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Abstract
Developing a fundamental understanding of the in situ deformation and residual stress development during additive manu-
facturing (AM) processes is critical to controlling component deformation and, consequently, producing high-quality com-
ponents. In this work, a macro-scale finite element (FE) model was developed to predict the thermo-mechanical response 
of a hollow rectangular during and after a directed energy deposition (DED) process. A layer agglomeration method using 
time-averaged heat input was applied in the model to speed up the computation. The novel features of the modeling method-
ology in this work include the following: (1) activating the deposited material at an initial temperature above the solidus to 
capture the generation of plastic strain as an alternative approach to introducing an inherent strain; (2) compensating for the 
enthalpy of the deposited material in the time-averaged volumetric heat input describing the laser; and (3) defining separate, 
material-centric, thermal strain evolution for the deposited material and the baseplate. The model predictions were validated 
against in situ experimental temperature and displacement data reported in the literature. A sensitivity analysis was conducted 
with the validated model to investigate the influence of preheating the baseplate, the initial temperature of the deposited 
material and the laser power on the baseplate temperature and distortion evolution. The results prove this novel simulation 
methodology to be an efficient way to predict a component’s thermo-mechanical behaviour during the DED process.

Keywords  Additive manufacturing (AM) · Directed energy deposition (DED) · Finite element numerical analysis · 
Residual stress · Mathematical modeling

1  Introduction

Directed energy deposition (DED) process is one of the 
most common additive manufacturing (AM) processes 
used to fabricate metallic components. This process allows 
a rapid build-up of components onto substrates or previ-
ously deposited and consolidated layers [1–3]. In the DED 
process, the feeding system moves together with the beam 
and introduces the feed material directly into the melt pool, 
depositing material in the desired location [4, 5]. The DED 
method provides unique capabilities relative to powder bed 
processes, including the ability to (i) add features to existing 

components, (ii) repair damaged or worn component sur-
faces and (iii) make parts with various materials during the 
same build [5–7].

One of the common issues in the DED process is that the 
fast movement of the heat source causes rapid heating and 
cooling and, consequently, substantial temperature gradi-
ents in the component being fabricated. These temperature 
gradients can result in yielding and the generation of plastic 
strain, leading to residual stresses and associated compo-
nent distortion. The other source of residual stress is the 
thermal strain mismatch between the deposited material 
and the substrate material. Residual stresses can increase 
manufacturing costs due to part rejection and/or the neces-
sity for subsequent operations such as machining or stress 
relief procedures [4, 5, 7–9]. Therefore, establishing a deep 
understanding of how various process parameters contribute 
to the development of residual stresses can help optimize the 
build process to control deformation, achieve dimensional 
accuracy and enhance the mechanical performance of the 
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component. However, relying merely on experimental build 
trials can be expensive and time-consuming since various 
parameters, such as heat source power, layer thickness, scan-
ning speed [8, 10, 11], scanning strategies [12] and sub-
strate preheat temperature [13], can affect part deformation. 
Instead, limited experimental trials can be used to validate a 
mathematical model capable of describing the link between 
process parameters and the state of the final component. In 
turn, this model can be used to optimize the build process 
and reduce the number of experiments required to study each 
process parameter’s effect [8, 13, 14].

Various studies [7, 11, 15–19] have reported that the com-
putational time for predicting distortion and residual stress 
in DED fabricated parts can take days, weeks or months, 
depending on the geometry of the simulated part and the 
complexity of the model (e.g. moving heat source, nonlin-
ear material properties and boundary conditions). Various 
researchers [7, 11, 14, 19–26] have explored strategies to 
reduce the computational time of thermo-mechanical anal-
yses of AM processes, including the layer agglomeration/
lumping, flash heating, and inherent strain methods. Among 
these researchers, Liang et al. [7], Lu et al. [11], Wang et al. 
[25] and Kiran et al. [17] have focused their work on the 
computational efficiency of simulating the DED process. In 
each approach, specific limitations have been identified that 
will be reviewed.

In the agglomeration method, several layers are lumped 
into one computational “super layer” to reduce computa-
tional time [11, 14, 21]. For example, Lu et al. [11] devel-
oped a fully coupled thermo-mechanical model using the 
COMET1 software to predict the evolution of stress and dis-
tortion in an S-shaped component and a hollow rectangular 
part, each made of 44 layers by a laser-based DED system. 
The model was validated using the in situ distortion and tem-
perature measurements obtained at different locations on the 
bottom of the baseplate. Although the predicted results were 
in good agreement with the experimental measurements, the 
model was computationally expensive. Therefore, Lu et al. 
[11] simplified the thermo-mechanical model by using the 
agglomeration method for element activation and by incor-
porating a modified moving heat source. The simplified 
model reduced the computational time, but the predicted 
temperatures and displacements exhibited large oscillations 
that were inconsistent with the measurements [11].

