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A B S T R A C T

A coupled thermo-mechanical finite element framework was developed to analyze the influence of heat treat
ment on the thermal history, phase evolution, and mechanical responses of Inconel 625 walls fabricated by wire 
arc additive manufacturing (WAAM). The model captures transient heat transfer, molten pool behavior, phase 
transformations, and the resulting residual stress and distortion fields. Mesh sensitivity analysis was performed to 
ensure numerical stability and computational efficiency. The simulations demonstrate that heat treatment pro
motes a more homogeneous phase distribution and stabilizes the arc process, resulting in a more uniform residual 
stress profile. Temperature fields increase nonlinearly with build height, and the stress state transitions from 
tensile near the substrate to compressive in upper layers. Distortion is more sensitive to heat treatment than 
residual stress, with notable reductions observed in thin-wall geometries. A multi-material configuration 
combining stainless steel and Inconel 625 was also modeled, revealing sharp interfacial transitions and char
acteristic morphological features consistent with experimental observations. Overall, the results provide mech
anistic insight into heat-treatment-driven improvements in structural integrity, offering guidance for optimizing 
WAAM process parameters for both single- and multi-material builds.

1. Introduction

Recently, various nickel-based superalloys have been widely devel
oped due to their notable characteristics, including considerable me
chanical strength, resistance to surface degradation, and high- 
temperature creep resistance [1]. Inconel 625 is one of the applicable 
nickel-based alloys, including molybdenum and niobium in a 
nickel-chromium matrix alloy, and has been utilized in various indus
trial applications, such as aerospace, nuclear reactors, or oil and gas 
industry components, due to its exceptional physical and mechanical 
properties in corrosive or elevated temperature environments [2–4]. 
Generally, nickel-based alloys are known for being difficult-to-cut ma
terials due to their excellent hardness properties, low thermal conduc
tivity, and low elastic modulus [5]. Accordingly, progressive tool wear is 
an inevitable phenomenon in the machining and manufacturing of 
nickel-based components. As a result, to minimize material removal and 

save on costs and input materials, new fabrication methods have been 
seriously considered for discovery. Additive manufacturing (AM), 
driven by current economic and industrial demands, has been consid
ered a viable option [6]. AM technology, due to its rapid prototyping 
advantages, is becoming popular in several construction sectors [7]. 
Numerous methods of distinct AM techniques are defined, including 
material jetting, material extrusion, powder bed fusion (PBF), binder 
jetting, directed energy deposition, selective laser melting (SLM), and 
sheet lamination [8–11]. Wang and Chou [12] compared the residual 
stress of Inconel 718 alloys produced by SLM and Electron Beam Melting 
(EBM). It was shown that components produced by SLM exhibit higher 
residual stress and cubic texture compared to those produced by EBM, 
which have lower residual stress and fiber texture. The laser-PBF was 
used by Zhang et al. [13] to investigate the effect of varying temperature 
values on the mechanical strength of Inconel 625. They reported that the 
plasticity of Inconel 625 decreases when the temperature increases to 
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1000 ◦C, due to a transformation in the fracture mode from trans
granular to intergranular. Recently, wire arc additive manufacturing 
(WAAM), a wire-based directed energy deposition (DED) technology 
utilizing an electric arc as the heat source and a solid wire as the feed
stock material, has garnered significant attention in the construction 
industry for producing parts with various shapes and geometries [14]. 
The advantages of WAAM in comparison to other AM methods include 
low material cost, high deposition rate, and material utilization, as well 
as a low capital cost of setup and maintenance [15]. Amiri and 
Naffakh-Moosavy [16] investigated the microstructure and mechanical 
behavior of stainless steel 316L and Inconel 625 during the WAAM 
process. They found that a sound interface, without cracks or voids, with 
higher tensile strength compared to the base materials, is considered a 
ductile fracture mode for well-bonded joints. The drillability of Inconel 
625 produced by WAAM was studied by Ceritbinmez et al. [17]. The 
results indicated that the higher hardness profile of WAAM specimens 
yields a higher surface quality in mechanical drilling techniques 
compared to wrought material.

Inconel 625 has been categorized as a solid solution-strengthened 
superalloy, and its extraordinary sustainability in critical environ
ments is attributed to the strengthening of its Ni–Cr matrix through the 
solid solution of Nb and Mo [18]. Although the mechanical behaviors of 
Inconel 625 are controlled by solid solution strengthening elements, 
precipitation of secondary phases, namely the δ phase, laves phase, and 
metal carbides (MC, M6C, M23C6) fabricated due to melting, remelting, 
or heat treatment, play a significant effect on mechanical properties of 
the Inconel 625 favorably [19] or unfavorably [20]. The application of a 
typical annealing process at 980 ◦C influences the transforming Laves 
particles due to recrystallization of the secondary phases [21], but 
another secondary phase-delta (δ) may be generated due to long-term 
exposure at elevated temperature value during annealing [22] result
ing in a negative effect on ductility [23] and, in some cases, a positive 
effect on tensile strength [24] and hardness [23]. Consequently, heat 
treatment would significantly enhance the mechanical properties of 
Inconel 625 by recrystallizing the secondary phases, thereby addressing 
various issues, including the stress-relieving influence on built compo
nents. A step-by-step recrystallization process with time-temperature 
dependence is recommended to be applied [25]. Sharma et al. [26] 
estimated the role of post-heat treatment (PHT) on metallurgical and 
mechanical behaviors of WAAM-ed Inconel 625. It was concluded that 

