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A B S T R A C T   

Laser-based powder bed fusion, due to its layer-by-layer nature, results in a unique stress profile in a part after the primary production process. The residual stresses 
are typically tensile near the top, while they are compressive near the bottom of the part. When it is removed without proper precautions, the part will bend 
excessively. In order to alleviate this deformation, a stress relief heat treatment can be applied. In this paper, such a stress relaxation heat treatment is modelled to 
investigate the effect of the post-processing parameters. The model uses an Arrhenius-type creep equation to simulate the influence of the heat treatment temperature 
and dwell time on the stress field in a relatively simple cantilever beam produced in Ti-6Al-4V. Via validation of the simulations, the effect of the heat treatment is 
shown to be represented accurately. The validated model is used to predict the deformation that results from the residual stresses after heat treating the part under 
various conditions. The results from the simulations ultimately allow choosing the optimal heat treatment conditions to obtain a given reduction in the residual stress 
level, while reducing the need for extensive experimental investigations.   

1. Introduction 

Additive manufacturing of metals allows the production of parts with 
a high complexity or low production volume at a limited cost. In laser- 
based powder bed fusion (LPBF), which is a type of metal additive 
manufacturing, the part is built up from metal powder. The LPBF ma-
chine spreads a thin layer of material on a build plate, and a laser melts 
the cross-section of the desired part in the powder layer. Subsequently, 
the build plate is lowered by one step, and a new layer of powder is 
distributed. This process repeats until the part is completed [1]. 

Due to this layer-by-layer method of producing the part, the stress 
changes throughout. One particular part of the residual stress is caused 
by thermal contraction. When a layer is just deposited, its temperature is 
higher than underlying ones, and hence, it is expanded. Because it is 
attached to the underlying layers, the top-most layer is compressed, and 
it exerts a tensile stress on the region underneath it. However, when 
cooling down, the new layer cools down and contracts more than earlier 
deposited layers, causing tensile residual stresses in this final layer, and 
compressive ones near the bottom of the part [2]. When cutting the part 
from the base plate, part of the residual stresses are released, which can 
lead to deformation [3–5]. Other mechanisms will also affect the 

residual stress state, and therefore the final deformation. For example, 
differential contraction in neighbouring scan tracks also cause residual 
stresses, but these typically do not affect the deformation as much as the 
layer-based ones [6,7]. 

To address this issue of deformation, a part produced by additive 
manufacturing is typically heat treated before it is removed from the 
build plate. Stress relaxation typically occurs due to one of two mech-
anisms [8]. Heating up the part reduces the yield strength. This reduc-
tion in the yield stress will cause the stress to relax due to plastic 
yielding. A second mechanism taking place is creep, which is only 
activated at higher temperatures, and represents a time-dependent stress 
reduction [8]. The reduction of the residual stress also increases the 
toughness of the part by removing high tensile stresses at the surface [9]. 

However, heat treatment is an expensive process, since it requires the 
part to be heated up in a furnace to the heat treatment temperature, and 
kept at this temperature for an extended period of time. Therefore, there 
is a need to find the optimal parameter set, both in terms of dwell time, 
and heat treatment temperature [10]. Additionally, the unique micro-
structure and residual stress state resulting from the LPBF process allow 
the part to have novel properties, but require the development of novel 
heat treatment processes. Two approaches can be followed to find this 
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optimal parameter set. Typically, users perform trial-and-error experi-
ments. These experimental studies are slow and costly, since they 
require several parts being built and post-processed, and cannot guar-
antee that the found set of parameters is the optimal one. An alternative 
route is a numerical model. A well-calibrated numerical model can be 
evaluated multiple times, and using either statistical techniques, such as 
Monte-Carlo sampling [11], or a generic parametric study, an optimal 
set of heat treatment parameters can be defined. Of course, calibration 
still requires some experiments to be performed, which shows that a 
combined numerical-experimental approach is a time and cost effective 
approach for finding parameter sets for these new process chains. 

The mechanical and thermal properties of the material used for LPBF 
are of major importance to the followed post-processing, due to their 
influence on the residual stresses [12], and on the possible changes in 
microstructure which could follow when transformation temperatures 
are superseded [13]. In the current study, a part produced by LPBF in 
Ti-6Al-4V is investigated. Ti-6Al-4V has good mechanical properties, 
owing to its two-phase equilibrium microstructure. Additionally, tita-
nium alloys have a low density and good corrosion resistance due to the 
formation of oxides at their surface [14]. 