The flash heating method is a thermal modeling approach 
that can be combined with the agglomeration method to 
further reduce computational time. Instead of modeling 
the precise details of the heat source-material interaction, 
this method applies an equivalent uniform heat source to 

each super layer [11, 17, 25]. Kiran et al. [17] developed 
a thermo-mechanical model using the flash heating and 
agglomeration methods to predict the residual stress in a 
316L stainless steel 3D cubic structure manufactured by the 
DED process. They examined different numbers of lumped 
layers to strike a balance between maintaining model accu-
racy and reducing computational time. The authors reported 
good agreement between model predictions and experimen-
tal results. However, they appear to have used an unrealisti-
cally high heat input to reach the material’s melting tempera-
ture to compensate for the fact that they apply a uniform heat 
flux to the whole surface of multiple layers activated simul-
taneously. In another work, Wang et al. [25] established a 
thermo-mechanical model based on a line-based flash heat-
ing method with different scaling strategies to simulate the 
part-scale DED process. This method considered the over-
lap and scanning strategy parameters. They concluded that 
increasing the loading volume in this method results in lower 
calculation costs but larger deformation prediction errors.

The inherent strain method was initially developed to ena-
ble rapid prediction of residual stresses in welding processes 
[27]. In this method, the inherent strain in the component is 
determined from experimental calibrations or small-scale 
thermo-mechanical simulations. The inherent strain tensor 
is then applied uniformly to a macro-scale mechanical model 
of the full part to predict the part’s distortion and stress state 
[14]. In 2014, Keller and Ploshikhin [19] adapted and used 
this method to rapidly predict the distortion of laser powder 
bed fusion (L-PBF) parts. Although their model is compu-
tationally fast, obtaining good accuracy in the part-scale dis-
tortion prediction was challenging. Liang et al. [7] proposed 
a modified inherent strain method to rapidly predict the dis-
tortion of parts fabricated by the DED process. The inherent 
strains were estimated from a detailed process simulation of 
single-line depositions on top of each other. These strains 
were then applied to a layer-by-layer static equilibrium anal-
ysis to predict the full part’s residual stress and distortion. 
The results showed that the modified inherent strain method 
efficiently predicted the part’s distortion. However, the limi-
tation of this model is that it can only estimate the inherent 
strains in single-pass, straight-line depositions.

The current work will present a unique modeling 
approach to predict the macro-scale, in situ and ex situ 
thermo-mechanical responses of a laser-based, powder-fed 
DED process, which allows the analyses of large, complex 
components in a relatively short period of time. The model 
adopts the layer agglomeration method, which is a common 
method to reduce computational time. The following novel 
techniques were utilized in this model:

1.	 A time-averaged volumetric heat input was used to 
describe the energy input to avoid the computational 1  A co-design engineering toolset for hardware, software and 

mechanical modeling.
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overhead associated with tracking the motion of the 
beam.

2.	 The deposited material was added at an initial tempera-
ture above solidus to capture the generation of plastic 
strain as an alternative approach to introducing an inher-
ent strain.

3.	 To ensure the conservation of energy, the energy associ-
ated with adding the deposited material at an elevated 
temperature was deducted from the energy input associ-
ated with the laser.

4.	 Material-centric thermal strain evolution was imple-
mented to correctly capture the difference in strain his-
tory exhibited by the baseplate and deposited material.

The model predictions were validated against in situ tem-
perature and displacement data reported by Lu et al. [11] 
for a hollow rectangular component. Furthermore, the vali-
dated model was used to investigate the influence of process 
parameters on the baseplate’s thermal behaviour and distor-
tion evolution.

2 � Model development

A 3D, transient, thermo-mechanical model has been devel-
oped in ABAQUS,2 a commercial finite element analysis 
tool, to predict the thermo-mechanical response of a part 
during and after a laser-based powder-fed DED process. The 
model adopted a fully coupled approach to facilitate data 
handling. It is important to note that the problem can be 
solved with a weakly coupled strategy, as the displacement 
field does not impact heat transport. The energy balance 
and stress equilibrium equations are solved to calculate the 
temperature and stress/strain/distortion fields, respectively.

To reduce the computational size of the problem, the 
layer agglomeration approach has been used in which every 
four physical process layers are lumped into one computa-
tional super layer. This is equivalent to changing the powder 
layer thickness from 0.49 to 1.96 mm. Table 1 summarizes 
the process parameters employed in the experiment and the 
equivalent parameters used in the model. For example, the 
total time to process each layer is 25 s in the actual experi-
ment, which includes the heating time per layer (20 s) and 
the time between processing two consecutive layers (5 s). 
The total time for processing each super layer in the compu-
tational model, including the deposition and cooling times, 
is therefore, 100 s (4 × 25 s), based on the thickness of the 
super layer compared to the thickness of the physical process 
layer. In the time-averaged heat input approach, there is no 
distinction between the heating time per layer and the time 
between processing two consecutive layers.

The initial, minimum, and maximum timesteps were set 
to 0.001 s, 10−5 s, and 1 s, respectively. In addition, the 
maximum temperature change per increment was set to 5 ℃. 
As noted above, the solution depends only on integrating the 
heat transport equations.

2.1 � Geometry and finite element mesh

The computational domain includes 3D representations of 
the baseplate and the part (hollow rectangle) geometries. 
Figure 1 shows dimensioned drawings of the baseplate and 
part and an isometric view of the meshed domain. The base-
plate and part geometries were based on the previous study 
[11].

