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Abstract
Finite element analysis (FEA) model of the solidification process in the cast pin tear test (CPTT) was developed using the
commercial software ProCAST™. Modeling predictions of the solidification and strain accumulation sequences and of the
cracking sensitive region location were validated using parallel CPTT testing of Alloy 52M filler metal. Predicted pin length
dependences of the hot tearing indicator (HTI) and the effective plastic strain (EPS) were in good correlation with the experi-
mentally determined zero to 100% CPTT cracking curve in Alloy 52 M. Sensitivity study with the developed model identified
material properties and test parameters with strong influence on the accuracy of modeling predictions. Parallel computational
modeling and CPTT experimentation was performed to quantify the critical strain for solidification cracking in Alloy 52M filler
metal. This study demonstrated that numerical modeling of weldability tests can be used for quantification of material-specific
properties related to cracking susceptibility in engineering alloys.
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1 Introduction

Primary water stress corrosion cracking (PWSCC) in dissim-
ilar metal welds (stainless steel to low alloy steel) is a common
issue in the primary contour of nuclear power plants [1].
Structural welds overlays (SWOLs) have been used to miti-
gate PWSCC for decades [2–4]. The SWLOs were developed
as a repair method to provide a pressure boundary and intro-
duce compressive stresses that would prevent propagation of

SCC [5]. Alloy 52M filler metal demonstrated high resistance
to SCC and was introduced as a replacement of Alloy 600,
originally used in SWOLs [6, 7]. The high Cr content in Alloy
52M prevents Cr depletion at the grain boundaries. Coherent
Cr23C6 intergranular carbides have significant effect on
inhibiting PWSCC [7]. However, in some cases, solidification
cracking occurred in SWOLs of Alloy 52M on cast stainless
steel pipe substrate [8] due to dilution of iron from the stain-
less steel in the weld pool [2]. High iron content increases
niobium partitioning, which causes widening of the solidifi-
cation temperature range by forming a low-melting eutectic
constituent containing NbC [2]. Wider solidification ranges
can promote accumulation of plastic strain in the mushy zone
that is sufficient to cause cracking at the terminal stage of
solidification. A combination of experimental and computa-
tional methods was used in this study, aiming to quantify the
critical plastic strain accumulation for solidification cracking
in Alloy 52M filler metal within the cast pin tear test (CPTT).

The CPTT is used as a tool for evaluation of the suscepti-
bility to solidification cracking in metallic alloys. It was orig-
inally developed by F.C. Hull in the 1960s to rank the suscep-
tibility to hot cracking in stainless steel during welding and
casting [9]. Recently, CPTT has been modified at The Ohio
State University to study the solidification cracking suscepti-
bility in high chromium nickel-base welding filler metals
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[10–12]. The CPTT is a self-restraint test, in which the strain
applied to the test sample (cast pin) is caused by solidification
and solid-state shrinkage of the pin, and thermal expansion of
the mold. The strain applied to the last solidifying portion of
the cast pin increases with the pin length [9]. The CPTT ranks
susceptibility to solidification cracking by utilizing the maxi-
mum pin length without cracking and the minimum pin length
with 100% cracking as the ranking criteria. Rankings of sus-
ceptibility to solidification cracking in several high chromium
nickel-based alloys generated using CPTT were consistent
with Transvarestraint test results [10, 12–14].

Significant advantages of the CPTT in comparison to other
solidification cracking tests include the small amount of ma-
terial needed for testing and the ability to evaluate the effect of
dilution on solidification cracking susceptibility in dissimilar
metal combinations. However, the local strain that causes
cracking in the CPTT, as well as in the other available solid-
ification cracking tests, is difficult to measure experimentally.
A potential solution of this problem is the development of
computational models for such tests that can be used to study
the cracking behavior and quantify the critical strain for solid-
ification cracking.

