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Abstract
Residual stresses and warpage adversely affect the dimensional accuracy and
performance of 3D-printed semi-crystalline polymers in Fused Deposition Modelling (FDM).
One of the main challenges in FDM is to understand and relate the impact of printing conditions
on part distortion for optimizing the 3D-printing process to achieve good print quality. Hence,
the effect of various printing parameters, particularly print bed temperature, layer bonding,
layer thickness and raster pattern, on built-up residual stresses and warpage is simulated in this
work, by building a relationship between the crystallisation kinetics, viscoelastic and thermomechanical properties of the polymer in relation to changes in temperature during FDM using
element activation in COMSOL. To the best of our knowledge, this is a novel approach for
quantitative prediction of part distortion in FDM of semi-crystalline polymers under various
printing conditions. Based on the simulation results, it is observed that a decrease in layer
thickness from 0.5mm to 0.1mm results in an 89% drop in warpage and a reduction in residual
stress of 24%. Applying a line raster pattern reduces warpage and residual stresses by 16% and
36%, respectively in comparison with a zigzag raster pattern. Very good agreement is observed
between simulation and experimental results for warpage under various printing conditions.
The results of this study can be used to predict and/or minimise part distortion in a semicrystalline, 3D-printed polymer by simulating the effect of printing parameters on residual
stresses during FDM.
Keywords
Finite Element Analysis (FEA), Fused Deposition Modelling (FDM), semi-crystalline
polymers, warpage, simulation, 3D printing.
1. Introduction
Additive manufacturing (AM) or 3D printing is an advanced manufacturing process
that builds parts layer by layer using a wide range of material such as plastics, ceramics and
metals [1]. Among the various AM methods, Fused Deposition Modelling (FDM) has shown
great potential because of its ability to print parts with complicated geometry [2], simplicity of
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operation and cost efficiency. FDM is basically an extrusion system that operates with a
travelling nozzle, depositing molten material, layer-by-layer, on the print bed. It has the ability
to produce parts with complicated structures and intricate details. However, the build-up of
residual stresses during the printing process can result in dimensional inaccuracy and reduction
in mechanical properties. Since the thermal residual stresses are dependent on temperature
fluctuations, changes in the printing conditions can significantly impact the quality and
dimensions of the printed parts. In other words, the structural integrity of the part is
compromised if high amounts of residual stresses are induced during 3D-printing. The final
mechanical properties are also affected by warpage; the threshold for cracking/breaking of the
part is reduced under external load [3,4].
FDM is becoming more attractive for various applications in aerospace, automotive,
and biomedical applications. With increase in the application of plastics and polymer
composite material in various fields, polymers have become one of the most commonly used
materials for 3D printing [5]. Among the thermoplastic feedstocks for FDM, semi-crystalline
polymers are increasingly gaining attention. This is due to their excellent mechanical properties
in high temperature environments, and their chemical and wear resistance properties [6,7].
However, semi-crystalline polymers are more prone to thermal shrinkage and warpage
compared with amorphous polymers. This is due to the microstructural changes occurring in a
semi-crystalline polymer during phase transition (crystallisation) through ordering of long
polymer chains. Hence, 3D printing of semi-crystalline polymers via the FDM process is often
more complicated and highly dependent on printing conditions [2,8].
In FDM of semi-crystalline polymers, the residual stresses occur for a number of
reasons. During the cooling phase, the deposited polymer melt cools down from the extrusion
temperature to ambient temperature. The outer surface cools at a much faster rate than the core.
This imbalance in the thermal profile, gives rise to a compressive stress on the outer surface
while a tensile stress is formed inside the polymer to counter balance, resulting in anisotropic
contraction (shrinkage), build-up of internal residual stresses and warpage [9–12].
Additionally, due to the poor conductive nature of polymers, the non-homogeneous thermal
distribution through the deposited layers leads to non-uniform cooling, further increasing the
residual stress and distortion (shrinkage/warpage) of the printed part [13]. One of the important
sources of residual stress in processing of semi-crystalline polymers is crystallisation. The
degree of crystallinity in the polymer is influenced by the cooling rate, with slower cooling
leading to greater crystallinity and changes in density, hence higher residual stresses and
warpage. [14,15].
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In recent times, an increasing number of researchers have been focusing on reducing or
controlling the amount of shrinkage and warpage in FDM of semi-crystalline polymers through
tailoring of processing conditions and material properties via process simulations and
