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welds based on Trans-Varestraint test
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Abstract
This study aims to evaluate the weldability of dissimilar welds with the Inconel 625 and the Hastelloy C-276 nickel-based alloys
deposited on ASTMA36 and AISI 1045 carbon steel plates. The welds were carried out by the GMAWprocess and evaluated by
the Trans-Varestraint test. The test results were statistically evaluated, and Fusion Zone solidification processes were simulated in
JMatPro software using several dilution levels. The analysis of variance (ANOVA) test results showed that the two different base
metals did not affect the weldability of Inconel 625. However, the Hastelloy C-276 alloy showed a significant drop in weldability
with the AISI 1045 steel compared to the ASTM A36. The results of the Hastelloy C-276 as the filler metal and the AISI 1045
steel as the base metal showed greater susceptibility to solidification cracking than all the other pairs tested, according to the
Trans-Varestraint test. Moreover, the ANOVA test results indicated that the different heat input levels did not influence the sets’
weldability; this was probably because there was only a tiny variation in the dilution levels. The solidification process simulation
indicates that higher dilution levels promote the precipitation of a larger secondary phase fraction.
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1 Introduction

Dissimilar welding is a procedure in which two or more ma-
terials are melted and solidified together for different pur-
poses. This procedure can result in a weld metal with specific
properties or it can be used to assure the continuation of the
joint properties, and it is frequently used to manufacture and
repair pipes and equipment in industries [1–4]. Among the
advanced materials most used in dissimilar welding are the
Ni-based alloys due to their high corrosion resistance and a
great combination of strength and toughness for a wide range
of temperatures [5–10]. However, due to their high cost, these
alloys are impracticable for large structures and equipment.

One alternative has been the use of these alloys mentioned
above as weld claddings. Weld cladding is defined by Silva
[11] as the deposition of one or more layers of a corrosion-
resistant alloy (CRA) on a base metal to improve a desirable
property, such as corrosion-resistant that is not inherent to the
base metal. These coatings can be deposited by various
manufacturing processes such as shielded metal arc welding
(SMAW) 12, 13, gas tungsten arc welding (GTAW) [14–17],
gas metal arc welding (GMAW) [18–21], plasma transferred
arc welding (PTA) [22–24], electro slag welding (ESW)
[25–28], laser cladding [29–32], or microwave cladding [33].

Dupont et al. [34], in a review of welding materials for the
energy industry, dedicated a special section addressed to weld
overlays, highlighting their scientific and technological im-
portance. Iannuzzi et al. [35] pointed out that welding and
cladding of dissimilar materials are recurrent in the subsea
oil and gas industry. Significant investments have been made
to develop and optimize the welding procedures of special
materials for joining and cladding [36–39].

Recent investigations regarding Ni-based alloys have been
dedicated to low alloys’ dissimilar welding steels for high-
strength applications [40]. Silva et al. [41] evaluated the mi-
crostructural features and mechanical properties of a novel Ni-
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based alloy developed for dissimilar joining applications. This
alloy demonstrated some susceptibility to solidification crack-
ing, depending on its dilution with the steels. Miná et al. [42]
proposed a new approach to weld the API 5L X65 steel pipes
with an internal cladding of alloy 625, using two different
filler metals in the same joint to provide an overmatch of yield
strength. The authors reported the nucleation of numerous
solidification cracks and the first two steel weld passes, which
significantly impaired the mechanical properties of the welded
joint. In another study, Miná et al. [42] developed a new pro-
posal for dissimilar girth welding of API 5L X65 steel pipe
with an internal alloy 625. In this procedure, alloy 625 was
replaced by alloy 22 to deposit the first two weld passes. This
replacement assured the welded joint a high yield strength,
and no solidification cracking was apparent. Solidification
cracking is an ongoing problem, as demonstrated in the liter-
ature, and is an issue that has attracted the attention of various
researchers.

Solidification cracks occur in the molten zone during the
terminal stage of solidification (between 80 and 99% of the
solid fraction) when the tensile stresses developed across the
adjacent grains exceed the strength of the weld metal, almost
completely solidified [43, 44]. This stress is an inherent factor
in the metal solidification process and is related to the mate-
rial’s thermal contraction with the temperature drop. The pres-
ence of an extensive liquid phase film at the end of solidifica-
tion is a characteristic of each material, and the higher the
solidification temperature interval is, the more significant the
portion of the liquid phase at the end of the solidification is,
and, consequently, the higher the tendency to form such
cracks [43, 44]. If the amount of liquid remaining is large
enough near the crack region, it can fill the gaps created, thus
“healing” them. This process is called backfilling and can be
total or partial. In total backfilling, the liquid penetrates the
entire crack and “heals” it completely, while in partial
backfilling, only a part of the crack is healed [45].

