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a b s t r a c t
Welding solidiﬁcation cracking of alloys is associated with the range of solidiﬁcation temperature that
can be greatly affected by the amount of refractory metals and other additives. In this work, solidiﬁcation
cracking of Ni-28W-6Cr alloy with high W content was studied by gas tungsten arc welding, showing that
the welding current, alloying elements and precipitates all affect the cracking susceptibility. The lengths
of cracks increase linearly with the welding current in the range from 150 to 250 A. The relatively high
cracking susceptibility is mainly attributed to the high content of Si, which tends to segregate with other
elements including W, Cr, Mn as ﬁlms or components with low melting point in the last solidiﬁcation stage
and weaken the binding force of grain boundaries. Moreover, the existence of precipitated continuous
eutectic M6 C carbides in the grain boundaries also acts as nucleation sites of crack initiation, and the
cracks often propagate along solidiﬁcation grain boundary.
© 2018 Published by Elsevier Ltd on behalf of The editorial ofﬁce of Journal of Materials Science &
Technology.

1. Introduction
Nickel based alloys are widely used in various industry facilities due to their high corrosion resistance, hardness and high
strength at elevated temperature [1–7]. The merits of these alloys
are mainly ascribable to their face centered cubic (FCC) matrix
which can accommodate solutes and precipitates. Among the common alloying elements, W is the most effective hardener due to
its high melting point and high hardening coefﬁcient [8,9]. Therefore, recently, a Ni-28W-6Cr (wt.%) superalloy has been developed
as the potential structural material to be used in a harsh environment of ﬂuoride molten salt (such as molten salt reactor (MSR)
and concentrating solar power (CSP) plant), which can improve the
thermal efﬁciency by raising operating temperature above 800 ◦ C
[10,11], instead of Hastelloy N (Ni-16Mo-7Cr) limited to be applied
below 704 ◦ C [12,13]. Because welding is the most effective way to
join metals permanently, verifying that the weldability of an alloy
is indispensable for its applications. For Ni-base alloy, solidiﬁcation cracking usually occurs in the welded metal during welding, if
undetected, the cracks may act as stress concentration sites, leading to premature failure via fatigue, as well as provide favorable
sites for stress corrosion cracking. Therefore, welding solidiﬁcation

cracking susceptibility (WSCS) is an important issue and has been
widely studied for several decades [14–18].
It is widely accepted that WSCS is a function of both metallurgical factors and the level of local strain present at the end of
solidiﬁcation [19]. Metallurgical factors include the solidiﬁcation
temperature range (STR) as well as the amount and distribution of
the interfacial terminal liquid, and the addition of refractory metal
elements, such as W and Mo, may widen the STR and increase the
WSCS of the Ni-W-Cr alloys, which is still being addressed [19–21].
As representative Ni-W-Cr alloys, study on the WSCS of Haynes 230
and 230 W (Ni-14W-22Cr) alloys by the Varestraint tests showed
that Haynes 230 has a higher WSCS than 230 W alloy since the partitioning of Cr and W to solidiﬁcation boundaries and the subsequent
depression of the solidiﬁcation temperature locally along those
boundaries [20]. In addition, the WSCS of both the alloys increase
with some detrimental trace elements, such as boron which was
associated with a constitutional liquation reaction along solidiﬁcation grain boundaries. Moreover, results of the thermal fatigue
tests of Haynes 230 before and after welding [22] suggested that
cracks ﬁrstly initiate in the center of weld and propagate because
of the difﬁculty to accommodate repeated thermal shocks by plastic deformation. Since the W content of the Ni-28W-6Cr superalloy
is much higher than that of Haynes 230, it may have much higher
WSCS than Haynes 230 alloy. Therefore, it is essential to study the
WSCS prior to application of Ni-28W-6Cr alloy.
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Fig. 1. Morphologies of welded beads at different currents. (a) 150 A, (b) 170 A, (c) 190 A, (d) 210 A, (e) 230 A, (f) 250 A, and (g) maximum crack length as a function of welding
current (heat input).

