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The complicated thermal history of wire + arc additive manufacturing (WAAM) will affect
the microstructure variation and mechanical properties of the as-deposited material.
Numerial models of Inconel 718 in WAAM deposition were established and the location-
related thermal history and temperature distribution were analyzed. A hybrid method of
WAAM and cold rolling was investigated and its effect on the microstructure distribution
and texture was investigated compared to that in as-deposited condition. The results show
that WAAM deposition features repeated thermal cycles, high heating rate and low cooling
rate. The trough values of the thermal cycles first increases and then decreases, while the
peak temperature always decreases with the proceeding of the deposition process. The as-
deposited samples show columnar dendrites and its average dendrite arm spacing in-
creases with the increased build height due to the location-related heat accumulation. The
strongly textured columnar dendrites with preferred <001> orientation transform to
equiaxed grains with random orientation in heat-affected zone after cold rolling process,
and its average size decreases with the increased rolling force. The as-deposited samples
show the strongest intensity of 7.609 for the {100} family of grains oriented along the
transverse direction; while it decreases to 3.629 and 2.057 for the cold rolled conditions
with the force of 50 kN and 75 kN, respectively. The relationship between thermal history
and the microstructure distribution was discussed. The mechanism of hybrid WAAM and
cold rolling method consisted of spatially and temporally heterogeneous work hardening
and recrystallization.
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1. Introduction

Inconel 718 (IN-718) is the key material for the manufacture of
aerospace components due to its high strength and thermal
ability at high temperature [1-3]. IN-718 is a precipitation
hardening Ni—based superalloy and it is strengthened by
relying on y" [Ni3Nb] phase as the primary strengthener phase
and y' [Niz(Al, Ti)] as the secondary one [4—7]. Wire and Arc
Additive Manufacturing (WAAM) is a popular AM technique
that allows for the rapid manufacturing of large metallic parts
with a high deposition rate and low equipment cost [8,9]. The
ability to use wire as the feedstock material increases the ef-
ficiency of the process when compared to powder-based
techniques by avoiding the necessity for constrained build
volumes and powder recycling [10]. WAAM enables over 10-
times the volumetric deposition rates of powder-based AM
processes. However, the high depositions rates of WAAM
require high heat input to melt the large volume of material,
which in turn results in potential flaws such as pores, cracks,
distortion, loss of mechanical properties and low dimensional
accuracy [11]. The metal wire is melted layer-by-layer using an
electric arc, and near-net shape parts of meter-scale structural
components can be manufactured in WAAM without the
limitation of the vacuum chamber of the powder bed fusion
[12,13].

Studies on the thermal cycles and microstructure of the
WAAM deposited material have been reported [14,15]. Due to
the complicated thermal history of the material in the layer-
by-layer WAAM deposition, numerical simulation was
widely adopted to study the temperature variation. The
transient heat and fluid flow were critical during fusion-based
additive manufacturing, since they impacted the as-built
microstructure. Ke [16] studied the temperature and velocity
fields of the molten pool in WAAM deposition with the
development of the force, surface Gauss heat source and pe-
riodic droplet transfer models, which considered the gravity,
buoyancy, electromagnetic, surface tension, arc pressure and
arc shear stress. Graf et al. [17] investigated the influence of
the wire feed and the weld path orientation (unidirectional or
continuous) on the temperature evolution and distortions for
multi-layered walls. Singh et al. [18] developed a transient 3D
finite-element model to study the temperature distribution
and disparities in melt-pool behaviours under similar pro-
cessing conditions in laser additive manufacturing. The
temperature and melt-pool increased as laser power moved in
the same layer and when new layers were added. There may
be phase transformation during the WAAM deposition pro-
cess, which affected the temperature distribution of the as-
deposited materials. Manurung et al. [19] studied the influ-
ence of material property model on the distortion of the
deposited components. The new property models were
generated with advanced material modelling software
JMATPRO based on chemical compositions, and the phase-
change phenomena was defined in latent heat. Ding et al.
[20] proposed a well-distributed heat source model, the
computational efficiency was significantly improved by the
proposed new method. The residual stress of WAAM depos-
ited wall varied under clamp state and the unclamp condi-
tions. The longitudinal residual stress was tensile along with

the wall height and it was compressive at the substrate
under the clamping state, while it was redistributed after
unclamping and the maximum longitudinal tensile residual
stress was generated on the contact area between the
deposited wall and the substrate. In the clamped condition,
longitudinal residual stresses was near the as-deposited yield
strength and virtually constant along the wall height, which
allowed the sample to distort after unclamping. Large residual
stress was the main factor for the distortion of the additively
manufactured components. Sun et al. [21] performed a num-
ber of numerical simulations to analyze the distribution
characteristics of residual stress in the WAAM components
made of aluminum alloy. The results showed that the varia-
tion in the height of beam can affect the magnitude and dis-
tribution of longitudinal residual stress in both the substrate
and the beam. The interlayer dwell time was believed to have
an effect on residual stress distributions due to variance in
heat dissipation condition [22]. Fang et al. [23] investigated the
effect of characteristic substrate parameters, including the
length, width, thickness and initial temperature, on the
minimum temperature during the first pass deposition, which
was essential to find out when and how to adjust the pro-
cessing parameters according to the characteristic parame-
ters of the deposited part. Li et al. [24] studied the role of dwell
time between layers on the thermal stress evolutions and
residual stress distributions of the thin-walled component
and substrate in WAAM. The results showed that with the
interlayer dwell time, the stress cycling curves became more
uniform and the interlayer stress-releasing effect was weak-
ened. The residual stress levels on the substrate also
decreased with the increased interlayer dwell time. Substrate
preheating was an efficient approach to decrease the thermal
stress and cracking of components. Knezovi et al. [25] studied
the relationship between interlayer temperature and process
duration and to determine the influence of the interlayer
temperature on product structure and other properties. Xiong
et al. [26] established a 3D transient heat transfer model of a
circular ten-layer single-pass part, and found that substrate
preheating could make the thermal cycles much smoother
and decrease the cooling rate of the molten pool. The
maximum temperature gradient in the molten pool also
decreased with increased substrate preheating temperature.
Benakis [27] explored the effects of the frequency of pulsed
current on the weld-bead geometry and heat affected zone in
gas tungsten arc welding (GTAW). The results demonstrated
the ability to control both the weld-bead dimensions and
penetration depth, as well as the heat affected regions by
utilizing the dual pulsing combination of both high and low
frequency pulsing.

