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Abstract: Semi-crystalline polymers develop higher amounts of residual stress and part distortion
(warpage) compared to amorphous polymers due to their crystalline nature. Additionally, the FDM
processing parameters such as ambient temperature play an important role in the resulting residual
stresses and part distortion of the printed part. Hence, in this study, the effect of ambient temperature
on the in-built residual stresses and warpage of amorphous acrylonitrile-butadiene-styrene (ABS) and
semi-crystalline polypropylene (PP) polymers was investigated. From the results, it was observed
that increasing the ambient temperature from 50 ◦C to 75 ◦C and further to 120 ◦C resulted in 0.22-KPa
and 0.37-KPa decreases in residual stress of ABS, but no significant change in the amount of warpage.
For PP, increasing ambient temperature from 50 ◦C to 75 ◦C led to a more considerable decrease in
residual stress (0.5 MPa) and about 3% increase in warpage. Further increasing to 120 ◦C resulted in
a noticeable 2 MPa decrease in residual stress and a 3.4% increase in warpage. Reduction in residual
stress in both ABS and PP as a result of increasing ambient temperature was due to the reduced
thermal gradients. The enhanced warpage in PP with increase in ambient temperature, despite the
reduction in residual stress, was ascribed to crystallization and shrinkage.

Keywords: fused deposition modeling (FDM); polymers; warpage; residual stress; finite element
analysis (FEA)

1. Introduction

Fused deposition modeling (FDM) is one of the additive manufacturing (AM) tech-
niques that has the ability to 3D print complicated shaped geometries by extruding molten
material layer by layer on a pre-heated bed [1–3]. In FDM, the feedstock is supplied into the
heated nozzle, which then extrudes the filament [4,5]. The deposition process is performed
accordingly with a programmed tool path (g-code) of the designed 3D CAD model [6,7].
Once deposited, the filaments are cooled until they reach the ambient temperature. Since
the parts in FDM are fabricated layer by layer, the initially deposited layer undergoes
cooling, while also being reheated by the subsequent deposited layer. The following layers
experience a similar effect due to the continuous deposition process. Furthermore, the parts
cool from outward to inward, leading to a non-homogenous cooling. Due to this large
thermal gradient difference between the part and the ambient temperature, internal ther-
mal residual stresses are induced, resulting in thermal contraction, otherwise commonly
known as shrinkage [8,9]. The part distortion of a 3D printed part can be minimized by
optimizing various processing parameters such as print bed temperature [10,11], ambient
temperature [12,13], layer thickness [14], nozzle speed [11], raster pattern [15,16], and infill
density [17].

Among the various available techniques in AM, FDM is one of the processes that em-
ploys thermoplastic polymers as its feedstock for 3D printing [18]. Due to their performance-
to-cost ratio and ease of production, application of thermoplastic polymers in 3D printing
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is rapidly increasing [19]. In FDM, among the thermoplastic plastic polymers, acrylonitrile-
butadiene-styrene (ABS) and polylactic acid (PLA) are the most-often used. However, on
the other hand, semi-crystalline polymers are gaining traction due to their superior impact
strength, chemical resistance, excellent mechanical characteristics at high-temperature envi-
ronments, and wear resistance properties [18,20]. Despite their advantages, semi-crystalline
polymers are challenging to use due to the volumetric shrinkage caused due to the de-
gree of crystallinity, warpage, and anisotropic behavior compared with the amorphous
polymers [18,21].

Compared to semi-crystalline polymers, a significantly high number of studies have
been conducted on amorphous polymers such as ABS and PLA [18]. Furthermore, only
a very few studies have concentrated on the effect of ambient temperature on the overall
quality of the parts printed using FDM [13]. Although in the literature it has been reported
that ambient temperature does not have any considerable effect [22], it has also been stated
that increasing ambient temperature can lead to a decrease in in-built residual stresses,
allowing homogenous heat transfer enabling better bonding characteristics between the
filaments/roads, resulting in improved mechanical properties [10,23]. However, compared
to amorphous polymers, in semi-crystalline polymers, decreasing cooling rate leads to
promoting of crystallization leading to an increase in warpage [24].

In our previous works, FDM processing parameters such as print bed temperature,
layer thickness, nozzle speed, raster pattern including ambient temperature on semi-
crystalline polymer were investigated [1,25]. In this study, in order to gain a better under-
standing of the effect of ambient temperature on amorphous and semi-crystalline polymer
towards the internal developed residual stresses and overall warpage, an in-depth anal-
ysis was performed. The polymers of the study were printed using FDM, simulated via
COMSOL Multiphysics software, and validated experimentally. Since crystallinity is a
significant factor in semi-crystalline polymers, crystallization kinetics that was developed
by Levy A. was modified and incorporated into this study for semi-crystalline polymer
analysis [26,27]. Along with the crystalline kinetics, the thermo-mechanical properties were
also taken into consideration.

2. Materials and Methods

In this study, isotactic polypropylene (PP) (3D Fila, Essex, UK) was selected as a
material of study along with acrylonitrile butadiene styrene (ABS P400) (UL Prospector,
Overland Park, KS, USA). PP was selected in order to study the effects of ambient tempera-
ture on semi-crystalline polymers, while ABS P400 was selected for analyzing the behavior
of amorphous polymer under various ambient temperatures during the FDM process.
Moreover, ABS P400 and PP are commercially the most-used polymers as feedstocks in
FDM; therefore, they were selected for this study [1,28,29]. These samples were printed
and simulated under the following conditions: bed temperature 100 ◦C, line (90, 90) raster
pattern, nozzle speed of 30 mm/s, and layer thickness of 0.5 mm using a nozzle diameter
of 0.8 mm with an infill of 100% in order to assess the resulting warpage from the printed
samples. The samples were sliced using Cura version 4.8 (Ultimaker Cura, Framingham,
MA, USA), then printed using the modified Ultimaker 2, and simulated on COMSOL
Multiphysics software (COMSOL, Cambridge, UK). The warpage from the printed samples
was measured using an Absolute arm (8525 model) with a RS6 scanner (GH Inspection
LTD, Cambridge, UK) for higher accuracy.