Table 1
Chemical composition of Ni-28W-6Cr alloy (wt.%).
C

Si

Mn

P

Cr

W

Ni

0.04

0.31

0.34

0.32

6.85

27.91

Bal.

As a newly developed superalloy, no matched welding wire
with Ni-28W-6Cr alloy has been fabricated by now. Studies on the
welding cracking sensitivity of Ni-28W-6Cr alloy not only help to
determine whether this alloy can be used to self-fusible welding
structures and components such as heat exchanger tube by internal
bore welding with no ﬁller wire, but also provide theoretical guidance of chemical composition control to develop matched welding
wire. In this work, the WSCS of Ni-28W-6Cr superalloy was systematically studied under various welding current. The factors that
inﬂuence the solidiﬁcation crack initiation were clariﬁed, including
welding parameters, redistribution of the alloy compositions and
carbides.

Cross-section of the weld was cut and polished with 0.5 m diamond paste to scanning electron microscope (SEM) quality ﬁnish
(better than 0.05 m), and then etched with aqua regia for 30 s.
Then the sample was characterized using a Zeiss LEO 1530 V P
SEM to examine the microstructure, and orientation maps were
obtained using an Oxford electron backscattered diffraction (EBSD)
system. Subsequently the EBSD data analysis was done by the
AZTEC software. The distributions of elements in grain boundaries
were characterized by SHIMADZU 1720 electron probe microanalysis (EPMA). The site-speciﬁc transmission electron microscopy
(TEM) sample in the weld was extracted by a focus ion beam (FIB)
machine (FEI Helios 600), and analyzed by Tecnai G2 F20 TEM. The
structure of the precipitate was determined using selected area
diffraction techniques, and the chemical composition was measured by energy dispersive X-ray spectrometry (EDX).

3. Results and discussion
3.1. Dependence of solidiﬁcation crack on the welding current

2. Experimental procedure
The base metal used for the welding experiment was a piece cut
from a forged and solution annealed bar of Ni-28W-6Cr superalloy.
The chemical composition is listed in Table 1. Firstly, an ingot was
fabricated by vacuum induction melted (VIM), and then forged into
a bar with diameter of 45 mm at 1150◦ C. Subsequently the bar was
treated with solution at 1260 ◦ C for 0.5 h followed by water quenching, from which the pieces with size of 100 mm × 40 mm × 4 mm
were cut. Provide the details of initial microstructures.
The pieces were welded using an autogenous tungsten inert
gas (TIG) weld without any ﬁller. High purity Argon (99.99%) was
applied as welding shielded gas. The detailed welding parameters,
including pulse frequency 2.5 Hz, peak pulse duration 50% and base
value/peak value 50%, welding speed 90 mm/min were used, in
addition, a series of welding current in the range from 150 A to
250 A was employed.
To estimate the STR of the Ni-28W-6Cr superalloy welds, differential scanning calorimetry (DSC, NETZSCH STA449) was used
with a heating rate of 20 ◦ C min−1 , and the liquidus and the solidus
temperatures of the weld metal were measured.

Selection of welding process and conditions can inﬂuence WSCS
[23]. This is mainly ascribed to the fact that various heating input
can lead to different weld sizes in relation to solidiﬁcation shrinkage strains and steep temperature gradients [24,25]. To evaluate the
effect of welding parameters on the WSCS of Ni-28W-6Cr superalloy, six groups of welding current (150 A, 170 A, 190 A, 210 A, 230 A,
250 A) were employed.
Microscopic appearances of welds and the crack lengths at different currents are shown in Fig. 1. It is evident to observe a shining
surface of the weld without any cracks detected when the current
is 150 A (Fig. 1(a)). When current reaches 170 A (Fig. 1(b)), crack
starts to initiate from the crater of the runoff weld, and the maximum crack length increases as the current is raised as shown in
Fig. 1(c)–(f). The crack length increases linearly with the welding
current (Fig. 1 (g)), indicating that the size of the crack susceptible
mushy zone is increasing with the increase of current. For the Ni28W-6Cr superalloy, the maximum crack length L is related to the
welding current by:
L = 0.121×I-19.211