experimentation [2,8,16–23]. It has been shown that residual stresses and warpage in a semicrystalline polymer are highly influenced by the degree of crystallisation [24], thermomechanical properties, viscoelastic nature, relaxation behaviour [25], and volumetric shrinkage
of the material. Printing parameters such as print bed temperature, layer thickness [26], ambient
temperature [22], etc., also have a significant impact on the final print quality and part
distortion. Zhang et al. [2,8] studied the thermal behaviour of a 3D printed part via FDM by
focusing on the impact of tool path, nozzle speed, and layer thickness on the built-in residual
stresses. They concluded that layer thickness and nozzle speed have a direct effect on the part
distortion. Later, Zhang et al. [16] performed a cooling study of the printed part and arrived at
similar conclusions.
Modelling and simulation of the FDM process can be used as an effective tool for
providing insight into the relationship between shrinkage/warpage and printing conditions in
order to achieve good print quality without significant trial and errors experimentation, hence,
saving time, money and energy. Hence, researchers are attempting to simulate shrinkage and
warpage in 3D printed parts. In most cases, the data from previous experimental studies are
used for modelling and simulation. However, the impact of various printing conditions on the
residual stresses and part distortion is not yet fully addressed and often lack accuracy
[2,8,16,27,28].
Courter et al. [29] studied the effects of residual stresses in their simulation. Material
properties such as specific heat capacity was considered temperature dependent, and the part
was assigned with a fixed temperature boundary condition for a print bed for simplification
purposes. Ramanath et al. [30], Anthony et al. [31] and Shahriar et al. [32] investigated the
effects of coupled thermal diffusion with fluid dynamics in a polymer material. Ramanath et
al. investigated the melt flow behaviour of polymers in FDM and reported that a nozzle
diameter of 0.3mm produced desirable material flow characteristics and was in good agreement
with the numerical results. The results obtained for rapid cooling simulation in the study by
Anthony et al. were higher than the experimental data. This was because a uniform thermal
distribution was assumed from the nozzle to the layers and the build plate. In the study carried
out by Shahriar et al. thermal and fluid flow physics were coupled to investigate the
crystallisation kinetics of PEEK and PLA. The researchers suggested that the nozzle gap and
ambient temperature control could be the key to minimising deformation in the polymers [32].
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From the literature, it is apparent that the major source of discrepancy in the FDM
simulations for prediction of warpage in semi-crystalline polymers, is due to neglect of the
crystallisation kinetics and assuming that the material properties of the polymer are invariable
with processing conditions [33]. The recently developed model by Brenken et al. shows a
significant improvement in terms of predicting built-in residual stresses and part distortion by
including the crystallisation kinetics, temperature dependent material behaviour and stress
relaxation behaviour of the semi-crystalline polymer [23]. Here, a similar approach is used and
the impact of various printing conditions (raster pattern, print bed temperature, layer bonding
and layer thickness) with respect to temperature fluctuations and crystallisation on residual
stress and warpage of the printed part is studied. The thermo-mechanical properties of the
polymer are invoked as a function of temperature for prediction of residual stresses and
distortion (warpage) in FDM of semi-crystalline polymers (such as polypropylene) under
various printing conditions. COMSOL, a multi-physics software package, is employed as it
provides an advanced option for building the required physics for semi-crystalline polymers
into the model [34]. Therefore, the part distortion data obtained from this simulation work is
influenced by the changes in the thermo-mechanical properties of the polymer (e.g., density),
crystallisation and residual stresses, as a result of changes in temperature under various printing
conditions. To track the changes in crystallisation degree, residual stresses and warpage during
the 3D-printing process with time and temperature, an element of the simulated model is
selected and analysed under each printing condition. The warpage values from the developed
models are validated with 3D scan of printed parts.
2. Materials and methods
2.1. Process parameters
Polypropylene (PP) provided by 3DFilaprint was selected as the choice of material for
this study. PP is a commercially important polymer with crystallisation behaviour that is very
sensitive to the applied cooling conditions and is therefore a good material for study. The
samples were printed using an Ultimaker 2 with the following printing parameters: nozzle
velocity (V) of 30mm/s, nozzle diameter 0.8mm, ambient temperature of 25°C and infill of
100% (since the part would be more prone to shrinkage/warpage with 100%). The
crystallisation temperature of the incorporated PP is 160°C. Printed sample dimensions were
scanned using an Absolute arm (8525 model) with a RS6 scanner.
The processing parameters for various samples in the simulation are presented in Table
1. In the present study, the FDM processing parameters such as layer thickness (sample c-Lt),
bed temperature (sample d-Tb) and raster patterns (sample e-Rp) are varied, and the results are
4