Kruth et al. [15] showed that a stress-relief heat treatment at just 
below 600 ◦C reduces the deformation due to residual stresses by 80%. 
Wang et al. [16] investigated stress relaxation occurring during a heat 
treatment at 600 ◦C and 700 ◦C using neutron diffraction. They found 
that the majority of the stress is relieved within the first ten minutes. 
Additionally, they identified that the stress is reduced to a few percent 
after two hours of stress relaxation, indicating complete relaxation of the 
residual stresses. Additionally, several investigations into the effect of 
pre-heating the build plate or the build chamber have been executed 
[17–19]. Denlinger et al. [20] and Ganeriwala et al. [21] investigated 
the stress relaxation that occurs during the LPBF process itself, using a 
stress cut-off and visco-plasticity respectively. De Baere et al. [22] 
investigated the effect of the phase transformation resulting from an 
intrinsic heat treatment on the residual stress. However, a comprehen-
sive study into the influence of common heat treatment parameters, such 
as dwell time or heat treatment temperature, and a quantification of the 
results in, for example, a response surface model remain missing in 
literature. An earlier investigating into a process chain model for the 
LPBF process chain by De Baere et al. [23] attempted to remedy this 
hiatus, but the model was insensitive to the dwell time and temperature 
due to a lack of a rigorous representation of the time and temperature 
dependent stress relaxation. Finally, Williams et al. [24] modelled and 
measured the effect of a stress relaxation heat treatment at 700 ◦C for 
316 L stainless steel, and found a good agreement between the simula-
tions and the neutron diffraction measurements, even though their 
material properties were measured at a lower temperature. 

Looking at alternative processes, modelling of stress relaxation heat 
treatment is commonly performed for welding. Yan et al. [25] used an 
Arrhenius-type creep model. They showed a good agreement between 
the measured and simulated residual stress after the stress relaxation 
heat treatment. Additionally, they showed that, for the simulated post 
process, creep is the major contribution factor to the relaxation of re-
sidual stress. Dong and Song [26] also found that creep is the dominant 
mechanism during stress relaxation, and identified that the extent to 
which the reduction in yield stress contributes to the stress relaxation 
depends on the ratio between the yield stress and Young’s modulus, both 
at room and the heat treatment temperature. Dong and Hong [27] 
investigated the effect of the holding time and the effect of the thermal 
lag that occurs during the ramp-up to the heat treatment temperature. 
They found that significant stress relaxation occurs during the ramp-up 
period of the heat treatment, and that creep is the predominant mech-
anism. Alberg and Berglund [28] compared five different material 
models to simulate a stress relaxation heat treatment. They found that 
the choice of creep model does not have a profound effect on the 
deformation of the part. Moreover, they advise the use of the Norton 
model, since data is freely available in literature, and only a limited 

amount of material testing needs to be performed. Finally, the 
comprehensive review article by Rae [29] concludes that the area of 
numerical modelling of stress relaxation in Ti-6Al-4V requires more 
research. 

As suggested by these earlier studies, this work will employ a creep- 
based equation for simulating the time- and temperature effects occur-
ring during a post-LPBF stress relief heat treatment. This study will 
analyse this model to find the effect of dwell time and heat treatment on 
the residual stresses in a cantilever produced by LPBF and show which 
parameter sets lead to a fully relaxed part. The simulations performed 
for this work represent the new state-of-the-art in terms of modelling 
stress relaxation heat treatment after the LPBF process, coupling both 
the flash heating method and a Norton’s power law based creep model 
for the heat treatment. This investigation into the underexplored field of 
numerical modelling of post-LPBF heat treatment provides the tools to 
gain insight into the effect of heat treatment temperature and dwell time 
on the residual stresses in a part produced using an LPBF process chain. 

2. Numerical model 

In this work, the stress relaxation heat treatment of a part produced 
by LPBF is simulated in the commercial software suite Abaqus CAE. The 
part under investigation is a simple supported cantilever beam, since 
this part has the advantage of a relatively simple deformation profile. 
Moreover, a cantilever beam, as presented in Fig. 1, will bend in the x-z- 
plane after release from the build plate. This specific deformation is 
caused by the tensile residual stress at the top of the beam and the 
compressive stress at the bottom [30]. The vertical supports are required 
to make the part printable. 

To model a stress relief heat treatment, a two-part model is required. 
The model needs to capture the change in temperature that occurs 
during the heat treatment (involving heating up from room temperature, 
dwell time at the desired temperature, and cooling down to room tem-
perature), and the effects this has on the stresses and strains in the part. 
To achieve this, the model, implemented in this study, consists of a 
thermal part, and a mechanical part. Often, studies simulating the LPBF 
process are based on the inherent strain method [31]. To avoid the 
machine dependency that arises from the usage of the inherent strain 
method, the present study uses the first-principle based flash heating 
method to simulate the primary LPBF process. Both the simulation for 
the primary LPBF process and the post-LPBF stress relaxation heat 
treatment use the equations outlined in this section. 

2.1. Thermal model 

To obtain the temperature field during the heat treatment, the 
transient heat conduction equation is solved during each increment: 

ρCp
∂T
∂t

=
∂
∂x

(

k
∂T
∂x

)

+
∂
∂y

(

k
∂T
∂y

)

+
∂
∂z

(

k
∂T
∂z

)

(1)  

where T is the temperature, ρ the density, Cp the specific heat capacity 
and k the thermal conductivity. 

