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This work aimed to investigate the thermal deformation of polylactic acid (PLA) samples 3D-printed by Fused Filament 
Fabrication. The irreversible thermal strain (ITS) and coefficient of linear thermal expansion (CLTE) of four sets of 
samples with various sizes and thicknesses of the layer in the three directions of the measurements were investigated. The 
thermomechanical analysis (TMA) was used for the investigation of thermal deformation. During the study, the 
dependencies of deformation on temperature were obtained. The samples' CLTE values at various ranges of temperatures 
were estimated using the obtained dependencies. ITS was observed after heating to 80 ℃ during the first TMA cycle. The 
values reached 8 – 9 %. The impact of layer thickness and the number of layers in the sample on ITS was noticed. Shrinkage 
in the X direction and expansion in the Z direction with almost the same values were observed. Finite element code ANSYS 
was used to simulate the distribution of temperature and accumulation of residual thermal stresses in the printed part. The 
correlation was obtained between the level of simulated residual thermal stresses for samples with different number of 
layers and layer thicknesses and measured ITS after annealing. 
Keywords: coefficient of linear thermal expansion, irreversible thermal strain, PLA, FFF, finite element method. 

 
1. INTRODUCTION ∗ 

The polymers used in Fused Filament Fabrication (FFF) 
include thermoplastics [1], such as acrylonitrile butadiene 
styrene (ABS), polylactic acid (PLA), nylon, polycarbonate, 
high-impact polystyrene, polyethylenimine, chlorinated 
polyethylene, poly(ether ether ketone), and other. ABS and 
PLA are the commonly used thermoplastics in the FFF 
process [2]. PLA material has good mechanical properties 
(ultimate tensile strength, nominal strain at break, tensile 
strength), high reliability, and low cost [3, 4]. It is strong but 
more brittle compared to ABS [5], and it has a lower 
coefficient of thermal expansion, than ABS. 

During the FFF process, the raw material is a filament 
that is melted, extruded, and applied with a heated nozzle 
onto the model. After deposition, the material cools, 
solidifies, and adheres to the surrounding material. The 
distortion of the part during the print is one of the most 
important issues in the FFF process. Repeated heating and 
cooling cycles of additively manufactured parts occur from 
the layer-by-layer building process. This process leads to 
residual stress accumulation during part building up, which 
could affect the shape and dimensions of the 3D-printed 
product [6]. Some works have shown that 3D-printed parts 
relieve stress through deformation during printing [7, 8]. 
The residual stresses of printed parts are removed by 
annealing. When heated, stress relief leads to deformation 
of the parts, which remains after cooling and is called 
irreversible thermal deformation (ITS) [9, 10]. 

Significant ITS exceeding 20 % was observed in PLA 
samples after thermal annealing [11]. A simple 
micromechanical model was proposed in [12, 13] to 
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characterise the dependencies of the ITS on the layer 
thickness in different directions. The model proposed in 
these works assumes the tensile force accumulated in each 
printed strip of the extruded filament in the sample. The 
value of the force, as well as Poisson’s ratio of the material, 
was fitted to experimental data through standard expressions 
for the strain of orthotropic materials. 

FFF technology involves multi-physical processes, like 
solidification, heat transfer, and thermo-mechanical 
deformation. The simulation procedure for FFF technology 
requires complex coupled analysis with sequential 
deposition of the material. One of the first finite element 
models (FEM) for FFF process simulation was developed 
by Zhang and Chou [14, 15], where the effects of different 
FFF process parameters on the distortion of printed parts 
were investigated. The influence of modelling parameters, 
like time-step and mesh density, and temperature-dependent 
material properties on the accuracy of the 3D-printed part 
warpage predictions was studied in [16]. The extensive 
investigation of the influence of the FFF process and FEM 
parameters on the predicted temperature distribution and 
distortion of printed PLA parts was performed in [17]. 