In this model, the part was partitioned vertically in the 
z-direction into 11 layers, each representing the agglomera-
tion of 4 physical process layers. The domain was meshed 
with 3D coupled temperature-displacement hexagonal ele-
ments (C3D8RT3). Each computational layer of the part was 
meshed with 1 element in the height direction and contained 
822 nodes and 311 elements. In total, there were 12,621 
nodes and 9208 elements in the model.

2.1.1 � Addition of elements

The sequential deposition of material poses a significant 
challenge when simulating AM processes. Researchers 
have proposed various strategies for modeling the addition 
of elements in AM processes [24, 28]. In this work, the deac-
tivate/activate strategy was used in which all of the nodes 
and elements in the domain are initialized in the model. To 
begin the analysis, all of the elements in the component 

Table 1   Summary of physical and super layer process parameters 
[11]

Parameters Physical layer Super layer

Deposited layer thickness (mm) 0.49 1.96
Number of build layers 44 11
Laser power (W) 1500 1500
Total time per layer (s) 25 100
Heating time per layer (s) 20 -
Time between processing two con-

secutive layers (s)
5 -

Scanning speed (mm s−1) 10 -
Feeding rate (g min−1) 12 -

2  ABAQUS is the trademark for Dassault Systèmes.
3  Eight-node trilinear displacement and temperature reduced integra-
tion with hourglass control.
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are deactivated. The layers of elements of the part are then 
sequentially reactivated step by step for each computational 
layer. In the current work, short transition steps were used 
in ABAQUS to deactivate (0.001 s in duration) and reacti-
vate (0.001 s in duration) the elements. From the standpoint 
of the thermal analysis, when the elements are reactivated, 
only the new nodes added to the computational domain are 
activated at the initial temperature. Likewise, in the stress 
analysis, only the new nodes are activated at the original 
mesh coordinates. The result is that the newly activated layer 
is deformed. However, the elements are added strain-free, an 
option available in ABAQUS.

2.2 � Governing equations

2.2.1 � Thermal

The 3D transient heat balance equation used to compute the 
temperature field in the domain is shown in Eq. 1.

where k is the thermal conductivity (W m−1 K−1), T  is the 
temperature (K), Q̇ is the rate of volumetric heat input (W 
m−3), � is the density (kg m−3), Cp is the specific heat capac-
ity (J kg−1 K−1), t is time (s) and x, y and z are the coordi-
nates (m).

A unique approach has been adopted to define a time-
averaged volumetric heat source, which is introduced in 
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the top layer of elements over the processing time taken to 
deposit a computational layer (i.e. corresponding to four 
deposition layers in the process). In this approach, the heat 
input from the laser has been reduced to account for the 
elevated deposition temperature of the material being added. 
The rate of enthalpy input associated with the deposited 
material is calculated as per Eq. 2.

where Q̇Enthalpy is the rate of heat input associated with mate-
rial that is deposited at an elevated temperature (W m−3), 
ṀDeposition is the mass deposition rate (kg s−1), TDeposition 
is the temperature of the deposited material (K), TPowder is 
the initial temperature of the powder fed into the process, 
L is the latent heat of melting (J kg−1) and VCompLayer is the 
volume of the elements in the activated computational 
layer (m3). This approach allows the deposited material to 
be added at temperatures above the melting point, consist-
ent with the process where the material being deposited 
is molten, while ensuring that the total heat input in the 
model is consistent with the actual process input energy. 
The resulting expression for the time-averaged heat input is 
given below in Eq. 3.

where Q̇Avg is the rate of time-averaged volumetric heat input 
(W m−3); tDeposition is the time that the laser heats the part 

(2)Q̇Enthalpy =
ṀDeposition(Cp

(

TDeposition − TPowder
)

+ L)

VCompLayer

(3)Q̇Avg =
(

𝜂Q̇Beam − Q̇Enthalpy

)
tDeposition

tTotal

Fig. 1   The dimensioned 2D drawing of the geometry (a) Front, (b) side, and (c) top views and the 3D solution domain (d) isometric view
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during the deposition of four layers in the process; tTotal is 
the total time to process the four layers, including the time 
for repositioning the deposition/laser head between layers; 
Q̇Beam is the rate of heat input from the laser (W m−3); and 
� is the absorptivity of the material being heated/efficiency 
of heating, which was set to 0.37 [11]. Q̇Beam is calculated 
as the laser power divided by the volume of the elements in 
the super layer being processed.

