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Abstract The effect of post-weld heat treatment (PWHT)
temperatures (650, 750, 850, and 950°C with a 2-h hold
time on the microstructure, intergranular corrosion resis-
tance, and mechanical properties of Inconel 625/AISI 4130
steel bimetal plates, which was manufactured through
pulsed tungsten inert gas, was investigated. The results
showed that the as-welded Inconel 625 overlay is mainly
composed of equiaxed dendrites and columnar dendrites.
With an increase in PWHT temperatures, equiaxed den-
drites transfer into columnar dendrites, and columnar
dendrites transfer into cellular dendrites. It is observed that
there are seldom residual equiaxed dendrites distributed in
the heat-treated Inconel 625 overlay at 750°C, and the
Inconel 625 overlay heat treated at 850 and 950°C con-
sisted of columnar dendrites and cellular dendrites. The
intergranular corrosion tests indicated that heat treatment at
650°C is beneficial to improve the intergranular corrosion
resistance of the Inconel 625 overlay, but the corrosion
rates increase sharply with the rise of PWHT temperatures.
In addition, the tensile tests demonstrated that the PWHT
has detrimental effect on the yield strength (YS) and tensile
strength (TS) of the substrate; however, it is beneficial to
the elongation. It is found that the heat-treated substrate at
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650°C features relatively good YS, TS, and elongation
compared with those of heat treated at higher temperatures.
Therefore, considering the intergranular corrosion resis-
tance and mechanical properties, 650°C is recommended as
the optimal PWHT temperature for the Inconel 625/AISI
4130 steel bimetal plates.
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Introduction

As a well-known nickel-based superalloy, Inconel 625
shows favorable mechanical strength, outstanding corro-
sion resistance, high ductility, and great welding
workability [1-3]. The large amounts of Cr and Ni in its
composition provide the resistance against any form of
oxidizing corrosion, while the existence of Mo and Ni
enhances the resistance in non-oxidizing environment [4].
For the good comprehensive performance, Inconel 625 has
been widely used to manufacture the important compo-
nents in industries, including petroleum, chemical,
aerospace, and other industrial fields [5, 6]. However, the
high production cost is seriously detrimental to the indi-
vidually bulk application of Inconel 625, which costs is
about 3 to 10 times that of the stainless steels [2, 6]. Due to
the good welding workability, Inconel 625 has been a
commonly coating material choice for surface modification
to integrate the material cost and corrosion resistance of the
components used in severe corrosive environments [7, 8].
Various fusion cladding processes, such as electroslag
welding [1], gas metal arc welding (GMAW) [7, 9, 10],
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cold metal arc transfer (CMT) [11], hot wire tungsten inert
gas (TIG) [12], pulsed TIG (PTIG) [13], and laser cladding
[14, 15], have been used to deposit Inconel 625 to enhance
the corrosion performance of the general steel.