Fig. 1. Simulated part with the relevant dimensions.  
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2.2. Mechanical model 

The mechanical model solves static equilibrium for the stress σ 

σij,i = 0 (2) 

together with the generalised Hooke’s law: 

σij =
E

1 + ν

[
1
2
(
δikδjl + δilδjk

)
+

ν
1 − 2νδijδkl

]

ϵel
kl (3)  

where E is the Young’s modulus, ν the Poisson ratio, δij the Kronecker 
delta and ϵel

kl the elastic strain. The Young’s modulus and Poisson ratio 
are temperature dependent, and therefore change depending on the 
temperature calculated from Eq. (1). i, j, k and l are the indices for the 
tensor notation. 

The total strain is the sum of all the different strain components. In 
particular, the total strain is represented in Eq. (4): 

ϵtot = ϵel + ϵpl + ϵth + ϵcr (4)  

with ϵpl being the plastic strain, ϵth the thermal strain, and ϵcr the creep 
strain. The thermal strain is calculated from a temperature dependent, 
isotropic thermal expansion coefficient: 

ϵ̇th = αΔT (5)  

where α is the thermal expansion coefficient. The contribution of the 
plastic strain is calculated using J2 flow theory: 

Δϵpl
ij =

9
4σ2

e

[
E − Et

EEt

]

sijsklΔσkl. (6) 

The plastic strain increment depends on the effective stress, σe,

tangent modulus Et, deviatoric stress components, sij and Young’s 
modulus, E. 

In this work, the stress relaxation is mimicked by using a well- 
established creep equation. Creep is generally defined as time depen-
dent plastic deformation under a constant mechanical load [32]. Ac-
cording to this definition, stress relaxation is not a pure creep process, 
since the stress varies as function of time. Moreover, the goal of the stress 
relaxation heat treatment is to reduce the stresses, while fixing the 
displacement of the part. Nevertheless, an Arrhenius-type creep law has 
successfully been used [25] for describing a stress relaxation heat 
treatment, since such a heat treatment takes place over a long time, 
typically several hours. As a result, applying this creep equation during 
each simulation time step is a reasonable assumption. An additional 
advantage of using a creep equation is that the framework in commercial 
finite elements software is well developed, and implementation of such 
an equation is relatively straightforward. 

The creep equation in this work is based on Norton’s power law [33]: 

ϵ̇cr = mσn (7)  

where ϵ̇cr is the creep strain rate and m and n the material constants of 
the metal under investigation. Yan et al. [25] show that, in order to 
accurately model the change in the residual stresses after welding, the 
temperature needs to be taken into account explicitly. This can be 
accomplished by expanding the prefactor in Eq. (7): 

m = Cexp
(

−
Q

RT

)

(8)  

where C is the temperature independent prefactor, Q the activation 
energy for stress relaxation, R the universal gas constant and T the 
temperature, calculated in Eq. (1). Combining Eqs. (7) and (8) leads to 
[25]: 

ϵ̇cr = Cexp
(

−
Q

RT

)

σn (9) 

Additional mechanisms, such as cracking, damage and defect for-
mation are not included in the simulations. Although they are of 
importance [34] for determining the service life of parts produced by 
LPBF, this is beyond the scope of the present work, but will be included 
in future modelling efforts. 

2.3. Initial residual stress field 

In order to evaluate the effect of the heat treatment, it is important to 
have a sufficiently accurate residual stress field, since the extent to 
which the stress will be relaxed depends on the initial stress. In this 
work, the initial residual stress field is obtained from a process simula-
tion using the model put forward by Bayat et al. [35]. A short synopsis of 
this model is provided. The LPBF simulation uses the so-called flash 
heating (FH) method to approximate the laser heat input into the top 
surface of the part. For FH, a number of real layers, together called a 
meta-layer, is activated, and in the top-most one, a heat source is acti-
vated, which is equivalent to the total energy, to which the real layers 
are exposed. The meta-layer is subsequently allowed to cool down, and 
afterwards, the next meta-layer is activated. This process repeats until 
the entire part is built. 

The thermo-mechanical model for the initial residual stress field 
solves the same equations as the model presented for the heat treatment 
model (specifically Eqs. (1–5)). A more detailed description and inves-
tigation of the model used to obtain the stress field can be found in the 
work by Bayat et al. [35]. Since this work focusses on the stress relax-
ation heat treatment following the LPBF process, no detailed description 
of this model is provided, but the residual stress field after the LPBF will 
be validated with experimental results, showing that the numerical 
simulation adequately captures the primary process. 

2.4. Modelling methodology and boundary conditions 

In this work, both the real and simulated part are cantilever beams. 
The dimensions for the simulated part are given in Fig. 1. The model is 
composed of three main parts: importing of the initial stress, stress 
relaxation heat treatment and release of the part from the base plate. The 
initial stress follows from the initial FH simulation. The advantage of 
importing the stress separately rather than integrating the FH simulation 
in a LPBF process chain model is that it saves computational cost. This 
paper will investigate the effect of the dwell time and heat treatment 
temperature. Importing the stress reduces the need for resimulating the 
primary LPBF process itself. 