2.2.2 � Mechanical

The mechanical analysis predicts the deformation of the 
component during and after the DED process. The govern-
ing stress equilibrium equation that is solved to determine 
the deformation is as follows:

where � is the Cauchy stress tensor, and b is the body force 
vector. A stress–strain constitutive equation is required to 
relate stress, strain and material properties. The constitu-
tive behaviour is given by the generalized Hooke’s law as 
per Eq. 5.

where �e
kl

 is the elastic strain tensor, and Cijkl is the fourth-
order material stiffness matrix, which is computed as a func-
tion of Young’s modulus, E (Pa), and Poisson’s ratio, � , as 
per Eq. 6.

where � is a Dirac delta function whose value is one for i = j 
and l = k , and is otherwise zero. The total strain tensor, �tot , 
is composed of four components, as shown in Eq. 7.

where �p is the plastic strain, �th is the thermal strain and 
�V is the strain induced by a solid-state phase transforma-
tion and/or creep, which was ignored in this model. Thermal 
strains are induced by changes in temperature and can be 
calculated using Eq. 8 [29].

where � is the thermal expansion coefficient, T  is the cur-
rent temperature, Tref is a reference temperature at which 
the thermal strain is assumed to be zero and Ti is the initial 
temperature. The plastic strain is calculated using the von 
Mises yield criterion and Prandtl-Reuss flow rule, as shown 
in Eqs. 9 and 10.

(4)∇ ∙ � + b = 0
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e
kl

; i, j, k, l ∈ {x, y, z}
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]

(7)�tot = �e + �p + �th + �V

(8)�th = �(T)
(

T − Tref
)

− �
(

Ti
)

(Ti − Tref )

where �VM is the Von Mises stress, d� is a non-negative 
scalar constant of proportionality and �′ is the deviatoric 
stress. The material behaviour was assumed to be elastic-
perfectly plastic.

2.3 � Material properties

Since AM components experience a broad range of tem-
peratures during their fabrication, employing tempera-
ture-dependent material properties is critical to accurately 
simulate the material’s behaviour during processing. The 
temperature-dependent thermo-physical and mechanical 
properties of Ti-6Al-4 V (Ti64) used in the model are sum-
marized in Tables 2 and 3, respectively. The data is available 
in the literature for a temperature range from 20 to 2000 °C. 
ABAQUS uses linear interpolation to determine the mate-
rial properties at temperatures between the data points. The 
α/β-transus temperature range is 980–1010 °C. The solidus 
and liquidus temperatures are 1604 °C and 1660 °C, respec-
tively. The latent heats of the α/β phase transformation and 
solidification are 48 and 286 (kJ kg−1), respectively.

To better describe Ti64 behaviour during AM processing, 
the following assumptions were made:

1.	 The new nodes added to the domain are activated at a 
temperature above liquidus. Within the liquid pool that 
forms in the actual DED process, there is a potential 
for fluid flow (buoyancy and Marangoni-force driven) 
to enhance heat transport. To approximate the effect of 
enhanced heat transport in the regions above the liq-
uidus temperature, the material’s thermal conductivity 
above 1604 ℃ was enhanced by a factor of three [8, 11]. 

(9)�VM =
[

3

2
�ij�ij −

1

2
(�kk)

2
]1∕2

(10)d�p = ��d�

Table 2   Temperature-dependent thermo-physical properties of Ti64 
[11]

T
(°C)

�

(kg m−3)
Cp
(J kg−1 K−1)

k
(W m−1 K−1)

25 4420 546 7
205 4395 584 8.75
500 4350 651 12.6
995 4282 753 22.7
1100 4267 641 19.3
1200 4252 660 21
1604 4198 732 25.8
1660 3886 831 83.5
2000 3818 831 83.5
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The model’s sensitivity to this adjustment was assessed 
and found to be negligible. This could be eliminated in 
future versions of the model.

2.	 Mechanical properties, such as Young’s modulus and 
yield stress, are not measurable for material in the liquid 
state; however, to run the model, it is necessary to input 
a non-zero value for these properties at temperatures 
above the liquidus temperature. Therefore, Young’s 
modulus and yield stress were assumed to drop to 0.01 
GPa and 0.01 MPa, respectively, at temperatures above 
the liquidus [11].

3.	 The yield stress is assumed to decrease rapidly as tem-
peratures increase from 500 to 1000 °C, indicating the 
high probability of plastic deformation during AM pro-
cesses [11, 30]. In this work, the strain hardening behav-
iour and the effect of strain rates on the plastic behaviour 
of Ti64 were neglected as per Nasser et al.’s [31] sug-
gestion that the flow stress of Ti64 is more dependent on 
temperature than the strain rate.

The coefficient of thermal expansion (CTE) is an impor-
tant material property that significantly influences the evolu-
tion of stress and distortion in a thermo-mechanical model. 
It is possible to calculate the thermal strain via two methods: 
(1) using the instantaneous coefficient of thermal expansion 
(ICTE), ��

(T) , which is the tangent of the thermal strain ver-
sus temperature curve, and (2) using the secant coefficient 
of thermal expansion (SCTE), �(T) , which defines the total 
thermal expansion coefficient from a reference temperature. 
Since ABAQUS uses the SCTE, the ��

(T) reported in the 
literature was converted to �(T) using the following [29]:

Another challenging aspect of this work was correctly 
capturing the differential strain accumulation in the base-
plate and the part. Thermal strains in the baseplate accu-
mulate from the start of the process when the baseplate is 

(11)�(T) =
1

T − Tref ∫
T

Tref

��(T)dT

at room temperature, while the material being deposited is 
added strain-free and will accumulate thermal strains as it 
cools. To implement this, the reference temperature for zero 
thermal strain in the baseplate was set to 25 °C, whereas, for 
the deposited material, the reference temperature for zero 
thermal strain was the solidus (e.g. 1604 °C), where the 
material is fully solidified and is capable of withstanding 
an applied load. Liquid metal will contract as it cools, but 
unless it is fully encapsulated by solid, it will flow without 
causing deformation in the surrounding solid regions. Thus, 
above the solidus temperature, the SCTE was set equal to 
zero for the deposited material to reflect the assumption that 
thermal strains leading to mechanical deformation are not 
generated in areas where the material is partially or com-
pletely liquid.