It is known that the residual stress inevitably exists in
the weldments for the local plastic deformation issued from
the melting and solidification of the materials. As usually
reported, the residual stress resulted in cladding process
seriously threatens the size and geometry stability of the
components, and has notably negative influence on the
toughness, fatigue strength, and creep rupture strength
[16, 17]. Therefore, it is necessary to perform reasonable
PWHT to relief the residual stresses, and improve the
performance of the weldments [18]. Ban et al. [10] studied
the PWHT temperatures on the corrosion resistance and
precipitates of Inconel 625 overlay. The results pointed out
that the 9” and 0 phases are observed in the Inconel 625
overlay heat treated at 750 and 850°C with a 24-h hold
time, respectively, while the ¢ phase dissolves in the matrix
of that heat treated at 950°C with the same hold time. In
addition, the potentiodynamic polarization tests revealed
that there is no evidence of pitting corrosion on the Inconel
625 overlay heat treated at various temperatures. Guo et al.
[13, 16] reported that the PWHT temperatures, which are
no greater than 750°C, are good for improving the yield
strength (YS) and tensile strength (TS), while these are
detrimental to the elongation of the Inconel 625 overlay
deposited by PTIG. In addition, when the PWHT temper-
atures are beyond 750°C, the YS and TS decrease, and the
elongation increases slightly. The corrosion tests in the
environment containing H,S and CO, indicated that the
corrosion rates of the Inconel 625 overlay increase notably
with the rise of PWHT temperatures except that less than
650°C. Marchese al. [18] found that there are some dis-
coidal y” phases and discontinuous elongated M,3Cg
carbides distributed at the grain boundaries of directly aged
(700°C for 24h) Inconel 625 processed by laser powder bed
fusion process (LPBF). Meanwhile, this treatment process
increases the strength, but decreases the ductility. Giulio
et al. [19] reported that the laser sintering Inconel 625 heat
treated at 1150°C and 1000°C, respectively, followed by
water quenching shows notable grains growth, and there
are some coarse precipitates along the grain boundaries
compared with that as-welded Inconel 625. Hu et al. [20]
pointed out that the TS and microhardness of the Inconel
625 fabricated by laser forming decrease with the rise of
solution temperatures, while the change in TS resulted by
solution temperature is not notable. Xing et al. [21]
reported that a large number of y” phases precipitate at
interdendrite regions in the Inconel 625 deposited metal
after PWHT at 750°C with a 4-hour hold time, and the
metastable )" directly transforms into a stable & phase
when the PWHT temperature increases to 850°C. Xu et al.
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[22] compared the microstructure, microhardness, and
tensile properties of the Inconel 625 deposited using pulsed
plasma arc deposition after various PWHT processes. The
results revealed that the microstructure of the direct aged
Inconel 625 shows little change except the precipitation of
7" and 9y’ vphases comparing with the as-welded
microstructure, and the 7" and }’ phases improved the
hardness and tensile strength. Lass et al. [23] pointed that
the coprecipitation of the 7" phase alongside the d-phase,
during stress-relief annealing of additive manufacturing
Inconel 625 at 870°C.

Although many studies have focused on the
microstructure, corrosion resistance, and mechanical
properties of deposited Inconel 625, so far very little
attention has been paid to the effect of PWHT temperatures
on the microstructure and intergranular corrosion resis-
tance of Inconel 625 overlay, and the mechanical
properties of the substrate. Therefore, in the present study,
the Inconel 625 was cladded on the substrate of AISI 4130
steel using PTIG, and the effect of PWHT temperatures on
the microstructure, intergranular corrosion resistance, and
mechanical properties of the Inconel 625/AISI 4130 steel
bimetal plate were investigated.

Experimental
Materials and Cladding

AISI 4130 steel is widely used in oil and gas engineering,
such as high-pressure pipelines of deep-water semi-sub-
mersible drilling platforms for its outstanding strength and
excellent low-temperature toughness [24]. Therefore, the
AISI 4130 carbon steel plates with dimensions of
150x150x25mm were chosen as the substrate. The filler
wire was nickel-based ERNiCrMo-3 corresponding to the
Inconel 625 alloy, and its diameter was 1.2mm. The
chemical compositions of the substrate plates and filler
wire are listed in Table 1. To reduce the cooling cracks, the
substrate plates were preheated to 300°C before the clad-
ding. A Fronius automatic PTIG system was utilized to
deposit the weld overlay on the substrate. During the
cladding experiments, pure argon gas is used as the
shielding gas, and its flow rate is 15L/min. The welding
parameters are listed in Table 2. For the poor corrosion
resistance of the single-layer Inconel 625 overlay, two-
layer overlay was deposited [2, 3], as shown in Fig. 1.
Then, the weldments were separated into five groups. One
was the as-welded status, and the substrate was marked as
S;. The residual four groups were heat treated at 650, 750,
850, and 950°C with a 2-h duration following cooled in air
to room temperature, the corresponding substrate were
marked as S,, S3, S4, and Ss, respectively. Subsequently, a
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Table 1 Chemical compositions of the substrate and filler wire (wt.%)

Element C Cr Ni Ti Fe Mo Al Nb Others
AISI 4130 0.29 0.99 0.02 0.006 Bal 0.175 0.006 - 0.72
Inconel 625 0.01 22.65 64.24 0.2 0.32 8.73 0.16 3.53 0.16

Table 2 Welding parameters for the cladding experiments

Parameters Preheat current, A Peak current, A Duty cycle

Frequency, Hz

Wire feed speed, m/min ~ Welding speed, cm/min

Values 70 240 0.3

5 2 18

Fig. 1 Morphology of Inconel 625 overlay

series of tests were performed to evaluate the influence of
PWHT temperatures on the microstructure, intergranular
corrosion resistance, and mechanical properties of the
Inconel 625/AISI 4130 steel bimetal plate.

