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Abstract

Two types of multi-principal fillermaterials of FeCoCrNiMn and CrNi,MnTi, ;Al, 5 powders were used to butt weld the
304/Q235 stainless steel composite plate. The effects of post-weld heat treatment (PWHT) on the grain morphologies, phase
structures, microhardness, and tensile properties of two welded joints were explored and discussed. An interesting finding
was that the PWHT process had markedly different effects on the hardness, tensile properties, and fracture behavior of two
welded joints. A simple phase structure, a face-centered cubic (FCC) phase, was achieved in the weld metal by using FeCo-
CrNiMn powders. The PWHT process had small effects on the microstructure, hardness value, tensile strength, and fracture
position of the FeCoCrNiMn sample. However, the PWHT process could sharply increase the hardness and significantly
decrease the tensile strength of the CrNi,MnTi, sAl, 5 sample. Moreover, the grain morphologies in the weld zone were
changed from columnar/equiaxed grains into structures with irregular morphologies for the CrNi,MnTi, sAl, 5 sample after
the PWHT process.

Keywords Post-weld heat treatment - Stainless steel composite plate - Multi-principal filler materials - Microstructure -
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High-entropy alloys (HEAs) are composed of five or more
Highlights S . principal elements, with the concentration of each element
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o The effects of post-weld heat treatment (PWHT) on the f'illoysi HEAs presept four main (fhara.CteH‘SUCS [2_4‘]’
microstructure and mechanical properties of two welded joints including the cocktail effect, sluggish diffusion effect in
were explored. dynamics [5], the high-entropy effect in thermodynamics,

¢ The PWHT process had different effects on the hardness and the severe lattice distortion effect in structure [6]. HEAs
variation and tensile properties of two welded joints.

e The PWHT process could sharply increase the hardness, and are prone to achieve superior performance, including high
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CoCrFeNi filler material was 158 MPa, and it decreased
with an increase of Cu in the filler material until the atomic
percent of Cu reached 27.27 at.%, but raised to 161 MPa by
using (CoCrFeNi)¢ 4,Cuss 35 filler material [22]. The reason
may be closely related to the changes in the phase structure
and content of the WZ [22]. Zheng et al. [23] have studied
the interfacial microstructure and strengthening mecha-
nism of the dissimilar metal joint of Al/steel via a porous
HEA coating. A multi-principal filler material of Ni-Mn-
Fe-Co—Cu was employed to create a laser-brazed Inconel
718 joint [24]. The shear strength of 220 MPa was obtained
[24]. Moreover, a recent study found that the production
of Fe-Al IMCs in the WZs of Al/steel joints was consider-
ably inhibited by using multi-principal filler materials of
CoZnCuMn, ¢Si , and FeCoCrNiMn [16]. Therefore, it is
meaningful to use multi-principal filler materials via a high-
entropy design to enhance the welding quality.

Heat treatment is an effective and common method to
modify the microstructure and mechanical properties of
alloys [25-27]. For many HEAs, owing to their promis-
ing thermal stability, the phase structure remains almost
unchanged under heat treatment at 650~ 1100°C [28-31]. A
study has reported that a single FCC solid solution is always
observed before and after heat treatment at 500 °C, 900 C,
and 1100 ‘C for the FeCoCrNiMn alloy [32]. On the con-
trary, some other scholars have reported that the phase struc-
tures and mechanical properties of HEAs can be changed
during heat treatment. For instance, it is reported that a
new FCC phase is generated in the AICoCuFeMnNi alloy
after the heat treatment at 900 °C, which causes the yield
strength (YS) to decrease from 1833 +45 to 1095 +45 MPa.
And the hard phase o can be dissolved, and the content of
the body-centered cubic (BCC) phase is reduced when the
temperature reaches 700~ 800 °C for the cast FeCrCuMnNi
alloy [33, 34]. Therefore, the effects of heat treatment on the
phase composition, microstructure, and mechanical proper-
ties of HEAs seem to be controversial. It may have a close
relationship with the heat treatment conditions and chemical
composition of HEAs.