2.4 � Initial conditions

At the start of the build process, the baseplate temperature 
was set to 25 °C based on the experimental conditions. The 
initial temperature of the material once it has been depos-
ited in the part is unknown and difficult to measure experi-
mentally or estimate based on the complicated interaction 
between the laser beam and the feed material (powder). In 
the current approach, the initial temperature of the compu-
tational layer upon activation was adjusted so that the pre-
dicted evolution in distortion is in good agreement with the 
measured in situ displacement data. Using a trial-and-error 
approach, an initial temperature of 2200 °C was found to 
yield acceptable results. The effect of the initial tempera-
ture of the computational layers on distortion is examined 
in section 3.

2.5 � Boundary conditions

2.5.1 � Thermal boundary conditions

During the laser-based DED process, the built part is heated 
via a laser and heat loss occurs through conduction to the 

Table 3   Temperature-dependent 
mechanical properties of Ti64 
[11]

T
(°C)

�′  
(10−6 K−1)

�baseplate
(10−6 K−1)

�deposition
(10−6 K−1)

E
(GPa)

�
y

(MPa)
�

25 8.78 10 11.2 110 850 0.345
205 10 10.1 11.5 100 630 0.35
500 11.2 10.7 11.9 76 470 0.37
995 12.3 11.5 12.4 15 13 0.43
1100 12.4 11.6 12.4 5 5 0.43
1200 12.42 11.7 12.4 4 1 0.43
1604 12.5 0 0 1 0.5 0.43
1660 12.5 0 0 0.1 0.1 0.43
2000 12.5 0 0 0.01 0.01 0.43
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connected baseplate and via convection and radiation to 
the surrounding environment. In addition to radiation and 
convection, the baseplate loses heat via conduction to the 
support structure that the baseplate is clamped to (refer to 
Fig. 1). As described earlier, laser heat input was treated 
as a volumetric heat source term in this work. A radiation 
boundary condition was applied to all free surfaces on the 
built part and baseplate using the Stephen-Boltzmann law, 
as shown in Eq. 12.

where � is the surface emissivity, which was set to 0.5 
for outer walls and 0.285 for inner walls (inside the hol-
low rectangular part), � is the Stefan-Boltzmann constant 
(5.67 × 10−8 W m−2 K−4), Ts is the surface temperature and 
T∞ is the ambient temperature (was set to 25 °C). The lower 
emissivity for inner walls is an effective emissivity account-
ing for the net effect of heat transfer between the inner walls 
of the built part.

The convective heat loss due to inert gas flow on the free 
surfaces was modelled using Newton’s law of cooling, as 
shown in Eq. 13.

where h is a heat transfer coefficient, which was set to 
5 W m−2 K−1, and T∞ is the inert gas temperature, which 
was set to 25 °C.

Conductive heat loss between the baseplate and the sup-
port structure was also described using Eq. 13, but with an 
increased heat transfer coefficient of 50 W m−2 K−1. The 
temperature of the support structure in contact with the base-
plate was assumed to remain at 25 °C (e.g. T∞ = 25 °C).

2.5.2 � Mechanical boundary conditions

Mechanical boundary conditions are necessary to describe 
the constraints present during the build process. In this work, 

(12)q
��

rad
= ��

(

T4

s
− T4

∞

)

(13)q
��

conv
= h

(

Ts − T∞
)

the baseplate was constrained at one end, creating a cantile-
vered plate, as described in the experimental setup [11]. The 
nodes on the top and bottom surface of the baseplate in the 
region that was in contact with the support structure were 
fixed in all directions. The portions of the top and bottom 
baseplate surfaces where these mechanical boundary condi-
tions were applied are shown in Fig. 2.

3 � Results and discussion

The model described in section 2 was run for an initial set of 
boundary conditions and an initial temperature of the depos-
ited material. The predicted temperatures and displacements 
in the baseplate were compared to the experimental data 
reported in [11]. A trial-and-error process was employed 
to revise the heat transfer boundary conditions and deter-
mine the initial temperature of the deposited material for 
the model that matched the measurements. The model pre-
dictions will first be compared to the experimental meas-
urements to develop confidence in the model accuracy. The 
model will then be used to examine the state of stress in the 
built part before conducting a sensitivity analysis on key 
process variables.