compared with the reference sample (sample a-Rs). Among the printing parameters listed in
Table 1, layer bonding condition is only a FEM assumption and cannot be referred to as a
printing condition for sample b-Lb. This assumption was considered to observe the influence
of boundary conditions applied between the layers in the model (FEM) over part distortion.
Table 1. Processing parameters and layer bonding condition for polypropylene
Processing
conditions

Extrusion

Bed

temperature temperature

Layer

Layer

Raster

thickness (Lt)

bonding

pattern

(Tm) (°C)

(Tb) (°C)

(mm)

assumption

Sample a-Rs

210

100

0.5

Perfect

Sample b-Lb

210

100

0.5

Sample c-Lt

210

100

0.1

Freedom to
warp
Perfect

Sample d-Tb

210

60

0.5

Perfect

Line

Sample e-Rp

210

100

0.5

Perfect

Zigzag

Line
Line
Line

2.2. Modelling approach
The work presented here is a multi-physics simulation study comprised of solid
mechanics, heat transfer and polymer crystallisation kinetics. The physics in the simulation are
coupled through the function of temperature (T), allowing intercommunication as the model is
cooled and reheated. In order to represent the deposition process in FDM, an in-house built tool
path program file was interpolated with the part geometry. This activates the elements in the
model with respect to their material deposition according to raster angle and printing pattern
progressively. In the heat study, the thermo-mechanical material parameters such as specific
heat capacity (CP), density (ρ) and thermal conductivity () are expressed as a function of
temperature (T). This allows the thermo-mechanical properties of the model to change
continuously from the time the material is deposited until it cools down to the ambient

Figure 1. Process simulation plan
5

temperature. The data from the thermal study is then transferred to crystallisation kinetics
which includes the crystallisation phenomenon equations.
Due to the complex nature of the physics involved and duration of the simulation
processing time, samples of dimensions of 50 x 50 x 0.4 mm and 50 x 50 x 2 mm were
modelled. Figure 1 illustrates the simulation plan in the present study by coupling of
crystallisation physics with solid mechanics and heat transfer through the temperature (T). The
details of the applied physics and crystallisation kinetics are explained in the next sections. The
material characteristics such as the thermo-mechanical properties of the semi-crystalline
polymer (CP, ρ, ) are expressed as a function of temperature (T) based on the model developed
by R. Le Geoff et. al. [35]. For incorporation of crystallisation kinetics into the simulation, the
physics developed by Levy A [34] was modified for Polypropylene and used in this study.
Also, several other parameters such as the effect of gravity on the deposited filament, contact
between the deposited layers, the print bed and ambient temperatures and the viscoelastic
nature of the polymer are considered in this present work.
2.3. Physics interfaces
2.3.1. Solid mechanics
In COMSOL, the elements can be activated with respect to heat source, material
deposition, temperature, or time. In this study, the elements are activated with respect to
material deposition from the nozzle as represented in Figure 2. This is achieved by importing
an in-house built tool path file into the model and activating the elements based on the raster
pattern. In the simulation, the solid mechanics study invokes the element activation technique
to represent the FDM process. The activation initiates when the first element is deposited, and
it progresses as the nozzle moves in the x and y axes. After the first layer has been deposited,
the print bed moves in the z axis and the deposition continues with a new layer (ni).
Activation = ni+jx+jy
Where, ni – number of layer (i=1,2…n)
jx – elements in the x-axis
jy – elements in the y-axis

[°c]

Figure 2. Representation of element activation with respect to the material deposition
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The model is meshed according to the size of the deposition of an element from the
nozzle. Therefore, during activation an element of 0.5mm size will be activated representing a
0.5mm droplet from the nozzle and a similar approach is taken for the sample with layer
thickness of 0.1mm. For the tool path, unidirectional infill (90°/90°) and (45°/45°) was selected
and simulated in this study. In order to simplify the simulation, a fixed temperature boundary
condition was applied to the bottom layer to resemble the print bed. For boundary conditions,
a spring foundation was used as it allows the bottom layer to deform and warp, offering the
model the degree of freedom to detach from the build plate. This approach has been
successfully undertaken and reported by Courter et al. [29].
To simulate the thermo-viscoelastic nature of the polymer, the Generalised Maxwell
(GM) model has been considered. The series of spring-dashpot pairs in GM model represents
the polymer chains of the semi-crystalline polymer. The GM model has been widely used
among the various constitutive models of linear viscoelastic materials for polymers [36]. The
GM model under stress is expressed as:
𝜎(𝑡) = 𝜎0 exp(−

𝑡
𝜏𝑚

) (1)

Here, 𝜎0 is the initial stress at t=0 and 𝜏𝑚 is the relaxation time constant. The modulus of the
elastic spring (𝐺0 ) and the dashpot viscosity (𝜂0 ) of the GM model can be written as:
𝜂

𝜏𝑚 = 𝐺0

(2)

0

The Prony series of relaxation shear modulus function is expressed as follows [36]:
𝑡

𝐺(𝑡) = 𝐺∞ + ∑𝑛𝑖=1 𝐺𝑚 𝑒𝑥𝑝 (− 𝜏 )
𝑚𝑖

(3)

Where, G∞ is the modulus at infinite time, Gm is the elastic modulus of the spring, mi is the
relaxation time constant of the spring-dashpot pair in the same branch and n is the total number
of maxwell units in the model. The instantaneous shear modulus is defined as:
𝐺(𝑡) = 𝐺∞ + ∑𝑛𝑖=1 𝐺 (4)
The viscoelastic property is interpolated with temperature (T) by the consideration of the
relaxation time of the material as T(T)mi, where T(T) is a shift function. Williams-LandelFerry (WLF) model is commonly used for polymer melts that have a glass transition
temperature (T0). The WLF equation is written as [36]:
−𝐶1 (𝑇−𝑇0 )

log(𝛼 𝑇 ) =  𝐶

2 +(𝑇−𝑇0 )