Microstructure Characteristics

The specimens were sectioned from the overlay and sub-
strate of weldments with various heat treatments to observe
the microstructure of the Inconel 625 overlay and substrate.
The characterized surface of the Inconel 625 overlay is
parallel to the cladding surface of the substrate. Elec-
trolytically etched method was used to prepare the
microstructure specimens of the Inconel 625 overlay with
different heat treatments. The etching media is a mixture
solution of H3PO, (12mL)+ HNO; (40mL)+H,SO4
(48mL), the voltage is maintained at 6V, and the duration
time was about 15s. Then, the microstructure was observed
using an optical microscope (OM).

Intergranular Corrosion Test

To determine the influence of PWHT temperatures on the
intergranular corrosion resistance of the Inconel 625
overlay, intergranular corrosion test was performed
according to the standard of ISO 9400-90 (Nickel-Based
Alloys-Determination of Resistance to Intergranular Cor-
rosion). The  specimens with  dimensions  of

50mmx18mmx3mm were cut from the overlay heat
treated at various temperatures. To reduce the influence
resulted in surface roughness, all specimens were prepared
according to the standard metallographic procedures. The
testing media is a mixture solution of H,O (400mL) +
H,SO,4 (236mL) + Fe,(SO4)3 (25g), which was heated to
boiling condition using electric sleeve. Meanwhile, cooling
water was followed into the condenser to cool the corrosive
liquid for keeping a stable concentration and pressure of
the solution. After 120 hours of corrosion test, the speci-
men was taken out, washed with a brush to eliminate the
corrosion products, cleaned again using running water, and
dried in cold air. Finally, the corrosion morphologies of the
specimens were observed using a scanning electron
microscope (SEM).

Mechanical Properties Test

To evaluate the influence of PWHT temperatures on the
mechanical properties of the AISI 4130 substrate, tensile
tests were carried out according to the standard of ISO
6892-1: 2009 (Metallic Materials-Tensile Testing-Part 1:
Method of Test at Room Temperature). The tensile speci-
men of the substrate was cut with wire cutting method from
the weldments after heat treated at different temperatures,
and the distance between the top surface of the specimen
and the bottom surface of the weldment is about 10mm, as
schematically shown in Fig. 2. The normal strain rate of the
tensile tests was maintained at 1 mm/min.

Results and Discussion

Microstructure

The microstructure of the Inconel 625 overlay heat treated
at various temperatures is shown in Fig. 3. It is concluded
that the PWHT temperatures have important influence on

the grains morphologies and size of the Inconel 625
overlay. Figure 3a shows that the as-welded Inconel 625
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Fig. 2 Schematic of the tensile
test specimen (a) schematic
location of the specimen
extracted from weldment, and
(b) dimensions of the tensile
specimens.

(b)
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overlay is mainly composed of equiaxed dendrites, and
columnar dendrites. As shown in Fig. 3a—e, with an
increase in PWHT temperatures, there is obvious coars-
ening in the dendrite spacing, and the trends of equiaxed
dendrites transfer into columnar dendrites, and columnar
dendrites transfer into cellular dendrites are more notable.
The Inconel 625 heat treated at 650°C and 750°C consist of
a large number of columnar dendrite and little equiaxed
dendrite. From Fig. 3c, it is also found that only seldom
equiaxed dendrites are residual in the heat-treated Inconel
625 overlay at 750°C. In addition, the heat-treated Inconel
625 overlay at 850 and 950°C are all composed of
columnar dendrites and cellular dendrites, and the overall
difference of the microstructure decrease notably, as shown
in Fig. 3d—e.