The extrusion temperature and ambient temperature for ABS P400 and PP are pre-
sented in Tables 1 and 2. The term ambient temperature used in this study is also referred
to as chamber temperature/environmental temperature/envelope temperature in other
studies. The respective ambient temperatures considered for each sample were maintained
throughout their print.

In Table 1, ABS-50 represents the ABS P400 sample that was maintained with an
ambient temperature printing condition of 50 ◦C. Similarly, ABS-75 and ABS-120 illustrate
ABS P400 samples printed at 75 ◦C and 120 ◦C ambient temperature. Correspondingly, in
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Table 2, PP-50, PP-75, and PP-120 depict PP samples printed at 50 ◦C, 75 ◦C, and 120 ◦C
ambient temperature conditions.

Table 1. Processing parameters for ABS P400.

Processing Conditions Extrusion Temperature (◦C) Ambient Temperature (◦C)

ABS-50 270 50
ABS-75 270 75

ABS-120 270 120

Table 2. Processing parameters for PP.

Processing Conditions Extrusion Temperature (◦C) Ambient Temperature (◦C)

PP-50 210 50
PP-75 210 75
PP-120 210 120

The material properties of amorphous polymer (ABS P400) and semi-crystalline poly-
mer are presented in Tables 3 and 4.

Table 3. Material properties of ABS P400 [28–32].

Material Parameters Values

Thermal conductivity, k (W/m K) 0.1777
Specific heat capacity, Cp (J/kg K) 2080

Density, ρ
(
kg/m3 ) 1050

Co-efficient thermal expansion, CTE α (K−1) 10.08 × 10−5

Young’s modulus, E (GPa) 2.65
Glass transition temperature, Tg (◦C) 94

Table 4. Material properties of PP [33]. Reprinted with permission from [33]. Copyright 2005 Le
Goff R.

Thermal Property for Amorphous (a) and
Semi-Crystalline (sc) States Numerical Equation

Cpa (α, T) 3.1 T + 2124
λa (α, T) −6.25 × 10−5 T + 0.189
ρa (α, T) 1/(1.138 + 6.773 × 10−4 T)

Cpsc (α, T) 10.68 T + 1451
λsc (α, T) −4.96 × 10−4 T + 0.31
ρa (α, T) 1/(1.077 + 4.225 × 10−4 T)

In Table 4, Cp, λ, and ρ for both amorphous and crystalline region are considered with
respect to the simple mixing rule [1]. Here, the terms a and sc illustrate the amorphous and
crystalline regions in the semi-crystalline polymer.

3. Modeling

The multi-physics’ simulation study presented here incorporates various physics such
as solid mechanics, heat transfer, and crystallization physics, coupled with the temperature
gradient of the model, as represented in Figure 1. Due to this coupling, the incorporated
physics in this simulation are temperature driven. In addition, factors such as the effect
of gravity on the deposited melt, phase transition from liquid to solid, heat transfer be-
tween the deposited filaments (roads and layers), raster pattern, print bed temperature,
ambient temperature, viscoelasticity, and the thermo-mechanical characteristics of the semi-
crystalline polymer were considered. Due to the complexity of the incorporated physics
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and factors accounted, samples of dimension 50*50*2 mm were printed and simulated. The
various physics incorporated in this simulation study are explained below.

Polymers 2022, 14, x FOR PEER REVIEW 4 of 17 
 

 

the effect of gravity on the deposited melt, phase transition from liquid to solid, heat trans-

fer between the deposited filaments (roads and layers), raster pattern, print bed tempera-

ture, ambient temperature, viscoelasticity, and the thermo-mechanical characteristics of 

the semi-crystalline polymer were considered. Due to the complexity of the incorporated 

physics and factors accounted, samples of dimension 50*50*2 mm were printed and sim-

ulated. The various physics incorporated in this simulation study are explained below. 

 

Figure 1. Simulation plan for predicting the part distortion in semi-crystalline polymer. 

3.1. Solid Mechanics 

In order to replicate the material deposition FDM process, element activation is a 

commonly used method [1,3,34]. In this study, the elements in the model were activated 

with respect to the material deposition similarly to the FDM deposition process, as illus-

trated in Figure 2. Initially, the developed model was meshed with respect to the size of 

the filament deposited from the nozzle (0.5 mm in this study). Once the elements were 

meshed, they were sequentially activated with respect to the raster pattern considered in 

the simulation. Similar to the FDM deposition process, the elements were activated se-

quentially in the x and y axes; once the layer was deposited, the elements were activated 

in the z-axis for the next layer deposition. 

 

Figure 2. Representation of element activation from (a) ABS P400 and (b) PP samples with respect 

to material deposition similar to FDM process. 

Figure 1. Simulation plan for predicting the part distortion in semi-crystalline polymer.

3.1. Solid Mechanics

In order to replicate the material deposition FDM process, element activation is a com-
monly used method [1,3,34]. In this study, the elements in the model were activated with
respect to the material deposition similarly to the FDM deposition process, as illustrated in
Figure 2. Initially, the developed model was meshed with respect to the size of the filament
deposited from the nozzle (0.5 mm in this study). Once the elements were meshed, they
were sequentially activated with respect to the raster pattern considered in the simulation.
Similar to the FDM deposition process, the elements were activated sequentially in the x
and y axes; once the layer was deposited, the elements were activated in the z-axis for the
next layer deposition.
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Figure 2. Representation of element activation from (a) ABS P400 and (b) PP samples with respect to
material deposition similar to FDM process.

Followed by the deposition process, during cooling, the FDM printed samples grad-
ually warped with respect to the processing conditions. In order to reproduce this phe-
nomenon, a spring foundation was used between the print bed and the simulated model, as
this boundary condition allowed the model to warp freely when being cooled down [1,25,35].
Throughout the simulation, the print bed temperature was fixed at its respective tempera-
ture for each model and maintained as constant.
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3.2. Heat Transfer Physics

Thermodynamics plays a vital role in influencing the heat transfer between the layers
and the overall cooling rate of the polymer, thus also controlling the degree of crystallinity
of semi-crystalline polymers. Therefore, in order to simulate the effects of printing condi-
tions in the FDM process, it is imperative to consider factors such as thermodynamics as
the material properties of polymer are temperature dependent [36,37]. This has also been
corroborated by other research studies found in the literature [13,38]. Furthermore, the tem-
perature gradient of a printed sample is also influenced by the various printing conditions,
which can affect the resulting part distortions [13,39]. As aforementioned, in this study the
thermo-mechanical properties of PP were expressed as a function of temperature (T), and
the physics were coupled with respect to the thermal gradient of the model [36,37]. The
general energy balance used for heat transfer is given in Equation (1):

ρCp
∂T
∂t
−∇·(λ∇T) = Q (1)

In Equation (1), ρ is the density, Cp is the specific heat capacity, and λ represents the
thermal conductivity of the polymer and Q denotes the heat source.