PHT has a constructive influence on microstructure evolution, me
chanical characteristics, and corrosion behavior of WAAM-ed Inconel 
625. Different heat treatment temperatures were used by Karabulut et al. 
[27] to analyze the microstructure and wear behaviors of Inconel pro
duced by the AM process. The results indicated that heat treatment 
above 980 ◦C influences the microstructure of the AM Inconel alloy and 
improves its mechanical and wear behaviors. The standard heat treat
ment procedure, as described by Gallmeyer et al. [28], was employed to 
analyze the microstructural evolution, specifically dislocation density 
and phase formation, in laser-PBF additive manufacturing of Inconel. It 
was reported that the cooling rate can influence the nucleation of γ″ and 
γ′ precipitates, and desired nanoprecipitate structures can be formed 
after aging at 720 ◦C.

However, metal deposits manufactured by arc-based AM experience 
higher thermal issues due to the severe heat input compared to electron- 
or laser-based AM, and heat accumulation intensifies as the deposition 
proceeds. To obtain a component with a good deposited geometry, the 
arc-based AM process typically requires an adequate thermal history to 
minimize heat accumulation. The involvement of the finite element 
method (FEM) has been considered a unique tool regarding to predicting 
the thermal distribution, melt pool characteristics, the level of residual 
stress, and distortion within the WAAM parts to make it possible for the 
optimization of the process before the actual WAAM process to reduce 
overall cost, time, and raw materials [29]. The proper selection of ma
terial characterizations, process parameters, and modeling conditions 
can significantly impact the outcome when compared to real engineer
ing applications [30]. Manurung et al. [31] investigated the numerical 
method to study the distortion of stainless steel SS316L alloys during the 
WAAM process. The results indicated that the maximum distortion 
occurred near the end-start location because of extensive heat. The 
In-situ thermal management approach was used by Zheng et al. [32] to 
analyze the thermal history of plasma arc additively manufactured 
Inconel 625 alloy. It was concluded that the layer-by-layer reduced heat 
input and the increased temperature preheating between layers of 
In-situ thermal management led to a distinct residual stress. The FEM 
analysis was applied by Pramod et al. [33] to investigate the thermal 
behaviors and mechanical properties of 347 stainless steel (SS347) al
loys during the WAAM process. They found that the re-melting phe
nomenon occurred between additive deposits and projected an 
inter-layer metallurgical bonding, and the equivalent residual stresses 
of deposited layers show a uniform pattern. Recently, much more has 
been carried out in AM, enabling for creation of parts with spatially 
changing functional behaviors by a combination of various materi
als/metals into certain functionally graded materials (FGM) and/or 
multi-material hybrid nanocomposites [34–36]. FGMs exhibit beneficial 
functionalities and physical characteristics, such as thermal strength, 
oxidation resistance, or toughness, which can be achieved by optimizing 
the local application of various metals. Rodrigues et al. [37] applied 
Twin-WAAM to produce a 316L stainless steel to Inconel 625 FGM under 
various deposition strategies. It was concluded that the smooth gradient 
leads to the generation of secondary phases, e.g., Ni3Nb and carbides, 
while there is no evidence of the formation of these case phases with the 
direct interface strategy. Carrol et al. [38] employed the DED method to 
fabricate an FGM of 304L-Inconel 625 alloys with 24 layers, serving as 
the transition area, with a composition variation of 4 vol% steps. The 
results indicated the formation of large cracks (>200 mm) in approxi
mately 21 wt% Inconel 625 and 79 wt% stainless steel.

Based on the above literature, no investigation has been conducted to 
simulate the effect of heat treatment time on the thermomechanical 
characteristics of Inconel 625 fabricated by WAAM. This paper aims to 

Table 1 
Chemical composition of the Inconel 625 in this study [39,40].

Element Ni Cr Mo Nb + Ta Al Fe Ti Si C Mn P S Cu Other

Wt% 64 21.7 8.5 3.8 0.1 0.4 0.17 0.14 0.02 0.1 0.005 0.001 0.01 <0.5

Fig. 1. Square wall of Inconel 625 fabricated by WAAM [39,40].
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improve a thermo-metallurgical finite element analysis to estimate the 
thermal history, molten pool, phase transformation, and mechanical 
properties associated with the heat treatment time of an additively 
deposited Inconel 625 by WAAM. Additionally, FEM was utilized to 
study a multi-metal structure comprising Inconel 625-316L regions 
manufactured by WAAM. The results of this research can enhance the 
consideration of optimal heat treatment conditions regarding the ther
mal and mechanical behaviors of Inconel 625 during the WAAM process.