Computational modeling using finite element analysis
(FEA) has been extensively applied to relate the chemistry,
heat transfer, fluid flow [15], etc. to the microstructure [16]
and defect formation in welded joints [17, 18]. Solidification
cracking is one of the common defects related to the chemical
composition, solidification morphology, and thermal and me-
chanical loads experienced in welds [19]. Several solidifica-
tion cracking models have been developed. According to the
strain-driven model, solidification cracking occurs when the
strain accumulated during solidification exceeds the ductility
of the material in the mushy zone [20]. Safari et al. studied the
solidification cracking of stainless steel 310s with a commer-
cial software, ABAQUS™ [20]. They identified that the max-
imum transverse strain determined the propagation of solidi-
fication cracks. The strain rate–driven model assumes that
solidification cracking occurs when the strain rate or strain
rate–related pressure reaches a limit [16]. Neil et al. studied
the hot cracking in aluminum alloy 6061 utilizing the theory
developed by Rappaz, Drezet, and Gremaud (RDG) [16]. The
strain rate–related pressure along the columnar grains was
calculated to predict the onset of solidification cracking in
6061 aluminum. The predicted location of cracking onset
was consistent with in situ observations. The stress-driven
model is based on the assumption that solidification cracking

occurs when the stress exceeds a critical value [21] in the
mushy zone.

In the commercial software ProCAST™, a module named
hot tearing indicator (HTI) considers the evolution of strain,
stress, and strain rate at the last stage of solidification [22].
This is expressed in Eq. 1, where eht is the hot tear indicator, tc
is the coherency temperature, ts is the solidus temperature, and
εp is plastic strain. The HTI represents the accumulation of the
plastic strain in the mushy zone. This model has been validat-
ed by experimental study on solidification of aMg-Al alloy. In
the study of yttrium effect on the solidification cracking of
Mg-Y alloy, the predicated hot tearing susceptibility agreed
with the experimental measurements [23].

eht ¼ ∫
t

tc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2=3ð Þε̇p : ε̇p
q

dτ ; tc≤τ ≤ tsð Þ ð1Þ

Simulations with ProCAST™ were previously used in the
development of the new generation CPTT, aiming to optimize
the mold design for better replication of weld cooling rates,
predict solidification sequences, and determine interfacial heat
transfer coefficients [12, 24].

The objective of this study was to demonstrate the ap-
proach for computational modeling of weldability tests as a
tool for quantification of material-specific properties related to
cracking susceptibility. Such properties, i.e., the critical plastic
strain accumulation for solidification cracking, can be used as
a reference in the design of welded components and develop-
ment of welding procedures. Computational modeling of the
CPTT using ProCast™ and testing with the new generation
CPTT were utilized to quantify the critical strain for solidifi-
cation cracking in Alloy 52M filler metal. The solidification
behavior of Alloy 52M was also predicted and compared with
experimental results, including the location of cracking sensi-
tive region and direction of crack propagation.

2 Materials and procedures

The chemical compositions of Alloy of 52M filler metal and
Al-bronze C63000 mold material used in this study are shown
in Table 1. C63000 was selected as the mold material since it
was found to provide cooling rates, within the solidification
temperature range of Ni-based alloys, that are comparable to
conventional GTAW [12].

Table 1 Chemical composition of Alloy 52M and C63000 (wt%)

Alloy Al Sn Zn Cu C Cr Fe Mn Mo Nb Ni P S Si Ti

52 M 0.12 – – 0.03 0.017 30.01 8.51 0.72 0.01 0.81 59.41 0.003 0.001 0.12 0.21

C63000 9.0–11.0 0.2 0.3 balance – – 2.0–4.0 1.5 – – 4.0–5.5 – – 0.25 –
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The solidification cracking susceptibility of Alloy 52 filler
metal was tested using the new generation CPTT device de-
veloped by Luskin et al. [12, 25]. The latter utilizes induction
levitation melting with microprocessor control of all test pa-
rameters, including induction current ramp and down slope,
casting temperature, shielding gas pressure, and flow rate.