3.1 � Temperature and deformation

The thermal history and vertical displacement of the base-
plate obtained from the model have been compared to the 
in situ experimental measurements reported by Lu et al. [11]. 
Figure 3 shows a comparison between the measured and 
predicted temperature history at two locations on the bottom 
surface of the baseplate. The locations of the thermo-couples 

Fig. 2   Surface partitions on the baseplate where mechanical bound-
ary conditions were applied

Fig. 3   Measured [11] and predicted thermal history at two locations 
on the bottom surface of the baseplate
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on the baseplate are shown in Fig. 4. Overall, there is good 
agreement between predicted and measured results.

The macro-scale thermal history of the baseplate can be 
divided into three stages. During the deposition of the first 
three computational layers (i.e. corresponding to twelve 
deposition layers in the process), the temperature increases 
rapidly from room temperature to peak temperature, which 
exceeds 600 °C. As deposition continues, the temperature 
gradually decreases as the distance from the thermo-couple 
locations to the new layers being added and the heat source 
increases. Once the part has reached the desired height, i.e. 
deposition is complete, the part is no longer heated, and the 
baseplate and part cool down.

At a finer time-scale, the temperatures of both the pre-
dicted and measured data clearly show regular, periodic, 
rapid rises followed by gradual decreases in temperature, 
which are associated with the addition of layers of mate-
rial. The cycle of adding and processing layers of mate-
rial in the model occurs less frequently than indicated by 

the measured data because of the use of the agglomera-
tion technique. The quick temperature rise in the model 
predictions is due to the high initial temperature of new 
layers and the heat input. The results show that the model, 
regardless of using the agglomeration method and the 
time-averaged heat input, is able to predict thermal behav-
iour and is more accurate than the simplified model pre-
sented in [11].

Figure 5a shows a contour plot of the predicted dis-
placement in the vertical direction once the built part 
and baseplate are cooled to a temperature close to room 

Fig. 4   The thermo-couple and displacement sensor locations on the 
bottom surface of the baseplate [11]

Fig. 5   Comparison of the (a) 
predicted and (b) actual [11] 
distorted shapes of the built part 
and baseplate

Fig. 6   The evolution of distortion of the bottom surface of the base-
plate at DS1 from both experimental [11] and simulation results
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temperature. The displacement contours have been plotted 
on the deformed grid. Figure 5b is an image of the base-
plate and built part after fabrication showing the extent 
of the deformation. As can be seen, the model qualita-
tively predicts the same distortion behaviour observed 
experimentally.

Figure 6 compares the measured and predicted displace-
ment history of the baseplate at displacement sensor 1 
(DS1) (refer to Fig. 4 for location). The comparison shows 
excellent agreement at the end of fabrication when the built 
part and baseplate are thoroughly cooled, indicating that 
the model can quantitatively predict the final displacement 
of the baseplate. The predictions and measurements again 
show a periodicity associated with the incremental addition 
of each layer. For the model, the addition or activation of a 
new layer of “hot material” results in a sharp drop in dis-
placement. This response is then followed by a rapid rise in 
displacement, which transitions to a continued slow increase 
in displacement until the next layer is added. This behaviour 
is related to the fluctuating thermal field associated with the 
addition of each layer of hot (2200 °C) material. The short-
duration addition of each layer results in an increase in tem-
perature and thermal expansion of the previously deposited 
material, causing the short-term, sharp drop in the displace-
ment of the baseplate. The overall accumulation of negative 
thermal strain in the deposited material as it solidifies, cools 
and shrinks ultimately dominates the deformation response, 
driving the trend to increase the positive upward deforma-
tion of the built part and baseplate.

During the deposition of the first layer in the model, the 
large temperature gradient, induced by the addition of high-
temperature elements directly on the baseplate, which is at 
room temperature, leads to a significant distortion in the 
baseplate, bending the baseplate and first layer upward. This 
stage is responsible for approximately 50% of the total defor-
mation. The new nodes of the second layer are then activated 
at the original mesh coordinate, resulting in deformed ele-
ments, particularly on the left side, as seen in Fig. 5a. During 
the deposition of other layers, the distortion of the base-
plate increases; however, the amount of distortion is smaller 
compared to after the deposition of the first layer, and as a 
result, the elements of other layers are less deformed com-
pared to the elements of the second layer (Fig. 5a). During 
final cooling, which commences at approximately 1100 s, 
the distortion continues to increase. Roughly 20% of the 
total distortion is accumulated during the final cooling stage. 
Therefore, the distortion of the part is strongly affected by 
the large temperature gradients during material deposition 
and final cooling.

There is some mismatch between the measured and 
predicted results after the deposition of the first few lay-
ers due to the agglomeration method and the time-averaged 
heat input strategies adopted in the model. Moreover, the 

measurements show a section of time (50 to 150 s) where 
the displacement decreases, which is not captured in the 
predicted results. However, the error in the predictions 
decreases with increasing number of layers added. The final 
bending of the baseplate predicted by the model is 2.49 mm, 
which is in good agreement with the experimental measure-
ment of 2.61 mm. The results indicate that this model can 
predict a component’s distortion with acceptable accuracy. 
Furthermore, this model is less computationally intensive (it 
takes less than 10 min using 12, 2.33 GHz, Intel Quad core 
CPUs to produce results) and will require less computational 
time compared to the model presented in reference [11].