The effect of the heat treatment is evaluated at five different tem-
peratures and for six different dwell times each. The temperature profile, 

Fig. 2. Temperature profile during the stress relaxation heat treatment model 
at 670 ◦C. 
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shown in Fig. 2, is applied in two boundary conditions to all faces 
exposed to the furnace. Both radiation and convection are considered, 
with an emissivity of 0.4 and convective heat transfer coefficient of 
10 W m− 2 K− 1 [25]. All other boundary conditions are adiabatic. 

Finally, the part is cut from the base plate. This reveals the effect of 
the residual stress on the deformation. The cutting operation is 
mimicked by using the model change interaction in Abaqus CAE. The 
supports are removed from the simulation, and the residual stress is 
released, until the part reaches a new equilibrium through deformation. 

3. Experimental measurements 

To validate the simulations a number of dedicated experiments is 
performed. These experiments consist of printing the cantilever geom-
etry, and applying a heat treatment. The parts are subsequently cut from 
the base plate, and the deformation is measured and used as a metric for 
evaluating the effect of the heat treatment. 

In the present work, a 3D Systems® DMP Flex 350 was used to build 
the samples. The machine is equipped with a fibre laser with a power of 
500 W and a Gaussian energy distribution. The samples were built with 
a layer thickness of 30 µm, and a volumetric energy density of 
67.1 J mm− 3 was applied. The DMP Flex 350 applied a random incre-
mental scan rotation when printing the samples. The stress relief heat 
treatment for validation of the simulations was performed at 670 ◦C in 
an argon atmosphere. To reach this temperature, a heating rate of 10 ◦C 
per minute was prescribed to the furnace. The dwell time for the heat 
treatment was five hours, followed by furnace cooling. The cooling and 
heating rates for the experimental heat treatment are the same as the 
ones used for the simulations. Four cantilevers were built in total, in 
different configurations. Fig. 3 shows the 3DXpert CAD file used for 
printing the cantilevers. 

The cutting process used wire electrical discharge machining (EDM) 
to separate the cantilever from the build plate. This operation was 
performed using a Wire EDM AgieCharmilles CUT AM 500. To evaluate 
the deformations resulting from the release of the residual stresses 
caused by cutting the part from the base plate, a 3D-scan of the canti-
lever was taken with an optical GOM ATOS Core 3D-scanner and ana-
lysed with the GOM inspect software. To assess the deflection of the 
cantilever beam, three vertical cross-sections are extracted from the 3D 
scan, and a circle is fitted through the top surface of each of these. This 
assures that roughness and other surface texture effects are not affecting 
the measured deflections, since this study investigates the deformations 
caused by the macroscopic residual stresses. 

4. Material parameters 

The investigated material in this study is Ti-6Al-4V ELI, with a 
chemical composition compliant with ASTM F3302. The composition is 
shown in Table 1. This material can be additively manufactured and has 
good specific mechanical material properties and corrosion resistance 
[36]. The thermo-mechanical material properties are derived from the 
works by Bayat et al. [35], Ganeriwala et al. [21] and Yan et al. [25], and 
are shown in this section. 

4.1. Thermal properties 

The thermal properties for the simulations are shown in Table 2. 
Only the specific heat is dependent on temperature. 

4.2. Mechanical properties 

The mechanical properties are displayed in Table 3. Additionally, the 
temperature dependent yield stress and Young’s modulus are shown in  
Fig. 4. All material properties in Table 1 and Table 2 were derived from 
experiments and their use for numerical modelling of Ti-6Al-4V was 
validated in their original sources. Since the material properties were 
derived for the processes they are simulating, they represent an aver-
aged value for all the phase transformations that can take place during 
the process. For example, in Ti-6Al-4V, the expected martensitic 
microstructure will decompose into a mix of the equilibrium phases, α 
and β. This transformation corresponds to a change in mechanical and 
thermal material properties, which can be the subject of a future study 
aiming at improving the input for numerical simulations of Ti-6Al-4V. 

5. Results and Discussion 

5.1. Initial residual stress field 

In order to investigate the effect of the stress relaxation heat treat-
ment on the residual stresses, a realistic initial field is required. This 
stress field follows from the process simulation in Abaqus CAE for the 
LPBF process itself. The model used for this initial stress field is outlined 
in Section 2.3. The stress field (more specifically the normal component 
in the direction of the beam, from now on called σ11) is shown in Fig. 5. 
Focussing on the cantilever beam itself, σ11 varies from tension near the 
top of the beam to compression near the bottom. However, since the top 
surface is a free surface, the tensile stress is higher just below it. The 
highest tensile stress in the cantilever beam is located at the bottom of 
the top-most meta-layers, which is approximately 0.5 mm from the top 
of the beam. Additionally, there are two regions of high tensile stress 
near the bottom corners of the left-most support. The stripe-like pattern 
visible in the residual stress field is caused by the meta-layer depositing. 
Bayat et al. [35] investigated the effect of the chosen settings of the flash 
heating method, and showed that the chosen mesh and meta-layer 
thicknesses do not majorly affect the resulting stress field. 