The Alloy 52M filler metal was cleaned with alcohol and
melt in buttons with weights corresponding to mold/cast pin
lengths between 0.75 in. and 2.5 in. (Table 2) [13]. The but-
tons were prepared using gas-tungsten arc torch over a cooled
copper hearth in an argon-purged chamber. The testing was
performed with the new generation CPTT following the de-
tailed procedures described in [12]. Three to five pins were
cast at each mold length. Crack lengths on the cast pin surface
were measured in degrees using a binocular microscope. The
circumferential cracking was calculated using Eq. 2, where LT
is the total length of all cracks measured on the pin surface.

Circumferential cracking %ð Þ ¼ L0T
3600

� 100% ð2Þ

3 FEA model of the cast pin tear test

A 3D model of the CPTT was built with Solidworks™ and
used with the ProCAST™ software in FEA modeling of the

solidification behavior and quantification of the hot tear indi-
cator and the local strain accumulation in cast pins of Alloy
52M. The 3D FEA model included the cylindrical mold, the
bottom disk, and the cast pin. The cast pin diameter was 5 mm
(0.197 in.) and the pin length was defined as the cylindrical
portion between the pin head and foot. In this study, cast pins
with lengths of 0.5 in., 1.0 in., 1.5 in., 2.0 in., and 2.5 in. were
numerically simulated. During solidification, the pin acts as a
tensile test sample due to the shrinkage of the pin and expan-
sion of the mold. The tensile strain generated during solidifi-
cation accumulates in the last solidified portion of the pin.

The following materials were assigned to the FEA model in
ProCAST™: Alloy 52M for the cast pin, Al-bronze C63000 for
themold, and technically pure copper C1100 for the bottom disk.
The FEA model was meshed in ProCAST™ using 3D solid
tetrahedral elements with size of 0.5 mm as shown in Fig. 1.

Elasto-plastic behavior was assigned to the cast pin
(Alloy 52M), while the C63000 mold was assumed as
rigid. The thermophysical and thermomechanical proper-
ties Alloy 52M were calculated using the commercial
software JMatPro™ . A plot of the temperature-
dependent density, thermal conductivity, Young’s modu-
lus, and Poisson’s ratio of Alloy 52M is shown in Fig. 2.
The non-equilibrium solidus and liquidus temperatures of

Table 2 Mass of Alloy 52M buttons required for different mold lengths

Length (in) 0.75 0.875 1 1.125 1.25 1.375 1.5 1.625 1.75 1.875 2 2.125 2.25 2.375 2.5

Mass (g) 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15 15.5 16 16.5 17 17.5

Fig. 1 aMeshed 3D model of the
Alloy C3600 mold and pin. b
Meshed 3D model of Alloy 52M
cast pin
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Alloy 52M were predicted using the Scheil-Gulliver mod-
ule of ThemoCalc™ as 1210 °C and 1366 °C correspond-
ingly. The predicted solidification range of 156 °C was
close to SS DTA measured value for Alloy 52M [10,
14]. The temperature dependence of the interfacial heat
transfer coefficient between the cast pin and the mold
was determined using the inverse modeling module of
ProCAST™ (Fig. 3) [12]. The latter is based on optimi-
zation of the interfacial heat transfer coefficient to achieve
closest match of a predicted cooling rate to actually mea-
sured one.

The boundary condition at the external mold surface
was set as air cooling with initial temperature of 20 °C.
The alloy was poured into the mold by gravity (9.8 m/s2)
with an initial temperature of 1500 °C. The filling time
for a 2.0-in. long pin was estimated from experimentation
as 0.1 s. A filling rate 0.15699 Kg/s was calculated and
applied for all tested pin lengths.