In our previous work [1], the four thermal 
characteristics, such as the softening temperature, the 
coefficient of linear thermal expansion (CLTE), ITS, and 
the thermal conductivity were estimated and analysed for 
FFF parts from fourteen different materials at different 
ranges of temperatures. At estimation of thermal 
deformation, the ITS of 9 – 10 % of the PLA samples in print 
X and build Z directions were observed after the heating. 
The PLA samples had shrinkage along the X-axis and 
expansion on the Z-axis (Fig. 1). Significant deformation 
was observed at the range of temperatures 32 – 80 ℃. 
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Fig. 1. Example of the sample deformation before (left) and after 

(right) of the heating, where X and Z axes are print and 
build direction, respectively 

These results prompted detailed research on the thermal 
behaviour of PLA FFF parts. The aim of the work was to 
estimate the effect of layer thickness and the number of 
layers on the irreversible thermal strain and the coefficient 
of linear thermal expansion of FFF PLA parts at various 
temperature ranges. 

Thermo-elastic finite element analysis was employed in 
this work to investigate the distribution of the residual 
thermal stresses in the printed samples and their dependence 
on the printed layer thickness and the sample’s dimensions. 
Transient thermo-mechanical finite element simulations 
with progressive element activation were used to simulate 
the FFF process of the melted material deposition layer by 
layer on the printing bed, accounting for various process 
parameters, such as nozzle velocity, extrusion temperature, 
bed temperature, layer thickness, etc. The results of 
simulations may form a basis for a qualitative understanding 
of the internal stresses accumulated in the sample during 
printing. 

2. MATERIALS AND METHODS 

2.1. Materials and samples preparation 
In this work, the specimens from the filament (PLA 

Black Devil Design [18]) of 2.85 mm diameter were 
produced using the Ultimaker S5 printer (Ultimaker B.V., 
The Netherlands) with a 0.4 mm diameter nozzle. The 
nozzle and build plate temperatures were 210 ℃ and 70 ℃, 
respectively. The print head speed was 20 mm/s. The infill 
pattern was set to “Lines” with infill direction aligned to the 
X-axis for all layers, and infill density was set to 100 %, 
fibre width (“Line width”) was set to 0.35 mm. These 
printer settings provided the unidirectional orientation of all 
filament fibres in all specimens and uniform within any 
specimen’s cross-section. Four sets of samples were 
prepared to evaluate ITS with layer thicknesses of 0.05, 0.1, 
0.2, and 0.3 mm. Each set of samples was printed at sizes of 
10 ×10 × 5 mm, 10 × 10 × 10 mm, and 10 × 10 × 15 mm 
(length × width × height) (Fig. 2). 

All samples’ sides were lightly polished by using the 
320-grit sandpaper at low speed before measuring ITS. The 
print and build directions are marked as X and Z, 
respectively (Fig. 3). 

2.2. Methods 
The CLTE and irreversible thermal strain were 

determined by thermomechanical analysis (TMA) 

Expansion mode with a measuring probe (of 3 mm 
thickness) with ball point performed with Mettler-Toledo 
TMA/SDTA 841e. 

 
Fig. 2. Illustration of 3D-printed samples 

 
Fig. 3. Illustration of print and build directions of 3D-printed 

samples 

The measurements were carried out in three directions 
X, Y, and Z. For each direction, a separate test was done, 
and the different samples were tested because they could not 
be used after the annealing process. During the 
investigation, two heating/cooling cycles were completed 
for the samples at the temperature range from 30 to 140 ℃ 
with a heating rate of 1 ℃/min according to [19]. Obtained 
dependencies of displacement on time, and deformation on 
temperature were used to estimate ITS and CLTE values. 
An example of the obtained typical dependencies is shown 
in Fig. 4 and Fig. 5. The ITS values were obtained from the 
first heating/cooling cycle. The CLTE values were obtained 
from the second heating/cooling cycle. 