Post-weld heat treatment (PWHT) is a common method to
improve the service properties of welded joints. Nam et al.
[35] reported that for the welded joints of CoCrFeMnNi
alloy, an FCC solid-solution structure is observed in the
WZ regardless of how the PWHT temperature varies. And
the grain size is increased, which leads to a slight reduc-
tion in the hardness and strength of the WZ [35]. However,
the effect of PWHT on the microstructure and mechanical
properties of the welded joints, using multi-principal filler
materials with a high-entropy design, has been rarely stud-
ied. As is known, owing to their excellent corrosion resist-
ance and low price, 304/Q235 stainless steel clad sheets
are commonly used in the fields of the chemical industry,
navigation, and petroleum vessels. At present, sequentially
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layered-to-layered welding of the base plate, interlayer, and
flyer plate of stainless steel clad sheets, using various filler
materials, is widely adopted to ensure the mechanical prop-
erties and corrosion resistance of the weld metal. It may
be possible to achieve the excellent joint performance of
the stainless steel-clad sheets by using high-entropy alloys
as a single filler material. In the present study, two types
of multi-principal filler materials of FeCoCrNiMn and
CrNi,MnTi, sAl, s were designed. 304/Q235 stainless steel
composite plate was butt-welded by using multi-principal
filler materials. The effects of PWHT on the phase struc-
tures, grain morphologies, microhardness, and tensile prop-
erties of two welded joints were explored and discussed.

2 Materials and methods

The base metal (BM) used in this study was 304/Q235
stainless steel composite plates (including the 1 mm 304
flyer layer and 2 mm Q235 base layer), which were pro-
duced by explosive welding. Two types of multi-principal
filler materials were used, including FeCoCrNiMn and
CrNi,MnTi, sAl, 5 powders. As is known, the fabrication
of the HEA welding rod or wire is complicated, which is not
conducive to the early exploration of filler materials using
HEAs. Laser powder welding is suitable for the design and
optimization of high-entropy filler materials. The com-
mercial and equiatomic FeCoCrNiMn HEA powders were
utilized as one type of filler material. The other type of
filler material was designed based on the FeCoCrNiMn
alloy and without the Co element. In this filler material,
the Co element was replaced by the Ni element, and two
elements of Ti and Al were used to replace the Fe element.
Therefore, the filler material was fabricated by using Cr, Ni,
Mn, Ti, and Al elemental powders with a purity of 99.99
wt.%. The five elements were mixed with a notional Cr:
Ni: Mn: Ti: Al molar ratio of 1: 2: 1: 0.5: 0.5. It was named
the CrNi,MnTi sAl, s powders. It means the mass ratio of
Cr: Ni: Mn: Ti: A1=19.86 wt.%: 44.85 wt.%: 22.99 wt.%:
9.15 wt.%: 5.15 wt.%. Those elemental powders with the
size of 140~300 um were well mixed and then dried in a
vacuum oven.

Owing to the welding mode of heat conduction, deep
penetration welding is hardly achieved in laser powder
welding. To achieve full penetration in welding and reduce
the weld metal dilution, the 304/Q235 stainless steel com-
posite plate had a 60° X-groove. Using the LDM2500-60
semiconductor laser and K1000M4i-A numerical control
system, the stainless steel composite plates were welded
by a continuous laser beam via two pass using coaxial
powder feeding. As is known, the welding parameter is
an important factor affecting the results. A low welding
heat input may cause some filler metal powders not to
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melt. The high welding heat input may melt excessive BM,
which results in severe weld metal dilution. Therefore,
the welding heat input used in the study should be able
to completely melt filler metal powders and decrease the
weld metal dilution to the greatest extent. After optimiz-
ing the welding parameters, a set of welding parameters
was selected. A laser power of 1400 W was used. The
welding speed was 250 mm/min. The flow rate of the
protective gas was 15 L/min. The rate of powder feeding
was 16 g/min. A 1.5 mm assembly gap between the two
workpieces was applied. The welded joints obtained by
using FeCoCrNiMn and CrNi,MnTi, Al s powders were
named as FeCoCrNiMn and CrNi,MnTi sAl, 5 samples,
respectively. It has been reported that the phase structure
and composition have good stability at high temperatures
for most HEAs. For the FeCoCrNiMn alloy, the annealing
temperature of 700~ 1200 °C was usually selected. There-
fore, some of those samples were subjected to PWHT at
800 °C for 4 h by the electric box-type heating furnace
(SXL-1200C, Shanghai Jujing, China) in the present study.
And those samples were named as FeCoCrNiMn PWHT
and CrNi,MnTi, ;Al, s PWHT samples, respectively.