Apart from the residual stress and distortion, the location-
related thermal history in WAAM will also affect the micro-
structure, the quality of deposition and mechanical properties
of the components [28]. Wu et al. [29] investigated the influ-
ence of heat accumulation on bead formation, arc stability,
and metal transfer behaviour during the WAAM deposition of
Ti6Al4V usinglocalized gas shielding. The results showed that
there existed a significant difference in temperature variation
between the substrate and in-situ layer due to the various
thermal dissipation paths along the building height. Owing to
the influences of heat accumulation, the interlayer surface
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oxidation and bead geometries varied along the building di-
rection, especially for the first few layers of the deposited wall.
Rodrigues et al. [30] found that the microstructure and me-
chanical properties of the as-built parts were correlated with
the thermal cycles as the heat input affected the cooling rates,
interlayer temperatures, and residence times. Kindermann
et al. [31] investigated the effects of processing parameters
and heat treatments employed on CMT-WAAM of a precipi-
tation hardenable IN-718 and found the localized regions with
high microhardness near interlayer regions due to a local
dissolution of Nb-rich eutectic phases. Ge et al. [32] adopted
the transient thermal transfer model and the thermal
elastic—plastic model for the thermal and stress simulation
during the additively manufacture of 2Cr13 thin-wall part. The
spatially transient thermal distribution during the arc depo-
sition process induced the formation of the corresponding
transient stress fields. The position of the maximum transient
normalized stress, located near the top layer and both ends of
the deposit, evolved regularly with the continuously deposi-
tion of new layer on the top surface. This regular alternately-
transformed phenomenon was primarily in connection with
the constantly reheating and cooling processes while depos-
iting new layer on its top surface. The location-related metal-
stable microstructure and nonhomogeneous micro-sized pore
distribution was obtained due to the in-situ micro-heating
treatment of the new layers deposition. Hejripour et al. [33]
revealed the correlation between the calculated cooling rates
and the phases formation in the WAAM parts of duplex
stainless steel. The results showed that slow cooling rate
(below 50 °C/s) of the built layers at elevated temperatures
significantly promoted austenite formation in a ferrite matrix.
Tanvir et al. [34] studied the phase stability and mechanical
properties of as-deposited H13 tool steel at elevated temper-
atures. The location-dependent phase combinations were
observed, which could be explained by nonequilibrium ther-
mal cycles that resulted from the layer-by-layer stacking
mechanism used in WAAM. Gao et al. [35] investigated the
microstructure and mechanical properties in the different
locations of the additively manufactured 9Cr ferritic/
martensitic wall. The differences in the mechanical properties
were related to the anisotropy in microstructure with the
increased height of the wall. Different heat accumulation will
change the microstructure along the build direction of the
built components. Bai et al. [36] studied the thermal cycles of
2219 aluminum alloy during gas tungsten arc welding based
additive manufacturing. The thermal cycles can be classified
into three categories: melting heat, partial-melting heat and
post-heat based on the consequences and time sequences,
thus resulting in the distinct microstructure characteristic at
the top and bottom regions of the components. The concen-
tration of the temperature may lead to deteriorating the
quality of deposition. The developed model proposed by
Gokhale [37] can be used further for the development of the
feedback-based temperature management system to provide
smooth metal deposition with better quality. Geng et al. [38]
constructed a model composed of a macroscopic finite
element (FE) model combined with a microscopic phase field
model to investigate the Al alloy microstructure evolution
during WAAM. The FE model was implemented to calculate
the temperature gradient and solidification speed under

different processing parameters, and these results were then
fed into the phase field (PF) model to simulate the micro-
structure and concentration field of chemical compositions.

However, the research focusing on the thermal cycles of
WAAM deposited IN-718 was rarely published. Additionally,
the correlation between the thermal cycles and the micro-
structure variation (morphology and size of the grains as well
as the secondary phases) as well as its distribution of IN-718
had not been extensively investigated. In this study, numeri-
cal models of WAAM deposition of IN-718 was established and
its location-related thermal cycles and temperature distribu-
tion were investigated. Thermocouples and infrared camera
were adopted to monitor and validate the temperature vari-
ation. The effect of thermal history on the microstructure
distribution, including the grains transformation, texture and
the precipitates was analyzed. Furthermore, inter-layer cold
rolling was integrated into the WAAM deposition and its effect
on the microstructure and texture variation was compara-
tively studied. The relationship between thermal cycles and
the microstructure variation, as well as the mechanism of the
grains transformation were discussed.