3.3. Crystallization Kinetics’ Physics

It has been well established in the literature that crystallization kinetics is highly
temperature dependent and, thus, with the change in thermal gradient during the printing,
crystallization can severely affect the properties of the printed semi-crystalline polymer [40].
Therefore, along with the thermal history of the printed model, the semi-crystalline polymer
model (PP) considered in this study was also driven by the polymer crystallization kinetics.
This was achieved by modifying and incorporating the crystallization physics that was
developed by Levy [26,27]. The thermo-mechanical properties of PP were expressed as a
function of temperature (T), as was reported in the past that thermo-mechanical properties
(ρ, Cp, λ) are highly influenced by the temperature gradient of the system and the degree
of crystallization [25,36].

In order to calculate the change in crystallinity with respect to time under non-
isothermal crystallization conditions, Nakamura extended the Avrami equation, which is
expressed as [1,25]:

α(t) = 1− exp

− t∫
0

K(T)dt

n

(2)

Here, t is time, n is the Avrami index, and K(T) represents the Nakamura crystal-
lization kinetics’ function derived from Avrami’s isothermal kinetics. Koscher et al. per-
formed DSC experiments for iso-thermal and non-iso thermal conditions and proposed
K(T) as [26,36,37]:

K(T) = (
4
3

πN0(T))
1
3
G0 × exp

(
− U∗

R(T − T∞)

)
exp

− Kg

T
(

Tf − T
)
 (3)

The Nakamura crystallization kinetics’ model, which was incorporated in this study,
is a widely used equation for simulating crystallization in a semi-crystalline polymer as it
considers both time (t) and temperature (T) as driving factors [26,41,42]. Please refer to our
previous work for the detailed explanation of all the incorporated boundary conditions,
equations used for expressing material properties of PP as a function of temperature, and
physics’ couplings [1].

It should be noted that for ABS P400 and PP similar boundary conditions were used in
solid mechanics and heat transfer physics. Due to the crystallization kinetics, crystallization
physics was incorporated in PP models and coupled with the other physics through the
function of temperature (T).
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4. Results and Discussion

In order to analyze the effect of various ambient temperature conditions considered,
an element was selected from the top layer of the printed/simulated samples. This element
was selected from the co-ordinates 7.8, 2.1, and 1.5 mm and will be referred to as element
m throughout the study. Element m was specifically selected from the top layer of the
printed/simulated samples due to their prolonged exposure to the ambient temperature.
Figure 3 represents the position of element m in an isometric view along with the side view
of the modeled samples.

Polymers 2022, 14, x FOR PEER REVIEW 6 of 17 
 

 

our previous work for the detailed explanation of all the incorporated boundary condi-

tions, equations used for expressing material properties of PP as a function of tempera-

ture, and physics’ couplings [1]. 

It should be noted that for ABS P400 and PP similar boundary conditions were used 

in solid mechanics and heat transfer physics. Due to the crystallization kinetics, crystalli-

zation physics was incorporated in PP models and coupled with the other physics through 

the function of temperature (T). 

4. Results and Discussion 

In order to analyze the effect of various ambient temperature conditions considered, 

an element was selected from the top layer of the printed/simulated samples. This element 

was selected from the co-ordinates 7.8, 2.1, and 1.5 mm and will be referred to as element 

m throughout the study. Element m was specifically selected from the top layer of the 

printed/simulated samples due to their prolonged exposure to the ambient temperature. 

Figure 3 represents the position of element m in an isometric view along with the side 

view of the modeled samples. 

 

Figure 3. (a) Location of element m and iso-metric view of the sample (ABS P400 and PP). (b) Side 

view of the sample illustrating the layer sequence. 

4.1. Temperature Distribution 

In this study, ABS P400 was extruded at 270 °C and deposited on the bed temperature 

of 100 °C, while polypropylene (PP) was extruded at 210 °C and deposited on the bed 

temperature of 100 °C. Once the polymers were extruded from the nozzle, they were al-

lowed to cool down to reach the bed temperature. Here, Figure 4a,b shows the cooling 

curve of element m from both ABS P400 and PP under various ambient temperature con-

ditions considered in this study. In Figure 4a,b, since element m was selected from the top 

layer (layer 4), the x-axis (printing time) begins at 325 s. Due to the substantial temperature 

difference between the extrusion temperature and the print bed temperature, the impact 

of change in ambient temperature is not apparent from the graphs (Figure 4a,b). There-

fore, an inset plot is presented where effect on ambient temperature on the cooling curves 

of the polymers can be seen clearly. 

Figure 3. (a) Location of element m and iso-metric view of the sample (ABS P400 and PP). (b) Side
view of the sample illustrating the layer sequence.

4.1. Temperature Distribution

In this study, ABS P400 was extruded at 270 ◦C and deposited on the bed temperature
of 100 ◦C, while polypropylene (PP) was extruded at 210 ◦C and deposited on the bed
temperature of 100 ◦C. Once the polymers were extruded from the nozzle, they were
allowed to cool down to reach the bed temperature. Here, Figure 4a,b shows the cooling
curve of element m from both ABS P400 and PP under various ambient temperature
conditions considered in this study. In Figure 4a,b, since element m was selected from
the top layer (layer 4), the x-axis (printing time) begins at 325 s. Due to the substantial
temperature difference between the extrusion temperature and the print bed temperature,
the impact of change in ambient temperature is not apparent from the graphs (Figure 4a,b).
Therefore, an inset plot is presented where effect on ambient temperature on the cooling
curves of the polymers can be seen clearly.