Metallographic samples were prepared from the cross-
sections of the welded joints before and after the PWHT. The
electro-discharge cutting was selected to obtain the required
metallographic samples. To observe the microstructures, the
specimens were grounded and polished to a mirror-smooth fin-
ish. The microstructures on the Q235 layer were etched by using
a 4% nitric acid alcohol solution for 20 s. Then, those were
etched with aqua regia for 10 s to observe the microstructures
in the 304 stainless steel layer, as well as the weld metal. The
microstructures and element distribution were studied using
Zeiss Axio Vert.A1 optical microscopy (OM), Hitachi SU8010
scanning electron microscope (SEM), and Bruker Xflash 6160
energy dispersive spectrometer (EDS). The phase structures in
various samples were investigated by the DS-ADVANCE X-ray
diffraction (XRD, Bruker, USA), using a Shimadzu XRD-6100
X-ray diffractometer with a Cu Ka target. The scan speed was
2° per minute. The scanned range of 20 was from 30 to 90°.
The hardness values of those samples were achieved by using
a Vickers microhardness tester (HV1000IS, Jujing, China). The
hardness testing standard of GB/T 4340-2009, which is the
same as the standard ISO 6507:2005, was used. The holding
time was 10 s with a loading force of 200 g. Standard dumbbell
tensile samples (26 mm gauge length, 10X 3 mm cross-section)
were manufactured. All surfaces of the tensile specimens were
polished to reduce surface roughness before the tensile tests.
The transverse tensile tests were conducted at room tempera-
ture with a strain rate of 1 x107/s. The tensile test procedure
was conducted according to GB/T 228.1-2021. To achieve the
reliability of experimental results, tensile tests for each type of
sample were repeated three times.

3 Results
3.1 Microhardness

The hardness distributions on the cross-section of various
samples are presented in Fig. 1. The hardness value of the
304 BM (240 ~250 HV) is higher than that of the Q235
BM (~ 120 HV). For the FeCoCrNiMn sample, the aver-
age hardness in the WZ is ~ 180 HV, which is ~70% of that
of the 304 BM and 1.5 times larger than that of the Q235
BM. Therefore, a “W” shape is seen in the hardness curve
of the 304 layer (Fig. 1a), while an “M” shape is observed
on the Q235 layer (Fig. 1b). It means that the hardness of
the WZ using FeCoCrNiMn powders is located at inter-
mediate values between 304 BM and Q235 BM. Based on
the positive relationship between hardness and strength, it
may indicate that the strength of the WZ should be lower
than that of the 304 layer and higher than that of the Q235
layer. This may coordinate the deformation of those two
layers during the tensile tests and have an impact on the
tensile strength and fracture position of the FeCoCrNiMn
sample. Moreover, for the FeCoCrNiMn PWHT sample,
Fig. 1a and b indicate that the hardness values in the WZ
are slightly decreased to 160 ~ 170 HV. It should be stated
that the effect of PWHT on the hardness of the WZ for
the FeCoCrNiMn sample is similar to the previous studies
on the heat treatment of FeCoCrNiMn alloy [36-39]. It
was reported that the hardness of the FeCoCrNiMn alloy
is almost unchanged after heat treatment at 500 °C, with
a value of ~200 HV. As the heat treatment temperature
increased to 1100 °C, the hardness value slightly decreased
to~ 180 HV, owing to the grain coarsening after heat treat-
ment [31]. Nam et al. [35] discovered that when the heat
treatment temperature was 800 °C, little change in hard-
ness could be found in the welded joints of FeCoCrNiMn
alloys.

Figure Ic and d indicate that for the CrNi,MnTi sAl, 5
sample, the hardness values in the WZ (210 ~220 HV) are
slightly lower than that of the 304 BM and higher than the
Q235 BM. However, after the PWHT, the hardness values
in the WZ sharply increase to 340 ~380 HV on the 304
layer, and those are 380~470 HV on the Q235 layer. More-
over, Fig. 1c shows that for the CrNi,MnTi, sAl, s PWHT
sample, the hardness value of the weld edge (370 ~390
HYV) is higher than that of the weld center (~340 HV) on
the 304 layer, while the hardness of the weld edge is lower
than that of the weld center on the Q235 layer (Fig. 1d).
It means that significant hardness variation is presented
in the WZ of the CrNi,MnTi sAl, s PWHT sample. The
results should be related to the differences in elemental
content and microstructure between the weld edge and the
weld center. Based on previous studies [18, 19], owing
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Fig. 1 Microhardness distribution of various samples: a, b FeCoCrNiMn samples; ¢, d CrNi,MnTi, sAl, 5 samples; a, ¢ 304 layer; b, d Q235

layer

to the melting of the BM and weld metal dilution during
laser powder welding, chemical composition inhomogene-
ity, and non-uniform microstructure are easily presented
in the WZ, especially for the composite plate.