2. Material and methods

Two different methods were comparatively conducted to built
the sample in this study: WAAM deposited and inter-layer
cold rolled. Fig.1 shows the schematic diagram of hybrid
WAAM deposition and cold rolling technology. WAAM depo-
sition was achieved by the layer-by-layer deposition using the
welding technology of cold metal transfer (CMT). The WAAM
deposition system consists of a CMT welding power source
(Fronius, CMT 4000 advanced), a wire feeder (Fronius, VR 7000
CMT) and a CMT torch. The diameter of the IN-718 wire used
was 1.2 mm and its compositions (wt.%) are: 53.15 Ni - 19.42 Cr
-5.22Nb + Ta-2.95Mo - 0.96 Ti - 0.47 Al - 0.41 Cu - 0.11 Mn —
Bal. Fe.

The parameters of CMT deposition of IN-718 were
described as follows: contact tip-to-work distance was 14 mm,
the torch travel speed and wire feed speed were 3.6 m/min and
7 m/min, respectively. The inter-layer dwell time was 3 min to
cool down the previously deposited material. Pure argon was
adopted as the shielding gas for the local protection of the
CMT deposition and its flow rate was 15 L/min. The hybrid
WAAM deposition and cold rolling was composed of alterna-
tive one-layer deposition and one-layer cold rolling process.
The roller was applied on the top surface of the deposited
material with different rolling forces (0, 50, 75 kN) when the
temperature on the top surface cooled down with 3 min. The
diameter and width of the roller were 100 mm and 20 mm,
respectively.

Three comparative walls with 20 layers were built: as-
deposited (AD), cold-rolled (CR) with the rolling force of
50 kN and 75 kN, respectively. Three thermocouples were
attached to one side of the walls to record the temperature
variation during the WAAM deposition, meanwhile, infrared
camera was also adopted to monitor the overall temperature
distribution of the wall, as shown in Fig. 2. Zig-zag deposition
path was adopted in this study to obtain uniform height at
both ends of the wall. After the deposition, the microstructure
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Fig. 1 — Schematic diagram and experimental setup of hybrid WAAM deposition and cold rolling.

of the specimens on the Y-Z plane (perpendicular to the travel
direction of the torch) were analyzed. The grain morphology
and the distribution of the precipitates were analyzed using
optical microscopy (OM) and scanning electron microscopy
(SEM) with an energy dispersive spectrometry (EDS). Addi-
tionally, the grain orientation and the texture were charac-
terized by electron backscatter diffraction (EBSD) analysis.
The HV hardness measurement was conducted through the
height direction (Z direction in Fig. 2) of the walls under a load
of 1Kgand a holding time of 15 s. Several tensile coupons were

extracted in the horizontal direction (X) of the walls at all
conditions. The tensile tests at room temperature with a
crosshead speed of 1 mm/min were conducted by electro-
mechanical machine (Instron 5500 R). Heat treatment was
applied to the specimens for all conditions and its effect on
the distribution of the precipitates was investigated. The
procedures of the heat treatment were described as follows:
solution treated at 970 °C for 1 h followed by water quenching
immediately; aging treated at 720 °C for 8 h, and furnace
cooled to 620 °C followed by air cooling.

Fig. 2 — Experimental set up flame heating process: (a) thermal couples and infrared camera; (b) location of thermal couples.
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3. Numerical simulation analysis
3.1.  Geometry determination

The geometry characteristic (including the height and width
of each deposited layer) is essential for the accuracy of the
numerical simulation. Fig. 3 shows the sectional dimension of
the walls under different conditions. It should be noted that
the total height of the walls is different and Fig. 3 only shows
part of the walls with 20 layers. The width increases from
10.65 mm in the as-deposited condition to 11.05 mm and
11.93 mm in cold rolled samples with the force of 50 kN and
75 kN, respectively. Meanwhile, the cold rolling decreases the
average height of each layer, and it decreases with the
increased rolling force, as shown in Table 1. Obvious trans-
verse deformation is generated during the rolling process as
there is no constraint in the transverse direction of the walls.

3.2.  Models description

Based on the characteristics of the WAAM deposition, the first
layer shows a smaller layer height compared to that of other
deposited layers. The droplet of the first layer is spread out
due to its sufficient heat exchange with the cold substrate in
all directions; while the subsequent layers show the equal
layer height and width due to its directional heat exchange.
The geometry of each deposited layer shows an arch shape
instead of an rectangle one, as shown in Fig. 3. The geometry
of each layer in the numerial model is set based on the
experimental values in Section 3.1, which consists of the
average height and width as well as the curvature radius, as
shown in Fig. 4. The relationship between the height, width
and curvature radius of the first layer is shown in Eq. (1).
w? + 4h%,

e o
where R is the curvature radius, w is the width, hig is the
height of the first layer.

Table 1 — Size and strain of walls.

Average layer height (mm) Wall width (mm)

AD 2.82 10.65
CR (50 kN) 2.59 11.05
CR (75 kN) 2.31 11.93

AD: as-deposited; CR: cold-rolled

The double ellipsoidal heat source proposed by Goldak [39]
was adopted as the heat source model in this study. The
volumetric heat density distribution in the front and rear
ellipsoid was shown in Fig. 5 and Egs. (2)—(5). Table 2 shows
the shape parameters of the heat source for the CMT deposi-
tion of IN-718 in this study.

6\/§ x2 2 52
qf:m/q_raqffbfcexlj{3<a§+i)]2+c2> 2

B 6v/3Qf; X2 y? 22
0| 3 )| ®)
Q=nUI @
frt+fe=2 (5)

where gr and g, are heat flux in the front and rear ellipsoid,
respectively. frand f; are front and rear scaling factor, arand a,
are the length of front and rear ellipsoid, b and c are the depth
and half width of double-ellipsoidal heat source, Q is the
effective heat input, 5 is thermal efficiency and set as 0.8 for
CMT deposition, U and I are voltage and current.