The main method of validating the initial stress field will be through 
the measurable deformation following from the residual stress field. This 
requires a cutting step, both in the experiments and the numerical 
model. Fig. 6 shows the total deformation of the cantilever after its 
support is removed using the model change interaction. Using a canti-
lever beam assures that the majority of the deformation is located in the 
beam itself. This is also evident from Fig. 6, which shows a deformation 
of less than 0.2 mm in the left-most support. However, the tip of the 
cantilever bends up approximately 2 mm. This deformation is similar to 
simulated and measured results in other studies for similar cantilever 
geometries. For example, Setien et al. [31] measured a displacement 
between 1.8 mm and approximately 4 mm, depending on the scanning 
strategy. Both Yakout et al. [12] and Chen et al. [37] simulated and 
measured displacements below 2 mm for a beam of a similar length and 
from the same material (Ti-6Al-4 V), but with a larger beam thickness. In 
the next section, experimental validation is provided for the simulated 
deformation field. 

In the following paragraph, the residual stresses in Fig. 5 are 
compared to measurements in Ti-6Al-4V from literature. Yadroitsava 
et al. [38] identified the range of the residual stresses at the surface of a 
part produced by LPBF. A residual stress with a maximum value of 
approximately 650 MPa and a minimum of 300 MPa was measured in 
their study for a part with a height similar to the cantilever simulated in 
this work. This indicates that the results from the flash heating simula-
tion correspond to expectations from experimentally obtained values. Fig. 3. 3DXpert CAD file used for printing the cantilevers.  
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Similarly, the works by Ahmad et al. [39], Ganeriwala et al. [21] and 
Vrancken et al. [40] measured the residual stresses in a part produced by 
LPBF and obtained a peak residual stress of approximately 700 MPA. 

5.2. Experimental measurement of the displacement field after LPBF 

To ensure that the initial stress field is representative of the stress 
field in the real sample, the deformation of the cantilever, presented in 
Fig. 6 is compared to the same for a real printed cantilever sample. Fig. 7 
shows the 3D scan of the cantilever, after it is removed from the build 
plate by EDM, and the simulated cantilever in the same orientation. This 
qualitatively shows that the deformation is similar, and as predicted, the 
bending mostly occurs inside of the z-x-plane. As mentioned earlier, in 
order to avoid including the effect of the roughness of the surface of the 
part, a circle is fitted in four positions through the top surface of the 3D 
scan. This circle is used to represent the displacement of the cantilever.  
Fig. 8 shows the deflection in the vertical direction along the cantilever, 
both for the simulations and the circles fitted to the top of the scanned 
part. The deflection in the simulations deviate in two positions from the 
measured value. Near the transition from the left-most support and the 
cantilever beam itself, the simulations slightly under predict the 
deflection. This is caused by the left-most support, since it will not 
deform as much as predicted by a fitted circle. Additionally, the FH 
method, by virtue of its meta-layer approximation, exposes the part to 
less heating and cooling cycles than the real part. This will also affect the 
residual stress level in the part. Near the cantilever tip, the deflection in 
the simulated beam is lower than in its experimental counterpart. This is 
an indication that the residual stresses resulting from the FH method are 
smaller, or differently distributed, than from the real LPBF process. This 
has been confirmed in the work by Bayat et al. [35], who indicate that 
the post-LPBF stress field can be improved by refining the FH method, 
for example by converting it to a sequential flash heating. However, the 
displacement in the model is less than 10% lower than the lower bound 
on the experimentally obtained deflection. Therefore, the simulated 
residual stress field is used as input for simulating the stress relaxation 
heat treatment. 

5.3. Evolution of the stress during the stress relaxation simulation 

In order to evaluate the evolution of the stresses during the stress 
relaxation heat treatment, this paragraph will focus on the heat treat-
ment at 670 ◦C with a dwell time of five hours. Fig. 9 shows the contours 
of σ11 in the centre of the cantilever at four different points in time 
during the heat treatment: the initial stress field, after heating up to the 
desired temperature, after 4.1 h and at the end of the heat treatment. 
Note that the cantilever was still attached to the baseplate during this 
heat treatment. As a result, the cantilever is restricted in its movement. 
However, the presence of the build plate will not affect the stress dis-
tribution in the supported beam itself. The effect of the build plate will 
be most pronounced in the left-most support. The deflection of the tip of 
the cantilever, on the other hand, is determined by the stress profile in 
the beam rather than the supports, and therefore the remainder of this 
section does not focus on the stress in the left-most support or the build 
plate itself. Indirect validation of this stress field through measuring the 
displacement after release from the base plate is the subject of the next 
paragraph. 