(5)

Where, C1 and C2 are constants that are material dependent.
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2.3.2. Heat transfer study
In the past, researchers have continuously emphasised the importance of heat transfer
in predicting the thermal history during a FDM process [37]. Primarily, the heat transfer
phenomenon in a crystallisation process is exothermic, where the dissipation of heat is
continuous. In other words, temperature is the driving factor of the crystallisation process.
Therefore, it is imperative to couple temperature (T) with solid mechanics and crystallisation
kinetics physics. In this transient heat transfer study, boundary conditions for thermal diffusion
such as heat flux, convection between the model and the print bed, heat conduction between
the deposited elements and the layers are considered. The general energy balance for the heat
transfer considered in the model is presented in equation 1 [35]:
𝜕𝑇

𝜌𝐶𝑝 𝜕𝑡 − 𝛻. (𝜆𝛻𝑇) = 𝑄

(6)

Where 𝜌 is the density, 𝐶𝑝 is the specific heat capacity and  is the thermal conductivity of the
polymer and Q is the heat source.
During the printing process the elements are deposited on the print bed at the melt
temperature of 210°C and ambient temperature of 25°C at its respective print bed temperature.
The heat from the printed material radiates and is distributed through the nearby elements
including the build plate. As a result, the temperature from the newly deposited element affects
the previously deposited element leading to a reheating effect, where an element that has
already been deposited and on the process of cooling gets reheated. This constant variation in
the thermal behaviour of the polymer leads to the development and release of internal stresses
inside the polymer [38,39]. Since polymers are inherently poor thermal conductors [4], along
with the layer deposition, the influence of the reheating effect from the newly deposited layers
reaching the bottom layers would decrease drastically. Therefore, on cooling, the solidified
bottom layers of the printed part exhibits high amount of accumulated residual stress leading
to part distortion [38,39].
2.3.3 Crystallisation kinetics
This study focuses on the thermo-mechanical properties of the polymer to promote the
quantitative prediction of the simulation. The thermo-mechanical properties includes thermal
conductivity (), specific heat capacity (Cp) and density (ρ), which fundamentally affect the
rate of the crystallisation process of a semi-crystalline polymer [40]. Dressler et al. [41] and
Wiria et al. [42] have reported that changes in the thermo-mechanical properties can greatly
influence the thermal gradient in a polymer. Therefore, CP, ρ, , have been coupled with
temperature and invoked into the simulation as expressions. Heat capacity (CP), density (ρ) and
8

thermal conductivity () are described using simple mixing rule between the solid and liquid
state values weighted by the relative crystallinity.
𝐶𝑝 (𝛼, 𝑇) = 𝛼𝐶𝑝𝑠𝑐 (𝑇) + (1 − 𝛼)𝐶𝑝𝑎 (𝑇)

(7)

𝜆(𝛼, 𝑇) = 𝛼𝜆𝑠𝑐 (𝑇) + 𝜆𝑎 (𝑇) (8)
𝜌(𝑃, 𝛼, 𝑇) = 𝛼𝜌𝑠𝑐 (𝑇) + (1 − 𝛼)𝜌𝑎 (𝑇)

(9)

Here density is inversely proportional to the specific volume of the polymer and has
been derived from the PVT diagram [35].
The expressions for polypropylene’s amorphous and semi-crystalline regions given in
Table 2 are defined by the general equations (7), (8) and (9).
Table 2. Material properties of PP [35]
Thermal property for amorphous (a) and
Numerical equation
semi-crystalline (sc) states
Cpa(α, T)
3.1 T + 2124
λa(α, T)
− 6.25 x 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 x 10-4 T + 0.31
ρsc(α, T)
1 / (1.077 + 4.225 × 10−4 T)
Where, a and sc annotations represent the amorphous region and semi-crystalline regions of
the polymer. The melting temperature of the incorporated PP is 210°C with the crystallisation
temperature of 160°C. In these equations, the corresponding material property changes with
respect to the temperature and the phase change of the polymer.
Avrami proposed an equation which has been widely used to express the crystallisation
phenomenon in polymers under isothermal condition [43]:
𝛼(𝑡) = 1 − 𝑒𝑥𝑝(−𝑘𝑡 𝑛 )

(10)

Later considering non-isothermal crystallisation conditions Nakamura proposed a theory
deriving from Avrami’s equation [43]:
𝑡

𝛼(𝑡) = 1 − 𝑒𝑥𝑝 [− ∫0 𝐾(𝑇)𝑑𝑡]

𝑛

(11)

Where t is time, n is Avrami index and K(T) is the Nakamura crystallisation kinetics function
which is derived from Avrami’s isothermal kinetics.
𝐾(𝑇) = 𝐾(𝑇)1/𝑛