The thermophysical properties, such as the specific heat
and the heat conductivity, play a vital role in the temperature
variation during the CMT deposition. The relationship be-
tween these thermophysical properties and the temperature is
shown in Table 3. Additionally, CMT deposition features the
dynamic cycles of partial melting and solidification. The lig-
uidus temperature and solidus temperature are 1330 °C and
1225 °C for IN-718, indicating a large range of the temperature

Fig. 3 — Aspects of produced parts: (a) as-deposited wall; (b) Cold rolled wall. Corresponding transverse sections: (c) as-

deposited; (d) 50 kN cold-rolled; (e) 75 kN cold-rolled.
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Fig. 4 — Geometry of the numerical models; W is width of the bead, h,, is the height of the 1st layer, h is the average height.

during the deposition of IN-718. The latent heat due to the
solidification is considered in this study, and it is set as 250 /g
for IN-718. There is heat exchange between the deposited
surface and the environment due to the significant tempera-
ture difference. The heat convection (q.) and radiation (g,) are
defined in Egs. (6) and (7).

qe=h(Ts — Te) (6)

a4 =eB(T;—Te) @)

where h is heat convection coefficient and is set as 20 W/
m?.°C, ¢ is radiation coefficient and is set as 0.737, which will
be discussed in Section 3.4, 8 is Stefan-Boltzman constant and
setas 5.76 x 1078 W/(m? K%, Ts and T, are temperatures on the
deposited surface and the environment, respectively.

3.3. Thermal cycles analysis

Fig.6 shows the temperature distribution during the 1st layer
deposition. The size of the molten pool is quite small at the

b &8 = > ay

~
~
Py

Fig. 5 — Schematic diagram of Goldak's double-ellipsoidal
volumetric heat source (the explanation of the parameters
is shown in Table 2).

start position, meanwhile, the heat exchange between the
deposited material and the substrate is weak. The height at
the start position is large due to the heat sink effect at the
beginning of the deposition, thus decreasing the welding
penetration and leading to the increase of the layer height.
The area with high temperature (marked with red color) in-
creases significantly when the torch moves to the middle
position, and the molten pool shows double-ellipsoidal shape.
The temperature of the substrate increases obviously when
the torch moves on. The end position shows the highest
temperature due to the short delay of the torch and the

Table 2 — Parameters of the double-ellipsoidal volumetric

heat source.

Parameters Symbol Values
Voltage uv 13.3
Current /A 183
Thermal efficiency H 0.8
Front length [40,41] ag/mm 4
Rear length [40,41] a,/mm 6
Width ¢/mm 5.32
Depth b/mm 3
Front scaling factor [42] ft 0.6
Rear scaling factor [42] i 1.4

Table 3 — Thermophysical properties of IN-718.

Temperature Specific heat Heat
T/°C Cy/(J/kg-°C) conductivityl/(W/m-°C)
20 426 115
25 429 11.6
100 441 12.8
300 481 14.0
500 520 15.7
700 560 21.6
900 601 24.9
1350 691 31.4
1355 692 31.6




3062

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2022;18:3056—-3072

(©)

Fig. 6 — Temperature distribution during the 1st layer deposition when the heat source moves on the (a) start position; (b)

middle position; (c) end position.

accumulated heat of the previously deposited material. The
difficulty of heat dissipation leads to a height decrease at the
end position. Zig-zag deposition path was adopted in this
study to compensate the height difference between the start
and end positions of the deposited layer.

Fig.7 shows the thermal cycles at the center point of
different deposited layers. Due to the inherent characteristic
of the WAAM deposition, different regions of the deposited
layers features a different thermal history. The material is
rapidly heated above the melting temperature when the heat
source moves in, that is the melting process; then the material
is cool down to the room temperature and solidification oc-
curs subsequently; particial melting will take place during the

(a) 1800

1600 |

subsequent depositing process. Therefore, the WAAM depo-
sition features high temperature gradient and repeated ther-
mal cycles, resulting in a complicated thermal history. There
are 20 peak temperatures of the center point on the 1st layer,
corresponding to the 20 layers deposition. The value of the
temperature on the first peak is 1550 °C and it exceeds the
liquidus temperature, indicating the complete fusion of the
material. The temperature of the second peak locates between
the solidus and the liquidus temperature, illustrating the
partial fusion of the previous deposited material during the
subsequent layer deposition. The peak temperature decreases
with the proceeding of the deposition process due to the heat
exchange and heat conduction. The heat from the top layer is
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Fig. 7 — Thermal cycles at center point of different deposited layers: (a) 1st layer; (b) 4th layer; (c) 10th layer; (d) 18th layer

(The solidus and liquidus of IN718 were also marked).
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hardly transferred to the bottom material in a very short time
during the subsequent layer deposition, thus significantly
decreasing the value of the peak temperature. It is interesting
that the trough values of the temperature first increases in the
previous ten layers deposition and then decreases with pro-
ceeding of the latter ten layers deposition. The trough tem-
perature is quite small during the previous layers due to the
sufficient exchange between the deposited material and the
cold substrate. The heat input from the subsequent layers will
significantly increase the trough temperature as there will be
sufficient heat conduction due to the small deposited height.
The temperature decrease due to the interpass dwell time can
not compensate for the high heat input from the new layers
deposition, thus resulting in a temperature increase. Similar
to the variation of the peak values, the heat from the top layers
can be hardly transmitted to the first layer immediately, thus
decreasing the trough values in the deposition of the latter ten
layers.