The reduction in stress at the beginning of the heat treatment has two 
origins: plastic deformation and creep. Investigating the former, the 
yield stress decreases as the temperature increases, which can cause 
yielding in the part. Zhang et al. [41] found that plastic yielding can 
contribute approximately fifteen percent to the total stress relaxation for 
welding, indicating that, in order to find an accurate residual stress field, 
this phenomenon needs to be included. The importance of the role 
plastic yielding plays in the simulated heat treatment in this work will be 

Table 1 
Composition of Ti-6Al-4V ELI according to ASTM F3302.  

Element C, max O, max N, max H, max Fe, max Al V Y, max Other 

Composition in wt% 0.08 0.13 0.05 0.012 0.25 5.50–6.50 3.50–4.50 0.0005 0.40  

Table 2 
Thermal material properties. Data from [21,35].  

Parameter Value Units Symbol  

Thermal Conductivity Below 
Solidus Temperature 

13 W m− 1 

K− 1 
k  

Thermal Conductivity Above 
Liquidus Temperature 

33 W m− 1 

K− 1  

Latent Heat of Melting 186 kJ kg− 1 ΔHf  

Solidus Temperature 1620 ◦C Ts  

Liquidus Temperature 1654 ◦C Tl      

Temperature / 
◦C 

Specific Heat Capacity 543 J kg− 1 

◦C− 1 
Cp 20 

543 1620 
750 1654 
750 3000  

Table 3 
Mechanical material properties. Data from [21,25,35].  

Parameter Value Units Symbol  Source 

Density 4400 kg m− 3 ρ  [21, 
35] 

Poisson’s Ratio 0.33 / ν  [21, 
35] 

Plastic Tangent 
Modulus 

8.0 GPa Et  [21, 
35] 

Creep Exponent 3.6766 / n  [25] 
Creep Coefficient 9.87e- 

10 
s− 1 

Pa− 3.6766 
A  [25] 

Creep Activation 
Energy 

419.9 kJ mol− 1 Q  [25] 

Universal Gas 
Constant 

8.3145 J ◦C− 1 

mol− 1 
R  [21, 

35]     
Temperature / 
◦C  

Thermal 
Expansion 
Coefficient 

8.90e-6 ◦C− 1 α 20 [21, 
35] 1.10e-5 1500 

1.10e-5 1620 
0.0 1653 
0.0 2000  

Fig. 4. Yield stress and Young’s modulus as a function of temperature. Data 
from [21,35]. 
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further investigated when analysing the effect of the heat treatment 
temperature. 

Fig. 9 also illustrates the effect of the used creep equation. Not only 

are the values of the stress in the cantilever lower than just after the 
LPBF process, but more strikingly, the stress in the leftmost support has 
been homogenised substantially. Due to the decrease in temperature, 
and the restriction imposed on the part by the build plate, some new 
stresses can build up after the heat treatment. Comparing the initial 
stress contour with the final one shows that the stress is both homoge-
nised and decreased in magnitude. 

In order to evaluate the effect of the stress relaxation on the defor-
mation of the cantilever, Fig. 10 shows the total deformation after the 
chosen heat treatment and after the part is removed from the base plate. 
The cantilever still bends upwards, but significantly less than before the 
heat treatment, which is in accordance with the reduction of the residual 
stress associated with relaxed stresses. After the five-hour heat treat-
ment, the deformation is reduced by approximately 95%. 

5.4. Validation of the post-heat treatment deformation 

The simulations are able to capture the evolution of the stress ac-
cording to the proposed creep equation. However, in order to assess the 
capability of the model to simulate the proposed heat treatment, com-
parison with experimental results is necessary. Similarly to the valida-
tion for the initial stress field, this paper focusses on the deflection as a 
metric for the macroscopic residual stresses. The displacement of the 
cantilever following the simulation of the heat treatment at 670 ◦C at 
five hours was outlined in the previous section. The experimental 
measurements were performed on all four printed and post-processed 
cantilevers, outlined in Section 3. These cantilevers were scanned, 

Fig. 5. Normal stress along the cantilever beam at the centre line of the cantilever. This stress field is the result of the primary LPBF simulation using the FH method.  

Fig. 6. Displacement of the cantilever after being cut from the build plate.  

Fig. 7. Displacement of the cantilever. (a) 3D scan of the printed sample from the GOM inspect software, (b) simulated cantilever. The support in the simulated 
cantilever is removed during the cutting step, but was including during the heat treatment, which is shows in later figures. 

Fig. 8. Vertical deformation along the top of the cantilever, both experimen-
tally (with 95% confidence interval) and from the simulation. 
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Fig. 9. σ11 at different stages during the heat treatment on the central cross-section during the heat treatment at 670 ◦C with a dwell time of 300 min.  