 
Fig. 4. Typical dependence of displacement and temperature as a 

function of time during the TMA test in X direction 

The ITS was calculated from the displacement values as 

0

100%LITS
L
∆

= × , (1) 

where ∆L = L1 – L0 is the change in the dimensions of the 
specimen; L0 is the initial length of the specimen (Fig. 4). 
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Fig. 5. Typical dependence of deformation on temperature during 

the second cycle of TMA in X direction (the pink line is the 
secant line) 

The CLTE values α were determined at the various 
ranges of temperature 32 – 45 ℃, 45 – 60 ℃, 60 – 75 ℃, 
75 – 90 ℃, 90 – 105 ℃, 105 – 120 ℃, and 120 – 136 ℃. It 
should be noted that the CLTE is evaluated as described in 
[19], but in this case, for the simplified evaluation values, 
uses: 

0
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i

L
L T

α
∆

=
∆

, (2) 

where ΔLi is the change of the specimen length at the range 
of temperature ΔTi; L0 is the initial length of the specimen 
(Fig. 5). 

2.3. Numerical model 
General purpose finite element code ANSYS was used 

to simulate temperature distribution and accumulation of 
residual thermal stresses in printed part during sequential 
deposition of melted polymer material on a building plate. 
Element “birth and death” technique was used to simulate 
the deposition of new portions of hot material on previously 
deposited and partially cooled layers. Within this approach, 
the whole model is divided into finite elements with an 
initial temperature equal to the temperature of the nozzle. 
The simulations were conducted iteratively. All elements 
are killed (deactivated) at the beginning of the analysis. 
Then they are activated one by one (or several elements 
simultaneously in one step to minimise computation time) 
with an initial temperature equal to the specified deposition 
temperature. Once the element is activated, transient 
thermal analysis is started for the time interval 
corresponding to the deposition speed of the material. The 
resulting temperature distribution is used as a load for 
mechanical solution and deformation of the deposited 
elements is calculated. At the next iteration new portion of 
elements is activated and bonded to previously activated 
elements with calculated temperature distribution used as 
the initial condition. At each step, the external boundary of 
currently active elements is determined, and corresponding 
initial and boundary conditions are applied: 

a) the initial temperature of all inactive nodes is set to 
the nozzle temperature; 

b) bottom nodes of the first layer of elements are fixed 
to simulate the adhesion of the part to the building plate, and 
the temperature of these nodes is set to the temperature of 
the building plate; 

c) convection boundary conditions are used for side 
surfaces of currently active elements. 

Fig. 6 shows typical finite element mesh used in 
simulations and boundary conditions applied at each step 
during the simulation of the deposition of melted filament. 
The solution time of each simulation step depended on the 
printing speed, size of finite elements, and the number of 
simultaneously activated elements in this step. 

 
Fig. 6. Finite element model of a cubic sample (left) and boundary 

condition applied at each solution step (right). 

After the printing, the part was allowed to cool down to 
room temperature with fixed displacements at the bottom 
surface. In the last step of the analysis, the part was unglued 
from the printing plate by releasing the displacement 
constraints at the bottom nodes (three corner nodes remain 
fixed in a certain direction to suppress rigid body 
movement). 

Deformations and residual stresses of the numerical 
model at the end of the simulation represent the internal 
state of the printed part and allow us to predict warpage and 
even potential failure of the part during printing due to 
accumulated thermal stresses. 

As shown in [16], the temperature-dependent elastic 
material properties of PLA polymer should be used to 
simulate the 3D printing process. Elastic modulus at 
different temperatures was measured using the DMA 
technique (Mettler-Toledo TMA/SDTA 861e, tensile mode 
5 N, frequency of 1Hz from 30 to 140 ℃ at a heating rate of 
3K per min) for the 3D-printed samples with the sizes  
19.5 × 4 × 1.1 mm, and a layer thickness of 0.35 mm. The 
typical results for a storage modulus, loss modulus, and loss 
factor are shown in Fig. 7. Two relaxation temperatures 
(near 60 and 110 ℃) seen on the tan δ curve are due to glass 
transition and cold crystallisation. The CLTE at elevated 
temperatures was also measured in this work and will be 
presented in the next section. Thermal conductivity and heat 
capacity of PLA samples at room temperature were 
measured in a previous study [1], and constant values were 
used in this work in numerical simulations. 