The AmericanWelding Society (AWS) defines weldability
as the capacity of a material to be welded under fabrication
conditions imposed into a specific, suitably designed structure
and to perform satisfactorily in the intended service [ref]. In
other words, this concept can be summarized as the suscepti-
bility of materials to form solidification cracks. Various
weldability tests can be used to evaluate the weld solidifica-
tion cracking susceptibility. The Sigmajig Test assesses the
solidification and liquation crack susceptibility [46]. The Hot
Ductility Test simulates the HAZ of a given welding condition
by imposing a thermal cycle on the material [47]. The
Varestraint Test (or its variation, the Transverse-Varestraint
Test, also known as Trans-Varestraint Test), where an aug-
mented tensile strain is applied to the test specimen bending it
to a controlled radius at an appropriate moment during the
welding process [48, 49]. The most commonly used
weldability tests nowadays are the Varestraint and the Trans-

Varestraint tests. Professor Carl D. Lundin developed the
Varestraint test under Professor Warren F. Savage’s guidance
in 1965 [50, 51]. The Trans-Varestraint test was developed in
Japan by researchers at Osaka University [52–54].

The nickel-based alloys are a class of materials with excel-
lent corrosion resistance and good mechanical properties, but
their usage is limited from an economic point of view due to
their high cost. Moreover, due to their austenitic nature and
solidification as a face-centered cubic (FCC) gamma phase,
Ni-base alloys are inherently susceptible to weld solidification
cracking [3]. Furthermore, dissimilar welding can make this
characteristic even more likely; hence, the mixing of two dif-
ferent metals adds to the weld pool alloying elements that can
induce the formation of brittle TCP phases that increase the
solidification range increase the susceptibility to solidification
cracks [4].

Inconel 625 and Hastelloy C-276 are examples of nickel-
based alloys. The Inconel 625 is an Nb-bearing Ni-based alloy
from the Ni-Cr-Mo family, which has been used extensively
in applications requiring high-temperature strength and oxida-
tion resistance. The solidification of the alloy 625 is highly
influenced by the Nb, Si, and C in their chemical composition
since these elements exhibit a strong tendency to form second-
ary phases at the end of the solidification process. The
Hastelloy C-276 is a highly corrosion-resistant nickel-based
alloy derived from the Ni-Cr-Mo ternary system, with W and
Fe as additional alloying components. Molybdenum and
Tungsten impart resistance to both oxidizing and reducing
chemicals. Besides, their large atomic size, compared to that
of nickel, provide a robust solid-solution strengthening effect
[44].

The dissimilar welding between these nickel-based alloys
and other materials such as carbon steels can contribute to the
formation of detrimental TCP phases during the Fusion Zone
solidification. For instance, considering the welding per-
formed with the alloy 625, Fe and C content in the weld pool
has different effects. The Fe increases the capability of
forming the TCP Laves phase, which is detrimental to the
material. The C helps the NbC carbides formation, decreasing
the solidification temperature range and, consequently, the
susceptibility to solidification crack formation [5]. Welding
with the alloy C-276 in the presence of Cr,Mo, and Fe induces
the formation of TCP σ phase while a higher content of W
stabilizes the P and μ-phases, which are also detrimental [44].

The weldability of these alloys has been long studied, and
in recent research, LIPPOLD et al. [55] compared the
weldability of several nickel-based alloys, including 625.
According to the authors, the 625 weld metal was the most
susceptible to solidification cracking among all the other al-
loys tested, even though the manufacturing practice has
shown that this filler metal is usually quite resistant to
cracking—the crack “healing” mechanism explains this con-
tradiction. CIESLAK et al. [56] compared the weldability of
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three different Ni-Cr-Mo alloys, including Hastelloy C-276.
Using the Varestraint test, the authors reported that the alloy
with the least weldability was the C-276 due to the higher
amount of secondary phases present at the end of the solidifi-
cation process. ROWE et al. [57] compared the weldability of
625 and C-276 alloys using the Varestraint test. The authors
reported that alloy C-276 has higher weldability than alloy
625.