An interesting finding is observed for the hardness varia-
tion of the WZs for the FeCoCrNiMn and CrNi,MnTi sAl 5
samples after the PWHT. The hardness of the former
is slightly decreased, while that of the latter is sharply
increased after PWHT. It may be closely related to the
microstructure and phase transformation of two welded
joints during the PWHT process. It also may have an impact
on the tensile properties of those two types of welded joints.

3.2 Tensile properties

Figure 2a reveals the tensile properties of the FeCo-
CrNiMn samples. The ultimate tensile strength (UTS)
and YS of the FeCoCrNiMn sample are 518.3 + 10 MPa
and 420.5 + 15 MPa, respectively. And those of the
FeCoCrNiMn PWHT sample are 545.8 + 18 MPa and
325.6 + 20 MPa, respectively. It means that for the
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FeCoCrNiMn samples, the PWHT process has a small
effect on the tensile properties, including a slight increase
in the UTS and a decrease in the YS. Moreover, the inset of
Fig. 2a indicates that the FeCoCrNiMn samples before and
after the PWHT are fractured in the BM region, which is
about 6 ~8 mm away from the WZ. It means that the weld
metal shows better mechanical properties than the BM.
The tensile properties of the FeCoCrNiMn samples have
not deteriorated during the PWHT. The fracture position
for the tensile samples has not changed during the PWHT
for the welded joints using FeCoCrNiMn multi-principal
filler material. The results are similar to some previous
studies about the welded joints of FeCrCoNiMn alloy [37,
40-42]. Tong et al. [32] found that the tensile strength of
FeCrCoMnNi alloy hardly changes after the heat treat-
ment at 700 °C or 1100 ‘C. Nam et al. [35] reported that
the UTS of the laser-welded joint of FeCrCoMnNi alloy
would be slightly decreased from ~ 650 to ~ 600 MPa after
the PWHT at 800 ~ 1000°C. The decrease in grain size and
the fraction of CrMn-oxide inclusions are attributed to the
results [35].
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CrNiyMnTij sAl ( 5 samples

Figure 2b indicates that for the CrNi,MnTi, sAl, 5 sam-
ple, the UTS is 526 + 14 MPa and the YS is 343 +9 MPa.
However, for the CrNi,MnTi,sAl,s PWHT sample,
the UTS is significantly decreased to 380 +22 MPa.
The elongation is markedly decreased compared to the
CrNi,MnTi, sAl, s sample. The inset of Fig. 2b reveals
that the CrNi,MnTi sAl, 5 sample is fractured in the BM.

However, for the CrNi,MnTi, sAl, s PWHT sample, it is
fractured in the WZ. It means that the fracture position of
the CrNi,MnTi, sAl, 5 samples has significantly changed
after the PWHT. Therefore, an interesting finding is that
the PWHT process harms the tensile properties and changes
the fracture position of those two CrNi,MnTi, sAl, 5 sam-
ples. The fracture morphologies of the CrNi,MnTi, sAl 5

Fig.3 Fracture morphologies of the tensile CrNi,MnTi, sAl, 5 samples: a, b before the PWHT; ¢, d after the PWHT
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samples are presented in Fig. 3. Large and deep dimples can
be observed in the CrNi,MnTi, 5Al, 5 sample. It confirms a
ductile fracture in the 304/Q235 stainless steel composite
plate because the CrNi,MnTi, 5Al, 5 sample is fractured in
the BM. However, for the CrNi,MnTi, sAl, s PWHT sample,
Fig. 3d shows obvious cleavage steps on the fracture surface.
It is well consistent with the decreased elongation of the
sample compared to the CrNi,MnTi, sAl, 5 sample (Fig. 2b).
Those results indicate that the PWHT process has mark-
edly different effects on the tensile properties and fracture
behavior of the welded joints by using multi-principal filler
materials of FeCoCrNiMn and CrNi,MnTi sAl 5. The find-
ings could be related to the variation of element distribution,
grain morphologies, grain size, and phase structures during
the PWHT process.