Different additive manufacturing methods show different
heating and cooling rate, which results in various micro-
structure and mechanical properties of the deposited sam-
ples. The cooling rates on the order of 10°~10° K s™* can be
reached in the powder based additive manufacturing [43],
while it is only 10°~10* K s~ * for the WAAM deposition [28].
The heating and cooling rates play a vital role in the temper-
ature distribution and the microstructure variation during
WAAM deposition. Fig.8 shows the heating and cooling rate at

center point of different deposited layers. There are several
peaks and troughs for the first layer, however, the heating and
cooling rate of the 1st layer both decrease to zero after
depositing ten layers. The maximum values of the heatingand
cooling rate locate at the first peak and trough. The maximum
heating rate is 730.8 °C/s for the 1st layer due to the rapid
heating from the torch, and it decreases and then changes to
negative value gradually when the torch moves away from
this position. The maximum cooling rate is 515 °C/s for the 1st
layer due to the sufficient heat exchange between the depos-
ited material and the cold substrate as well as the environ-
ment. It can be seen that the heating rate is much larger than
that of the cooling rate, which is the intrinstic feature of the
arc-based additive manufacturing. The heating rate at the
center point of the first layer decreases from 730.8 °C/s to
420°C/s, 208 °C/s, 90 °C/s and 48 °C/s for the subsequent 2nd to
Sth layer deposition. It indicates that only the 1st and the 2nd
deposition will significantly increase the temperature, while
the 3rd to 20th layer deposition mainly provides the transient
aging effect to the deposited material in the first layer. The
transient aging is quite different from the standard aging
treatment for IN-718 due to the limited aging time and the lack
of constant temperature. This transient aging may signifi-
cantly affect the microstructure distribution of the deposited
material, which will be discussed in Section 4. Similarly, the
cooling rate of the first layer decreases from 515 °C/s to 100 °C/
s, 25°C/s, 10 °C/s and 5 °C/s for the subsequent 2nd to 5th layer
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Fig. 8 — Heating and cooling rate at center point of different deposited layers: (a) 1st layer; (b) 10th layer; (c) 18th layer.
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deposition. The temperature gradient between the deposited
material and the substrate is quite large during the first layer
deposition, which leads to sufficient heat exchange and large
cooling rate. Nevertheless, the temperature gradient between
the previously deposited layer and the new deposited material
decreases with the proceeding of the deposition process, thus
significantly decreasing the heat exchange and the cooling
rate. It can be seen that the cooling rate significantly decreases
for the subsequent layer deposition in spite of the interlayer
dwell time. As shown in Fig. 8 (b) and (c), the heating rate of
the 10th and the 18th layer exceeds 2600 °C/s, which is over
three times as that of the first layer; while the cooling rate is
less than 250 °C/s and it is only half of that in the first layer.
With the proceeding of the deposited layer, the heat accu-
mulation significantly increases and the previous deposited
material provides the preheating effect to the subsequent
deposited layers, thus increasing the heating rate. The heat
accumulation deteriorates the heat exchange conditions,
meanwhile, the directional heat conduction due to the
increased deposited height will also decrease the cooling rate.
Additionally, the preheating effect from the previous depos-
ited material is beneficial to decrease the residual stress by
lowering the thermal gradients.

3.4. Temperature validation

As presented in Fig. 2, three thermocouples are attached on
one side of the walls for the validation of the temperature
distribution using the infrared camera. The distance between
the thermocouples and the heat source is set as 3.5 mm to
avoid the failure of the thermocouples during the new layer
deposition. There is oxidation behavior and its extent varies at
different positions on the walls during the WAAM deposition.

The oxidation behavior will affect the value of the radiation
coefficient in the temperature cloud maps using the infrared
camera; therefore, it is essential to obtain the accurate values
of the radiation coefficient. The radiancy at a given point with
a certain temperature is constant, as shown in Eq. (8).
Different values have to be set at different points to match the
temperature values between the infrared camera and the
thermocouples. The experimental values of radiation coeffi-
cient can be calculated by Eqg. (9). For all the three measuring
positions of the thermocouples, five different values of tem-
perature are selected for each position and the average value
of radiation coefficient is obtained. As shown in Table 4, as
there is large range of the €3 value compared to that of €1 and
€2, the maximum and minimum value of €3 are both removed,
the average value of €3 is revised as 0.75. Therefore, the
average value of the radiation coefficient is 0.742.

M = ¢8T* (8)

s=eT] /T‘:1 ©)

where M is radiancy, & (i = 1,2,3) is experimental values of
radiation coefficient, ¢ is the setting value in the infrared
camera, T; and T; are temperature values using the infrared
camera and the thermocouples, respectively.

Fig.9 shows the comparisons of the temperature variation
between the simulated results and the experiment. The
simulated temperatures agree with the experimental values
and the maximum error of the peak temperature is less than
10%. The error can be explained as follows: firstly, the
measuring accuracy of the K-type thermocouples is less than
1%. Additionally, the peak temperature is quite difficult to be
identified accurately using the infrared camera.

Table 4 — Calculation of experimental values of radiation coefficient.

Ty Ty €1 T> TS €2 T3 T4 €3
1 355.5 357.3 0.74 324.1 328.4 0.74 381.8 375.4 0.77
2 318.3 316.6 0.69 314.5 310.8 0.75 362.4 361.1 0.72
3 291.2 288.5 0.74 300.9 294.5 0.80 355.4 350.7 0.76
4 271.7 268.5 0.72 274.6 276.2 0.77 331.2 333.0 0.81
5 111.1 110.3 0.69 105.6 107.5 0.74 118.5 113.5 0.61
Averaged ¢ 0.716 0.76 0.75
(a) (b) P
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Fig. 9 — Comparisions between experimental and simulated temperature at center points of (a) 10th layer; (b) 20th layer.
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4. Microstructure

As shown in Section 3.3, the thermal history in WAAM depo-
sition is quite complex and it is related to the position of the
deposited walls. Additionally, the heating and cooling rate are
quite different from that in traditional casting or hot forming
processes, thus inducing specific and location-related micro-
structure evolution in WAAM deposition compared to that in
cast or wrought materials. Therefore, the microstructure and
texture of the as-deposited and cold rolled samples are

()

(b)

Deposition zone

(©*

comparatively investigated and its distribution at different
positions of the walls are also analyzed.