(1)
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Fig. 2. Microstructure of welded joint under 230 A. (a) OM image of base metal, (b) OM image of region near fusion line, red line indicates the fusion line, (c) OM image of
weld metal, (d) magniﬁed SEM images of base metal and (e) weld metal.

where I is the welding current. The critical current to cause solidiﬁcation crack is about 159 A according to equation 1. These results
suggest that lower current (heat input) is beneﬁcial for minimizing
welding solidiﬁcation cracking. However, under similar welding
condition, even at a higher current 350 A, there is still no cracking
to be induced in some other Ni-based alloys, such as Hastelloy N
alloy [26–28]. In fact, Ni-28W-6Cr superalloy was developed based
on Hastelloy N alloy (Ni-16Mo-7Cr) just by replacing Mo with W
completely, and the other alloying elements of those two alloys
share the same molar ratio. Thus, the solidiﬁcation cracking of Ni28W-6Cr superalloy should not only be sensitive to the current but
also essentially to the alloying elements.
3.2. Behavior of welding solidiﬁcation cracking
The features of the microstructures of as-welded joint under
different currents are similar. Fig. 2(a) and (d) shows the optical
microscope (OM) and SEM images of the microstructures of as-

welded joint under 230 A, respectively, indicating that Ni-28W-Cr
alloy is mainly consist of austenite with some discrete particles,
which is in good agreement with the previous studies on the NiW-Cr alloys (Ni ≤ 30 wt%) [10]. The average diameter of planar
grains is about 40 m. Moreover, it can be seen that most of the
particles are distributed in chains along grain boundaries and vary
greatly in shape and size within the range from 0.2 to 10 m.
As reported on the prior work about Ni-26W-Cr alloy, these precipitates were W-enriched M6 C carbides [29]. Fig. 2(b) reveals a
signiﬁcant microstructure difference between HAZ and weld metal.
Unlike HAZ, almost no evidence of precipitates was found in weld
metal, which could be more clearly observed from high magniﬁcation images of Fig. 2(d) and (e). It should be noted that some tiny
precipitates were distributed in the grain boundaries of dendrites
although their number is few (Fig. 2(e)). Fig. 2(c) shows typical
cast microstructure in the weld seam, which consists of columnar
dendrites and some ﬁne equiaxed grains.

Fig. 3. OM images of cross-section of weld under different currents. (a) 150 A, (b) 170 A, (c) 190 A, (d) 210 A, (e) 230 A, (f) 250 A.
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Fig. 4. Microstructure of solidiﬁcation cracks under 230 A. (a) Main crack propagates along SGB, where region A shows the tip of main crack; (b) EBSD image of main crack
tip at high magniﬁcation, and the enlarged image of region B; (c) shows some micro cracks; (d) and (e) main crack propagates along SGB, (f) and (g) show the fracture
morphologies of cracks which propagated along SGB but not SSGB.

Fig. 3 shows the OM images of cross-section of weld joints under
different currents. No obvious crack was detected in the weld when
150 A was employed in Fig. 3(a). When current increased to 170 A,
the typical solidiﬁcation hot cracking with a length of 447 m
occurred in the weld in Fig. 3(b). Cracks became much longer in
the weld under 190 A where the maximum length of crack is up
to 904 m. Fig. 3(d)–(f) shows the microstructures of weld under
210 A, 230 A and 250 A, respectively. It should be noted that the
cracks propagate throughout the cross-section of the whole weld
when current is above 210 A.
Fig. 4 shows the SEM images of microstructure of weld metal
at 230 A. Normally, three different boundary types can be observed
in metallographical examination for austenitic alloy, such as solidiﬁcation grain boundary (SGB), solidiﬁcation sub-grain boundary
(SSGB) and migrated grain boundary (MGB) [19].
As shown in Fig. 4(a), it is evident that two kinds of grain boundaries can be observed in the weld metal, SGB and SSGB. SGB is the
direct result of competitive growth of SSGB as shown in Fig. 4(a)
and (b). The intersection of SSGBs results in a boundary with high
angular misorientation since each of these packets of subgrains has
a different growth direction and orientation. Thus, these SGBs are
often called “high angle” grain boundaries. The degrees of mis-