3.3 Microstructure evolution

The microstructure evolution in the WZ of the FeCoCrNiMn
sample can be observed on the low-magnification image of
Fig. 4a. Columnar grains can be observed in the weld edge,
as shown in Fig. 4b. Cellular crystals can be seen in the
region which is close to the weld center (Fig. 4c). Previous
studies have reported a similar observation in the laser-man-
ufactured or welded FeCoCrNiMn alloy [42—46]. The for-
mation of the grain morphology is due to the solidification
effects during fusion welding [47]. Tong et al. [32] suggested

that the formation of columnar grains in the weld edge is
mainly due to the large temperature gradient in the molten
pool during the laser forming process, which promotes the
growth of columnar crystals along the gradient direction.
As the region is nearing the weld center, a relatively low
temperature gradient and cooling rate hinder the growth of
columnar crystals. Comparing the grain structures of the
FeCoCrNiMn samples before and after PWHT (Fig. 4b—e),
no significant changes have occurred in the grain morpholo-
gies of the WZ. Slight grain growth can be found in the WZ
of the FeCoCrNiMn sample after PWHT, comparing the
columnar grains in Fig. 4b and d. As indicated in Fig. 4f,
the elements in the WZ of the FeCoCrNiMn sample are uni-
formly distributed. No segregation of elements is observed.
Based on the experimental results, the content of each
element in the tested region of the WZ is Fe: Co: Cr: Ni:
Mn=25.2 at.%: 13.3 at.%: 23.2 at.%: 18.8 at.%: 19.5 at.%.
This is in line with the definition of HEAs with elemental
content of 5~ 35 at.%.

Figure 5a and b show the microstructures in the WZs of
the CrNi,MnTi, sAl, s samples. Typical columnar grains
with the primary arm spacing of 5.8 +0.9 um are observed
adjacent to the weld edge. Equiaxed grains with an aver-
age grain size of 9.1 + 1.5 pm are found in the weld center.
Moreover, many white particles are distributed in the grain
boundaries or within the grains (Fig. 5a, b). To further
analyze the chemical composition of the particles and

Fig.4 Microstructure in WZ of the FeCoCrNiMn samples: a low-magnification image of the WZ; b, d weld edge; ¢, e weld center; b, ¢ before
the PWHT; d, e after the PWHT; f element surface distribution in the WZ of the FeCoCrNiMn sample
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the matrix in the WZ of the CrNi,MnTi ;Al, s sample,
EDS elemental mapping for the region showing equiaxed
grains is provided in Fig. 6a. It is observed that Ti and
Al elements are aggregated near the particles, as shown
by the white arrow in Fig. 6a. The results indicate that

Elements percentage of point A Elements percentage of point B

Element Weight(%) Atomic(%) Element Weight(%) Atomic(%)

Fe 62.32 61.01 Fe 21.35 16.46
Ni 15.99 14.90 Ni 443 3.26
Cr 11.39 11.98 Cr 3.51 2.90
Mn 7.11 7.08 Mn 331 2.58
Ti 1.63 1.86 Ti 50.93 46.35
Al 1.56 3.16 Al 16.48 28.44

the particles may be Ti—Al-rich particles. Moreover, EDS
point analysis was used to evaluate the elemental content
of the characteristic points of the matrix (A-point) and the
particles (B-point). The results can be found in the inset
of Fig. 6a. A high content of Fe element (~61 at.%) is

Sy [Spm ]

Elements percentage of point C  Elements percentage of point D
Element Weight(%) Atomic(%) Element Weight(%) Atomic(%)

Fe 45.60 43.92 Fe 46.18 44.18
Ni 24.65 22.59 Ni 23.10 21.03
Cr 11.74 12.14 Cr 13.10 13.46
Mn 10.32 10.10 Mn 10.48 10.20
Ti 4.70 5.28 Ti 3.48 3.88
Al 2.99 5.28 Al 3.66 7.24

Fig.6 Elemental distribution in the WZs of the CrNi,MnTi sAl, 5 samples: a before the PWHT; b after the PWHT
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found in the matrix for the WZ of the CrNi,MnTi Al 5
sample, which deviates from the elemental definition of
HEAs. The results may indicate that the weld metal of the
CrNi,MnTi, sAl, 5 sample may be a type of Fe-based alloy.
Compared to the matrix (A-point), the particle (B-point)
shows a higher content of Ti and Al elements and a lower
content of Fe, Cr, and Ni elements. It confirms that the
particles should be Ti—Al-rich particles.