The air temperature inside the printing chamber during 
printing was measured by a thermocouple at different 
positions, and an average temperature of 35 °C was 
obtained. The temperature of the sample during printing was 
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monitored by an infrared camera (RS PRO RS-9875, RS 
Components, Corby, United Kingdom). 

 
Fig. 7. Typical DMA curve of the PLA samples (E’ is storage 

modulus, E’’ is loss modulus and tan δ is loss factor) 

A comparison of experimentally measured temperature 
with numerical simulations is presented in Fig. 8, where the 
temperature distribution at the end of the printing process 
for a sample with dimensions 10 × 10 × 10 mm, a layer 
thickness of 0.3 mm, and a printing speed of 10 mm/s is 
shown. The heat transfer coefficient of forced convection in 
the printing chamber was determined by fitting the results 
of simulations to the observed temperature distribution on 
the external surface of the sample during printing. A 
transient thermal solution with the element “birth” 
technique and boundary conditions described above was 
used for simulations. The best results were obtained for the 
forced convection heat transfer coefficient equal to 
700 W/(m2 K). 

 
Fig. 8. Measured (left) and simulated (right) temperature 

distribution (℃) on the surface of the sample during 
printing 

The heat transfer coefficient of free convection for 3D-
printed samples (for cooling of the samples after printing) 
was determined by a separate set of numerical simulations 
and fitting results to experimental data of Joule heating of 
samples with embedded conductive track [20], and the best 
fit was obtained for a heat transfer coefficient equal to 
15 W/(m2 K). 

3D thermal solid 8-node elements (SOLID70) were 
used in the transient thermal solution for fitting the 
temperature distribution, and coupled-field SOLID5 
elements were used for the transient thermal-elastic 
solution. Elements with dimensions 1 × 1 mm in XY plane 
and thickness corresponding to the actual layer thickness for 
each sample were used for simulations so that one row of 10 
elements roughly corresponds to three rows of deposited 
filament (infill line distance of 0.35 mm was used for 
printing). The elements were activated by blocks of 10 
elements for each solution step to minimise solution time. 

3. RESULTS AND DISCUSSION 

3.1. Coefficient of linear thermal expansion 
The CLTE of the test samples in three directions, X, Y, 

and Z, were determined. A significant deformation was 
observed during the first cycle, as shown in Fig. 4. 
Therefore, the CLTE values were determined in the second 
cycle. 

The dependence of CLTE values in three directions on 
different temperature ranges is demonstrated in Fig. 9. As 
can be seen from the diagram, the significant diference of 
the CLTE values between X and Y, Z - directions was 
observed. For example, CLTE in the X direction is about 
1.3 – 1.4 times larger than in the Y and Z directions at 
temperatures above 90 ℃. 

 
Fig. 9. Values of CLTE at different temperature ranges (size of 

cubes 10 × 10 × 10 mm and layer thickness of 0.2 mm) 

This phenomenon can probably be explained by the 
effect of cold crystallisation of the material and the 
orientation of macromolecules within the layer. Cold 
crystallisation is associated with the expansion of 
macromolecules due to increased mobility during heating 
[21]. Polymer molecules tend to orient parallel to the 
extrusion direction within the layer [22], which in our case, 
corresponds to the X direction. 

The CLTE of printed samples at various layer 
thicknesses and temperature ranges in the X direction was 
presented in Fig. 10. CLTE values rapidly increased at 
32 – 60 ℃ (1.6 – 1.8 times) and 1.2 – 1.5 at 105 – 136 ℃. 
The difference between CLTE values (1.2 – 1.3 times) at the 
thicknesses of layer 0.05 and 0.2 mm at 45 – 60 ℃ and  
105 – 120 ℃ ranges of temperatures was found. These 
significant differences in values in certain temperature 
ranges indicate transition regions, like glass transition and 
crystallisation (Tg and Tc).  