orientation of three typical SGBs in Fig. 4(b) were measured as
36.4◦ , 46.7◦ and 42.6◦ , respectively, showing that high misorientation exists between SGBs. Solute redistribution during solidiﬁcation
often results in high concentrations of solute and impurity elements at the SGBs. These compositions may lead to the formation
of low melting liquid ﬁlms along the SGBs at the ﬁnal stage of
solidiﬁcation that promote weld solidiﬁcation cracking [30]. The
SSGB is the boundary separating adjacent subgrains which are normally presented as cells or dendrites, and it represents the ﬁnest
structure that can be resolved in the light opticalmicroscope. These
boundaries possess low misorientation (typically ≤ 5◦ ) due to the
fact that subgrain growth during solidiﬁcation occurs along the
preferential crystallographic directions <100> for the FCC metals,
including Ni-28W-6Cr alloy. Fig. 4(b) and (c) shows that solidiﬁcation cracking occurred in the weld metal and propagated along
SGBs. Fig. 4(d) and (e), further explains that SGBs are the site of
cracking initiation and the path of cracking propagation, solidiﬁcation cracking were observed exclusively to propagate along the
SGBs. Fig. 4(f) and (g) shows the fracture morphology of cracks
where dentrites can be clearly observed, conﬁrming that the SGB
is the fracture boundary or interface during cracking rather than
SSBGs.
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Fig. 5. Solidus-liquidus lines of several alloys. (a), (b), (c) Solidus-liquidus lines of Hastelloy N alloy, 230 alloy and Ni-28W-6Cr alloy, (d) STR of the alloys as a function of W
content, all the STRs were calculated by JMatPro 7 software.

3.3. Factors affecting welding solidiﬁcation cracking
WSCS is a function of both metallurgical factors and the level
of local strain refers to welding current and load at the end of
solidiﬁcation stage [31]. Normally, for alloys that solidify as single
phase austenite, their WSCS are controlled by the degree of alloying elements and precipitates (such as intermetallic and/or carbide)
formed at the end of solidiﬁcation stage [19,31].
3.3.1. Inﬂuence of alloying elements on the formation of
solidiﬁcation cracking
As mentioned before, the WSCS is sensitive to the main alloying elements like W. In an alloy, doping different main alloying
elements directly affect its STR. To compare the effect of alloying
element on the STR, the STRs of several superalloys were calculated
by JMatPro 7 software, as shown in Fig. 5. The solidus-liquidus lines
of Hastelloy N (Ni-17Mo-6Cr-4Fe), Haynes 230 (Ni-22Cr-14W2Mo) and Ni-28W-6Cr alloys are given in Fig. 5(a)–(c), respectively.
The calculated STRs of Hastelloy N and Haynes 230 alloy are 33 ◦ C
and 53 ◦ C, while Ni-28W-6Cr alloy has a moderate STR which is
43 ◦ C. This indicates that Ni-28W-6Cr alloy has a higher WSCS than
Hastelloy N but less than Haynes 230 alloy. Moreover, previous
study [20] indicated that Cr and W were shown to partition to the
last-to-solidify regions of the weld metal. In other words, the WSCS
may be associated with the content of W and Cr. To study the effect
of W content on the WSCS, the STRs of Ni-W-Cr ternary alloy with
various W contents were also calculated (Fig. 5(d)). The calculated
STRs of Ni-6Cr alloy with no W addition is only 14 ◦ C. As W content increases, the STRs of them increase linearly up to 41 ◦ C as for
Ni-30W-6Cr alloy, suggesting that the increase of W content in the
alloy signiﬁcantly affects the WSCS. Besides the main alloying elements, the addition of other trace elements also has an inﬂuence
on both the segregation phenomenon and the difference between
the liquidus and solidus temperatures. Thus in this work, the STRs
of Ni-28W-6Cr ternary alloy and Ni-28W-6Cr super alloy were calculated. Results show that the STR of Ni-28W-6Cr ternary alloy is