For the CrNi,MnTi,;Al, s PWHT sample, Fig. 5c
and d reveal that the grain morphologies in the WZ are
greatly changed compared to the CrNi,MnTi Al 5 sam-
ple. Columnar grains at the weld edge, as well as equi-
axed grains at the weld center, have been transformed
into structures with irregular morphologies, includ-
ing the matrix + convex morphologies. Moreover, the
amount of white particles has decreased, but some of
them still exist. EDS elemental mapping for the WZ of
the CrNi,MnTij sAl; s PWHT sample is presented in
Fig. 6b. A finding is that the segregation of the Ti element
is weakened. The observation indicates that some of those
Ti—Al-rich particles in the WZ of the CrNi,MnTi sAl, 5
sample have been dissolved into the matrix during the
PWHT process. In addition, EDS point analysis was used
to examine the elemental content of the convex structure
(C-point) and the matrix (D-point). Only a small difference
in the elemental content is observed between C-point and
D-point. And the dissolution of particles has increased the
content of Ti and Al elements and reduced the relative Fe
element content in the matrix. The Fe element content is
less than 50 at.% for the CrNi,MnTi; sAl, s PWHT sample,
as shown in Fig. 6b.

Figure 7a presents the XRD patterns of the FeCoCrN-
iMn samples before and after the PWHT. Only an FCC
phase with the diffraction peaks 20 of 43.6°, 50.5°, and

74.4° has been detected. It means that the phase structure
for the FeCoCrNiMn sample has not changed during the
PWHT. It is in good accordance with previous studies that
the FeCoCrNiMn alloy shows good phase stability dur-
ing the annealing process [48-50]. Nam et al. [35] sug-
gested that only a single FCC phase could be detected in
the WZ of the welded joint of FeCoCrNiMn alloy during
the PWHT at 800 ~ 1000 °C. For the CrNi,MnTi, sAl, s
samples, the main FCC phase with the diffraction peak 26
of 43.4°, 50.3°, and 74.0° has been detected. The Ti—Al
phases have not been detected in the XRD patterns of the
CrNi,MnTi, sAl, 5 samples. The reason may be related
to the low volume content of the particles. Similar to the
FeCoCrNiMn samples, the position of diffraction peaks of
the CrNi,MnTi, sAl, 5 sample has not been changed during
the PWHT process.

4 Discussion

In multi-principal materials, phase structures have an impact
on mechanical properties. And the phase structures in multi-
principal materials can be predicted by using some thermody-
namic parameters, such as entropy of mixing (AS,;,), enthalpy
of mixing (AH,;,), and atomic size difference () based on
previous studies. The calculation of those parameters can be
found in equations as follows:

n
F=Ycn Q)
i=1

(@)

(@

¢ FCC

FeCoCrNiMn sample

L4 L4

MW

FeCoCrNiMn PWHT sample

¢ FCC

.
(b)
CrNi,MnTi, (Al s sample

A .

CrNi,MnTi, ;Al, s PWHT sample

rmm‘hJ LA‘A»-_A o A -~ JL‘ A . A
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Fig.7 XRD patterns of the WZs for various samples: a FeCoCrNiMn samples; b CrNi,MnTi, sAl, 5 samples
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AH,, = Z Qijcicj 3)
i=1

n

AS,.. =-R Z (cilnci) 4)
i=1

Here, the atomic percent and radius of element i are
represented by c; and r;, respectively. The mixing enthalpy
between element i and element j is represented by £2;;. The
parameter R is the gas constant. Its value is 8.314 J/(molsK)
[51]. It is proposed that a single solid solution phase can
be generated at—15<AH_;, <5 klJ/mol, 6<4.3, and
12<AS,,ix <17.5 J/(mol-K) [52]. And multiphase structures
would form in multi-principal alloys under less restricted
conditions, which is consistent with—22 <AH . <7 kJ/mol,
0<8.5,and 11 <AS,;, <19.5 J/(K-mol) [53]. Furthermore,
according to the definition of HEA, the value of AS,; in the
multi-principal materials should be higher than 1.5R [54].