 
Fig. 10. Values of the CLTE at X direction at different temperature 

ranges and layer thicknesses (size of samples  
10 × 10 × 10 mm) 

0.0

0.1

0.2

0.3

0.4

0.5

1

10

100

1000

10000

25 50 75 100 125 150

ta
n 

δ

M
od

ul
us

 E
, M

Pa

Temperature, ℃

E"
E'
tanδ

0.0E+00

5.0E-05

1.0E-04

1.5E-04

2.0E-04

2.5E-04

3.0E-04

3.5E-04

32-45 45-60 60-75 75-90 90-105 105-120 120-136

α,
 K

-1

T, ℃

X
Y
Z

0.0E+00

5.0E-05

1.0E-04

1.5E-04

2.0E-04

2.5E-04

3.0E-04

3.5E-04

32-45 45-60 60-75 75-90 90-105 105-120 120-136

α,
 K

-1

T, ℃

0.05 mm
0.1 mm
0.2 mm
0.3 mm



221 
 

This assumption is confirmed by the DSC study of PLA 
samples in [1]. At the transition temperatures, the material’s 
structure changes, affecting the values of CLTE. 

As was expected, there was no dependence of CLTE on 
the number of layers, as shown by the estimation of this 
relation (Fig. 11). 

 
Fig. 11. Values of CLTE at X direction at different temperature 

ranges and sample heights (layers thickness 0.2 mm) 

The difference between the values of CLTE at heating 
and cooling cycles could be near 20 %. Values of the CLTE 
at the heating were lower than at the cooling (Fig. 12.). 
During the cooling, the time to rebuild the structure is longer 
than during the heating Fig. 4. 

 
Fig. 12. Values of CLTE at heating and cooling cycles, with 

different layer thicknesses (size of samples  
10 × 10 × 10 mm, X – direction). 

3.2 Thermal deformation 
During the study, the thermal deformation of FFF 

samples was investigated. In Fig. 13, the dependence of the 
deformation on temperature in the first heating/cooling 
cycle of TMA is shown.  

The figure shows that the whole process can be divided 
into 4 stages. The first stage is uniform expansion – range 
of temperature 30 – 50 ℃; the second stage is the rapid 
change of deformation of the sample, 50 – 60 ℃. The third 
stage is the intensive change of the deformation 75 – 80 ℃. 
The shrinkage on the X-direction and the expansion on the 
Z-direction (approx. 8 %) were observed during the second 
and third stages. The last stage above 80 ℃ is the 
monotonous expansion in all directions. The relaxation 
process started at 50 and ended at 80 ℃, corresponding to 
the temporary shape temperature and recovery temperature 
of PLA polymer [23], respectively. The curves on the 
diagram Fig. 13 have two bends at approx. 57 ℃ and 80 ℃. 
The first bend could be characterised by the glass transition 
temperature, where PLA is in a glassy state, and its chain 
mobility is very small. That’s why the deformation in this 

range of temperature is small. The second is the ending of 
the relaxation process temperature (Trel). During the heating 
above Tg, intermolecular connections are destroyed; hence 
the mobility of the links and flexibility of the chains are 
increased. During this process, the deformation rapidly 
increases (Fig. 13). Cold crystallisation visible on DMA 
curves near 110 ℃ in Fig. 7 was not observed in the 
deformation curve because it has a negligible effect on the 
thermal expansion, probably due to the low degree of 
crystallinity measured by the DSC method on similar 
samples in the previous study [1]. 