2. Materials and methods

2.1. Experimental procedure

In this investigation, a square wall of Inconel 625 was built addi
tively on an Inconel 625 substrate. Table 1 shows the chemical 
composition of the used Inconel 625 in the current work. Fig. 1 illus
trates the experimentally manufactured sample; the Inconel 625 was 
deposited on a low-carbon alloy steel substrate. The process parameters 
and their constant values are obtained based on our previous experi
mental studies, as reported by Tanvir et al. [39,40]. The square walls of 
the Inconel-625-WAA-ed sample were heat-treated at 980 ◦C for 1 h and 
then air-quenched.

2.2. Numerical simulation

Modeling and simulation of WAAM-ed square-wall Inconel 625 were 
carried out using the SYSWELD software. The single layer across the 
square wall is approximately 150 mm long, comprising 20 deposition 
layers. Typically, the melting efficiency of 0.85 was assigned for arc 
welding of this material [41]; in this work, an efficiency coefficient of 
0.9 was applied to achieve a higher energy efficiency.

2.2.1. Transient heat-transfer analysis
To analyze the thermal and metallurgical fields of deposited layers 

after WAAM, a fully coupled thermo-metallurgical FE estimation has 
been applied [42]. Fourier’s differential formula was used to analyze the 
thermal fields, and the phase distribution at each temperature was 
considered during the thermal analysis of WAAM. Considering different 
temperatures and phase-dependent material characteristics, e.g., spe
cific heat, the thermal conductivity, inertia effect, and latent heat for 
each phase transformation, the heat equation in 3D is defined as [43]: 

∂T
∂t

=

(
λ
C
× ρ

)(
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)

=α∇2T (1) 

In the above equation, T is the temperature (K), t is the time (s), k is the 
heat conductivity coefficient (W.m− 1.K− 1), C is the specific heat (J. 
Kg− 1K− 1), q is the mass density (kg.m− 3), x, y, z are the point co
ordinates (m), and a is to the thermal diffusivity coefficient (m2s− 1).

2.2.2. Heat source definition
The 3D double ellipsoid heat source analysis is typically applied to 

arc heat source modeling, which involves two volumetric power sources 
with similar geometrical shapes. These two parts are used to define the 
leading and trailing areas of the heat source. Eq. (2) represents the semi- 
ellipsoid mathematically [44]: 

Q(x, y, z, t)=
(

6
̅̅̅̅̅̅̅̅̅̅̅̅

3ff ,rQ
√ /

abcπ
̅̅̅
π

√ )
exp

(

−
3[x + ϑ(T − t)]2

c2 −
3y2

α2 −
3z2

b2

)

(2) 

In the above equation, Q(x,y,z,t) is the heat input (kJm− 1), and v is the 
velocity (ms− 1). The notation f is the fraction for the rear or front 
quadrant of the heat deposited, while the fraction ‘f’ (substituted with 
‘ff’ or ‘fr’) is related to forward and rear quadrants, respectively, where 
the summation of ff and fr is ≤ 2. The notation ‘a’ and ‘b’ indicate the 

half-width and the depth of penetration, respectively.

2.2.3. Boundary conditions
Regarding thermal boundary conditions, heat loss results from ra

diation and convection have been considered a crucial factor in the 
thermal investigation of a deposition process through WAAM (Fig. 2). 
The experimental process was carried out at an ambient temperature of 
25 ◦C and Newton’s law of cooling and the Stefan-Boltzmann relation
ship with respect to the convection and radiative losses during WAAM 
are assigned as [45]: 

qc = h(Ts − Te) (3) 

qr = σε
(
(T − Tz)

4
−
(
(T0 − Tz)

4) (4) 

In the above equations, qc and qr are convective and radiative heat 
transfer, respectively; T0 is room temperature, ε is the emissivity con
stant, σ is the Stefan-Boltzmann constant, and TZ is the absolute zero on 
the actual temperature scale. In this research, hc = 5.7 W/m2K is 
implemented for the bead, and the top of the substrate material, hc =

300 W/m2K is considered for the bottom of the substrate material, ε =
0.2 W/m2K4 is used throughout the sample and deposition.

2.2.4. Transient structural analysis
Eq. (5) illustrates the partial differential equations of motion to 

analyze the residual stresses and deformations [46]: 

∇σ + Fb = ρü (5) 

In Eq. (5), ∇ is the divergence operator, Fb is the body force vector, σ is 
the stress tensor, ρ and ü are density and acceleration, respectively. Eq. 
(6) expresses the relationship between stress and strains: 

{σ}= [D]{εe} (6) 

In Eq. (6), σ is the stress vector; {εe} is the elastic strain vector, and [D] is 
the elasticity matrix. The total strain (ε) is defined based on Eq. (7): 

ε= εe + εth + εp (7) 

In the above equation, ε is the total strain vector, εe is the elastic strain 
vector, {εp} is the plastic strain vector, and {εth} is the thermal strain 
vector. However, the stress–strain relationships regarding isotropic 
material can be given in Cartesian coordinates [47]: 

Fig. 2. Mesh, boundary condition, and thermocouple positions in 
the simulation.
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εx =
1
E
[
σx − μ

(
σy − σz

)]
+ εp

x + έ  

εy =
1
E
[
σy − μ(σz − σx)

]
+ εp

y + έ (8) 

εz =
1
E
[
σz − μ

(
σx − σy

)]
+ εp

z + έ  

γxy =
τxy

2G
+ γp

xy; γyz =
τyz

2G
+ γp

yz; γzx =
τzx

2G
+ γp

zx 

In the above equation, E, G, and μ are the elastic modulus, shear 
modulus, and Poisson’s ratio, respectively.