From Figure 4a, it can be seen that element m deposition temperature starts at 251 ◦C
(below 270 ◦C). This is mainly because, when element m was deposited on the third layer,
the temperature of the third layer and the loss of energy through the surrounding due to the
maintained ambient temperature decreases the recorded deposition temperature to 251 ◦C.
Similarly, this phenomenon can also be observed in Figure 4a, where, even though PP was
extruded at 210 ◦C, the recorded temperature is around 201 ◦C. After the deposition, both
the polymers were allowed to cool to reach the bed temperature (100 ◦C).

The inset plots from Figure 4a,b, show that with an increase in ambient temperature the
cooling rate decreased. Since element m was selected from the top layer (layer 4), after deposi-
tion the printing process was terminated and the sample was allowed to cool. At 540–550 s,
an inset plot is provided in Figure 4a,b to pronounce the effects of ambient temperature on
the cooling rate of the printed polymers (amorphous and semi-crystalline) in FDM. From the
graphs (Figure 4a,b), one can see the cooling rate of ABS-120 and PP-120 was slower than
ABS-75 and PP-75, while the cooling rate of ABS-75 and PP-75 was slightly slower than ABS-50
and PP-50. It is evident from Figure 4a,b that with increase in ambient temperature the cooling
rate of the amorphous and semi-crystalline polymers decreased considerably.



Polymers 2022, 14, 879 7 of 15

Polymers 2022, 14, x FOR PEER REVIEW 7 of 17 
 

 

 

 

Figure 4. Thermal history of element m is plotted against the printing time for (a) ABS P400 and (b) PP
samples printed under various ambient temperature printing conditions. An inset plot is provided in
order to signify the effect of ambient temperature on the temperature gradient of element m.



Polymers 2022, 14, 879 8 of 15

4.2. Evolution of Residual Stresses

Residual stresses in polymers were affected by the in-built thermal residual stresses
during the printing process due to non-uniform temperature distribution resulting in
anisotropic cooling [38,43]. Figure 5a,b illustrates the evolution of residual stress from
element m plotted against the respective printing time of the samples. An inset plot is
presented (at a similar printing time) to signify the effects of increase in ambient temperature
towards residual stresses in the printed polymers.

Figure 5a,b depicts that, on initial stages of deposition of element m, the residual
stress in amorphous and semi-crystalline polymer increased significantly before reaching
the equilibrium state. Residual stress was induced in FDM printed polymers due to the
trapped thermal residual stresses during the continuous printing process due to the non-
homogenous cooling [44]. Additionally, in semi-crystalline polymers, due to volumetric
changes (influenced by the crystallization phenomenon), the developed residual stress was
considerably higher than the stress accumulated in amorphous polymers (ABS P400 in this
case) [25].

In order to achieve a better understanding between the development of residual
stress in amorphous and semi-crystalline polymers and to emphasize the influence of
crystallization on residual stress and resulting warpage in semi-crystalline polymers, here
a comparison between ABS P400 and PP samples was made. When compared with ABS-
50, PP-50 showed a significant increase of 136.1% in residual stress, while a comparison
between samples ABS-75 and PP-75 illustrated an increase of 132.8% in residual stress. A
comparison of samples ABS-120 and PP-120 depicted an increase of 123.9% in residual
stress. These comparisons revealed that the semi-crystalline polymers in general (PP in
this case) displayed higher residual stress accumulation when compared with amorphous
polymers. Moreover, it was also evident that, with an increase in ambient temperature in
both ABS P400 (amorphous polymer) and PP (semi-crystalline polymer), the developed
residual stress decreased continuously.

In Figure 5a it can be seen that increasing ambient temperature decreased the ac-
cumulated residual stresses. Increasing the ambient temperature from 50 ◦C to 75 ◦C
demonstrated a small decrease of 0.22 KPa in residual stress. On a further increase in ambi-
ent temperature, from 75 ◦C to 120 ◦C, a further decrease of 0.37 KPa in residual stress was
noticed. Even though an increase in ambient temperature led to a drop in residual stress,
no significant difference was seen here. However, a considerable drop in residual stress
in semi-crystalline polymer (PP) was observed upon increasing the ambient temperature
(Figure 5b). Similar to ABS P400, when the ambient temperature was increased, a decrease
in the accumulation of residual stress was noticed (Figure 5b). Here, increasing ambient
temperature from 50 ◦C to 75 ◦C showed a decrease of 1.4% accumulated residual stress.
On a further increase in ambient temperature to 120 ◦C, the drop in residual stress observed
increased further to 5.2%. In studies conducted by Ferreira et al. [45] and Zhang et al. [46],
researchers reported that an increase in ambient temperature enhanced the uniform tem-
perature distribution between the filaments and layers, thereby improving the bonding
characteristics and decreasing the likelihood for accumulation of thermal residual stresses
in the printed samples.

4.3. Resulting Warpage

Warpage is a product of the accumulated thermal residual stresses in the FDM printed
samples and degree of crystallization specifically in semi-crystalline polymers [47,48]. In
Figure 6a,b, warpage results from the simulated samples are plotted against their printing
time in order to compare and contrast the effect of an increase in ambient temperature
over warpage of the 3D printed samples. Similar to the other results presented in this
study, an inset plot is attached to Figure 6a,b to magnify the effects of ambient temperature
on warpage.
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Figure 6. Warpage results from element m plotted against the printing time for (a) ABS P400 and
(b) PP samples printed under various ambient temperature printing conditions. An inset plot
is provided in order to signify the effect of ambient temperature on the resulting warpage from
element m.

Figure 6a,b depicts a linear increase in warpage along with the ABS P400 and PP
samples’ respective printing/cooling time. During the initial deposition phase of element
m, it can be seen that the warpage trend was flat followed by a gradual increase and the
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samples were cooled. This flat region was observed due to the settling of element m after
being deposited from the nozzle.