Fig. 10. Displacement after a heat treatment at 670 ◦C with a dwell time of 5 h, and removal from the base plate.  

Fig. 11. Validation of the simulations using the measurements on the cantilevers. (a) Displacement of the cantilever tip, both before and after the heat treatment. 
Both the measured and simulated values are displayed. (b) Displacement at the top surface of the simulated cantilever and aggregated data from the four experi-
mentally printed cantilevers. 
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after which the displacement of the cantilever tip was extracted in four 
positions. 

Fig. 11 (a) summarises the results from the simulations and the 
measurements. Both the deflection of the cantilever tip before the heat 
treatment and after are displayed, and for the experiments, the 95% 
confidence interval is added. Since the result from a stress relaxation 
heat treatment in Ti-6Al-4V for the supported cantilever cannot lead to a 
negative deformation, the lower boundary of the interval is cut off at a 
deflection of zero. Moreover, the vertical support in the real part will 
block a downwards deflection by hitting the build plate. As mentioned 
previously, the deformation of the cantilever after the primary process is 
slightly lower than the measured value. However, for the displacement 
of the cantilever tip after the heat treatment, the simulated value of the 
displacement is similar to the one following from the 3D scans, and 
serves as validation of the used model. It also indicates that the calcu-
lated value of the residual stress resulting from both the real and 
simulated heat treatment is the same. Moreover, this is the same 
conclusion obtained by Yan et al. [25], who measured the actual value of 
the residual stresses using X-ray diffraction measurements. Fig. 11 (b) 
shows the displacement at the top surface of the simulated cantilever, 
and the average value of the data extracted from the experimental 
measurements, together with the 95% confidence. For the first 20 mm, 
the deflection at the top of the simulated cantilever deviates from the 
experimental data, but this is the region of the thick left-most support. In 
the beam itself, the deflection of the top surface lies inside of the con-
fidence interval following from the measurements, indicating that the 
simulated heat treatment represents the experimental one relatively 
closely. 

5.5. Effect of the parameters on the deformation after cutting from the 
base plate 

The two parameters investigated in the present study are the dwell 
time and the heat treatment temperature. In Fig. 12, the maximum 
deformation of the cantilever tip is plotted as a function of dwell time for 
the different heat treatment temperatures. The general conclusions from 
this figure are that the deformation decreases for a longer heat treatment 
and that the decrease is faster when heating at a higher temperature. 

The simulation at 510 ◦C can be used to analyse the influence of 
plastic yielding on the stress relaxation. Since the heating rate is fixed, 
the amount of creep during the ramp-up period is limited. Additionally, 
the shortest heat treatment (nine minutes) also contributes to a small 
amount of time-dependent strain. This shows that the contribution of the 
reduction in yield stress during a stress relaxation is approximately one 
quarter, which is in line with the observation by Zhang et al. [41] in 

their investigation of stress relaxation on welded pipes. 
In order to facilitate the discussion on the effect of time and tem-

perature on the final deformations and associated residual stresses, the 
results for a heat treatment at 670 ◦C are shown in Fig. 13 and for the 
heat treatments with a dwell time of 9 min in Fig. 14. 

Fig. 13 indicates that there exists an optimal heat treatment time and 
temperature combination, given certain industrial boundary conditions, 
which are not investigated in this study and will vary in practice. The 
curve for the heat treatment at 670 ◦C, for example, initially decreases 
fast, and subsequently slows down. This indicates that there is a point of 
diminishing returns for the heat treatment, after which it becomes too 
time or energy intensive to reduce the residual stresses even more. The 
line showing the effect of dwell time on the displacement shows a log-
arithmic decay. This is a consequence of the creep equation, which was 
used. High stresses are associated with a large degree of stress relaxa-
tion, and as the stresses are relaxed, the driving force for further stress 
relaxation disappears. This also indicates the location of an ideal heat 
treatment. Moreover, after 400 min, the deflection of the cantilever in-
creases slightly, which is caused by the redistribution of the stresses. 
Part of this redistribution could be attributed to numerical errors 
inherent to the FE method, but the evidence of redistribution of the 
residual stresses is provided in the next paragraph. 

Investigating the effect of the heat treatment temperature in Fig. 14 
shows a clear decrease of the deformation as the temperature increases. 
For the shortest heat treatment, this indicates that the stress relaxation 
during the ramp-up stage of the heat treatment plays a significant role in 
determining the final deflections. A similar conclusion was reached by 
Dong and Hong for stress relaxation after welding [27]. However, during 
the long heat treatments at high temperatures (above 750 ◦C), the 
deflection no longer decreases, but rather increases. To investigate this,  
Fig. 15 shows the contour of σ11 at the end of a heat treatment at 850 ◦C 
with a dwell time of 500 min. Comparing these stress contours with 
Fig. 5 shows that a significant amount of stress redistribution has taken 
place. Moreover, the stresses in the beam no longer evolve from tensile 
at the top to compressive near the bottom, and therefore, this stress state 
of the cantilever will no longer dictate its deformation. The deflection of 
the tip is now caused by the deformation in the left-most support, which 
is driven by the region of higher tensile stress at its top surface. 