(12)

Differentiating equation (3) provides the differential form of Nakamura kinetics which is
employed to simulate the crystallisation kinetics of a polymer.
𝜕𝛼
𝜕𝑡

= 𝑛𝐾(𝑇)𝑔(𝛼)
9

(13)

𝑔(𝛼) = (1 − 𝛼)(− 𝑙𝑛(1 − 𝛼))

𝑛−1
𝑛

(14)

DSC experiments were carried out for both iso-thermal and non-isothermal conditions by
Koscher et al. and K(T) was proposed as [43–45]:
4

1

𝑈∗

𝐾𝑔

𝐾(𝑇) = (3 𝜋𝑁0 (𝑇))3 𝐺0 ∗ 𝑒𝑥𝑝 (− 𝑅(𝑇−𝑇 )) 𝑒𝑥𝑝(− 𝑇(𝑇
∞

𝑓 −𝑇)

) (15)

The values of parameters in K(T) from Koscher, are listed as follows [43]:
𝑁0 (𝑇) = 𝑒𝑥𝑝(0.156 ∗ (𝑇𝑓 − 𝑇) + 15.1)

(16)

G0 = 2.83*102, Kg = 5.5*105(K2), U* = 6284 J/mol.K, R is the gas constant, Tf = 210°C, T∞ =
Tg-30°C, ΔH = 90*103J/kg and n = 3.
The Nakamura crystallisation kinetics model was used in this study as it is a widely used to
predict the dynamics of crystallisation in a polymer [35,40,46–48]. Due to the invoked
crystallisation physics, the required material properties of a semi-crystalline polymer appear in
the material properties section of the model. This allows the user to input the semi-crystalline
property data of the respective polymer into the model. The built-in physics provides several
options such as calculating the degree of crystallisation against time and temperature [45].
When modelling polymer crystallisation kinetics, the degree of transformation 𝛼 is considered
between 0 and 1, where 0 and 1 represents limits for fully amorphous state and fully crystallised
polymer. In this study, the crystallisation process is taken into consideration as a factor of both
time and temperature to predict the rate of crystallisation in the polymer with respect to each
printing condition.
3. Results and discussion
In this study, a specific element is selected from layer 1 to observe and investigate the
reheating leads to re-crystallisation, and cold crystallisation effects inside the part model. In
the FDM process, the thermal inertia received from the immediate adjacent deposited layers
can initiate re-crystallisation in the bottom layers based on the crystallisation temperature of
the printed semi-crystalline polymer. During recrystallisation, the solidified polymer crystals
are melted and undergo crystallisation process again. However, as the layer deposition
progresses, the heat received by the subjacent layers from the newly deposited layers is greatly
reduced. Thus, after the deposition of few layers, even though the bottom layer is reheated
slightly by the thermal gradient from the newly deposited layers, since the heat received is
below the crystallisation temperature of the polymer, it results in cold crystallisation. Reheating
of the cooled polymer to above its glassy state (but below its crystallisation temperature) can
promote further crystallisation of the polymer molecules. This is regarded as cold
crystallisation [49]. The present work mainly focuses on analysing the data from this specific
10

element in layer 1, in order to study the influence of the processing conditions and
crystallisation on the changes in residual stress and warpage of the model. This selected
element on layer 1 is referred to as element n (Figure 3(a)) throughout the study.

(a)

(b)

Figure 3. (a) Iso-metric view and location of element n in the printed part (b) Side view of
the printed part representing the layer sequence.
3.1. Temperature evolution during printing
The melted polymer was deposited at 210°C and allowed to cool down until it reaches
the bed temperature.

Figure 4 shows the changes in temperature of element n with time over the printing
Layer bonding condition

Reference sample
200

Layer 1
Layer 2
Layer 3
Layer 4

180
160

Temperature (°C)

Temperature (°C)

200

140
120

Layer 1
Layer 2
Layer 3
Layer 4

180
160

140
120
100

100

0

20

40
60
80
Printing Time (s)
(a)

100

0

120

20

40
60
80
Printing Time (s)
(b)

100

120

duration. For the printing conditions demonstrated in

Figure 4 (a), (b), (c) and (e) the print bed temperature was fixed at 100°C and for
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Figure 4 (d) the print bed temperature was set to 60°C. In order to compare and study
the reheating effect of other layers on layer 1, in

Figure 4 the printing time of all the layers are overlapped in the x-axis.