Figure 7 shows the thermal history of locations at the top 
of layers 1, 4, 7 and 11 in the built part. A rapid tempera-
ture decrease occurs immediately after the activation of each 
layer due to heat conduction to the baseplate and previously 
deposited layers. The temperature then gradually changes 
due to the time-averaged heat input and continued conduc-
tion to the material below. The temperature rise, and peaks 
associated with subsequent layer addition, diminishes with 
increasing layer addition because of the increasing distance 
from the heat input associated with each layer. During the 
deposition of the first layer, a large temperature gradient is 
induced in the cold baseplate, which is at room temperature. 
These temperature gradients lead to the formation of stresses 
and distortion.

3.2 � Stress development

Figure 8 shows the evolution of the temperature, longitu-
dinal stress in the x-direction (S11) and plastic strain in 
the x-direction (PE11) at different times during the build 
process. After the deposition of the first layer (Fig. 8 (a)), 
large longitudinal (S11) tensile stresses exist in the longer 

Fig. 7   The thermal history of locations at the top of layers 1, 4, 7 and 
11
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walls due to the difference in the accumulated thermal strain 
between the deposited material and the baseplate. This, in 
turn, leads to the build-up of positive plastic strain in the 
longer walls and upward deformation of the baseplate and 
the deposited material. At the point in the process when all 
layers have been deposited (Fig. 8 (b)), the magnitude of 
positive plastic strain in the longer wall has increased, and 
the magnitude of longitudinal stresses on the top of the built 
part has decreased. This reduction is due to the decrease in 
the temperature gradient between the baseplate and the new 
layers. The top surface of the baseplate exhibits compressive 
stresses due to the cooling and contraction of the deposited 
layers. The maximum tensile stresses occur at the interface 
where the deposited layers are in contact with the baseplate. 
After cooling the built part to room temperature (Fig. 8 (c)), 
negligible change was seen in plastic strain. The further con-
traction of the built part has led to increased compressive 
stress on the baseplate’s top surface (the area bounded by the 
hollow rectangle) and caused the further displacement of the 
baseplate in the upwards direction. The bottom surface of the 

baseplate is subject to longitudinal tensile stresses resulting 
from force equilibrium.

The residual stresses (S22) along the midline of the base-
plate’s top surface (X-coordinate), which intersects the mid-
point of the short walls, are shown in Fig. 9. The maximum 
tensile stress of ~ 400 MPa occurs at the interface between 
the baseplate and the deposited layers. The residual stresses 
inside the area bounded by the hollow rectangle are com-
pressive (reaching ~  − 200 MPa) due to the shrinkage of the 
built part during final cooling to room temperature.

The principal plastic strain and von Mises residual stress 
distribution in the built part and baseplate following process-
ing (i.e. at room temperature) are shown in Fig. 10. Maxi-
mum plastic strains are located at the interface between the 
baseplate and part. There is no plastic strain accumulated 
in the baseplate. The stresses in the part near the interface 
between the baseplate and part are higher relative to else-
where in the computational domain. The maximum stresses 
are located at the corners of the walls, resulting from stress 
concentrations caused by the abrupt change in geometry and 

Fig. 8   The evolution of the tem-
perature, longitudinal stress in 
the x-direction and plastic strain 
in the x-direction at (a) the end 
of the deposition of the first 
layer, (b) the end of deposition 
of all layers and (c) the end of 
cooling the entire part to room 
temperature
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the accumulation of strain due to the deposition of hot mate-
rial on the cold baseplate. 

3.3 � Sensitivity analysis

A sensitivity analysis was conducted with the model to 
assess the impact of the initial temperature of the depos-
ited material, heat source power and preheat temperature. In 
each case, the parameter being assessed was increased and/
or decreased by a fixed amount, and the effects on distortion, 
temperature and/or thermal strain were examined. The effect 
of the first deposited layers compared to the last deposited 
layers on distortion was also investigated.

The effects of the initial temperature of the deposited 
material on the thermal strain evolution at a location in the 
first layer of the built part and the distortion evolution of 
the baseplate at DS1 (see Fig. 4 for location) are shown in 
Fig. 11. The effect of the initial temperature of the deposited 
material on plastic strain generation in the first layer of the 
deposited material is also shown in Fig. 12. Referring to the 
element activation description, setting the initial activation 
temperature above 1604 ℃ affects the temperature gradient 
established in the newly activated layer of elements. This 
effect changes the thermal stress and the amount of plastic 
strain formed in the newly activated layer of elements, as 
seen in Fig. 12. It is important to point out that this occurs 
despite setting the reference temperature for thermal strain 
accumulation at 1604 ℃ and the thermal strain accumulation 
above 1604 ℃ to be zero.