40 ◦ C, while that of the Ni-28W-6Cr superalloy has a little higher
STR (43 ◦ C), there is only 3 ◦ C increment in the STR after the addition of other trace elements, indicating the trace elements plays a
minor role in the variation of STR. The STR is mainly affected by W
for the Ni-W-Cr alloy.
Since the solidiﬁcation cracking initiates and propagates along
the grain boundaries, it may be also affected by the distribution
of elements in the grain boundaries. Fig. 6 shows the distribution of elements of weld metal of Ni-28W-6Cr alloy by EPMA. The
measuring line was set to cross through four dendrite arms and
three SSGBs in Fig. 6(a). It is evident Cr, Mn and Si, are highly
segregated in the SSGBs compared with those in dendrite arms
(Fig. 6(b)), while the concentrations of Ni and W are obviously
less. Additionally, a micro discontinuous crack propagates along
the SSGB (boundary B), indicating the segregation of Cr, Mn and
Si also affects the WSCS. The intensity of Si has the most noticeable increase in the grain boundaries (Fig. 6(b)), which is at least 3
times than that in the dendrite arms, while intensity of Cr only has
a slight change. Si has a very low solubility in austenite and tends
to segregate aggressively to the liquid phase during solidiﬁcation
stage [32]. The segregation of Si, Cr and Mn, of which the melting
point is relatively lower than Ni and W, can promote the formation of low melting point liquid ﬁlms, such as Ni-Si compounds
and other silicides in the SSGB and SGB regions. The liquid ﬁlms
boost extensive wetting of boundaries during solidiﬁcation since
Si can lower the solid/liquid surface energy, signiﬁcantly weakening the binding force of grain boundaries [19] and increasing
WSCS. Previous study on the HR–160 alloy showed its poor cracking resistance is also primarily attributed to its high Si content
[33,34]. Therefore, the interfacial terminal liquid caused by strong
non-homogeneous distribution of alloying elements especially Si
element in the grain boundaries can be considered as another key
factor that affect the WSCS of Ni based alloys. It is reasonable to
suggest that Si content should be controlled to a lower level in
Ni-28W-6Cr alloy, to improve its resistance to solidiﬁcation cracking.
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Fig. 6. Micro-segregation of elements in the weld under 230 A. (a) photomicrograph of a micro discontinuous crack along the SSGB, and the measuring line was set to cross
through four dendrite arms and three SSGBs, showing microprobe line scan; (b) chemistry of the area along the measuring line.

Fig. 7. Microstructures of cracks in the weld at current of 230 A. (a) Cracks along grain boundaries; (b) crack propagates along the boundary A with carbides but not B without
carbides; (c) TEM pattern of carbides in grain boundary; (d) compositions of carbides by TEM-EDX.