4 Results and discussion

4.1 Solidification cracking susceptibility in Alloy 52M
filler metal

The CPTT results for Alloy 52M are plotted in Fig. 4. Pins
with no cracking and pins with occasional crack initiation of
less than 5% surface cracking were identified at 0.75 in. and
0.875 in. pin lengths. The minimum pin length with consistent
crack initiation and the minimum pin length with consistent
full separation (100% cracking) were correspondingly 1.0 in.
and 2.0 in. There was a gradual increase in the percentage of
circumferential cracking between the 0.875 in. and 2.0 in. pin
lengths with wider variation in the cracking extent at longer
pins. The fracture surfaces in failed cast pins exhibited a typ-
ical solidification cracking morphology with exposed den-
drites and presence of low-melting point eutectic constituent
within the interdendritic spaces (Fig. 5 (a)). Cracking usually

Fig. 2 Thermophysical and thermomechanical properties of Alloy 52M predicted with JMatPro™

Fig. 3 Interfacial heat transfer coefficient between cast pin of Alloy 52M
and Alloy C63000 mold

Fig. 4 Experimentally determined percentage circumferential cracking in
cast pins of Alloy 52M
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occurred in the pin neck area just beneath the pin head (Fig. 5
(b)). Examples of crack nucleation at the pin surface and prop-
agation towards the pin centerline, which is the typical fracture
sequence in the CPTT, are shown in Fig. 5 (c) and (d).

4.2 Solidification sequence and plastic strain
accumulation

The developed FEA model of CPTT in the ProCast™ soft-
ware was used to simulate the solidification sequences and
plastic strain generation in a series of Alloy 52M cast pins.
The effective plastic strain (EPS) parameter calculated by the
ProCAST™ was utilized in this study. A particular solution
for a 2.0-in. long pin is shown in Fig. 6. The contour plots of
fraction solid show that solidification starts from the
mold/liquid contact interface and progresses towards the pin
center line. Metallurgical characterization with light optical
microscopy and scanning electron microscopy revealed a

typical columnar dendritic solidification with nucleation off
the mold surface and growth towards the pin centerline [12].
Therefore, the FEA prediction is consistent with the experi-
mentally observed solidification morphology. Since the pin
head is acting as a large reservoir of liquid and a heat source,
the pin neck and head are predicted to solidify last. Similar
solidification behavior in cast pins of Alloy 52M at faster heat
extraction conditions (Cu-Be mold of different geometry) was
predicted by Luskin et al. [12].

Along with the formation of a solid layer at the mold
surface, strain accumulation begins from the pin surface
following the solidification sequences towards the pin cen-
terline. As shown in Fig. 6, the gradient in EPS is related to
the fraction solid. Local EPS concentration in the range of
1% occurs at the surface of the pin neck, which is predicted
to solidify last. The predicted location of strain concentra-
tion and direction of strain accumulation in cast pins of
Alloy 52M fully coincide with the typical crack nucleation

Fig. 5 Solidification cracking in cast pins of Alloy 52M: a fracture
surface morphology of 2.0-in. long cast pin with full separation (100%
cracking), b typical crack location in CPTT pins, c surface crack initiation

1.5-in. long cast pin with 53% circumferential cracking, d surface crack
initiation in fully separated 2.5-in. long cast pin
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site and direction of crack propagation in the actual CPTT
experiments shown in Fig. 5.

4.3 Hot tearing indicator and circumferential cracking

Predicted HTI distribution contours at the surfaces and cross
sections of the five pin lengths subjected to FEA simulations
are displayed in Fig. 7. For each pin length, the maximum
value of the HTI appeared in the pin neck region (beneath
the pin head). The HTI exhibited a strong decreasing gradient,
in the cast pin cross section, from the pin surface towards the
pin centerline. These predictions correlate with the predicted
EPS distribution and solidification sequence shown in Fig. 6,
and indicate that solidification cracking would initiate at the
pin surface and would propagate towards the pin centerline.
Therefore, the predicted solidification cracking sensitive re-
gion in cast pins of Alloy 52M is located at the pin surface
and cross-section just beneath the pin head. These modeling
predictions fully coincide with the experimental observations
of the crack sensitive region, crack initiation, and crack prop-
agation in cast pins of Alloy 52M shown in Fig. 5.