From the inset plot in Figure 6a, it is observed that, with an increase in ambient
temperature along with the accumulated residual stress, the resulting warpage was also
reduced. On increasing the ambient temperature from 50 ◦C to 75 ◦C, an insignificant
decrease of 0.02% was noticed. On further increasing the ambient temperature to 120 ◦C,
a further insignificant decrease of 0.05% was observed. Even though the decrease in
warpage seen here was less significant, it still corroborated that, with increasing the ambient
temperature, residual stress and warpage decreased. On the other hand, in PP samples,
when the ambient temperature was increased, on the contrary to decreases in residual stress,
here an increase in warpage was observed. When the ambient temperature was increased
from 50 ◦C to 75 ◦C, an increase of 3% warpage was noticed. On further increasing the
ambient temperature to 120 ◦C, a warpage rise of 3.4% was seen. Here, an increase in
warpage in PP samples can be explained by taking into consideration the crystallization
kinetics in semi-crystalline polymers. As aforementioned in Section 4.1 (temperature
distribution), increase in ambient temperature decreased the cooling rate of the printed
samples, thus promoting uniform temperature distribution throughout the printed sample,
enhancing the bonding between the filaments and the layers [25]. A slow cooling rate
and homogenous temperature gradients favor crystallization in semi-crystalline polymers.
Increasing the ambient temperature printing condition led to an increase in crystallization
in the polymer molecules of the printed samples. During crystallization, semi-crystalline
experienced volumetric contraction due to the realignment of the polymer molecules;
a higher degree of crystallization led to greater volumetric contraction [49,50]. Thus,
increasing the ambient temperature promotes homogenous cooling and enhances the
degree of crystallization of PP-50, 75, and 120, thereby resulting in an increase in warpage.

4.4. Relation between Final Residual Stress and Overall Warpage

In order to gain further insight towards the relationship between residual stress and
warpage, both ABS P400 and PP samples were plotted against their final residual stress and
overall warpage results in Figure 7a,b. Even though these results were already presented
in previous sections (on warpage and residual stress), here, the overall values of residual
stress and warpage are plotted against each other to pronounce the relationship between
them and to emphasize the importance of crystallinity in semi-crystalline polymers.

From Figure 7a,b, it is evident that with an increase in the ambient temperature printing
condition, the residual stress was continuously decreasing in both amorphous and semi-
crystalline polymer models. Samples ABS-50 and PP-50 showed high residual stress, while
samples ABS-75 and PP-75 exhibited moderate residual stress out of the samples. Among
all the samples, ABS-120 and PP-120 displayed the least amount of in-built residual stress.
However, in terms of warpage, only ABS samples showed a decrease in warpage along
with the drop in residual stress on increasing the ambient temperature. Sample ABS-50,
similar to exhibiting high residual stress among the studied samples, showed high warpage,
while ABS-75 indicated moderate warpage and ABS-120 demonstrated minimum warpage
along with the predicted residual stress results. On the other hand, increasing the ambient
temperature seemed to have increased the resulting warpage in PP samples. Among all the
samples, sample PP-50 with maximum residual stress also presented minimum warpage.
On increasing the ambient temperature, sample PP-75 showed an increase in warpage
while the in-built residual stress was decreased. Lastly, sample PP-120 showed the highest
warpage while presenting the lowest residual stress in polypropylene samples. It can be
clearly seen here that, unlike the amorphous polymer samples, semi-crystalline polymer
samples, despite a decrease in residual stress, still showed a significant increase in warpage.
This increase in warpage can be related to the volumetric contraction contributed by the
crystallization in semi-crystalline polymers, where an increase in ambient temperature
promoted and increased the degree of crystallization in semi-crystalline polymers, thereby
resulting in high warpage.
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4.5. Experimental Validation

In order to validate the warpage results from the simulated samples, ABS P400 and PP
samples were printed under similar printing conditions using modified Ultimaker 2 and
3D scanned using an Absolute arm (8525 model) with a RS6 scanner for higher accuracy. In
order to measure the warpage from element m of the printed samples, the samples were
scanned into 3D CAD models and a cartesian co-ordinate was formulated at (0, 0, 0) while
another axis was constructed at the location of element m (7.8, 2.1, 1.5). The deviation
observed between the nominal axis (0, 0, 0) and the axis formulated at element m location
(7.8, 2.1, 1.5) was measured as the warpage value of the respective samples.

From Table 5, it can be seen that the warpage results reported from the developed
model are in very good agreement with the experimentally measured warpage values.
In Table 5, due to the miniscule difference found in warpage values, only ABS-50 was
validated and reported here. Similarly, since only a small difference was observed from the
warpage values between PP-75 and PP-120, only PP-120 warpage values are presented in
Table 5.

Table 5. Comparison of warpage values of simulated and experimental ABS and PP samples from
element m.

Samples Predicted Warpage (FEA) (mm) Measured Warpage (Experimental) (mm)

ABS-50 0.477 0.501
PP-50 0.791 0.82

PP-120 0.818 0.84

Figure 8 is presented to illustrate the difference in warpage between the ABS P400
and PP printed sample. Since the warpage difference between ABS P400 and PP samples
printed at various ambient temperatures only varied slightly, samples printed at 120 ◦C are
shown in Figure 8. From Figure 8, it can be seen that sample PP-120 warped significantly
more in comparison to sample ABS-120.
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5. Conclusions

In this study, an in-depth analysis on the effect of ambient temperature on the internally
developed residual stresses and resulting warpage in acrylonitrile-butadiene-styrene (ABS)
and polypropylene (PP) was performed. The developed 3D model was incorporated
with a custom, modified crystalline physics for considering the crystalline nature for
the semi-crystalline polymer under study. The thermo-mechanical material properties
of polypropylene were also expressed in terms of function of temperature as they are
highly temperature dependent. The various physics invoked in this simulation study were
coupled with respect to temperature, allowing the model to change with respect to the
temperature gradient.

From the study, when the ambient temperature was increased from 50 ◦C to 75 ◦C
and further to 120 ◦C, there was an insignificant reduction (<1%) in residual stress and
warpage in ABS, while in PP, there was a considerable decrease of 1.4% and 5.2% observed
in residual stresses. In terms of warpage, conversely, increases of 3% and 3.4% were
noted. Therefore, it can be concluded that increasing ambient temperature results in a
decrease in residual stress in both ABS and PP. An increase in ambient temperature leads to
homogenous cooling of the printed/simulated part, also improving bonding between the
deposited polymer filaments and roads. The results show that for ABS, with an increase in
ambient temperature, both residual stress and warpage decrease steadily. However, for
polypropylene, even with increase in ambient temperature, the residual stress decreased;
on the other hand, there was a continuous increase in warpage. This increase in warpage
can be explained due to the slow cooling rate of the semi-crystalline polymer, which leads
to an increase in crystallization, thus resulting in a high amount of warpage.