However, even though nickel-based alloys’ weldability is
frequently studied, there is little research regarding the effect
of the welding Ni-based alloys on carbon steels and the risk of
solidification cracking. The absence of such investigations has
motivated the development of a research project at the
Welding Research and Technology Laboratory at the
Universidade Federal do Ceará, Brazil. This study evaluates
the influence of the base metal on the solidification cracking
susceptibility of the Inconel 625 and Hastelloy C-276 alloys
by applying the Trans-Varestraint test associating the behavior
with the thermodynamic simulation according to the Scheil-
Gulliver equation.

2 Experimental procedures

The Ni-based alloys used as filler metals in this investigation
had by X-ray fluorescence spectroscopy their chemical com-
position obtained, using a handheld XRF spectrometer. The
chemical compositions are shown in Table 1.

The base metals used in this investigation were the ASTM
A36 and the AISI 1045 carbon steels, whose chemical com-
positions were obtained by optical emission spectroscopy and
are shown in Table 2.

Samples for the Trans-Varestraint test were prepared by
machining a groove at a specified position on a 100×210-
mm plate of 12.5-mm width.

Before the machining process, the groove geometry was
determined by measuring the height, the penetration, and the
length of the transverse section of a bead made with the same
welding conditions used for the Trans-Varestraint test, such as
heat input, filler metals, and base metals. The exact geometry
of the bead section was machined into the plates. A scheme of
the samples is shown in Fig. 1.

The Trans-Varestraint test was used to determine the dis-
similar welds’ solidification crack susceptibility using the Ni-
based filler metals and the carbon steel base metals.

This work presents an alternative method to perform the
Trans-Varestraint test (TVT). The main difference is the de-
position during the welding process. Usually, the TVT is ex-
ecuted using an autogenous process, such as gas tungsten arc
welding (GTAW). Here, the filler metal was deposited into a
groove, machined in the sample, during the test (Fig. 1).
Thereby, the dissimilar weld’s solidification crack susceptibil-
ity could be evaluated along with, for instance, the effect of
dilution on the solidification crack behavior.

The volume of the material deposited must be as close as
possible to the groove volume to guarantee that there should
be the as little formation of reinforcement during the deposi-
tion as possible, as demonstrated in Fig. 2 that shows an actual
specimen after the Trans-Varestraint test.

All the other TVT parameters were maintained unchanged,
and the test dynamics remained the same. During the welding,
the sample is forced in a downward bending motion, which is
initiated by applying a load on the loading rollers, which
forces the plate to conform to the die block radius. The die
block radius determines the strain applied during the test.
Thereby allowing a relationship between strain and cracking
susceptibility to be determined [3]. In this investigation, the
solidification cracking susceptibility was evaluated by mea-
suring the maximum crack length (MCL), and the total crack
length (TCL) on the surface of the sample tested at a given
strain. All tests were performed in duplicate.

The welds were carried out by depositing the Ni-based
alloy filler metals onto samples of two different carbon steel.
A full factorial experimental design was carried out in this
study, using the filler metal as the first control factor with
two levels: Hastelloy C-276 and Inconel 625; the second
was the base metal also with two levels: ASTM A36 steel
and AISI 1045; the third was the heat input: 0.75 and 1.25
kJ/mm; and the fourth control factor was the strain with three
levels: 0.5, 1.0, and 3.0%; thus making a total of 24 tests for
each set. Four different sets of samples, considering the com-
bination of filler and base metal, were evaluated and are
shown in Table 3. Each test with a code was identified, as
shown in Table 3. This code will be used throughout the
document to identify the set of samples.

The welding parameters applied in this study are shown in
Table 4. The shielding gas used in the tests was composed of
75% argon + 25% helium, with a flow rate of 20L/min.
Table 5 presents the Trans-Varestraint test parameters.

After the tests, the samples were polished and
photographed at ×40 magnification. The cracks were

Table 1 Chemical composition
(wt%) of the Ni-based filler
metals

Elements (wt%) Ni Cr Mn Fe Mo W Nb Ti V Co Ta

IN625 65.2 21.5 - 0.40 8.8 - 3.72 0.15 0.06 0.07 0.02

C-276 59.2 16.02 0.37 5.36 15.3 3.35 - 0.09 0.02 0.12 -
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measured using the ImagePro Plus® software. After this step,
the samples were cut transversally to the crack propagation
direction to examine the crack penetration, as shown in Fig.
2B. The sectioned samples were then conventionally prepared
for metallographic analysis. Energy dispersive of X-ray spec-
troscopy (EDS) analyses coupled to an FEI Quanta 250 scan-
ning electron microscope was performed to evaluate the
Fusion Zones’ composition.