The average HTI for the cracking sensitive regions (the
region highlighted in Fig. 10, surface values were used) of
all simulated pins was calculated and plotted versus the pin
length as shown in Fig. 8. The average HTI increased

gradually between 0.5 in. and 1.5 in. pin lengths and almost
leveled at 2.0 in. pin length. This trend correlated with the
experimentally determined gradual increase in percentage of
circumferential cracking between the maximum pin length
with no cracking (0.857 in.) and the minimum pin length with
100% cracking (2.0 in.) shown in Fig. 4. HTI value of 0.014
corresponded to the experimentally determined minimum pin
length of 1.0 in. at which consistent cracking occurred in the
tested alloy. This can be considered as the critical HTI value
for initiation of solidification cracking in Alloy 52M.

4.4 Critical strain for solidification cracking of Alloy
52M in the CPTT

The effective plastic strain (EPS) in the cracking sensitive
region was predicted for pin lengths between 0.5 in. and
2.0 in. These pin lengths corresponded to the ranges of zero
to 100% circumferential cracking and of gradual increase in
the HTI shown in Figs. 4 and 8. The average EPS within the
crack sensitive region of all simulated pin lengths was plotted
versus the fraction solid in Fig. 9. For all pin lengths, the
average EPS value was close to zero below 0.88 fraction solid
and gradually increased to about 0.5% as the fraction solid
increased to 0.97. Above that point, the EPS behavior was
similar for all pin lengths: gradual increase to a plateau

Fig. 6 Predicted sequence of solidification and plastic strain accumulation in a 2.0-in. long cast pin of Alloy 52M
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followed by a sharp rise at the end of solidification. The EPS
values characterizing the strain accumulation within the crack-
ing sensitive region during the final stage of the solidification
process are summarized in Table 3.

With increasing the pin length from 0.5 to 1.0 and 1.5 in.,
the EPS plateaus occurred at lower fraction solid. Longer pins
experienced larger EPS values, both at the EPS plateaus and at
the end of the solidification process (at 0.999 and 1.0 fraction
solid). The 1.5 and 2.0 in. pins had similar EPS values above
0.97 fraction solid, with the former reaching slightly higher
EPS values within the plateau.

The critical strain for solidification cracking in Alloy 52M
can be estimated by comparing the predicted EPS dependence
on fraction solid (Fig. 9), to the CPTT generated circumferen-
tial cracking dependence on pin length (Fig. 4). Since the
0.75 in. and 0.875 in. pin lengths exhibited occasional surface
crack initiation in the CPTT (Fig. 4), for the purpose of this
study, pin length of 0.5 in. can be considered as a the maxi-
mum pin length with no cracking. Therefore, the predicted
EPS value of 0.747% at the end of solidification process in
the 0.5 in. pin, corresponding to 0.999 solid fraction, can be
considered as the maximum level of local strain accumulation
that Alloy 52M would sustain without solidification cracking.

Fig. 7 FEA predicted HTI contours at the surface and cross sections of cast pins in Alloy 52M

Fig. 8 FEA predicted average HTI for the cracking sensitive region of
cast pins in Alloy 52M
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Similarly, the predicted EPS value of 0.825% at the end of
solidification in the 1.0 in. pin, which was the minimum pin
length with consistent cracking, can be assumed as the lowest
strain that would consistently cause solidification cracking in
cast pin tear testing of Alloy 52M.