As shown in Fig. 3, it is also observed that the PWHT
temperatures have influence on the precipitates of the
Inconel 625 overlay. The precipitates in Inconel 625
overlay heat treated at various PWHT temperatures have
been investigated in our prior work [13, 16], and similar
investigation has been explored by Ban et al. [10]. The
results revealed that the matrix is y-Ni, and the main pre-
cipitates of the as-welded Inconel 625 overlay and that heat
treated at 650°C are laves phase, which is richer in Mo and
Ni [2, 7]. It is also pointed that little needle-shaped &
[NizNb] phase is formed with partly dissolving of laves
phase for overlay heat treated at 750°C [16]. Additionally,
a great number of & phase appear with a sharp decrease in
laves phase in the overlay, which was heat treated at 850°C
[16, 21]. It is also noticed that there is only coarsened d
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phase distributed in the overlay after heat treated at 950°C
[16].

Intergranular Corrosion Resistance of the Cladding

Figure 4 illustrates the intergranular corrosion rate of the
Inconel 625 overlay heat treated at different PWHT tem-
peratures. It is observed that the intergranular corrosion
rate of the as-welded Inconel 625 overlay and that heat
treated at 650°C are 34.73mpy and 27.54mpy, respectively.
Moreover, the intergranular corrosion rate increases shar-
ply with the rise of PWHT temperatures, which are higher
than 650°C. It is worth noticed that the intergranular cor-
rosion rate of the heat-treated Inconel 625 overlay at 950°C
is as high as 963.62mpy, which is almost 25 times that of
the as-welded Inconel 625 overlay. The results indicate that
heat treatment at 650°C is good for improving the inter-
granular corrosion resistance of the Inconel 625 overlay,
and other heat treatments have disadvantage influence on
the intergranular corrosion resistance.

The morphologies of the Inconel 625 overlay after
intergranular corrosion test are shown in Fig. 5. It can be
seen that the mass reduction in Inconel 625 overlay is
mainly due to the corrosion dissolution of intergranular
regions as well as the fall-off of the precipitates. This is
agree with the results reported by Xu et al. [26]. Comparing
Fig. 5a with b shows that there is no remarkable morpho-
logical difference occurred at the non-heat-treated initial
Inconel 625 overlay and the Inconel 625 overlay heat
treated at 650°C. However, there are still a large number of
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Fig. 3 Microstructure of the
Inconel 625 overlay heat treated
at various temperatures (a) and
(b) without PWHT, (c¢) and (d)
650°C, (e) and (f) 750°C, (g)
and (h) 850°C, and (i) and (j)
950°C

shallow corrosion pits distributed in the columnar crystals.
As shown in Fig. 5c, it is noticed that the corrosion pits on
the heat-treated Inconel 625 overlay at 750°C show obvi-
ous increase in area, and some pits are connected to form
corrosion groove. Figure 5d shows the corroded micro-
graphs of the Inconel 625 overlay heat treated at 850°C, it
can be seen that the intergranular regions are almost cor-
roded exhausted, and only isolated columnar grains exist
on the corroded surface. From Fig. 5Se, it is also observed
that a lot of obvious corrosion gully formed on the heat-
treated Inconel 625 overlay at 950°C. The corresponding
morphologies demonstrated that the matrix was corroded
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seriously and the precipitates fall-off notably. Therefore,
the morphologies of the corroded surface are consistent
with the intergranular corrosion rate.

The reason for intergranular corrosion of the Inconel
625 overlay heat treated at various PWHT temperatures
can be attributed to galvanic coupling where the matrix
regions around the precipitates play a role as the sacrificial
anode, and the matrix core regions act as cathode [10].
During the solidification process of molten pool, Nb and
Mo segregate to intergranular regions boosting the pre-
cipitation of laves phases, which cause the potential
difference in the matrix regions around and far from the
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1000 enhancing the formation of & phases at the inter-dendritic
2 regions. The formation of & phases results in depletion of
800 Cr, Nb and Mo at the matrix region around the & phases
§ [13, 21]. This causes the potential difference in the matrix
T 6001 around and far from the 6 phases, and the matrix regions
E around 6 phase act as anode, and the matrix play roles as
§ 4001 cathode. In addition, the diffusion rate of these elements
g increases rapidly with the PWHT temperatures. Hence,
O 200 higher PWHT temperature is equal to more depletion of
corrosion resistance elements. Thus, the intergranular cor-
m rosion resistance is deteriorated with the increase in PWHT

ol 24 72
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Heat treatment temperatures (°C)