Layer thickness - 0.1mm

180

Layer 1
Layer 2
Layer 3
Layer 4

160
140
120

180
Layer 1
Layer 2
Layer 3
Layer 4

160

140
120
100
80
60

100
0

10

20
Printing Time (s)

30

40

(c)

0

10

20
30
Printing Time (s)

40

(d)

Raster pattern - Zigzag

200

Temperature (°C)

Bed temperature - 60°C

200

Temperature (°C)

Temperature (°C)

200

Layer 1
Layer 2
Layer 3
Layer 4

180
160
140
120
100
0

20

40
60
80
Printing Time (s)

100

120

(e)

Figure 4. Effect of thermal history from element n with respect to printing time of each layer
at various printing conditions. (a) Sample a-Rs, (b) Sample b-Lb, (c) Sample c-Lt, (d) Sample
d-Tb and (e) Sample e-Rp.
From
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Figure 4, it can be observed from all the samples, that the deposition of element n
initiates at 210°C (the melting temperature of the polymer) and cools down as the deposition
progresses. During the initial stages of this cooling process, small continuous peaks are
observed in layer 1. These peaks are formed as element n undergoes reheating due to the newly
deposited neighbouring roads. This behaviour can be seen more clearly in all the samples
except sample e-Rp, since sample e-Rp undergoes a different thermal evolution due to the use
of a zigzag raster pattern. In sample c-Lt, since the layer thickness of the sample is very small,
the thermal inertia from the neighbouring roads significantly affects the cooling rate of element
n. Whereas in sample d-Tb, these peaks are evidently visible throughout the printing process
and distinguished separately from each other. This is because the newly deposited neighbouring
roads in sample d-Tb constantly reheat the roads that have already been deposited and cooled
at a rapid rate from 210°C to 60°C (the bed temperature). This reheating effect by the
neighbouring roads was also observed in the simulation work reported by Zhang et al. [16] and
Spoerk et al. [50]. The bottom layer (layer 1) was also affected by the heat transferred from
newly deposited layers. However, layer reheating from subsequent layers does not have a
significant influence on element n when compared to the reheating effect from the adjacent
road. This was expected, as the heat transfer between the layers reduces with the increase in
distance from element n. Since semi-crystalline polymers are poor thermal conductors, the
temperature distribution from the top layer to the bottom layer is relatively low [51].
As depicted in