The Scheil-Gulliver solidification diagrams were calculat-
ed using the JMatPro® (10.2 version) software. The Scheil
diagram allows the essential factors in the assessment of the
susceptibility to the formation of solidification cracks, such as
the BTR (Brittle Temperature Range) and the solidification
temperature range of the Fusion Zone, to be estimated.

Analysis of variance (ANOVA) tests was performed with
the software Statistica on the crack measurements from the
Trans-Varestraint tests. The results defined the parameters that
influenced the crack propagation during the Trans-Varestraint
tests. The parameters evaluated by the ANOVA tests were
applied strain, base metal, nickel base wire, and heat input.

3 Results and discussion

3.1 Result of ANOVA tests

Cracks formed during the Trans-Varestraint tests are shown in
Fig. 3, with cracks on the surface. All samples were evaluated,

and the MCL and TCL were determined. Based on the crack
lengths obtained by the Trans-Varestraint test, ANOVA tests
were performed to define which control factors used in the set
of experiments were able to influence the susceptibility to
solidification cracking and what was de “degree” of this in-
fluence. Based on this information, it is possible to define
which parameters cause greater or lesser variations in the
weldability of the set, indicating which of them should be
avoided or controlled in joints with similar compositions.
The results obtained with the ANOVA test are shown in
Table 6. P values lower than 0.05 indicate that the control
factor evaluated influences the crack length.

The P values obtained by the ANOVA test show that the
heat input does not influence the results of the Trans-
Varestraint tests performed with the two wires. The highest
energy used was 67% higher than the lowest heat input.
However, with this range of heat input, the energy intensity
combined with other factors may not have been sufficient to
cause significant effects on weldability.

Table 7 shows the dilution values for each fusion zone. The
dilution calculation was done by the relationship between
each wires’ chemical compositions and the fusion zone itself,
based on EDS measurements made in samples tested with
1.0% strain. Table 7 shows that all the Fusion Zones have a
dilution below 10%, i.e., less than 10% of the fusion zone was
composed of base metal. The low dilution levels obtained,
even with the highest heat input applied, explains why the
heat input variation did not cause any effect on the

Table 2 Chemical composition (wt%) of the carbon steel base metals

Elements (wt%) C Si Mn P S Ni Cr Mo Cu Nb Al V Ti Fe

AISI1045 0.49 0.18 0.64 0.015 0.014 0.015 0.012 0.005 0.001 0 0.037 0.003 0.003 base

ASTM A36 0.23 0.03 0.63 0.021 0.011 0.014 0.009 0.006 0.002 0.001 0.058 0.004 0.002 base

Fig. 1 Scheme of the sample used
at the Trans-Varestraint test
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weldability, considering the different sets of samples evaluat-
ed. The low dilution levels only cause slight variations in the
Fusion Zone compositions, and those variations were not sig-
nificant to cause any substantial changes in the solidification
behavior of the material.

New alloying elements should be introduced to the weld
pool during the welding process, such as Fe and C from the
base metal, if a higher dilution level was achieved. These
elements can be very detrimental to the weldability of the
material since they can significantly change the resulting mi-
crostructures in the fusion zone, thus promoting the formation
of terminal secondary constituents that increase the solidifica-
tion temperature range of the material [44, 58, 59]. For in-
stance, the addition of iron and carbon in 625 alloys furthers
the formation of low-temperature precipitates, such as the
Laves phase and carbides, respectively [16, 60, 61]. For Ni-
Cr-Mo alloys, like C-276, iron addition facilitates the forma-
tion of the σ phase, a TCP detrimental phase that also precip-
itates at low temperatures [44]. Besides, it is well known that
the cracking tendency of weld metals increases with the wid-
ening in the solidification temperature range and the formation
of terminal secondary constituents in small quantities [55, 56,
60].

The solidification process of the dissimilar welding be-
tween nickel-base alloys and carbon steel for high dilution
levels can be estimated by simulation and has also been
investigated.

The low dilution level may be one of the reasons to explain
why the variation in heat input did not influence the
weldability of the dissimilar welds. The heat input variation
for dissimilar welds tested changed the dilution within a range
that did not impair the fusion zone’s solidification (2.8 to
8.7%), as shown in Table 7.