The parameters of AS,;,, AH,,;,, and 6 are calculated
based on the elemental composition shown in Fig. 6. The
results in Table 1 show that for the weld center of the FeCo-
CrNiMn sample, all parameters of AS,;,, AH ;,, and d can
satisfy the requirement of forming a single solid solution
phase. In addition to the promising elemental content (5 ~ 35
at.%) in the WZ, high-entropy materials with a simple phase
structure should be achieved in the FeCoCrNiMn sample.
Therefore, no segregation of elements is observed in the
WZ of the FeCoCrNiMn sample (Fig. 4f). And, owing to
the favorable phase stability of HEAs, the PWHT process
has little effect on the phase structures and grain morpholo-
gies of the WZ for the FeCoCrNiMn samples. As a result,
the tensile properties of the FeCoCrNiMn samples have not
deteriorated, and the fracture position for the tensile samples
has not changed during the PWHT.

Table 1 shows that for the WZ of the CrNi,MnTi sAl 5
sample, the values of AS,;, for the matrix (A-point) and
particle (B-point) are lower than 1.5R. It deviates from
the definition of HEAs. It means that the value of AS
should be higher than 1.5R for HEAs. Therefore, it can-
not be considered a high-entropy material. According to the
high content of Fe element (see Fig. 6a), the weld metal
of the CrNi,MnTi, sAl, 5 sample should be a type of Fe-

based alloy. Based on the phase diagram of the Ti—Al binary

alloy, owing to the limited solid solubility between Ti and
Al elements, Ti—Al particles such as TiAl, Ti;Al, and Al;Ti
phases could be formed in a high-temperature environment.
For the welded joints using CrNi,MnTi, sAl, 5 powders, Ti
and Al elements are presented in the molten pool. Therefore,
Ti—Al-rich particles have the chance to be formed in the
WZ. However, for the CrNi,MnTi,, ;Al, s PWHT sample, the
value of AS,;, is significantly increased, compared to the
CrNi,MnTi, sAl, 5 sample, and then being higher than 1.5R
(see C-point and D-point Table 1). The results imply that the
dissolution of Ti—Al enriched particles during the PWHT
process can increase the degree of confusion of multi-prin-
cipal elements in the matrix and increase the value of AS_;..

Table 1 indicates that the parameters of AS, ., AH;,,
and 6 cannot satisfy the requirement of forming a single
solid-solution phase but can meet the condition of forming
multiphase structures for the CrNi,MnTi, sAl, 5 sample. Fig-
ure 7b indicates that the position of diffraction peaks of the
CrNi,MnTi sAl, 5 sample has not been changed during the
PWHT process. However, the thermodynamic parameters,
suchas AS, ., AH, ., and 6, have been significantly changed,
which may cause the changes in grain morphologies and
mechanical properties of the CrNi,MnTi, 5Al,, 5 sample (see
Figs. 1, 2, and 5). As indicated in Fig. 5, significant changes
in grain morphologies in the WZs can be found between the
CrNi,MnTi, sAl, 5 and CrNi,MnTi, sAl, s PWHT samples.
Typical columnar and equiaxed grains are observed in the weld
edge and weld center, respectively, for the CrNi,MnTi, sAl 5
sample. However, after the PWHT, columnar grains in the
weld edge, as well as equiaxed grains in the weld center, are
less defined. And the structures with irregular morphologies,
including the matrix +convex morphologies, are observed.
The reason may have a close relationship with the dissolu-
tion of particles, as well as the elemental diffusion during the
PWHT process. As shown in Fig. 5a and b, many Ti—Al-rich
particles in the WZ of the CrNi,MnTi sAl, 5 sample have been
dissolved into the matrix. In addition to the elemental diffusion
between the grain boundaries and grain interiors, the differ-
ence in elemental content between the grain boundaries and
interiors is significantly reduced (Fig. 6). Therefore, the grain
boundaries in the CrNi,MnTi, sAl, s PWHT samples are less
defined. The grain morphologies in the WZ have been trans-
formed into structures with irregular morphologies, including
the matrix + convex morphologies (Fig. 5).