Figure 4, during the overall cooling process of element n in sample a-Rs, sample b-Ta,
sample c-Lt and sample e-Rp, the temperature gradient drops more gradually compared to
sample d-Tb. Furthermore, among all the samples, sample c-Lt and d-Tb have the least cooling
time. Due to the smaller layer thickness condition in sample c-Lt, the printing and the cooling
process are faster in this case. For sample d-Tb, since the deposited melt is forced to cool rapidly
due to the lower bed temperature printing condition (Tb=60°C), the temperature of the
deposited roads (including element n) falls steeply from 210°C to 60°C. Additionally, due to
the lower bed temperature it can be observed in sample d-Tb that element n is reheated
continuously by both neighbouring roads and newly deposited layers and forced cool. This
constant reheating and rapid cooling process affect the cooling period of the bottom layer (layer
1) leading to a build-up of internal residual stresses [2].
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3.2. Effects of crystallisation on part distortion
To examine the effect of crystallisation on residual stress and part distortion, the
relative crystallinity, warpage, and residual stress of element n are reported in Figure 5 when
the temperature reaches 120°C (after completion of the printing process for all the four layers
as the sample cools down), with respect to the different printing conditions. The data presented
here was selected at 120°C, in order to showcase the relationship between crystallinity, residual
stress and warpage for the samples above the bed temperature (100°C) and below the
crystallisation temperature of PP (160°C).
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Figure 5. (a) Warpage and relative crystallinity for element n at 120°C plotted for samples
with respect to different printing conditions (b) Residual stress and relative crystallinity for
element n at 120°C plotted for samples with respect to different printing conditions.
In Figure 5, it can be noted that, sample a-Rs and sample e-Rp have the highest relative
crystallinity, warpage, and in-built residual stress amongst the samples. The only difference
between these two samples is the printing pattern (raster angle). In both cases, the samples cool
down slowly by maintaining the bed temperature closer to the crystallisation temperature of
the polymer thereby enabling the polymer chains to gradually crystallise from the melt state
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and achieving a high degree of crystallinity [4]. Increased levels of crystallinity result in higher
shrinkage and therefore an increase in warpage and residual stresses in the part. Even though
the relative crystallinity and the built-in residual stress of sample b-Lb is in the same range as
sample a-Rs and sample e-Rp, it is found to have the least warpage. This is ascribed to the
unconstrained bonding between the layers in this case and freedom for each layer to deform
and shear without restriction from other layers, resulting in a reduced overall warpage, despite
the high crystallinity in sample b-Lb.
The small layer thickness in sample c-Lt (by an order of one fifth), leads to higher
dissipation of heat (i.e., rapid cooling) and consequently a relatively low degree of crystallinity
and in-built residual stress, and therefore lower warpage compared with sample a-Rs and
sample e-Rp.
In Figure 5, sample d-Tb exhibits the lowest degree of crystallinity with low in-built
residual stress and consequently, a very low degree of warpage. As explained in section 3.1,
sample d-Tb cools at a much faster rate in comparison to the other samples due to the low print
bed temperature. Therefore, due to the higher cooling rate of element n, the polymer crystal
growth is highly limited by restricting the energy of polymer chains for alignment and
orientation; hence, decreasing the crystallinity, and consequently resulting in low amounts of
residual stress and warpage [4,50].
3.3. Residual stress vs printing time
Figure 6 illustrates the development and distribution of residual stresses in element n
due to the subsequent deposition of layers (1, 2, 3 and 4) against overall printing time for the
various printing conditions. Sample a-Rs, is used as a reference for comparison.
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Figure 6. Comparison of residual stress distribution from element n of sample a-Rs with each
individual sample plotted against overall printing time. (1) layer 1 (2) layer 2 (3) layer 3 (4)
layer 4 are indicated inside the graph for layer reference.
The four main peaks in all the samples in Figure 6, occur due to the large temperature
gradients in element n as the molten layers are subsequently deposited. Hence, element n is
repeatedly reheated and cooled resulting in the release and build-up of residual stress,
respectively. In other words, the residual stress built inside element n is released (i.e., reduced)
due to the reheating effect of the newly deposited layer over the subjacent layers in a sample.
Once the cooling phase begins, the residual stress starts to build-up again. As illustrated in
Figure 6, further growth of residual stresses stops and becomes constant after the printing
process is completed and the part is allowed to cool down [38]. The appearance of large
prominent peaks in the residual stress in sample c-Lt can be ascribed to the larger heat
dissipation and heat transfer within this sample due to its lower layer thickness. The improved
heat transfer in this sample can promote cold crystallisation (where the polymer undergoes
small amount of crystallisation while heating) and elevate residual stresses. In the other
samples, the heat transfer from the top layers to element n in the first layer is considerably
lower than in sample c-Lt, due to the higher layer thickness and poor thermal conductivity of
the polymer [49,51]. In sample d-Tb the reheating effect and reduction of residual stress in each
step is less pronounced due to the rapid cooling effect.
On observation, sample b-Lb and sample c-Lt are found to have the least ultimate
residual stress. In sample b-Lb, during the cooling phase, as every layer has the freedom to
disconnect from its subjacent layers, the layers can undergo shear and separate from each other.
Due to this behaviour, the residual stresses built-in the layers are released resulting in negligible
overall warpage of 0.002 mm. Whereas in sample c-Lt, the smaller overall residual stress can
be attributed to the larger and more uniform heat transfer within the sample due to the smaller
layer thickness, which is in good agreement with the conclusions drawn by Zhang Y [2] and
Zhang J [16] stating that stress accumulation increases with an increase in layer thickness of
the part.
In contrast to sample b-Lb and c-Lt, the residual stress trend appears to increase
continuously with each layer deposition in sample d-Tb and sample e-Rp. The rapid cooling
condition in sample d-Tb freezes the residual stress inside the layers as they are printed leading
to a steady increase in the induced stresses. In Figure 5, even though sample d-Tb recorded the
lowest residual stress and warpage at 120°C, once fully cooled and stabilised, it exhibits the
second highest built-in stress among all the samples (Figure 6). The rapid cooling condition
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and abrupt change in temperature with cooling time gives rise to continuous accumulation of
thermal stress inside the layers [52], thereby leading to significant increase in the residual stress
in sample d-Tb. While in sample e-Rp, the reheating of element n by the newly deposited layers
is limited to a shorter period of time due to the zigzag raster pattern which leads to a 36% higher
residual stress at the end of printing process in comparison to what occurs with the line raster
pattern. In a study by Pandzic et al. on FDM, it was reported that the line pattern resulted in 3D
printed samples with higher yield strength in relation to the zigzag pattern [53].
3.4. Warpage vs printing time
Warpage is caused due to the anisotropic contraction changes induced by built-in
residual stresses [12]. The amount of warpage (part distortion) in the modelled samples are
presented in

Warpage (mm)