Low variation in dilution can be attributed to the fact that
the heat input level has been changed by modifying travel
speed, which does not affect the penetration of the weld bead
compared to modifications in weld current. In fact, in this
procedure, the heat input is governed by the amount of heat
transferred per length unit due to the travel time associated
with the welding speed. In this case, there is an association
with the deposition rate intrinsic of the GWAW process. The
lower the welding speed, the more filler metal is deposited per
unit length, increasing the weld pool’s volume and creating a
barrier effect between the arc and the substrate [11]. This
barrier effect has difficulty the melting of the bottom of the
groove, reducing the dilution level. Thus, no significant
change in the dilution of the fusion zone was found.

On the other hand, if the welding is current-controlled the
heat input variation, they should have more relevant results
regarding the variation in dilution, as the increase in heat input
given by the arc power promotes a series of essential effects.
One effect is an increase in the electric arc temperature, which
causes an increase in the temperature of the liquid metal in the
molten pool [11]. These aspects affect the convective move-
ment of the fusion pool, which results in greater penetration
than that obtained by decreasing the welding speed, which

Fig. 2 A Joint after the alternative
Trans-Varestraint test: the red
dotted lines indicate the specimen
extraction place. B Example of
specimen extracted from joint

Table 3 Combination of alloys used in the Trans-Varestraint test

Wire Base metal Pair code

Hastelloy C-276 ASTM A36 C-276/A36

AISI 1045 C-276/1045

Inconel 625 ASTM A36 625/A36

AISI 1045 625/1045
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would increase the dilution of the fusion zone. Further inves-
tigations will be carried out to evaluate this aspect.

The crack formation results were evaluated based on the
MCL, or maximum crack length, which is the length of the
most significant crack formed during the Trans-Varestraint
test [62]. This maximum distance propagated by a solidifica-
tion crack is dependent on the Mushy Zone length. This zone
is defined as the region where solid dendrites (columnar or
equiaxed) and liquid phases coexist and is the brittle area that
enables the formation of cracks during the application of stress
[43]. Therefore, the Mushy Zone extension can be correlated
to the quantity of remaining liquid at the end of the solidifica-
tion process. It can be stated: as the greater the amount of
liquid remaining at the end of the solidification, the longer
the Mushy Zone will be, and, consequently, the Trans-
Varestraint test will indicate higher MCL values leading to a
result of lower weldability.

For instance, Cieslak et al. compared the weldability of
three Ni-Cr-Mo alloys, C-4, C-22, and C-276 — the latter is
also a topic of the present study. According to the authors, the
C-276 alloy showed the least weldability among the alloys
tested due to the more significant amount of secondary phases
formed at the end of the solidification, which resulted in
higher MCL values [56]. However, it is essential to say that
if the liquid phase content is high enough for the backfilling
process to occur, then the cracking susceptibility would start
to decrease [60]. Lippold et al. already identified this phenom-
enon when investigating the weldability of pure 625 alloys. In
that study, the authors reported that for weld metals that
achieve resistance to solidification cracking through a crack
backfilling mechanism, the Varestraint test might not accu-
rately reflect their susceptibility to cracking [55].

The dilution between the nickel-based alloys and other ma-
terials such as steel can also influence crack propagation and
weldability, depending on the dilution level. For instance, a
study carried out by Dupont et al. investigated the dilution of

the nickel-based alloys Inconel 622 and Inconel 625, diluted
with AL-6XN super austenitic stainless steel. The authors re-
ported that welds prepared with IN625 had the lowest resis-
tance to hot cracking, and the cracking susceptibility increased
with decreasing dilution. In contrast, welds prepared with
IN622 were more resistant to solidification cracking, and the
cracking susceptibility, in this case, was not particularly sen-
sitive to the dilution level [59].

Based on the crack measurements carried out on the weld
surface of the Trans-Varestraint samples, an ANOVA statistic
test was performed, and the result has shown that changing the
base metals has influenced the crack length only for the C-276
alloy. Figures 4 and 5 show the MCL’s behavior for tests
carried out with heat input equal to 0.75 kJ/mm and 1.25 kJ/
mm, respectively. There is no significant variation in crack
length with heat input change. For the alloy C-276, the tests
carried out with AISI 1045 steel showed a larger crack size
than those carried out with ASTM A36 steel for all strain
levels applied. This behavior indicates that among the base
metals used, the AISI 1045 steel is the one that causes the
largest crack size in the alloy C-276, resulting in the least
weldability. This result suggests that a more significant
amount of secondary phase precipitation occurred during the
Fusion Zone solidification, allows the formation of longer
cracks during the Trans-Varestraint test, when the weld metal
is composed of the alloy C-276 and 1045 steel. For the Inconel
625, the use of AISI 1045 or ASTM A36 carbon steel did not
cause any significant variation on the crack size obtained with
the Trans-Varestraint test, indicating that both base metals
promoted equivalent weldabilities.