4.1.  OM graph

Fig. 10 shows the microstructure variation in cross section (Y-
Z plane) of the as-deposited and cold-rolled samples, which
shows fully dense microstructure without defects, such as
porosity, cracks or lack of fusion. The coordinate is consistent
with thatin Fig. 1. Extensively grown columnar dendrites with
discrete islands of Laves phase (marked with white arrow)

Z (Height)

L,

R Laves

Em

Fig. 10 — Microstructure variation under different conditions: (a) Bottom position of as-deposited; (b) Middle position of as-

deposited; (c) 50 kN cold-rolled; (d) 75 kN cold-rolled.
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precipitated at the inter-dendritic boundaries are the typical
structures of the as-deposited IN-718. It can be seen that
different positions of the as-deposited walls feature various
characteristics of the columnar dendrites. The growth direc-
tion of the dendrites at middle positions of the as-deposited
wall is parallel to the build direction; while there is a angle
between the growth direction and the build direction at the
bottom positions, as shown in Fig. 10(a) and (b). Furthermore,
the average dendrite arm spacing of the dendrites increases
with the increased build height. It increases from 89 um at the
bottom positions to 191 pm at the middle positions.

The variation of the dendrites at different positions of the
deposited walls can be illustrated as follows: the formation of
microstructure is related to the temperature gradient G and
the solidification velocity R. The solidification structure will
transform from cellular dendrites to columnar dendrites with
the decreased ratio of G/R. The temperature gradient at the
bottom positions is quite large due to the chilling effect of heat
exchange between the material at the bottom positions of the
deposited wall and the cold substrate. Moreover, the heat
exchange with the cold substrate is generated in all directions,
resulting in an angle between the growth direction of den-
drites and the build direction. Wang [44] found the similar
phenomenon that the growth directions of columnar den-
drites were not necessarily parallel to the build direction and it
changed slightly in side region of tracks. Meanwhile, many
tiny and remelted secondary dendrite arms could also be
found in this region as well as a number of fine cells at the
inter-dendritic region. As a result, inclined grown columnar
dendrites can be found at sides of the bottom material. With

Cell
dendrites

Equiaxed

Columnar grains

dendrites

Columnar
dendrites

the proceeding of the deposition process, the temperature
gradient decreases with the increased heat accumulation.
Additionally, the directional heat exchange between the pre-
viously deposited material and the current deposited layer
becomes dominant. Therefore, small temperature gradient
and directional heat exchange both contribute to the forma-
tion of the directionally grown columnar dendrites with large
arm spacing.

The cold rolling process obviously changes the micro-
structure distribution in the fusion zone and the heat-affected
zone, as shown in Fig. 10(d). Mixed cell and columnar den-
drites are generated in the fusion zone due to the remelting
effect of the previous deposited material during the subse-
quent layer deposition. The columnar dendrites transform to
equiaxed grains in the heat-affected zone after cold rolling
process. With the increase of rolling force, the average grain
size in the heat affected zone decreases accompanied by the
improvement of the uniformity of the grains distribution.
Additionally, the shape of the Laves phase of transforms from
discrete islands into discrete disc due to the effect of frag-
mentation induced by the cold rolling process. Recrystalliza-
tion is the main mechanism for the microstructure
transformation and the grain refinement of the cold rolled
sample. The deformation energy and dislocation density are
significantly increased during the cold rolling process. As
discussed in Section 3.3, the temperature of the previously
deposited layer exceeds the solidus temperature during the
subsequent layer deposition, which is much higher than the
recrystallization temperature of IN-718 [45,46]. As a result, the
heat input from the new layer deposition will trigger the static

Equiaxed
grains

Columnar
dendrites

Cell
dendrites

—

Fig. 11 — Grain orientation of: (a) As-deposited; (b) 50 kN cold-rolled,; (c) 75 kN cold-rolled; (d) and (e) are high magnification of

50 kN and 75 kN, respectively.
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Fig. 12 — Hardness distribution of as-deposited and cold
rolled samples.

recrystallization process and the columnar dendrites to
equiaxed grains transformation (CET) occurs immediately.
The accumulated deformation energy provides the driving
force for the nucleation and growth of the recrystallized
grains. The 75 kN rolled sample shows finer grains with more
uniform distribution compared to that with 50 kN rolling
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force. It can be inferred that more nuclei is generated under
the rolling force of 75 kN, resulting in more equiaxed grains
with dispersive distribution. The grains transformation and
grain refinement occur with the depletion of the deformation
energy accumulated in the cold rolling process.

4.2, Texture

It is well known that the additively manufactured material
shows strong texture, which results in the significant anisot-
ropy of mechanical properties. The majority of the crystals in
the as-deposited IN-718 show a preferred <001> orientation,
indicating that the as-deposited material is strongly textured.
This phenomenon is consistent with that in Oliveira's [47]
result due to the directional heat exchange during WAAM
deposition. The length of the columnar dendrites is several
millimeters along the build direction due to the directional
heat transfer in the WAAM deposition. The preferential grown
columnar dendrites change to bands of small columnar den-
drites, cell dendrites and equiaxed grains with random ori-
entations under cold rolling process, as shown in Fig. 11 (b)
and (c). This unique distribution of microstructure for the cold
rolled samples can be explained as follows: based on Xu's re-
sults [48], the depth of the fusion zone for WAAM deposited
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=
~
\
-
\
1
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Fig. 13 — Grain size distribution of the equiaxed grains under: (a) 50 kN cold-rolled; (b) 75 kN cold-rolled.