3.3.2. Inﬂuence of eutectic-like carbides on the formation of
solidiﬁcation cracking
Besides the alloying elements, precipitates also played a role
in promoting the formation of solidiﬁcation cracking. As shown in
Fig. 7(a), several typical cracks propagate along SGBs of the weld
metal, which preferentially propagate along the grain boundary A
with eutectic-like carbides rather than the nearby boundary B without any carbides (Fig. 7(b)). The TEM diffraction image conﬁrms that
the eutectic-like carbide in weld metal of Ni-28W-6Cr alloy is the
M6 C type carbide, which possesses an FCC lattice and the lattice
constant is estimated about 11.1 Å (Fig. 7(c)). Studies revealed Wrich M6 C as main primary precipitate exists in Ni-W-Cr alloy with
high W [3,29,35,36]. TEM-EDX analysis of the carbide (Fig. 7(d))
shows the contents of W, Cr, Si and C are obviously higher than
those of the alloy matrix, especially for W, whose content is twice
more than that in the alloy, conﬁrming that carbides in the weld
metal are W-rich M6 C.
In most solid-solution strengthened alloys, carbide is usually the
product of a eutectic reaction which occurs at the terminal stage

of solidiﬁcation [19]. Thus the eutectic reaction of W-rich M6 C in
weld metal of Ni-28W-6Cr alloy occurs at a lower temperature than
the alloy solidus and expands the STR, making the alloy more susceptible to cracking. Moreover, the continuous eutectic-like M6 C
carbide shown in Fig. 7(b) is actually not expected in grain boundary because it reduces the ability of the weld metal to accommodate
strain at large load and results in reduction of the binding force of
boundary, promoting the occurrence of micro cracking initiation
[37–39].
Referring to Figs. 3, 4 and 7, solidiﬁcation cracking was observed
exclusively along the SGBs. Except that a small amount of carbides were found in some micro-ﬁssuring in Fig. 7, no carbides
were detected in the tips of cracks, which is in good agreement
with Fig. 2(e) that the amount of carbides in the weld metal is
very small, indicating that carbides played a less important role
in WSCS than the alloying elements like W and Si. In other words,
the tendency of welding solidiﬁcation cracking mostly depends on
the quantity and distribution of liquid in the ﬁnal stages of solidiﬁcation.
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The study on the WSCS of the Ni-28W-6Cr superalloy mentioned
above indicated that Si is the primary factor to the formation of
welding solidiﬁcation crack. Due to its high STR, this alloy is not
a better choice to be used as structures and components by selffusible welding such as heating exchanger by internal bore welding.
However, after matching appropriate welding wires with limited
Si contents, this alloy can still be used as the candidate alloy in
elevated temperature. On the other hand, it is noteworthy that
although Haynes 230 alloy shows a high STR, it was still classiﬁed as an alloy with moderate WSCS [19]. In comparison with the
calculated STR of Haynes 230 alloy 53 ◦ C, the STR of Ni-28W-Cr
superalloy (43 ◦ C) is much smaller. Therefore, it is reasonable to
consider that the Ni-28W-6Cr superalloy has the potential to be
a good candidate structure material for the elevated temperature
reactor and other components after an appropriate composition
optimization.
4. Conclusions
In this work, the WSCS of the Ni-28W-6Cr superalloy and the
factors affecting the WSCS were studied. Three factors can be
attributed to WSCS of Ni-28W-6Cr superalloy:
(1) Effects of welding parameters. The lengths of welding solidiﬁcation cracks were found to be proportionally dependent on
the welding current. Although the WSCS is sensitive to welding
current, it only serves to initiate cracking.
(2) Effects of alloying elements. The Si element, with regarding to
the formation of low melting point liquid ﬁlms, is ascribed to
the main factor in the solidiﬁcation cracking.
(3) Effects of carbides. The existence of precipitated continuous
M6 C carbides at grain boundaries can also promote cracking
initiation.
Due to the high STR, the Ni-28W-6Cr superalloy is not suggested to be applied into structures and components by self-fusible
welding such as heating exchanger by internal bore welding. However, the solidiﬁcation cracking of Ni-28W-6Cr weld metal could
be avoided by proper selection of a welding parameters or matching welding wires with lower Si contents. According to this study,
Ni-28W-6Cr would be a good candidate alloy for the applications
in elevated temperature from the welding aspects.
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