6. Future Work

In the future, the simulation of 3D printing of various types of amorphous and semi-
crystalline polymers will be investigated.

Author Contributions: Conceptualization, A.A.S. and A.G.; methodology, A.A.S.; software, A.A.S.;
validation, A.A.S. and A.G.; formal analysis, A.A.S.; investigation, A.A.S.; resources, A.M. and E.A.;
data curation, A.A.S.; writing—original draft preparation, A.A.S.; writing—review and editing, M.D.;
visualization, A.A.S.; supervision, A.M., E.A., A.G. and E.H.-J.; project administration, A.M.; funding
acquisition, A.M. All authors have read and agreed to the published version of the manuscript.

Funding: The North West Centre for Advanced Manufacturing (NW CAM) project is supported
by the European Union’s INTERREG VA Programme (INT-VA/047), managed by the Special EU
Programmes Body (SEUPB). The views and opinions in this document do not necessarily reflect those
of the European Commission or the Special EU Programmes Body (SEUPB). If you would like further
information about NW CAM, please contact the lead partner, Catalyst, for details.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.



Polymers 2022, 14, 879 14 of 15

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Samy, A.A.; Golbang, A.; Harkin-Jones, E.; Archer, E.; McIlhagger, A. Prediction of part distortion in Fused Deposition Modelling

(FDM) of semi-crystalline polymers via COMSOL: Effect of printing conditions. CIRP J. Manuf. Sci. Technol. 2021, 33, 443–453.
[CrossRef]

2. Bikas, H.; Stavropoulos, P.; Chryssolouris, G. Additive manufacturing methods and modelling approaches: A critical review. Int.
J. Adv. Manuf. Technol. 2016, 83, 389–405. [CrossRef]

3. Zhang, Y.; Chou, K. A parametric study of part distortions in fused deposition modelling using three-dimensional finite element
analysis. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2008, 222, 959–968. [CrossRef]

4. Kuznetsov, V.E.; Solonin, A.N.; Tavitov, A.; Urzhumtsev, O.; Vakulik, A. Increasing strength of FFF three-dimensional printed
parts by influencing on temperature-related parameters of the process. Rapid Prototyp. J. 2020, 26, 107–121. [CrossRef]

5. Kumar, S.; Bhushan, P.; Sinha, N.; Prakash, O.; Bhattacharya, S. Investigation of structure–mechanical property relationship in
fused filament fabrication of the polymer composites. J. Micromanuf. 2019, 2, 167–174. [CrossRef]

6. Brenken, B.; Barocio, E.; Favaloro, A.; Kunc, V.; Pipes, R.B. Development and validation of extrusion deposition additive
manufacturing process simulations. Addit. Manuf. 2019, 25, 218–226. [CrossRef]

7. Cantrell, J.T.; Rohde, S.; Damiani, D.; Gurnani, R.; DiSandro, L.; Anton, J.; Young, A.; Jerez, A.; Steinbach, D.; Kroese, C.; et al.
Experimental characterization of the mechanical properties of 3D-printed ABS and polycarbonate parts. Rapid Prototyp. J. 2017,
23, 811–824. [CrossRef]

8. Armillotta, A.; Bellotti, M.; Cavallaro, M. Warpage of FDM parts: Experimental tests and analytic model. Robot. Comput. Manuf.
2018, 50, 140–152. [CrossRef]

9. Sood, A.K.; Ohdar, R.K.; Mahapatra, S.S. Experimental investigation and empirical modelling of FDM process for compressive
strength improvement. J. Adv. Res. 2012, 3, 81–90. [CrossRef]

10. Spoerk, M.; Gonzalez-Gutierrez, J.; Sapkota, J.; Schuschnigg, S.; Holzer, C. Effect of the printing bed temperature on the adhesion
of parts produced by fused filament fabrication. Plast. Rubber Compos. 2018, 47, 17–24. [CrossRef]

11. Vaes, D.; Coppens, M.; Goderis, B.; Zoetelief, W.; Van Puyvelde, P. Assessment of Crystallinity Development during Fused
Filament Fabrication through Fast Scanning Chip Calorimetry. Appl. Sci. 2019, 9, 2676. [CrossRef]

12. Spoerk, M.; Holzer, C.; Gonzalez-Gutierrez, J. Material extrusion-based additive manufacturing of polypropylene: A review on
how to improve dimensional inaccuracy and warpage. J. Appl. Polym. Sci. 2019, 137, 12. [CrossRef]

13. Popescu, D.; Zapciu, A.; Amza, C.; Baciu, F.; Marinescu, R. FDM process parameters influence over the mechanical properties of
polymer specimens: A review. Polym. Test. 2018, 69, 157–166. [CrossRef]

14. Dey, A.; Yodo, N. A Systematic Survey of FDM Process Parameter Optimization and Their Influence on Part Characteristics.
J. Manuf. Mater. Process. 2019, 3, 64. [CrossRef]

15. Sheoran, A.J.; Kumar, H. Fused Deposition modeling process parameters optimization and effect on mechanical properties and
part quality: Review and reflection on present research. Mater. Today Proc. 2020, 21, 1659–1672. [CrossRef]

16. Pandzic, A.; Hodzic, D.; Milovanovic, A. Effect of Infill Type and Density on Tensile Properties of PLA Material for FDM Process.
Ann. DAAAM Proc. Int. DAAAM Symp. 2019, 30, 545–554. [CrossRef]

17. Chacón, J.M.; Caminero, M.A.; García-Plaza, E.; Núñez, P.J. Additive manufacturing of PLA structures using fused deposition
modelling: Effect of process parameters on mechanical properties and their optimal selection. Mater. Des. 2017, 124, 143–157.
[CrossRef]