—==

Fig. 14 — Kernel average misorientation of: (a) As-deposited; (b) 50 kN cold-rolled; (c) 75 kN cold-rolled.
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IN718 is approximately equal to the layer height. After the
rolling process, the microstructure shows different charac-
teristic in the fusion zone and the heat-affected zone, as
shown in Fig.10 and Fig.11. In order to promote recrystalliza-
tion and grain refinement, the depth of the rolling hardened
area should be larger than that of the depth of the fusion zone.
The depth of the rolling hardened area is about 5 mm, which is
larger than the depth of the fusion zone, as shown in Fig. 12.
The hardness significantly increases under the cold rolling
process and its peak value locates at the distance of 2 mm
from the rolled surface, as shown in Fig. 12. Then it decreases
with the increased depth and its value at the distance of 5 mm
almost equals to the value of the deposited sample, which is
defined as the rolling hardened depth. As a result, the mixed
cell dendrites and small columnar dendrites will be generated

in the remelting zone. Then, the accumulated dislocation
density induced by the cold rolling process triggers the
recrystallization and grain refinement in the heat-affected
zone. It should be noted that the heat-affected zone consists
of equiaxed grains at top positions and small columnar den-
drites at bottom positions instead of equiaxed grains distrib-
uted throughout the whole heat-affected zone. Large
deformation energy and high temperature are essential for
the onset of the static recrystallization. It can be seen from
Fig. 12 that the peak value of the hardness locates underneath
the rolled surface and it decreases with the increased depth,
indicating that the accumulated deformation energy de-
creases with the increased depth. Furthermore, the tempera-
ture also decreases with the increase of depth during the
subsequent layer deposition process, as shown in the thermal

MAX=7.609 MAX=3.888 MAX=6.018
100 110 111
(b)
TD
L
RD RD RD
MAX=3.629 MAX=2.602 MAX=2.966
100 110 o 111
(c) i
1476
1.000
0678
TD
RD RD RD
MAX=2.057 MAX=1.729 MAX=2.008

Fig. 15 — Pole figures of: (a) As-deposited; (b) 50 kN cold-rolled; (c) 75 kN cold-rolled.
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cycles in Fig. 7. As a result, the recrystallization mainly occurs
at the upper part of the rolled material and its recrystallized
fraction decreases with the increased depth. Recrystallization
hardly occurs at the bottom part of the rolled material due to
its small strain and low temperature. Therefore, the columnar
dendrites still exist at bottom part of the material. As a result,
bands of equiaxed grains at top part and small columnar
dendrites at bottom part are generated in heat-affected zone.
Fig.13 shows the grain size distribution of the equiaxed grains
in the heat affected zone for the cold rolled condition. Its
average grain size is 30.7 pm and 19.2 pm with the rolling force
of 50 kN and 75 kN, respectively. The cold rolled samples with
the rolling force of 75 kN show a more uniform distribution of
the grains as most of the grains are located at small sizes;
while there are some large-scale grains (over 100 pm) for that
with the rolling force of 50 kN. The cold rolling process in-
duces the inhomogeneous distribution of strain, and the
thermal cycles of WAAM deposition leads to the heteroge-
neous temperature distribution. Therefore, the mechanism
for the inter-pass rolling is spatially and temporally hetero-
geneous work hardening and recrystallization.

Kernel average misorientation (KAM) is the average local
misorientation between the target grain and its surrounding

grains, representing the uniformity of the plastic strain
[49,50]. The local misorientation is quite large for the as-
deposited samples as the dislocation density inside the ma-
terial increases due to the obvious residual stress induced by
the WAAM deposition process. It decreases during the cold
rolling process and its reduction increases with the increased
rolling force, as shown in Fig. 14. The static recovery and static
recrystallization significantly decrease the residual strain of
the material. The dislocation polygonization of the deformed
grains is generated during the static recovery process and it
then transforms into equiaxed sub-grains. The migration and
coalescence of the sub-grains during the static recrystalliza-
tion will promote the growth of the recrystallized grains by
depleting the deformation energy inside the material, thus
significantly decreasing the local misorientation. It can be
seen that the local misorientation in the cold rolled sample
with the rolling force of 75 kN is more even than that of with
the rolling force of 50 kN, which is consistent with the more
uniformly distributed grains of the 75 kN rolled sample.

Pole figures is widely used to describe the texture density.
Fig.15 shows the pole figures of the as-deposited and cold
rolled samples. The as-deposited samples show the strongest
intensity of 7.609 for the {100} family of grains oriented along

(4

" v " phase~7

Fig. 16 — Precipitated phases distribution with heat treatment under conditions of: (a) As deposited; (b) 50 kN cold rolled,; (c)

75 kN cold rolled; (d) High magnification of 75 kN cold rolled.
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the transverse direction; while the intensity decreases to 3.629
and 2.057 for the cold rolled conditions with the rolling force of
50 kN and 75 kN, respectively. The as-deposited samples show
a preferred <001> orientation and it is parallel to the direction
with the largest temperature gradient during the deposition
process, nevertheless, the cold rolled samples show a signifi-
cant randomisation of texture. The directionally grown den-
drites change to equiaxed grains under the cold rolling
process, which significantly decreases the texture density.