Eq. (9) expresses the thermal strain: 

εth = αeΔT= αe(T − T0) (9) 

T0, in Eq. (9), relates to the reference temperature, αe is the 
temperature-dependent coefficient of thermal expansion: 

εth =

∫ T

T0

αe(T)dT (10) 

In the current model, the Von Mises yield criteria were used, and Eq. 
(11) is used for equivalent stress: 

σe =
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1
2

[(
σxx − σyy

)2
+
(
σyy − σzz

)2
+ (σzz − σxx)

2
+ 6

(
τ2

xy + τ2
yz + τ2

zx

)]
√

< σf
(
εp,T

)

(11) 

In Eq. (11), σxx, σyy, and σzz are normal stresses in the X, Y, and Z di
rections, respectively, while τxy, τyz, and τzx are the shear stresses, σf is 
the flow stress subjected to the plastic strain and the temperature. 
During the modeling of WAAM, the flow stress plays a significant role in 
influencing the mechanical behavior of the sample, particularly in terms 
of residual stress and distortions of the deposited specimen. The 
SYSWELD software analyzes the net mechanical characteristics of a 
material as a weighted fraction of the behaviors of each phase. 
Accordingly, the net yield stress, modulus, and flow curve of Ni-based 
superalloy, at a distinct instant of time ‘t’ and temperature ‘T’, is given 
as [48]: 

σnet
YS = f γσγ

YS + f fine γʹσfine γʹ
YS + f coarse γʹσcoarse γʹ

YS (12) 

σnet
E = f γσγ

E + f fine γʹσfine γʹ
E + f coarse γʹσcoarse γʹ

E (13) 

σnet
flow− stress = f γσγ

flow− stress + f fine γʹσfine γʹ
flow− stress + f coarse γʹσcoarse γʹ

flow− stress (14) 

Where, fγ, ffine γ′, fcoarse γ′ indicate the phase fractions of the respective 
phase in the superscript at the distinct point of time, such that fγ+ffine 

γ′+fcoarse γ′ = 1.

2.2.5. Phase transformation model
The accuracy of thermal and mechanical analysis in SYSWELD soft

ware is dependent on knowledge of the correct mechanical properties 
during the manufacturing process. The Leblond model and the Johnson- 
Mehl-Avrami-Kolmogorov (JMAK) model have been applied to analyze 
the diffusion transformation between various phases. The JMAK model 
was adopted to study variations in microstructure patterns during 
thermomechanical processes [49–51]. The JMAK model calculates the 
growth of second-phase particles with no determination of impingement 
of the growing particles, and the matrix fraction transformed is pre
sented by: 

f =1 − exp
(
−

π
3

Nϑ3t4
)

(15) 

Where, N is the nucleation rate, v and t are the growth rate and the time, 
respectively. Eq. (16) presents the JMAK model: 

p= peq(1 − exp (− t/τ)n
) (16) 

Or in differential form: 

dp
dt

= n.
(

peq − p
τ

)

.

(

ln
(

peq

peq − p

))(n− 1)
n

(17) 

Based on the austenite to ferrite/bainite transformations in steel, Eq. 
(18) was presented by LeBlond [52]: 

dp
dr

=
pe − p

τ (18) 

Where p is the current phase fraction, pe is the equilibrium phase frac
tion, τ is a time constant calibrated to the rate of the equation. The phase 
transformation on integrating this equation is presented as the following 
kinetic equation: 

dp
dt

=1 − exp
(
−

t
τ

)
(19) 

The JMAK equation with a time exponent equal to 1.
Regarding a transformation between two phases A and B, Eqs. (20) 

and (21) are given as: 

ṗA = − k(T)pA
+ l(T)pB

(20) 

ṗB = − k(T)pA
+ l(T)pB

(21) 

In the above equations, 

k(T)=
peq

τ(T) (22) 

l(T)=
(1 − peq)

τ(T) (23) 

LeBlond and Devaux [52] introduced a new model of dependency on 
the rate of temperature variation by applying a function ℎ(T) associated 
with the heating or cooling rate: 

ṗA = − k(T)h(Ṫ)pA
+ l(T)h(Ṫ)pB

(24) 

ṗB = − k(T)h(Ṫ)pA
+ l(T)h(Ṫ)pB

(25) 

In SYSWELD software, this theory would be presented by identification 
of the required parameters from the set of the equilibrium phase fraction 
(PEQ), time constant τ for the reaction (Tau), the temperature rate 
dependent function (F), and the functions k(T), l(T), and ℎ(T) which are 
defined by the K, KP, and F respectively.

The SYSWELD software can analyze the phase transformations of up 
to six phases during the thermomechanical process. The default steel- 
oriented phase transformation pattern, adapted by Prabhu [48], was 
used to illustrate the phase transformations between the γ and γ’ phases 
in Ni-based superalloys, as summarized in Table 2.