18. Spoerk, M.; Sapkota, J.; Weingrill, G.; Fischinger, T.; Arbeiter, F.; Holzer, C. Shrinkage and Warpage Optimization of Expanded-
Perlite-Filled Polypropylene Composites in Extrusion-Based Additive Manufacturing. Macromol. Mater. Eng. 2017, 302, 1700143.
[CrossRef]

19. Shanmugam, V.; Rajendran, D.J.J.; Babu, K.; Rajendran, S.; Veerasimman, A.; Marimuthu, U.; Singh, S.; Das, O.; Neisiany, R.E.;
Hedenqvist, M.S.; et al. The mechanical testing and performance analysis of polymer-fibre composites prepared through the
additive manufacturing. Polym. Test. 2021, 93, 106925. [CrossRef]

20. Golbang, A.; Harkin-Jones, E.; Wegrzyn, M.; Campbell, G.; Archer, E.; McIlhagger, A. Production and characterization of
PEEK/IF-WS2 nanocomposites for additive manufacturing: Simultaneous improvement in processing characteristics and
material properties. Addit. Manuf. 2020, 31, 100920. [CrossRef]

21. Diederichs, E.V.; Picard, M.; Chang, B.P.; Misra, M.; Mielewski, D.F.; Mohanty, A.K. Strategy To Improve Printability of Renewable
Resource-Based Engineering Plastic Tailored for FDM Applications. ACS Omega 2019, 4, 20297–20307. [CrossRef]

22. Ahn, S.; Montero, M.; Odell, D.; Roundy, S.; Wright, P.K. Anisotropic material properties of fused deposition modeling ABS. Rapid
Prototyp. J. 2002, 8, 248–257. [CrossRef]

23. Yu, N.; Sun, X.; Wang, Z.; Zhang, D.; Li, J. Effects of auxiliary heat on warpage and mechanical properties in carbon fiber/ABS
composite manufactured by fused deposition modeling. Mater. Des. 2020, 195, 108978. [CrossRef]

24. Li, H.; Wang, T.; Sun, J.; Yu, Z. The effect of process parameters in fused deposition modelling on bonding degree and mechanical
properties. Rapid Prototyp. J. 2018, 24, 80–92. [CrossRef]

http://doi.org/10.1016/j.cirpj.2021.04.012
http://doi.org/10.1007/s00170-015-7576-2
http://doi.org/10.1243/09544054JEM990
http://doi.org/10.1108/RPJ-01-2019-0017
http://doi.org/10.1177/2516598419843687
http://doi.org/10.1016/j.addma.2018.10.041
http://doi.org/10.1108/RPJ-03-2016-0042
http://doi.org/10.1016/j.rcim.2017.09.007
http://doi.org/10.1016/j.jare.2011.05.001
http://doi.org/10.1080/14658011.2017.1399531
http://doi.org/10.3390/app9132676
http://doi.org/10.1002/app.48545
http://doi.org/10.1016/j.polymertesting.2018.05.020
http://doi.org/10.3390/jmmp3030064
http://doi.org/10.1016/j.matpr.2019.11.296
http://doi.org/10.2507/30th.daaam.proceedings.074
http://doi.org/10.1016/j.matdes.2017.03.065
http://doi.org/10.1002/mame.201700143
http://doi.org/10.1016/j.polymertesting.2020.106925
http://doi.org/10.1016/j.addma.2019.100920
http://doi.org/10.1021/acsomega.9b02795
http://doi.org/10.1108/13552540210441166
http://doi.org/10.1016/j.matdes.2020.108978
http://doi.org/10.1108/RPJ-06-2016-0090


Polymers 2022, 14, 879 15 of 15

25. Samy, A.A.; Golbang, A.; Harkin-Jones, E.; Archer, E.; Tormey, D.; McIlhagger, A. Finite element analysis of residual stress and
warpage in a 3D printed semi-crystalline polymer: Effect of ambient temperature and nozzle speed. J. Manuf. Process. 2021, 70,
389–399. [CrossRef]

26. Levy, A. A Novel Physics Node for Nakamura Crystallization Kinetics. Int. J. Numer. Methods Eng. 2016, 80, 425–454. [CrossRef]
27. Levy, A. Robust Numerical Resolution of Nakamura Crystallization Kinetics. Int. J. Theor. Appl. Math. 2017, 3, 143. [CrossRef]
28. Broekens, M.R. Mechanics of Fused Filament Fabricated Thermoplastics. Master’s Thesis, AWEP, Delft University of Technology,

Delft, The Netherlands, 2017.
29. Rodriguez, J.F.; Thomas, J.P.; Renaud, J.E. Mechanical behavior of acrylonitrile butadiene styrene (ABS) fused deposition materials.

Exp. Investig. 2001, 7, 148–158.
30. Rodríguez, J.F.; Thomas, J.P.; Renaud, J.E. Mechanical behavior of acrylonitrile butadiene styrene fused deposition materials

modeling. Rapid Prototyp. J. 2003, 9, 219–230. [CrossRef]
31. Li, L.; Sun, Q.; Bellehumeur, C.; Gu, P. Investigation of Bond Formation in FDM Process. Transactions of the North, 2002. Available

online: https://repositories.lib.utexas.edu/handle/2152/77411 (accessed on 24 January 2021).
32. Sun, Q.; Rizvi, G.; Bellehumeur, C.; Gu, P. Effect of processing conditions on the bonding quality of FDM polymer filaments.

Rapid Prototyp. J. 2008, 14, 72–80. [CrossRef]
33. Le Goff, R.; Poutot, G.; Delaunay, D.; Fulchiron, R.; Koscher, E. Study and modeling of heat transfer during the solidification of

semi-crystalline polymers. Int. J. Heat Mass Transf. 2005, 48, 5417–5430. [CrossRef]
34. Brenken, B.; Barocio, E.; Favaloro, A.J.; Pipes, R.B. Simulation of Semi-Crystalline Composites in the Extrusion Deposition Additive

Manufacturing Process Science in the Age of Experience. 2017, pp. 90–102. Available online: https://www.3ds.com/fileadmin/
PRODUCTS/SIMULIA/PDF/scc-papers/2017/simulation-semi-crystalline-composites-am-purdue-brenken.pdf (accessed on 8
July 2020).