4.3. Precipitation

Fig. 16 shows the precipitates distribution of the as-deposited
and cold rolled conditions after heat treatment. Similar to the
microstructure distribution, discrete islands of Laves phase
with dendritic pattern, as well as acicular 3 phases and cir-
cular MC carbides with discrete pattern are precipitated for
the as-deposited samples. The grain boundaries change from
dendritic pattern to equiaxed pattern, and some acicular
d phases appear at the grain boundary and also cluster around
the Laves phase after cold rolling process. The size of the
Laves phase and d phase can be calculated with the software
of Image J. The length of the Laves phase is 54.5 + 17.2 um for
as-deposited sample, which decreases to 13.5 + 2.7 um and
8.4 + 2.2 ym with the rolling force of 50 kN and 75 kN,
respectively. Meanwhile, the length of the 3 phase decreases
from 6.0 + 0.7 pm to 2.5 + 0.4 um and 1.7 + 0.3 um, respectively,
as shown in Fig. 16 (a)—(c). Therefore, discrete islands of Laves
phase and the 5 phase are broken into small pieces under cold
rolling and its size decreases with the increased rolling force.
Neverthless, the Laves phase and MC carbides still exist after
cold rolling process. The dissolving temperature of the Laves
phase is 1093 °C according to AMS 5383 [51] and 1150 °C in
Sohrabi's study [52] for cast IN-718, 1050 °C for laser powder
fed additively manufactured material [53], and 1100 °C for
plasma additively manufactured material [54]. The liquidus
temperature of MC carbides is 1340 °C [55]. The solution
temperature is 970 °C and it is much lower than the dissolving
temperatures of Laves phase and MC carbides, therefore, they
can not be completely eliminated during the cold rolling with
the heat treatment [56,57]. The precipitation of  phase occurs
between 860 °C and 995 °C with its peak value of fraction at
900 °C [58—60]; while the precipitation temperature of v~
phase ranges from 600 °C to 870 °C with its peak value around
740 °C. Some small white and circular phases precipitate at
the grain boundaries and the grain interiors, which proves to
be the strengthening y” phase based on EDS analysis, as
shown in Fig. 16 (d). Additionally, the thermal cycles in the
subsequent layers deposition provides the transient aging
effect to the previous deposited material, thus inducing the
precipitation of the 3 phase and the y” phase.

Table 5 — Tensile test results of IN718 at room
temperature.

UTS/MPa YS/MPa  Elongation (%)
WAAM deposited 840.7 + 13.3 4725+ 9.5 263+ 1.1
50 kN cold rolled  971.7 + 19 7243 +18.2 242 +1.8
75 kN cold rolled  1075.2 +15.4 775.2 + 14.2 223+1.2

The tensile test at room temperature for the WAAM
deposited and cold rolled samples are conducted, as shown in
Table 5. The as-deposited samples show lower UTS and YS,
but higher elongation compared to that in the cold rolled
samples. The cold-rolling increases the strength and reduces
the elongation. The increase in strength and the correspond-
ing reduction in elongation both increase with increasing
rolling force.

5. Conclusions

Numerical models of Inconel 718 in WAAM deposition were
established and the location-related thermal history and
temperature variation were analyzed, which were verified by
the experiments using the thermocouples and the infrared
camera. The effect of thermal cycles on the distributions of
microstructure, texture and precipitates were investigated by
experimental methods.

(1 )The latent heat due to the solidification was considered in
the three-dimensional FEM and the arc-shape deposited
bead of WAAM deposition was simulated. The WAAM
deposition shows repeated thermal cycles and different
regions of the deposited layers features a different thermal
history due to its inherent characteristics of rapid heating,
melting and cooling processes. The peak temperature of
the thermal cycles decreases with the proceeding of the
deposition process; while the trough values of the tem-
perature first increases in the previous several layers
deposition and then decreases. The heating rate is always
higher than the cooling rate in each layer deposition and
they both decrease with the proceeding of the deposition
process.

(2 )The microstructure of the WAAM deposition and hybrid
technology was comparatively analyzed using OM and
EBSD methods. The as-deposited samples show exten-
sively grown columnar dendrites and its average dendrite
arm spacing increases with the increased build height due
to the different heat accumulation conditions at different
positions of the wall. The angle between the growth of the
columnar dendrites and the build direction varies with the
increased build height due to the difference of the heat
exchange directions. The heat exchange between the bot-
tom material and the cold substrate is generated in all di-
rections while it changes to directional heat exchange with
the increased build height. The cold rolling contributes to
the transformation from columnar dendrites to equiaxed
grains and the average grain size of the equiaxed grains
decreases with the increased rolling force. It decreases
from 30.7 pm to 19.2 pm with the rolling force of
50 kN—75 kN. The as-deposited samples show strongly
textured columnar dendrites in preferred <001> orienta-
tion with the intensity of 7.609, and it changes to equiaxed
grains in random orientation in the heat-affected zone
with the intensity of 3.629 and 2.057 under the rolling force
of 50 kN—75 kN, respectively.

(3 )The as-deposited samples show dendritic pattern of pre-
cipitates with discrete islands of Laves phase, acicular
d phases and circular MC carbides. The grain boundaries
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change from dendritic pattern to equiaxed pattern, and
some acicular 3 phases appear at the grain boundary and
also cluster around the Laves phase after cold rolling pro-
cess. The cold rolling is beneficial for the precipitation of
the strengthening y" phase at the grain boundaries and the
grain interiors.

)The relationship between the location-related thermal
cycles and the microstructure variation was discussed. The
dendrite size increased with the increased heat input
induced by the heat accumulation.

)The mechanism for the intergrated inter-pass rolling
consisted of work hardening and recrystallization. Mean-
while, the rolling deformation and the recrystallization
were heterogeneous, which was related to the positions
and the deposition time of the wall.
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