The strain used for the Trans-Varestraint tests influenced
the crack length for both nickel-based alloys. That was an
expected result since the strain is one of the most critical
variables present in the Trans-Varestraint test.

Table 8 shows the ANOVA results for both base metals
used. The results show that, for the ASTMA36 steel, the alloy
used was irrelevant, and the crack sizes formed during the
Trans-Varestraint test were equivalent for the alloy 625 and
alloy C-276 wires. However, for the AISI 1045 steel, the crack
size is influenced by the Ni-based alloy used since, for MCL
analysis, the P-value was below 0.05.

Figure 6 compares MCL results obtained by Cieslak et al.
(1986) for the C-276 nickel-based alloy and the MCL results
obtained by the Trans-Varestraint tests for the C-276 nickel-
based alloy diluted in ASTM A36 and AISI 1045. The

Table 4 Welding parameters
Heat input Travel speed Current Time Alimentation speed

0.75 kJ/mm 42 cm/min Ip= 300A / Ib = 120A tp = 2.2ms /

tb = 4ms

10m/min
1.25 kJ/mm 25.25 cm/min

Table 5 Trans-Varestraint test parameters

Strain Weld length Bend position Bend orientation

0.5% 10mm 60mm from start Transverse
1%

3%
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comparison shows there is an increase inMCLwhen this alloy
is diluted with carbon steel. Additionally, the higher the per-
centage of carbon in the base metal is, the higher the MCL is.

Figure 7 shows the same approach taken previously with
the C-276 alloy and compares the MCL results obtained by
Lippold et al. (2008) for pure 625 nickel-based alloy and the
MCL results of the Trans-Varestraint tests carried out in this
study for the alloy 625 diluted with ASTM A36 and AISI

1045 steels. The alloy 625 presents a different behavior than
the C-276 alloy, showing no difference in MCL results from
pure 625 alloy and dissimilar welds, considering the dilution
range achieved in this study.

3.2 Dilution simulation

Aiming to verify the solidification path of the same set of
experiments studied considering higher dilution levels and

Fig. 3 Examples of cracks
formed during the Trans-
Varestraint test with heat input
equal to 1.25kJ/mm in the fusion
zones composed by C-276/A36
(A); C-276/1045 (B); IN625/A36
(C); and IN625/1045 (D)

Table 7 Dilution of
Fuzion Zones welded
with different heat inputs

Sample Dilution

625/A36-0.75kJ/mm 7.5%

625/A36-1.25kJ/mm 3.8%

625/1045-0.75kJ/mm 8.7%

625/1045-1.25kJ/mm 4.7%

C-276/A36-0.75kJ/mm 8.7%

C-276/A36-1.25kJ/mm 4.98%

C-276/1045-0.75kJ/mm 6.9%

C-276/1045-1.25kJ/mm 2.8%

Table 6 ANOVA results for Hastelloy C-276 and Inconel 625 wires. P
values lower than 0.05 are in italics

Treatment Crack length P

C-276 IN625

Heat input MCL 0.419752 0.244928

TCL 0.282492 0.073552

Base metal MCL 0.000217 0.556908

TCL 0.049749 0.984433

Strain MCL 0.013771 0.000041

TCL 0.000022 0.000007
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their influence on the solidification cracking susceptibility
based on parameters like solidification temperature range
and BTR, new compositions were calculated for each combi-
nation between alloy and steel, supposing dilutions ranging
from 5 to 40%.

Scheil diagrams simulated for the alloys 625 and C-276
used in the present work are shown in Fig. 8. The phases
formed at the end of the solidification process, and their vol-
ume fractions and precipitation temperatures were estimated
based on the data and the plotted diagram. Additionally, the
information on starting and ending solidification temperatures
and the variation for each solid phase fraction formed during
the solidification were also predicted.

The results for each filler/base metal set are shown in Fig.
9. Both alloys showed an increase in the secondary phase
fraction with increasing dilution, which was expected since,
with the more significant presence of the base metal in the
Fusion Zone, new alloy elements, such as C and Fe, should

be incorporated into the weld pool, promoting the formation
of new phases.