Based on the results of this study, the predicted critical EPS
range for solidification cracking in CPTTof Alloy 52M can be
defined as 0.75 to 0.83%. For the 1-in. long pin, this strain
range corresponded to a predicted solid faction ranges be-
tween 0.981 and 0.999. The predicted strain for consistent
100% cracking in the 2.0 in. pin can be estimated as 0.88%
at 0.999 fraction solid. The 1.5 in. pin length exhibited vari-
able cracking response between 51% and 100% circumferen-
tial cracking that corresponded to a predicted EPS range from
0.83 to 0.88%.

Such narrow range of the predicted EPS, from consistent
crack initiation through 100% cracking, could provide an ex-
planation for variations in the CPTT percentage cracking at
pin lengths above the crack initiation threshold. Previous ex-
perience with the CPTT has shown very good resolution in
determining the cracking threshold (maximum pin length with
no cracking) and larger result variations in the range between
no cracking and consistent 100% cracking. A specially de-
signed investigation with the developed FEA model in
ProCAST™ can be performed to improve the reproducibility
of CPTT results throughout the whole cracking range by fur-
ther optimization of the CPTT mold design.

The predicted critical ranges of local strain accumula-
tion and fraction solid for solidification cracking in Alloy
52M are in good correspondence with experimental

Fig. 9 Average effective plastic strain in the cracking sensitive region of cast pins in Alloy 52M. The EPS contour shows region of strain concentration in
the cracking sensitive region beneath the pin head

Fig. 10 HTI contours generated in the sensitivity study: a 1500 °C
pouring temperature, b 1400 °C pouring temperature, c 0.1 s filling
time, d 0.5 s filling time, e inverse modeling predicted interfacial heat

transfer coefficient, f constant interfacial heat transfer coefficient, g
general interfacial heat transfer coefficient for metals
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observations of solidification cracking in a Ni-based alloy
by Robino et al. [26] and with predicted fraction solid and
temperature ranges for NbC and Laves phases in the final
stage of solidification of high chromium Ni-based filler
metals [27]. However, further research would be required
to validate the applicability of these predictions to actual
welding scenario.

4.5 Sensitivity study and predicted strain validation

Using the developed FEA model of the CPTT, a series of
simulations were performed to evaluate the magnitude of in-
fluence of main test variables on the predicted strain accumu-
lation in the crack sensitive region. An initial sensitivity study
was focused on the effects of the pouring temperature, mold
filling time, and interfacial heat transfer coefficient on the
average HTI value within the cracking sensitive region. The
results of this study are summarized in Table 4 and Fig. 10.

The sensitivity study showed that the pouring (casting)
temperature had insignificant influence on the predicted HTI
value. Reduction of the pouring temperature with 100 °C re-
sulted in 0.3%HTI reduction (Table 4 and Fig. 10 (a) and (b)).
The pouring temperature in the CPTT is controlled through
pyrometer connected within the control loop of the induction
power supply and is typically set at 150 °C above the liquidus
temperature of the tested alloy. Therefore, pouring tempera-
ture variations within a range of 100 °C would not significant-
ly affect the strain accumulation in the cast pin cracking sen-
sitive area.

Extending the mold filling time from 0.1 to 0.5 s reduced
the predicted HTI with 7% (Table 4 and Fig. 10 (c) and (d)).

The mold filling time of 0.1 s was estimated based on temper-
ature measurements within a cast pin mold instrumented with
thermocouples at the pin foot, neck, and half length. The mold
filling time would depend on the alloy specific thermo-
physical properties in liquid state. Based on the result of this
study, it is recommended to determine that the mold filling
time for tested alloys using thermocouple measurements with-
in the cast pin mold.

Out of the studied parameters, the temperature dependence
of the interfacial heat transfer coefficient had the strongest
effect on the local strain accumulation. Using a constant value
and a generic temperature dependence for metals resulted in
deviations of the predicted HTI of 12% and 25.5% corre-
spondingly (Table 4 and Fig. 10 (e), (f), and (g)). Therefore,
development of reliable temperature dependences of the inter-
facial heat transfer coefficient is essential for the accurate pre-
dictions of local strain accumulation in the CPTT. Such de-
pendences for tested alloys can be generated using the inverse
modeling tool of ProCast™ and thermal histories measured
within the CPTT mold.

