were tested under a tensile load to obtain the UTS and
area under the stress-strain curve was calculated to cal-
culate the toughness. The ANOVA results revealed the
lack of interaction effects between the nozzle height
and plate thickness for both response variables. Only
main effects due to nozzle height were found to be
present for the increase in UTS whereas for the increase
in toughness both main effects due to the nozzle
height and plate thickness were present (99% signifi-
cance level). From Tukey’s pairwise comparison, it is
seen that the optimised factor levels for the
maximum increase in the UTS and toughness are:
1 mm nozzle height and 5mm plate thickness. For
1 mm nozzle height and 5 mm plate thickness, an
increase in the average UTS of 23.2 MPa and increase
in the average toughness of 2577.4 KPa was seen.
Using these optimised factor levels the design was
revised to now replace the separate heater block and
nozzle with a single nozzle with an integrated heater
plate to provide an efficient design in terms of per-
formance and assembly time. Two diameters of
nozzle integrated heater plates, 25 mm and 50 mm,
were used to print 5 specimen each. These specimens
showed similar behaviour to the previously studied
factor level combination with the plate diameter
playing no significant role as the parts being printed
are always under the plate. Also, an average increase
in Young’'s modulus by 29.8% of the specimens is



seen as compared to the reference when the novel
print head is used. The work done in this paper pro-
vides the basis for understanding the in-process
annealing process that occurs while using the novel
modified heater block assembly. This work provides a
relatively simple technique to improve the quality of
printed parts, while solving the issues faced by the pre-
vious studies. The modified heater block assembly pro-
vides a simple and ready to use solution to improve the
mechanical strength at a fraction of the cost as that of
other more complicated in-process annealing designs.
This paper facilitates future studies on the in-process
annealing of different materials, as the same degree
of in-process thermal annealing will affect differently
semi-crystalline (PLA) and amorphous (ABS) polymers,
and also studies involving fracture and fatigue property
improvements in FFF parts.

It is important to note key limitations of the present
work. While this work focuses on improved mechanical
properties, the impact of in-process heating on geo-
metrical accuracy of printed parts is also important
and worthy of investigation in the future. Further, the
impact of print speed of mechanical properties was
not investigated here, since the print speed was
always held at 60 mm/s. This was done because most
PLA-related 3D printing is carried out at 60 mm/s, and
therefore, the effect of changing the print speed is rela-
tively unimportant.
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