The graphs (a), (b), (c), and (d) in Fig. 9 present the data
obtained with Hastelloy C-276 alloy diluted in the ASTM
A36 and AISI 1045 steel plates. The predicted secondary
phases that would precipitate during the solidification process
are σ and M6C carbides for all dilution levels tested, and P
phase for dilution levels equal or less than 5%. Evaluating
both graphs’ behavior shows that the presence of AISI 1045

Fig. 4 MCL results of Trans-Varestraint tests performed with a heat input
of 0.75kJ/mm and Inconel 625 wire (a) and Hastelloy C-276 wire (b)

Fig. 5 MCL results of Trans-Varestraint tests performed with a heat input
of 1.25kJ/mm and Inconel 625 wire (a) and Hastelloy C-276 wire (b)

Table 8 ANOVA results
for AISI 1045 and
ASTM A36 base metals.
P values lower than 0.05
are in italics

Base metal Crack length P

AISI 1045 MCL 0.036459

TCL 0.189635

ASTM A36 MCL 0.225237

TCL 0.552259
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steel in combination with C-276 alloy causes a more signifi-
cant increase of the secondary phase fraction compared to the
C-276/A36 set. For instance, when ASTM A36 steel is the
base metal, the total fraction of the secondary phase at the end
of solidification with a 40% dilution is approximately 12.5%,
while for the AISI 1045 base metal, this value is 22%. This
result shows a more significant induction of secondary phase
precipitation in the welded joints of alloy C-276 with the car-
bon steel AISI 1045 than with the ASTM A36 steel. Once
again, we can cite the work developed by Dupont et al. [59],
where the authors investigated the dissimilar welding between
the alloys IN622 — similar to C-276 alloy — and the super
austenitic stainless steel AL-6XN (24.2%Ni, 21.6%Cr,

6.1%Mo, and 0.02%C), which has a higher alloying element
content than the carbon steels. However, in this case, the
higher C content can be ignored for comparisons. The authors
state that the AL-6XN/IN622 welds exhibit a two-step solid-
ification process, consisting of L → γ followed by L → (γ +
σ). According to the authors, the L → (γ + σ) reaction tem-
perature in AL-6XN/IN622 welds depends on the dilution
level and ranges from 1354°C for “pure” AL-6XN to
1285°C for “pure” IN622. Comparing the results obtained
by Dupont et al. [59] and the ones obtained in the present
work, some similarities can be identified. As the base metal
used by Dupont et al. [59] has less carbon, it does not promote
the precipitation of carbides as was predicted for the dissimilar
welding between C-276 alloy and carbon steels, and as pro-
posed in the present work.

Simulations of the solidification process also allow the pre-
diction of essential characteristics, such as the BTR and the
solidification range (ΔTsol). The BTR was estimated by
subtracting the temperature values found when the solid frac-
tion is equal to 80% and 99% during the solidification process,
as pointed out by Santillana et al. [57]. At this interval, be-
cause a segregated liquid film still exists between the den-
drites, a minor strain leads to cracking [57]. The wider the

Fig. 7 Comparison between MCL results obtained by Lippold et al.
(2008) for the 625 nickel-based alloy and the MCL results obtained by
the Trans-Varestraint tests for the 625 nickel-based alloy diluted in
ASTM A36 and AISI 1045. *Data regarding pure Inconel 625 alloy
extracted from Lippold et al. (2008)

Fig. 6 Comparison between MCL results obtained by Cieslak et al.
(1986) for the C-276 nickel-based alloy and the MCL results obtained
by the Trans-Varestraint tests for the C-276 nickel-based alloy diluted in
ASTM A36 and AISI 1045. *Data regarding pure Hastelloy C-276 alloy
extracted from Cieslak et al. (1986)

Fig. 8 Examples of the Scheil diagram simulated for Inconel 625 alloy
(a) and C-276 alloy (b) wires
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range, the longer (at a constant cooling rate) the semisolid
material stays in this critical range and the greater the stress
concentration is, resulting from the thermal contraction restric-
tion [57]. The greater the BTR, the greater the susceptibility to
solidification cracking is [43, 57].

According to the results, variations in the dilution level
promoted changes in the features evaluated, as shown in Fig.
9. The curves indicate that the BTR and ΔTsol values have
very similar behavior, presenting a “U” shape, with an inflec-
tion point at 25% of dilution for the A36 steel base metal and
20% dilution 1045 steel base metal. Comparing this behavior
with the secondary phases behavior presented in the chart
shows that after reaching the inflection point dilution, the σ-
phase amount increases significantly. At the same time, there
are no significant changes in the amount of precipitated M6C
carbide. The σ phase usually forms at lower temperatures than
the M6C carbide, and its formation in larger amounts will
probably cause an enlargement of the ΔTsol range and, con-
sequently, an increase of the BTR as well. Evaluating both
graphs shows that when the percentage of σ phase exceeds the
amount of M6C carbides, there is a rapid increase in BTR and
ΔTsol, which means that the susceptibility of the material to
form solidification cracks increases.