Fig. 4 Intergranular corrosion rate of Inconel 625 overlay with
different PWHT temperatures

laves phases [2, 24]. Therefore, for the as-welded Inconel
625 overlay, the matrix regions around the laves phases are
corroded resulting the fall-off of laves phases. The
improved intergranular corrosion resistance of Inconel 625
overlay heat treated at 650°C is due to the growth of grains
resulting in the decrease in grain boundary density and
overall difference of dendrites. When the heat treatments
performed above 750°C, the elements, such as Cr, Nb, and
Mo, diffuse from dendrite cores to inter-dendritic regions,

@ Springer

temperatures.
Mechanical Properties of the Substrate

The tensile properties of the substrate with different PWHT
temperatures are shown in Fig. 6. The yield strength (YS),
tensile strength (TS), and elongation of the non-heat-trea-
ted substrate are 683 MPa, 867 MPa, and 9.6%,
respectively. The values of YS follow the sequence:
S1>S,>S,>S5>S;, while the values order of the TS is
S1>S4>S5>S,>S;. It is noticed that heat treated at 750°C is
seriously detrimental to the YS and TS, which corre-
sponding reductions are 27.96 and 24.2% compared with
the original substrate. In addition, it can be seen that the
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Fig. 5 Micrographs of corroded
Inconel 625 overlay treated at
various temperatures: (a) as-
welded, (b) 650°C, (¢) 750°C,
(d) 850°C, and (e) 950°C

0KV x500 20pmp

sequence of elongation is S3>S,>Ss>S,>S,. Particularly, studied. The main conclusions can be summarized as
the elongation of substrate heat treated at 750°C is nearly  follows:

2.4 times that of the non-heat-treated status. The results
show that the heat treatments have notable adverse influ-
ence on the YS and TS, while heat treatments are benefit to
improve the elongation. Therefore, it is concluded that the
substrate heat treated at 650°C shows relative good YS, TS
and elongation compared with that of heat treated at other

(1) The as-welded Inconel 625 overlay is mainly
composed of equiaxed dendrites and columnar dendrites.
With an increase in heat treatment temperatures, there is
obvious coarsening in dendrite spacing, and the trends of
equiaxed dendrites transfer into columnar dendrites, and
columnar dendrites transfer into cellular dendrites are

temperatures. more notable. It is noticed that seldom equiaxed

dendrites remain in the heat-treated Inconel 625 overlay

. at 750°C. In addition, which heat treated at 850 and
Conclusions

950°C are consisted of columnar dendrites and cellular
dendrites.

(2) Heat treatment at 650°C is beneficial to improve the
intergranular corrosion resistance of the Inconel 625

The effect of PWHT temperatures on the microstructure,
intergranular corrosion resistance, and mechanical proper-
ties of Inconel 625/AISI 4130 steel bimetal plate was
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Fig. 6 Tensile properties parameters of substrate heat treated with
different temperatures

overlay, and its corrosion rate is about 27.54mpy. When
the PWHT temperatures are higher than 650°C, the
intergranular corrosion rates sharply increase with the
rise of PWHT temperatures. It is noticed that the
intergranular corrosion rate of the heat-treated Inconel
625 overlay at 950°C is as high as 963.62mpy.

(3) Heat treatments have notable detrimental influence
on the YS and TS of the substrate, while those are
beneficial to the elongation. The heat-treated substrate at
650°C shows relative good YS, TS, and elongation
compared with that of heat treated at higher tempera-
tures. Considering the effect of PWHT on the
intergranular corrosion resistance and mechanical prop-
erties of the Inconel 625/AISI 4130 steel bimetal plates,
650°C is determined as the optimal PWHT temperature.
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