Based on the phase category in Table 2, the phase transformations 
will be recognized during heating and cooling conditions as [48]: 

Table 2 
Modified SYSWELD phase transformation scheme for Ni-based superalloys [48].

Phase number Default phases (for steels) New phase scheme (Ni-base alloy)

Phase 1 Base Material/Ferrite Coarse γ′
Phase 2 Weld Material Weld Material
Phase 3 Martensite Fine γ′
Phase 4 Bainite Unused Phase
Phase 5 Tempered Martensite Unused Phase
Phase 6 Austenite γ
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(1) on heating condition: 
• Phase 1 → Phase 6: Coarse γ′ dissolves into γ.
• Phase 2 → Phase 6: Weld material generates γ.
• Phase 3 → Phase 6: Fine γ′ dissolves into γ.

(2) on cooling condition: 
• Phase 6 → Phase 3: Fine γ′ precipitates from γ, on cooling.

(3) Both on cooling and on Heating: 
• Phase 3 → Phase 1 and Phase 6 → Phase 1: Taken together, 

these reactions can lead to a passive ‘coarsening’.

2.3. Mesh sensitivity analysis

Before applying the numerical analysis, a mesh sensitivity calcula
tion was performed to determine a suitable mesh size for achieving high- 
accuracy results. Another vital purpose of executing the mesh sensitivity 
step is related to approaching a tradeoff between data reliability and 
simulation time. This step in FEM simulation has been considered a 
simple method to control potential singularity points in the mesh and 
has been popular among researchers to identify the optimal element 
number, which not only affects the final result but also plays a vital role 
in saving time [53–55]. Fig. 2 shows the meshed geometry of the model 
used for the WAAM process after the mesh sensitivity step, which was 
performed to obtain an optimized mesh size.

In this regard, a comparison of various element numbers was con
ducted based on the maximum temperature at the same node. The 
technique involved dividing a finer mesh on each part, with the total 
number of elements ranging from 50,128 to 99,996. Fig. 3 shows the 
mesh sensitivity study graph for various element sizes, and Table 3
summarizes the numerical results of mesh sizes for each number of el
ements and computational time. Based on the results from Fig. 3 and 
Table 3, the temperature results are affected by the number of elements 
used during the FEM analysis; however, the maximum temperature 
value presents a similar pattern after 76875 elements. Therefore, the 
number of elements, 76875, was chosen as the optimal mesh size 
because the number of elements after that does not significantly influ
ence the temperature value and only adds more computational time.

3. Results and discussion

3.1. Thermal analysis

The temperature analysis of the substrate has been easily obtained 
and plays a significant role in investigating the thermal evolution of 
deposition layers during the WAAM process. Fig. 4(a) presents numer
ical results of the temperature history based on the three thermocouple 
positions shown in Fig. 2. As seen, the temperature distribution shows 
periodic changes in all three distinguished points on the substrate during 
each layer deposition. In addition, point A shows the lowest temperature 
values compared to points B and C due to its faraway location from the 
thin-wall deposited layers.

To estimate the distribution trend of the temperature gradient, Fig. 4
(b) presents the temperature distribution along the building direction 
during the WAAM process. It can be observed that the temperature 
distribution increases non-linearly as the number of deposited layers 

Fig. 3. Mesh sensitivity for maximum temperature as the number of ele
ments increases.

Table 3 
Mesh sensitivity and the corresponding maximum temperature and computa
tional time.

Element 
set

Total number of 
elements

Computational time 
(min)

Max temperature 
(
◦

C)

Set 1 50128 242 2086
Set 2 60020 308 1629
Set 3 71009 376 1511
Set 4 76875 447 1498
Set 5 87638 536 1495
Set 6 99966 624 1497

Fig. 4. (a) Comparison of FEM temperature history results on the substrate based on locations defined in Fig. 2 and (b) temperature dispersion along the building 
direction of deposited layers.
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increases from the bottom to the upper square-wall model, while the 
temperature gradient (slope) decreases slowly, indicating a variation in 
the thermal diffusion conditions along the transfer direction. These 
outcomes are in good agreement with the reported conclusions by Ding 
et al. [56]. They indicated a well-distributed volumetric heat source 
regarding FEM analysis of WAAM on large components.

Fig. 5 presents the evolution of the temperature distribution of 
multilayer additive depositions when the heat source is at the 2nd, 9th, 

17th, and 20th layers. Notably, the deposition of the first layers is 
associated with faster heating and cooling cycles compared to the upper 
deposited layers. In addition, thermal gradients at the initial metal 
deposition are higher due to the ambient temperature [57]. The heat 
flow to the substrate for the first deposited layers is high, and the heat 
accumulation in the additive deposits is low. The heat input from the 
heat source, with an increase in deposited layers and improvement in 
the deposited wall, becomes greater compared to heat loss, resulting in 

Fig. 5. Temperature contour in various deposited layers from FEM analysis of a square wall of Inconel 625 at (a) 2nd, (b) 9th, (c) 17th, and (d) 20th layer.