Fig. 12 and 15 also show that it is difficult to remove all residual 
stresses with the chosen stress relaxation model. The stress relaxation is 
modelled using a power-law creep equation, which will never reduce the 
stresses to zero. Additionally, the chosen equation, used to represent the 
stress relaxation, does lump together certain aspects of the real heat 
treatment into a two-parameter model. This also limits the range of 
applicability for the model. For example, below approximately 350 ◦C, 
the original microstructure will not decompose [42], and above the β 
transus temperature, the phase transformation behaviour might start to 
deviate from the assumed one [13]. These mechanisms are not captured 

Fig. 12. Displacement of the cantilever as a function of the dwell time, for 
multiple heat treatment temperatures. Fig. 13. Displacement as a function of time for a heat treatment at 670 ◦C.  
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by the current model, and would require additional experiments to find 
its input parameters. As indicated previously, redistribution of the stress 
during the highest temperature heat treatments can also increase the 
displacement of the cantilever tip, and can be confused with incomplete 
relaxation of the residual stress. 

Comparing the results in this paragraph with results from experi-
mental stress relaxation studies allows to validate the use of a Norton’s 
power law based creep equation for modelling the change in residual 
stress. Wang et al. [16] used neutron diffraction to find a reduction of 
approximately 90% for a heat treatment at 600 ◦C after 100 min. Similar 
to the conclusion from the results presented in Fig. 14, they show that 
heat treating at a higher temperature (700 ◦C) leads to a more rapid 
reduction in the residual stress. Similarly, Ter Haar and Becker [43] 
show for a range of temperatures from 427 ◦C to 610 ◦C and dwell times 
from 5 min to 30 h that the residual stresses initially decrease rapidly, 
while even at 610 ◦C for 30 h some residual stresses remain in the part. 
Heating at higher temperatures, similarly as in this study, show that a 
higher heat treatment temperature results in a more rapid relaxation of 
the stress. Finally, Rae and Rahimi [44] measured the evolution of the 
residual stresses during a stress relaxation heat treatment, and show a 
decay in residual stress similar to the simulated outcome shown in 
Fig. 12, but also highlight a large variation in the results from different 
data sources for stress relaxation. 

5.6. Determination of the process map 

The results presented in the previous sections allow for an investi-
gation into the process window. Moreover, generating a contour plot of 
the deformation as a function of temperature and dwell time will result 
in a process plot, which indicates a window of process condition under 
which minimal deflection after the heat treatment can be expected.  
Fig. 16 shows a process map derived from the performed simulations. 
The displacement is used as an estimating value for the reduction in the 
residual stresses. 

This process map allows for a rapid determination of the heat 
treatment window for the given geometry, and can be used to determine 

the optimal heat treatment to get a specific reduction of the residual 
stresses. This reduces the need for both expensive trial-and-error studies 
or comprehensive high-fidelity models. However, this process map only 
directly applies to a situation where the residual stresses are at the level 
indicated in Fig. 5. Currently, there is no data available investigating the 
sensitivity of a LPBF post-process model on the initial residual stresses, 
and this can be a topic for future investigations. 

6. Conclusion 

In the present work, a creep model is used to simulate a stress 
relaxation heat treatment, which is often used to reduce the de-
formations after the LPBF process. After the initial stress field is obtained 
from a simulation using the FH method, and after validation of this stress 
field, this model is implemented in commercial finite elements software. 
In order to evaluate the influence of the different heat treatment pa-
rameters, a number of heat treatments are simulated using this model, 
and the results are the following:  

• The stress relaxation can be sufficiently accurately approximated 
using the chosen temperature dependent creep equation. This 
conclusion is enforced by the validation via experimental results.  

• Plastic yielding contributes to a minimal amount of approximately 
25% of the reduction in the residual stresses.  

• Heat treating at low temperatures only results in a small reduction of 
the residual stresses, and therefore post-processing the part at higher 
temperatures is more efficient. However, due to the exponential 
nature of the creep equation, there is a point of diminishing return, 
where higher heat treatment temperatures and longer heat treatment 
times not necessarily lead to a significant reduction in the residual 
stress. This is caused in part by using creep to represent stress 
relaxation during a heat treatment. 

Fig. 14. Displacement as a function of temperature for a heat treatment with a 
dwell time of 9 min. Note that the horizontal axis starts at 500 ◦C. 

Fig. 15. σ11 the end of a heat treatment at 850 ◦C with a dwell time of 9 min.  

Fig. 16. Process map for post-LPBF heat treatments.  
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• A process map is constructed to summarise the results from the 
simulations. This process map shows how simulations, like the ones 
performed in this paper, can be applied directly to find the optimal 
heat treatment conditions. However, additional investigations into 
the effect of the magnitude of the initial residual stress are required. 
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