35. Courter, B.; Savane, V.; Bi, J.; Dev, S.; Hansen, C.J. Finite Element Simulation of the Fused Deposition Modelling Process Modelling
Process; NAFEMS World Congress: Stockholm, Sweden, 2017.

36. Brahmia, N.; Bourgin, P.; Boutaous, M.; Garcia, D. Numerical Simulation with Comsol Multiphysics’ of Crystallization Kinetics of
Semi-Crystalline Polymer during Cooling: Application to Injection Moulding, Comsol Users Conference. 2006, pp. 1–7. Available
online: http://www.comsol.eu/papers/1575/download/Brahmia.pdf (accessed on 29 May 2019).

37. Koscher, E.; Fulchiron, R. Influence of shear on polypropylene crystallization: Morphology development and kinetics. Polymer
2002, 43, 6931–6942. [CrossRef]

38. O’Donnell, M.; Banabic, D.; Leacock, A.G.; Brown, D.; McMurray, R.J. The Effect of Pre-Strain and Inter-Stage Annealing on the
Formability of a 2024 Aluminium Alloy. Int. J. Mater. Form. 2008, 1, 253–256. [CrossRef]

39. Fitzharris, E.R.; Watanabe, N.; Rosen, D.W.; Shofner, M.L. Effects of material properties on warpage in fused deposition modeling
parts. Int. J. Adv. Manuf. Technol. 2017, 95, 2059–2070. [CrossRef]

40. Hu, W.; Zha, L. Thermodynamics and Kinetics of Polymer Crystallization. In Polymer Morphology: Principles, Characterization, and
Processing; John Wiley & Sons: Hoboken, NJ, USA, 2016; pp. 242–258.

41. Boyard, N. (Ed.) Heat Transfer in Polymer Composite Materials; Wiley-ISTE: London, UK, 2016; pp. 1–434. [CrossRef]
42. Pignon, B.; Tardif, X.; Lefèvre, N.; Sobotka, V.; Boyard, N.; Delaunay, D. A new PvT device for high performance thermoplastics:

Heat transfer analysis and crystallization kinetics identification. Polym. Test. 2015, 45, 152–160. [CrossRef]
43. Wolszczak, P.; Łygas, K.; Paszko, M.; Wach, R. Heat distribution in material during fused deposition modelling. Rapid Prototyp. J.

2018, 24, 615–622. [CrossRef]
44. El Moumen, A.; Tarfaoui, M.; Lafdi, K. Modelling of the temperature and residual stress fields during 3D printing of polymer

composites. Int. J. Adv. Manuf. Technol. 2019, 104, 1661–1676. [CrossRef]
45. Ferreira, R.T.L.; de Macedo, R.Q. Residual thermal stress in fused deposition modelling. In Proceedings of the 24th ABCM

International Congress of Mechanicl Engineering, Curitiba, Brazil, 3–8 December 2017. [CrossRef]
46. Zhang, J.; Wang, X.; Yu, W.; Deng, Y. Numerical investigation of the influence of process conditions on the temperature variation

in fused deposition modeling. Mater. Des. 2017, 130, 59–68. [CrossRef]
47. Ji, L.B.; Zhou, T.R. Finite Element Simulation of Temperature Field in Fused Deposition Modeling. Adv. Mater. Res. 2010, 97–101,

2585–2588. [CrossRef]
48. Koslowski, T.; Bonten, C. Shrinkage, warpage and residual stresses of injection molded parts. AIP Conf. Proc. 2019, 2055, 070003.

[CrossRef]
49. Parlevliet, P.P.; Bersee, H.E.N.; Beukers, A. Residual stresses in thermoplastic composites—A study of the literature—Part I:

Formation of residual stresses. Compos. Part A Appl. Sci. Manuf. 2006, 37, 1847–1857. [CrossRef]
50. Chapman, T.; Gillespie, J.; Pipes, R.; Manson, J.-A.; Seferis, J. Prediction of Process-Induced Residual Stresses in Thermoplastic

Composites. J. Compos. Mater. 1990, 24, 616–643. [CrossRef]

http://doi.org/10.1016/j.jmapro.2021.08.054
http://doi.org/10.1002/nme
http://doi.org/10.11648/j.ijtam.20170304.13
http://doi.org/10.1108/13552540310489604
https://repositories.lib.utexas.edu/handle/2152/77411
http://doi.org/10.1108/13552540810862028
http://doi.org/10.1016/j.ijheatmasstransfer.2005.06.015
https://www.3ds.com/fileadmin/PRODUCTS/SIMULIA/PDF/scc-papers/2017/simulation-semi-crystalline-composites-am-purdue-brenken.pdf
https://www.3ds.com/fileadmin/PRODUCTS/SIMULIA/PDF/scc-papers/2017/simulation-semi-crystalline-composites-am-purdue-brenken.pdf
http://www.comsol.eu/papers/1575/download/Brahmia.pdf
http://doi.org/10.1016/S0032-3861(02)00628-6
http://doi.org/10.1007/s12289-008-0356-x
http://doi.org/10.1007/s00170-017-1340-8
http://doi.org/10.1002/9781119116288
http://doi.org/10.1016/j.polymertesting.2015.05.013
http://doi.org/10.1108/RPJ-04-2017-0062
http://doi.org/10.1007/s00170-019-03965-y
http://doi.org/10.26678/abcm.cobem2017.cob17-0124
http://doi.org/10.1016/j.matdes.2017.05.040
http://doi.org/10.4028/www.scientific.net/AMR.97-101.2585
http://doi.org/10.1063/1.5084847
http://doi.org/10.1016/j.compositesa.2005.12.025
http://doi.org/10.1177/002199839002400603

	Introduction 
	Materials and Methods 
	Modeling 
	Solid Mechanics 
	Heat Transfer Physics 
	Crystallization Kinetics’ Physics 

	Results and Discussion 
	Temperature Distribution 
	Evolution of Residual Stresses 
	Resulting Warpage 
	Relation between Final Residual Stress and Overall Warpage 
	Experimental Validation 

	Conclusions 
	Future Work 
	References