ix°

Table 1 The parameters value

of 6, AS,. . and AH,.__for the Samples Positions Elemental composition ASix  AH 0
measured regions of various FeCoCrNiMn Weld center  Feys ,Coy3 3Crp3 ,Nijg gMn g s 13.2 379 325
samples CrNi,MnTi, sAl 5 A-point FegNijsoCrMn, Ti, gAL, 1006 —471  3.98
B-point Fe s sNiz ,Cry oM, (Tigg 4ALg, 1096  —17.09  6.25
CrNi,MnTig Al s PWHT  C-point Fey3Niny (CrioMn o TissAls; 1254 —9.47 533
D-point Fey, Niy,Cr3sMn o, TisoAl,, 1254  —897 524
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Figures 1 and 2 indicate that the PWHT process can
significantly increase the hardness in the WZ and rapidly
decrease the tensile strength of the CrNi,MnTi, sAl, 5 sam-
ple. Based on the above analysis, before the PWHT pro-
cess, no high-entropy material but a type of Fe-based alloy
is formed in the weld metal of the CrNi,MnTi, sAl, 5 sam-
ple. The dissolution of Ti—Al enriched particles during the
PWHT process causes an increase in the value of AS,;, and
makes the weld metal meet the thermodynamic parameters
for forming high-entropy materials. As is known, compared
to traditional alloys, HEAs have significant lattice distortion
effects, which may cause high hardness and brittle character-
istics. Moreover, previous studies indicate that Ti and Al ele-
ments have remarkable effects on the mechanical properties
of HEAs [55, 56]. Wang et al. [55] reported that increasing
the Ti content in FeCoCrNiTi, alloys increases the hardness.
The hardness value can reach up to 850 HV when x=0.7, by
accompanying with a huge reduction of ductility. Figure 6
indicates that compared to the CrNi,MnTi, 5Al, 5 sample,
the content of Ti and Al elements in the weld metal of the
CrNi,MnTi, sAl, s PWHT sample is increased. Due to the
greater atomic radius of Ti and Al elements than other ele-
ments, the dissolution of Ti and Al elements may result
in severe lattice distortion and solid-solution strength-
ening in the WZ [55, 56]. As a result, compared to the
CrNi,MnTij, sAl, s sample, the hardness values of the WZ
are sharply increased. Moreover, owing to the melting of
BM and weld metal dilution, the chemical composition
inhomogeneity and non-uniform microstructure are easily
presented in the WZ, which may cause hardness variation in
the WZ, especially for the CrNi,MnTi, sAl, s PWHT sample
(Fig. 1c, d). In addition, the tensile strength and elongation
of the CrNi,MnTi, sAl, s PWHT sample are significantly
decreased compared to the CrNi,MnTi sAl, 5 sample. The
ductility of the weld metal by using CrNi,MnTi, sAl, s pow-
ders is significantly reduced after the PWHT. Therefore, it
appears that there is no requirement for the PWHT process
for the welding of 304/Q235 stainless steel composite plate
using multi-principal filler materials of FeCoCrNiMn and
CrNi,MnTi, sAl, 5. In summary, the results of this study pro-
vide an experimental reference for adjusting the microstruc-
ture and mechanical properties of welded joints by using
multi-principal filler materials through the PWHT process.

5 Conclusions

(1) A simple phase structure, a face-centered cubic (FCC)
phase, was achieved in the weld metal by using FeCo-
CrNiMn powders. The post-weld heat treatment
(PWHT) process had little effect on the grain mor-
phology and phase structure of the weld metal for the
FeCoCrNiMn sample.

@ Springer

(2) For the CrNi,MnTi, sAl, 5 samples, the grain mor-
phologies in the weld zone (WZ) were changed from
columnar/equiaxed grains into structures with irregular
morphologies during the PWHT process.

(3) Significant differences in hardness variations were
observed in the WZs for the FeCoCrNiMn and
CrNi,MnTi, 5Al, s samples after the PWHT. The hard-
ness of the former was slightly decreased, while that of
the latter was sharply increased after the PWHT.

(4) The PWHT process had a small effect on the tensile
properties and fracture position of the FeCoCrNiMn
sample. However, the PWHT process had an adverse
effect on the tensile properties and fracture posi-
tion of the CrNi,MnTi Al 5 sample. It significantly
decreased the tensile strength and elongation of the
CrNi,MnTi, sAl, s sample.
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