Figures 11 and Fig. 12 show the relative roles of ther-
mal strain mismatch between the deposited material and 
the baseplate and tensile plastic strain accumulation on 
distortion. Figure 11 shows that as the initial temperature 

of deposited material increases, the amount of negative 
thermal strain increases. The increase in negative thermal 
strain should increase distortion. However, as can be seen 
in Fig. 11, it does not. Figure 12 shows that as the initial 
temperature of the deposited material increases, the tensile 
plastic strain also increases, which reduces the overall distor-
tion. This approach is equivalent to introducing the inherent 
plastic strain. The initial temperature of the deposited mate-
rial was used in this model as the main tuning parameter to 
align the predicted distortion with the measured distortion 
(see Fig. 6).

The effects of the heat source power on the temperature of 
the baseplate at TC3 and the distortion evolution of the base-
plate at DS1 (see Fig. 4 for locations) are shown in Fig. 13. 
The results show that increasing the heat source power leads 
to a higher temperature as well as lower distortion for the 
baseplate. The higher heat input resulted in higher baseplate 
temperatures and reduced temperature gradients between the 
baseplate and deposited layers, leading to less distortion.

The effects of preheating the baseplate on the distortion 
evolution of the baseplate at DS1 and the temperature of 
the baseplate at TC3 (see Fig. 4 for locations) are shown in 
Fig. 14. As can be seen, preheating the baseplate reduces 
the distortion since increasing the baseplate’s temperature 
reduces the temperature gradient between the baseplate and 
the first deposited layers. Furthermore, less cumulative strain 
or strain mismatch, i.e. a hot part on a warm baseplate com-
pared to a hot part on a cold baseplate, can further reduce 
the distortion. The temperature histories for the preheat 

Fig. 9   The residual stress (S22) for the short walls along the midline 
of the top surface of the baseplate

Fig. 10   (a)The principal plastic strains and (b) von Mises residual 
stresses at the end of the process (units for stress are in Pa)
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condition indicate that initial temperature differences in the 
baseplate are eliminated as the build progresses.

The effect of the deposited layers on distortion can be 
seen in Fig. 6. During the deposition of the first layers, a 
significant distortion occurs in the baseplate due to the large 

thermal strain difference between the deposited material and 
the baseplate. During the deposition of the last layers, the 
amount of increase in distortion is smaller compared to the 
distortion after the deposition of the first layers. This is due 
to a combination of the reduced thermal gradient and ther-
mal strain mismatch between the newly deposited layer and 
the previously consolidated layers.

4 � Summary and conclusions

In this paper, a computationally efficient strategy has been 
implemented for the prediction of the thermo-mechanical 
behaviour of a component manufactured via the DED 
process. A 3D transient thermo-mechanical model was 
developed to predict the temperature, stress and distortion 
evolution in a hollow rectangular part built on a baseplate 
in a laser-based, powder-fed DED process. The model 
predictions were validated against in situ temperature and 
displacement data obtained from a literature-based study 
[11]. The validated model was also used to investigate 

Fig. 11   The distortion evolu-
tion of the baseplate’s bottom 
surface at DS1 and the thermal 
strain evolution of the first layer 
of the part under different initial 
temperatures for the deposited 
layer

Fig. 12   The plastic strain of the first layer of the part under different 
initial temperatures for the deposited layer

Fig. 13   The distortion evolu-
tion of the baseplate’s bottom 
surface at DS1 and the thermal 
behaviour of the baseplate 
at TC3 under different laser 
powers
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the effect of the heat source power, the initial temperature 
of the deposited material and baseplate preheating on the 
thermal behaviour and distortion evolution. The novel fea-
tures of the current modeling methodology include activat-
ing the deposited material at an initial temperature above 
the solidus to capture the generation of plastic strain, com-
pensating for the enthalpy of the deposited material in the 
time-averaged volumetric heat input describing the laser 
and defining separate, material-centric, thermal strain evo-
lution for the deposited material and the baseplate.

The predicted and measured temperature history on the 
bottom surface of the baseplate showed good agreement 
suggesting that the model is able to accurately describe the 
thermal conditions in the process. The model was also able 
to accurately predict the total displacement of the base-
plate. However, the evolution of distortion predicted by the 
model during the initial stage of the build exhibited a dif-
ferent trend than the measurements. The stress predictions 
indicated that high stresses occur at the interface between 
the baseplate and the built part. Once the part had cooled, 
the residual stresses on the top surface of the baseplate 
were compressive (approximately − 200 MPa) inside the 
hollow rectangle due to the shrinkage of the part during 
final cooling to room temperature. The maximum tensile 
residual stresses (approximately 600 MPa) were located 
at the corners of the walls due to strain mismatch and the 
abrupt change in geometry. A sensitivity analysis showed 
that preheating the baseplate, increasing the heat source 
power and increasing the initial temperature of the depos-
ited material reduced the baseplate distortion.

As pointed out earlier, the deposited material’s ini-
tial temperature was adjusted through a trial-and-error 
approach to fit the predicted distortion history with the 
in situ displacement data by capturing the generation of 
plastic strain. This creates an artificial constraint on the 
analysis as the material deposition temperature should 

strictly be a function of the fraction of the beam input 
power transferred to the feed material, the material feed 
rate and the input of residual beam energy to the baseplate. 
To remove this constraint, future work is needed to allow 
the model to predict the effect of the process parameters 
on strain evolution, residual stresses and distortion of the 
component more accurately.
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