Fig. 6. (a) The thermal cycles of the points “First”, “Middle”, and “End” (as mentioned in Fig. 2) in the first layer, and (b) the distribution of temperature in the 
middle point of the deposited wall at various heights of the wall.
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thermal accumulation in the additive manufacturing structure [58]. It is 
observed that the shape and size of the molten pool experience no 
noticeable variation for different deposited layers, and the melt pool 
approaches a quasi-stationary state due to the constant input process 
parameters [59]. Similar results were reported by Chua et al. [60] in 
their thermo-mechanical analyses of the directed energy deposition 
process. It was confirmed that the heat was completely transferred to 
melt the entire width of the activated bead during the multilayer 

deposition process. The newly activated bead was then melted with a 
slight overlap with the adjacent bead by introducing a heat source 
during the planar deposition.

Fig. 6(a) displays the thermal cycles of the points “First”, “Middle”, 
and “End” (as mentioned in Fig. 2) in the first layer in a single wall of 
Inconel 625 obtained by WAAM. As seen, the temperature history of 
each point has deposition and cooling ranges. Each point, in its own 
deposition area, experiences different temperature peaks due to an in
crease in temperature when the arc is started at that point. As the arc 
moves away and returns, the temperature increases in the second and 
third stages. However, the first peak temperature for the middle and end 
points shows a higher value compared to the first point, due to the 
accumulation of heat from the preheating process. Fig. 6(b) illustrates 
the distribution of temperature at the middle point of the deposited wall 
at various heights of the wall. It is evident that the material experiences 
multiple thermal cycles during the WAAM process, with different falling 
peak temperatures as the deposition point moves away. As seen, the 
temperature improves with the development of wall height due to the 
deposition of upper layers on the resultant bead from the previous layer 
deposition. The lower layers tend to produce a smaller molten pool 
because they are surrounded by cold material, whereas the upper layer 
depositions have a narrower heat conduction channel.

3.2. Phase transformations

Nickel-based alloys include a matrix of FCC γ phase with precipitates 
of L12 γ′ phase and MC metal carbides [61]. In the early stages of 
nucleation and growth, the γ′ phase presents in a near-spherical shape 
and is considered to have a cubical shape towards the later stages of 
growth. The alloys, at ambient temperature, include between 65 % and 
70 % of γ′ phase in the γ matrix. By heating the alloy during the depo
sition process, the γ′ phase dissolves into the matrix and then repreci
pitates upon cooling the material. The γ′ particles coarsened during long 
holding periods at high temperature. It has been reported that the me
chanical characteristics of alloys are mainly controlled by the evolution 
of the γ′ phase [48,62]. In heating conditions, the LeBlond model, which 
averages the material, considers the initial state with only coarse γ′ and γ 
phases, indicating that coarse γ′ is present for all existing γ′ from the 
beginning of the process. In cooling conditions, the initial reaction is the 
transformation of the γmatrix to the fine γ′ phase.

Fig. 7 displays the obtained LeBlond phase transformation results for 
a distinct node in the middle layer of a single wall of the sample within 

Fig. 7. The evolution of phase fraction and temperature distribution in (a) the 
melt pool and (b) the HAZ.

Fig. 8. Residual stress in the square wall of Inconel 625 fabricated by WAAM (a) without heat-treatment and (b) with heat-treatment.
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the molten pool and a node adjacent to the heat-affected zone (HAZ) of 
the molten pool. Worth noticing is that the fractions of phases range 
from 0 to 1 in different areas. This is remarkably noticeable from the 
perspective of studying their effect on mechanical behaviors, especially 
residual distortions and stresses. Based on the results in Fig. 7(a), the 
initial phase corresponds to a fictive phase in the molten pool, which 
transforms to 100 % γ when the deposition layer reaches the specified 
location. No coarse γ′ was observed in this area, given that this is freshly 
deposited material. The fine γ′ phase, with a reduction in the tempera
ture values (below the melting point), can be observed to precipitate. 
Fig. 7(b) indicates that the thermal cycle in the HAZ involves pre- 
heating of the workpiece, followed by a temperature increase of 
approximately 1500 ◦C, and then cooling. The initial microstructure in 
this region is compounded by the high amount of coarse γ′ and γ phase. 
Then, the coarse γ’ dissolves with an increase in the temperature values, 
and the material shows an almost fully γ microstructure at its maximum 
temperature. This phenomenon is followed by precipitation of the fine 
phase during the cooling process from the peak temperature.

3.3. Heat treatment effect on residual stress and distortion

The plastic deformation caused by thermal expansion during the 
deposition process enables the weld bead to experience a compressive 
stress state. The weld bead, during the cooling process, cannot deform 

freely due to the applied constraints; hence, it is subjected to tensile 
forces, and a reduction in temperature results in an increase in these 
forces. It has been known that clamps or substrates with a large size 
(especially in depth) are mainly assigned/applied during the WAAM 
process to ensure fabrication stability. The clamps and substrate, after 
the WAAM process, will usually be removed by WAAM manufacturers 
[63]. Fig. 8 presents the total residual stress in the square wall of Inconel 
625 produced by the WAAM process with/without heat-treatment. 
During the WAAM process, the tensile stress from the cooling stage is 
released through reheating by the additive layer of deposited material, 
and then compressive stress is produced as the temperature increases 
until the compressive stress exceeds the compressive yield stress. The 
compressive stress experiences a reduction in its value as the material 
undergoes plastic flow. Then, elastic-plastic tensile stress is generated 
after the material is subjected to the cooling stage [64].