Validation of the predicted total longitudinal shrinkage in a
non-restrained mold was performed to demonstrate the effect
of the coefficient of thermal expansion on the prediction ac-
curacy. A 2.0-in. long mold in Alloy C63000 without
restraining foot was used in the experimental validation
(Fig. 11 (a)). Five pins of Alloy 52M were cast in this mold
using the CPTT procedure described in Section 2 and the total
longitudinal shrinkage in the five pins was measured. CPTT
modeling simulations for the non-restrained mold were con-
ducted using the initial and boundary conditions, and material
properties specified in Section 3, including a predicted

Table 3 Average EPS within the
cracking sensitive range during
the final stage of solidification

Pin length, in. EPS plateau EPS at 0.999 fraction solid, % EPS at 1.0 fraction solid, %

Fraction solid EPS, %

0.5 0.996 0.73 0.747 0.82

1.0 0.990 0.81 0.825 0.87

1.5, 2.0 0.986 0.87 0.883 0.93

Table 4 Sensitivity study parameters and HTI predicted values

Test parameter Parameter values Predicted HTI Effect, %

Pouring temperature, oC 1500* 0.01459 –

1400 0.01463 0.3

Mold filling time, s 0.1* 0.01459 –

0.5 0.01355 7.2

Interfacial heat transfer coefficient, W/m2K Inverse model prediction*, Fig. 3 0.01459 –

4000 0.01283 12.1%

500 (room T), 800 (solidus), 1200 (liquidus and pouring)** 0.01087 25.5%

*Parameters used in the presented modeling simulations; **Generic dependence for metals used in ProCAST™
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temperature dependence of the thermal expansion coefficient.
The FEAmodel of a cast pin within the non-restrainedmold is
shown in Fig. 11 (b). The predicted longitudinal shrinkage
was 1.2 mm, showing a 30% deviation from the 0.9 mm av-
erage shrinkage in the five CPTT experiments. Therefore, uti-
lizing an accurate temperature dependence of the coefficient
of thermal expansion is essential for the prediction accuracy of
the developed CPTT computational model.

5 Summary and conclusions

This study demonstrated that computational modeling of
weldability tests can be used as an approach for quantification
of material-specific properties related to cracking susceptibil-
ity in engineering alloys. FEA model of the cast pin tear test
was developed and used in simulations, paralleled with exper-
imentation, to quantify the critical strain for solidification
cracking in Alloy 52M. The main conclusions of this study
are listed below:

1. The developed FEA model of the cast pin tear test was
validated by comparison to CPTTexperiments with Alloy

52M filler metal. FEA simulations with this model accu-
rately predicted:

a. the sequence of solidification and strain accumulation
in the cast pin

b. the cracking sensitive region, including the exact lo-
cation of crack nucleation and the cracking propaga-
tion direction

c. the relationship of increasing cracking susceptibility,
indicated by the hot tearing indicator and the effective
plastic strain, with increasing cast pin length

2. The predicted hot tearing indicator and effective plastic
strain dependences on the pin length correlated well
with observed variations in the CPTT percentage cir-
cumferential cracking:

a. both parameters increased rapidly within the pin
length range of crack initiation, which correlated with
experimentally observed low variations in circumfer-
ential cracking

b. in the range between 50% and 100% circumferential
cracking, the dependence on pin length in both pa-
rameters gradually leveled, reflecting wider variations
in experimental results

Fig. 11 a Cast pin mold without
restraining foot used in the strain
validation study, b FEA modeling
prediction of the longitudinal
shrinkage in a 2.0-in. long cast pin
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3. Critical strain values for solidification cracking in CPTT
of Alloy 52M filler metal were predicted as follows:

a. critical strain range for crack nucleation between
0.75% and 0.83%, corresponding to minimum pin
length with consistent crack initiation of 1.0 in. and
predicted fraction solid above 0.98

b. critical strain for consistent 100% circumferential
cracking of 0.88%, corresponding to pin length of
2.0 in.