 
Fig. 13. Dependence of the deformation on temperature for the 

sample in X, Y, and Z directions. The layer thickness was 
0.05 mm, and the sample size was 10 × 10 × 15 mm 

The irreversible thermal strain of the 3D-printed 
samples with three kinds of sizes (10 × 10 × 5, 
10 × 10 × 10, and 10 × 10 × 15 mm) with various layer 
thicknesses (0.05, 0.1, 0.2, and 0.3 mm) in 3 directions of 
measurement (X, Y, and Z) was investigated. 

 
Fig. 14. ITS for several layer thicknesses for X, Y, and Z 

directions. Sample size 10 × 10 × 10 mm 

As can be seen from Fig. 14, the ITS depends on the 
layer thickness in the X and Z directions, except in the Y 
direction. Values of ITS are very close at layer thicknesses 
of 0.2 and 0.3 mm. Shrinkage in the X direction and 
expansion in the Z direction with almost the same values 
was observed. Shrinkage in the X-axis could be the result of 
the relief of the residual stress. Most of the printed tracks 
laid down were printed parallel to the X-axis. The residual 
thermal stress and strain occur along the road direction 
because shrinkage is more along than perpendicular to the 
print direction. The almost the same but opposite values of 
the ITS in the Z-direction can be explained by Poisson’s 
effect. During the study, the dependences of ITS of samples 
on height (5, 10, and 15 mm) at the various thicknesses of 
the layer and for three directions were obtained (Fig. 15). 
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a b c 

Fig. 15. Dependence of ITS on the height of samples with several layer thicknesses (0.05, 0.1, 0.2, and 0.3 mm): a – X direction of 
measurement; b – Y direction of measurements; c – Z direction of measurements 

 
The impact of layer thickness and the number of layers 

in the sample on ITS exists. The biggest deformation (nearly 
8 % in directions X and Z in the case of the sample’s height 
of 15 mm) was observed at a layer thickness of 0.05 mm. 

The correlation between ITS, layer thickness and 
number of layers was indicated in [7, 11]. D’Amico and 
others note that thermal deformation is the result of thermal 
stress relief, which builds on the surfaces between layers. 
The smaller the layer thickness, the more layers fit per unit 
length. Therefore, as the layer thickness decreases, the 
build-up of intra-layer and inter-layer thermal stress 
increases.  

3.3. Numerical simulations 
Transient thermo-elastic simulations were used to 

model residual stress distribution within the printed part. 
Models with different dimensions and layer thicknesses 
were analysed to investigate the influence of geometrical 
parameters on residual stress levels. 

Fig. 16 shows the distribution of residual thermal 
stresses in the cubic samples with a height of 10 mm and 
different layer thicknesses. As shown results of simulations, 
the compressive zone is developed in the middle of the 
cooled samples, which is compensated by tensile stresses in 
a relatively thin zone at the surfaces of the cube. A similar 
picture is observed in all directions, with stresses in the Z 
direction being significantly higher than in other directions. 
This fact may explain the expansion of the samples in the Z 
direction after thermal annealing observed experimentally. 
Also, it could be noted that residual stresses become larger 
for thinner layers and a similar trend was observed 
experimentally in ITS for samples with different thicknesses 
of printed layers (Fig. 14). 

It could be noted that tensile residual stresses developed 
at the surfaces of the samples have different distributions for 
stresses acting in X/Y and Z directions. For stresses in X and 
Y directions tensile zone develops at the top and bottom 
surface of the cube and has quite uniform distribution. 
Whereas for stresses in Z direction tensile zones are mainly 
located near the side edges of the cube and are significantly 
larger in value. This explains a common defect of 3D-

printed parts: layer delamination and splitting during or 
shortly after the printing [24]. 

The residual stresses in the X and Y directions obtained 
in current simulations are quite similar, contrary to 
experimental data, where ITS in the X and Y directions were 
significantly different. The current numerical model cannot 
prognosis different behaviour of samples in the XY plane. 