Similar stress evolutions occurred for the material as the heat source 
traveled to the upper layers. Zheng et al. [32] indicated that the residual 
stress is much less than the yield stress in most regions of the building 
direction and the travel direction, while the maximum compressive or 
tensile residual stress is around or exceeds the YS of Inconel 625 in local 
regions of the deposits, but much less than the UTS of the deposit. It has 
been considered that the residual stress in welded or AM-ed compounds 
can exceed the YS of the material because of the extremely heteroge
neous distribution of the temperature field. In addition, the strain 

Fig. 9. Normal stress distribution starting from point (a)“First” and point (b)“Middle” along the height.

Fig. 10. Traverse stress distribution starting from point (a)“First” and point (b)“Middle” along the height.
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hardening resulting from the accumulation of local plastic deformation 
leads to an increase in the residual stress to exceed even beyond the YS of 
the material under the unidirectional stress condition.

Figs. 9 and 10 illustrate the normal and traverse stress starting from 
point “First” and point “Middle” along the height of the wall. In addition, 
Fig. 11 shows the longitudinal stress distribution along the first and last 
deposited layers during the process. With an increase in height, the 
stress decreases and then enters a compressive state. This trend is more 
pronounced for the first and last deposited layers in Fig. 11, as confirmed 
by Kohler et al. [65]. They concluded that the bottom surface of the 
substrate and the first layers of the walls are in tension, while the top 
layer exhibits high homogeneous compressive residual stress. In addi
tion, the heat treatment leads to a variation in the distribution of stress 
for higher deposition layers, transitioning from tension to compression 
due to restrained thermal expansion during reheating, but then increases 
due to restrained thermal shrinkage. The effect of applied heat treatment 
on normal stress distribution in the middle part of the wall deposition, as 
well as longitudinal stress distribution along the first and last deposited 
layers during WAAM of Inconel 625 alloy, is more pronounced due to 

higher thermal cycles. The heat treatment has no visible effect on the 
distribution shape of transverse residual stress in different wall deposi
tion paths, which may be due to a low restriction degree (Fig. 10).

It has been verified that the maximum temperature is a crucial factor 
in predicting whether or not residual stresses would be affected; that is, 
the tensile stress with introducing enough peak temperature to the for
mation of plastic flow will be generated after the material cools down to 
the ambient temperature, while the elastic stress evolution will be 
generated in the materials cannot produce residual stresses [66–68]. 
According to Fig. 11, the plastic deformation caused by thermal 
expansion during the deposition process results in the weld pool being in 
a state of compression. During the cooling stage, the weld pool exhibits 
tensile forces due to the limitation of deformation. The tensile force 
develops as the temperature decreases. Since an inconsistency exists 
between the shrinkage deformation of the upper and lower locations of 
the specimen, the weld bead is compressed, since the substrate is fixed, 
resulting in compressive stress on the top layer. Shen et al. [69] esti
mated the effect of in-situ local heat treatment induction heating 
method on thermomechanical behaviors of manufactured samples 

Fig. 11. Longitudinal stress distribution along (a) the bottom and (b) top layers.

Fig. 12. A contour of normal distortion in the square wall of Inconel 625 fabricated by WAAM (a) before heat treatment and (b) after heat treatment.
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fabricated by WAAM. It was found that an in-situ local heat treatment 
induction heating method effectively reduced the temperature differ
ence between the heat-treated area and its surroundings. This approach 
eliminated stress concentration at the corners and improved the uni
formity of the stress distribution.

According to Tanvir et al. [39], the inside of the deposited wall ex
hibits higher mean roughness compared to the outside area due to the 
difference in cooling rates during the WAAM process. The outside sur
face rapidly cooled down and developed plastic tensile stress. The inside 
surface, during solidification, underwent a lower cooling rate than the 
outside area due to the influence of the high-temperature weld metal 
nearby, resulting in low convection cooling. The gradual reduction in 
temperature decreases the temperature gradient of the molten pool 
during the solidification and cooling periods, playing a beneficial role in 
reducing residual stress [70,71]. Heat treatment plays a vital role in 
achieving stable arc characterization and improving process stability 
through the uniform distribution of residual stress, resulting from the 
homogenization of phases [68].

It has been known that the metal deposits manufactured by the arc- 
based AM experience more severe thermal issues because of the high 
heat input in comparison to other AM techniques, such as laser- or 

electron-beam-based AM, while the heat accumulation enhances as the 
deposition proceeds [72]. The successive layer deposition process, with 
no further attempt to mitigate heat accumulation, will lead to decreased 
heat dissipation conditions for the molten pool, resulting in a larger 
molten pool size that grows along the building direction [73]. This, in 
turn, leads to nonuniform track morphology or noticeable distortions 
[74]. Therefore, to achieve a sound deposit with good geometry, the 
arc-based additive manufacturing process typically employs adequate 
thermal management to minimize heat accumulation. Figs. 12 and 13
present a comparison of normal and traverse distortion in the square 
wall of Inconel 625 fabricated by WAAM with/without heat treatment 
conditions. The influence of current heat treatment on the reduction of 
distortion of wall-thin deposited samples is more significant compared 
to residual stress.