Figure 7 and the influential factors/printing conditions are investigated. Here, warpage
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from the samples is plotted against the overall printing time to illustrate the continuous change
in part distortion throughout the printing process.
Figure 7. Warpage from element n with respect to consequent layer deposition plotted
against over all printing time. (1) layer 1 (2) layer 2 (3) layer 3 (4) layer 4 are indicated inside
the graph for layer reference.
As seen in
Figure 7, there is a stepwise increase in the amount of warpage in element n with
printing time in accordance with the progression of layer deposition and the resultant heat
transfer. As discussed previously in section 3.2., the reheating effect of element n by the newly
deposited layers results in a slight reduction of warpage. This effect is seen more clearly in
sample a-Rs and sample e-Rp.
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Sample b-Lb has the lowest warpage followed by sample c-Lt with the second lowest
warpage value. Zhang et al. [2] and Sahu et al. [54] in their study concluded that reducing layer
thickness can increase the dimensional accuracy of a printed part in the z-direction which
correlates with the warpage results of this study. Also, from
Figure 7, it can be concluded that the stress accumulation in the model increases with
an increase in layer thickness [2,16]. So, it is imperative to consider layer thickness as a
significant factor in warping. The effect of layer-layer bonding on part distortion has not been
assessed experimentally.
As described in section 3.3, the continuous increase in residual stress in sample d-Tb as
it cools down and stabilises results in high amount of warpage (
Figure 7). Due to the rapid cooling in this sample, the mobility of the polymer chains
reduces drastically, resulting in higher accumulation of residual stresses inside the layers and
inducing significant amount of warpage [55]. Sample e-Rp shows a 16% increase in warpage
in comparison to sample a-Rs due to the increased built-in residual stress (as discussed in
section 3.2).
While crystallisation, residual stress and warpage data of all the samples in Figure 5
were plotted at 120°C for element n after the final layer of the samples were printed, here the
final residual stress and overall warpage of the samples once they reach steady state and
stabilised (after completion of the printing process) are plotted in Figure 8. It is evident that
there is a consistency between the amount of residual stress and warpage with an increase in
residual stress resulting in an increase in warpage.
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Figure 8. Final residual stress of samples printed under various printed conditions are
plotted against the Ultimate warpage to illustrate the effect of residual stress on part
warpage.
In Figure 8, it can be noted that while sample c-Lt exhibits 26% decrease in residual stress
and 89% drop in warpage when compared to sample a-Rs, sample d-Tb demonstrates an
increase of 26% residual stress followed with a significant increase of 131% warpage. On
comparison with sample a-Rs, sample e-Rp shows 36% increase in residual stress resulting in
16% increase in warpage. It should be noted that each sample (printed/simulated) is only
compared with sample a-Rs (reference sample) to assess the effect of each printing condition.
From Figure 8, it can be clearly noted here that the warpage is greatly affected by the residual
stresses of the samples and there is a direct relationship between them.
3.5. Experimental validation
The warpage results from the samples c-Lt and d-Tb were validated by comparing with
the respective 3D scanned data of printed samples. Samples d-Tb and c-Lt with the highest and
lowest warping were selected in order to assess the reliability of the model’s prediction. Since
the warpage of element n was measured, the printed sample was scanned and overlapped on
the 3D model. Following this, a cartesian co-ordinate was created from the CAD model at
(0,0,0) while another axis was created at element n. The warpage values are measured here by
comparing the deviation values obtained from the nominal axis (0,0,0) and the axis at element
n.
Figure 10 shows the warpage comparison between the simulated sample d-Tb and 3D
scan result. In both Figure 9 (a) and (b), the sample detaches from the print bed with warping
on the edges implying the significance of bed temperature and geometry (in this case) in
influencing part distortion [19].

(b)

(a)

Figure 10. Representation of warpage results between simulated and 3D printed sample dTb.
Table 3. Experimental validation of the simulated sample warpage of element n
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Samples

Predicted warpage
(FEA) (mm)

Sample c-Lt
Sample d-Tb

0.09
1.89

Measured warpage
(Experimental)
(mm)
0.093
1.95

Deviation
(%)
-3.22%
-3.1%

In Table 3, the warpage data from element n in samples c-Lt and d-Tb are compared
with their 3D printed part warpage results. It is evident that the predicted warpage value from
the developed simulation is in a very good agreement with the experimentally measured value.
4. Conclusion
In this study, the temperature evolution of the printed sample and the crystallisation of
the polymer has been simulated using FEA and crystallisation physics. The effect of printing
parameters such as bed temperature, layer thickness, layer bonding and raster pattern on
warping and in-built residual stress has been considered. Based on the simulation results, a line
raster pattern produces a drop of 16% in warpage and 36% in residual stress in comparison
with a zigzag raster pattern. Decreasing the layer thickness of the model from 0.5mm to 0.1mm
results in a decrease in warpage of 89%.
From the simulation, it has been observed that the residual stress in the 3D printed part
is significantly influenced by the semi-crystalline physics and temperature dependency of the
thermo-mechanical properties of the polymer. This approach has provided insight into the
relationship between printing conditions, crystallisation, residual stresses, and warpage in
FDM printed parts, leading to quantitative predictions of part distortion. It clearly indicates that
using a smaller layer size has a significant, positive effect on reducing warpage.
The warpage predicted from the simulated model was validated with the experimentally
obtained 3D scanned data from a printed part. The model displayed a deviation of less than
4%, thus showing the validity of the model in predicting part warpage. The results of this study
can be used to predict and understand the effect of printing parameters and polymer properties
on residual stresses and warpage during FDM of a semi-crystalline polymer to minimise
shrinkage/warpage in a 3D-printed part.
5. Future work
As an extension to this study, other printing parameters such as nozzle speed, sample
height, ambient temperature and various raster patterns will be simulated to study their effects
on warpage and residual stresses. Additionally, the effect of adding filler in polymer matrix
and concentration will be taken into account to predict part distortion in composite material
during FDM.
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