Graphs (e), (f), (g), and (h) in Fig. 9 present the data ob-
tained from Inconel 625 alloy diluted in the ASTM A36 and
AISI 1045 steel plates. The simulations performed with the
Inconel 625 alloy did not vary significantly between the two
base metals. However, it shows an increase in the fraction of
the secondary phase with increasing dilution. This information
means that, when increasing the dilution, there should proba-
bly be a decrease in weldability, since the increasing amounts
of solute-enriched liquid (which becomes secondary phases)
lead to an increase in the susceptibility to solidification crack-
ing as it impairs the formation of solid/solid boundaries, thus
avoiding the accommodation of a shrinkage strain across the
boundaries [44]. The predicted secondary phases that should
precipitate during the solidification process were Laves and
carbides MC for all dilution levels and μ-phase for dilution
levels equal or less than 25%. In the study developed by
Dupont et al. [59] already quoted in the present work previ-
ously, the authors reported that welds prepared with IN625
and the super austenitic stainless steel AL-6XN exhibit a
three-step solidification process consisting of L → γ, L →
(γ + NbC), and L → (γ + Laves) [59]. Several other authors
also identified the precipitation of the same secondary phases

when studying the solidification of the alloy 625 [16, 44, 59,
61, 63]. However, the μ-phase precipitation during the solid-
ification of t36he alloy 625 has not been reported in the liter-
ature until now.

The values of BTR andΔTsol decreased with the increase
of the secondary phase fraction. This behavior occurs because,
with the increase in dilution, there is also greater availability of
alloying elements in the fusion zone. During the solidification
process, the remaining liquid becomes enriched more quickly,
allowing the secondary phase’s occurrence at higher temper-
atures. As a consequence, there is a decrease in BTR and
ΔTsol values.

4 Conclusions

Based on the experimental and computational results obtained
in the present study about the weldability of dissimilar assem-
blies between nickel-based alloys — Hastelloy C-276 and
Inconel 625 — and carbon steels — ASTM A36 and AISI
1045— using the Trans-Varestraint test with the variation of
heat input and deformation, we can conclude that:

a. The Ni-based alloy that presented the most variability in
weldability depending on the base metal used was the
Hastelloy C-276. Among the tested joints, the one with
the least weldability was composed by Hastelloy C-276 +
AISI 1045, which can be explained by the greater amount
of secondary phase formed during the solidification pro-
cess predicted by the simulation test for this materials
combination, inducing the formation of solidification
cracks.

b. The weldability results obtained for the Inconel 625 +
ASTM A36 set and Inconel 625 + AISI 1045 set were
very similar, indicating that the weldability of this nickel-
based alloy was not influenced by the base metal chang-
ing, fact that was confirmed by the ANOVA tests. This
result can be related to the low dilution obtained during
the Trans-Varestraint test. However, the simulation tests
showed that even increasing the dilution level, the amount
of secondary phases of both pairs would remain similar,
indicating that the weldability should not variate much
between sets with those material combinations even with
an increased dilution level.

c. The heat input levels tested were too alike to cause any
variation at the joint dilution and, consequently, at the
Fusion Zone composition. Because of the similarity be-
tween the Fusion Zones’ compositions, there was no sig-
nificant variation of weldability with heat input. Probably,
if the heat input had interfered more intensely on the di-
lution levels, there should be considerable differences in
the joint’s behavior during the solidification process. The

�Fig. 9 Simulation results obtained by varying the dilution from 0 to 45%
and with a heat input of 0.75kJ/mm for the sets %wt versus dilution for
C-276/A36 (a); temperature versus dilution for C-276/A36 (b); %wt
versus dilution for C-276/1045 (c); temperature versus dilution for
C-276/1045 (d); %wt versus dilution for 625/A36 (e); temperature versus
dilution for 625/A36 (f); %wt versus dilution for 625/1045 (g); and tem-
perature versus dilution for 625/1045 (h)
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ANOVA tests confirmed the non-interference of the heat
input levels variation on the weldability of different sets.
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