3.4. The multi-material samples

In the WAAM process, differences in thermophysical properties 
among various filler materials can lead to stress concentration, 
increasing the risk of cracking in the parts. Fig. 14 illustrates the sche
matic and FEM model of multi-material specimens with dimensions of 

Fig. 13. A contour of traverse stress distribution in a square wall of Inconel 625 fabricated by WAAM (a) before heat treatment and (b) after heat treatment.

Fig. 14. (a) A schematic (b) FEM modeling of multi-material samples made of Inconel 625 and Stainless steel.
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(15 × 7 × 0.5) mm3 that were fabricated by wire arc additive 
manufacturing. In this case, due to the similarity between the lattice 
parameters of steel S316L and IN625 (3.5948 and 3.5952 Å, respec
tively), the structure was alternated twelve times along the building 
direction to analyze the complex structure-property relationship of the 
manufactured three-dimensional metal specimen at various length 
scales. The deposition direction is bidirectional and is positioned at the 
center of the substrate. The total number of nodes in the model is 14650, 
and the total number of elements is 11895.

The distribution of temperature in different layers of the multi- 
material structure during the WAAM process is illustrated in Fig. 15. 
As the number of deposited layers increases, the high-temperature re
gion in the cross-sectional direction gradually expands, and the tem
perature at the center of the heat source is significantly higher than that 
of the lower deposited layer. As shown, the thermal dispersion, specif
ically the melting pool and HAZ, altered continuously in synchrony with 
the torch movement. Given the spatially symmetric and uniform pattern 
of the ellipsoid surface of the molten pool, the thermal contours are 

compressed in front of the torch and expanded behind the molten pool. 
In the center of the molten pool, the peak temperature far surpassed the 
melting point, while being lower than the evaporation points of the 
materials. It increased quickly at first with the deposited layers and 
continuously reached a stable condition.

As the deposited layer grows, the stress distribution is continuously 
altered as a result of the geometry change and the accumulation of 
plastic strain. The FEM cross-section in Fig. 16 illustrates a distinct 
separation of stainless steel and Inconel phases along the building di
rection, with morphologically sharp and diffuse interfaces at the mate
rial transitions from stainless steel to Inconel and vice versa. The latter 
interface illustrates phase intermixing with a transition zone resulting 
from the solvation of the Ni face-centered crystal structure up to 
approximately 50 wt% of alloying elements [75]. Vertical to the build
ing direction, structural defects can be seen because of a lack of binding 
here, and the observation of micro-cracks propagating fundamentally 
along high-angle grain boundaries (HAGBs) in Inconel 625 for the same 
reason [76].

Fig. 15. Temperature contour of deposited layers in the different layers during WAAM.
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The additive manufacturing process is characterized by rapid heating 
and cooling, which leads to a large temperature gradient, which is also 
the main reason for the generation of residual stress [77]. During the 

deposition process, the free boundaries on both sides of the thin-walled 
part can help alleviate residual stress to some extent. Fig. 17 shows the 
FEM residual stresses in-plane, out-of-plane, and shear stresses in the 
multi-material specimens. In-plane residual stresses cause the upper 
layers to experience solidification cracking and crack propagation par
allel to the building direction (along the Z direction). Additionally, the 
experimental investigation by Bodner et al. [75] revealed that stress 
concentrations were observed in both phases when transitioning from 
Inconel 625 to stainless steel. The maximal tensile stresses are detected 
at the top right of the specimen area due to the superposition of the stress 
component resulting from the temperature gradient mechanism [78] 
and the stress component induced during the cool-down phase of the 
melted upper layers. Abusalma et al. [79] analyzed the WAAM process 
to deposit Inconel 718 thin-walled parts on A36 steel substrates, 
studying the effect of interlayer residence time on the distribution of 
residual stress. The results indicated that shorter interlayer residence 
times lead to heat accumulation on the wall during deposition, notice
ably increasing residual stress. Conversely, with longer interlayer resi
dence times, the temperature distribution became more even, leading to 
a more consistent stress distribution throughout the component.

4. Conclusion

In this paper, the influence of a heat treatment procedure was 
modeled using the FEM technique on WAAM IN625 alloys to improve 
the structural behavior and enhance the mechanical properties of the 
samples. Additionally, a multi-metal structure comprising stainless steel 
and Inconel 625 regions was modeled. The mesh sensitivity for various 
element sizes, considering the number of elements and computational 
time, was examined. The following conclusion can be drawn: 

• Heat treatment plays a vital role in stable arc characterization and 
better process stability to uniform distribution of residual stress due 
to the homogenization of phases.

• The thermal analysis from successive deposited layers was related to 
the phase and residual stress generation and subsequent evolution.

• With an increase in height, the stress decreases and then becomes a 
compressive state, and the heat treatment leads to a reduction in the 
distortion of the square wall deposition.

• In a multi-metal structure, a sharp morphological stainless steel to 
Inconel 625 interface along the specimen’s build direction was 
observed.
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