To investigate the dependence of the ITS on specimen 
dimensions, e.g. height, simulations with a constant layer 
thickness (0.2 mm) and height of the samples equal to 5, 10, 
and 15 mm were performed. The results are presented in 
Fig. 17 for samples with heights equal to 5 and 15 mm 
(results for 10 mm cube were shown in Fig. 16 in the middle 
row). Results of simulations show that higher residual 
stresses are accumulated in larger samples; therefore, higher 
deformations could be expected during annealing, as was 
observed in experiments. 

The absolute values of numerically obtained residual 
stresses are quite large, a few times larger than the tensile 
strength of the PLA samples [25]. As was shown in [16], 
plasticity with temperature-dependent yield stress should be 
used in simulations to obtain realistic stresses in the FFF 
process. Such data is not easy to measure experimentally; 
therefore, elastic material behaviour used in the current 
study can be used only for qualitative analysis. It should be 
noted, however, that even such large residual stresses could 
not explain ITS of the order of 10 %. As was shown in [1] 
for samples manufactured from many different materials, 
typical values of ITS were below 1.5 %, which could be 
attributed to residual thermal stresses, except samples made 
from CPE and some brands of PLA polymers, where ITS up 
to 10 % were measured. Different physical mechanisms are 
probably responsible for the large ITS of the PLA samples. 
Shear-induced alignment of polymer chains [26] or shape 
memory properties of PLA polymer, extensively studied for 
PLA FFF structures [27], could be responsible for 
significant irreversible strain during thermal annealing. 
However, most published works investigate the 
programming and shape-recovery of post-printed structures 
[28 – 30] to study the shape-recovery efficiency for various 
stimuli. Modelling of shape memory effects (strain storage) 
during the printing process is still in the early stage of 
development [31]. 
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Fig. 16. Simulated residual thermal stresses (Pa) inside 10 × 10 × 10 mm PLA samples with layer thicknesses of 0.1, 0.2, and 0.3 mm 

 

Fig. 17. Simulated residual thermal stresses (Pa) inside PLA samples for different heights (layer thickness of 0.2 mm) 
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4. CONCLUSIONS 
During the research work, the effect of layer thickness, 

and the number of layers on CLTE and ITS at the various 
ranges of temperature was investigated. 

CLTE values were measured at different temperatures 
and a rapid increase of CLTE was observed at temperature 
ranges of 32 – 60 ℃ and 105 – 136 ℃. The values of CLTE 
at heating were 20 % lower than at the cooling cycles. The 
analysis of CLTE values at various temperature ranges 
showed a significant difference in the CLTE measured in 
Y/Z and X directions. The CLTE in print direction (X) is 
about 1.3 – 1.4 times larger than in the Y and Z directions at 
a temperature higher than 90 ℃. 

Significant irreversible thermal strain was observed in 
the samples after the first TMA cycle. Accumulation of ITS 
started at temperatures close to the glass transition 
temperature of PLA material (approx. 60 ℃) and reached its 
maximum at 80 ℃, followed by reversible thermal 
expansion at subsequent heating. Observed ITS values in the 
X and Z directions were significantly higher than in the Y 
direction, reaching 8 % strain and showing shrinkage along 
the print direction and expansion in the build direction. The 
highest ITS was observed for samples with the smallest 
layer thickness and larger dimensions in the Z direction. 

Numerical modelling of the printing process using 
temperature-dependent elastic properties of PLA polymer 
showed that accumulated residual thermal stresses inside the 
printed sample strongly depend on the layer thickness and 
the total number of layers. Results of simulations show the 
correlation between residual thermal stresses accumulated 
during printing and subsequent cooling of the sample and 
experimentally measured irreversible thermal strain 
released during thermal annealing. However, high ITS 
values observed for PLA samples in the current study cannot 
be explained solely by the relaxation of residual thermal 
stresses during annealing. Shear-induced alignment of the 
polymer chains during material deposition and solidification 
with relaxation upon thermal annealing above Tg or shape 
memory effects need to be included in the numerical model 
for the correct representation of observed ITS. 
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