c. the above listed predictions were in a reasonable
agreement with published data

4. Sensitivity evaluations indicated that the temperature de-
pendences of the interfacial heat transfer and thermal ex-
pansion coefficients, along with the mold filling time, had
significant effect on the predict ion accuracy.
Experimental determination is recommended for key ma-
terial properties and process parameters used with the
FEA model of the CPTT.

5. The developed FEA model can be used for quantification
of test parameters that are critical for the sensitivity, accu-
racy, and reproducibility of the CPTT, and for further
optimization of testing procedures.

6. Predictions of the critical strain for solidification cracking
in the CPTT can be used for reference in the design of
welded components and development of welding proce-
dures. However, additional research is needed to correlate
predictions of the developed FEAmodel to actual welding
conditions.

Acknowledgements This research was performed at the Welding
Engineering Laboratory of The Ohio State University and was supported
by Areva, AZZ WSI, Babcock & Wilcox Canada, Böhler Welding
Group, the Electric Power Research Institute, and ESI Group North
America. The authors acknowledge the technical support of Mr. Samuel
Scott of ESI Group North America.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

1. Tomota Y, Daikuhara S, Nagayama S, Sugawara M, Ozawa N,
Adachi Y, Harjo S, Hattori S (2014) Stress corrosion cracking be-
havior at Inconel and low alloy steel weld interfaces. Metall Mater
Trans A 45(13):6103–6117

2. McCracken SL, Smith RE (2011) Behavior and hot cracking sus-
ceptibility of filler metal 52M (ERNiCrFe-7A) overlays on cast
austenitic stainless steel base materials. Hot Crack. Phenom.
Welds III, p 333–352

3. DuPont JN, Robino CV, Marder AR (1998) Modeling solute redis-
tribution and microstructural development in fusion welds of Nb-
bearing superalloys. Acta Mater 46(13):4781–4790

4. DuPont JN, Marder AR, Notis MR, Robino CV (1998)
Solidification of Nb-bearing superalloys: part II. Pseudoternary so-
lidification surfaces. Metall Mater Trans A 29(11):2797–2806

5. Engel R, Heldt J, Krause C (2013) Design and Analysis of a Full
Structural Weld Overlay for a Feedwater Nozzle-to-Safe End
Dissimilar Metal Butt Weld. Transactions, SMiRT-22, p Division VI

6. Mccracken SL, Tatman JK (2012) Influence of Austenitic Stainless
Steel Base Metals on Hot Cracking Susceptibility of High
Chromium Nickel-base Filler Metals. Proceedings of the 2012
ASME Pressure Vessels & Piping Division Conference, p
PVP2012–78614 (1)–(11)

7. Ramirez J (2011) Understanding stress corrosion cracking of welds
in nuclear reactors. Weld J 7:38–42

8. Cofie NG, et al (2008) Effectiveness of Stainless Steel Buffer Layer
to Address Hot Cracking During Weld Overlay Repair of
Dissimilar Metal Alloy 82/182 Welds with Stainless Steel Piping.
Proceedings of 2008 ASME Pressure Vessels and Piping Division
Conference, p PVP2008–61411 (1)–(10)

9. Hull FC (1959) Cast-pin tear test for susceptibility to hot cracking.
Weld J 38:176–181

10. McCracken SL, et al (2010) Hot Cracking Study of High
Chromium Nickel-Base Weld Filler Metal 52MSS (ERNiCrFe-
13) for Nuclear Applications. Pressure Vessels & Piping PVP10,
Paper PVP2010–25787, ASME, 2010(49255), p 879–889

11. Alexandrov BT, Lippold JC (2013) Use of the cast pin tear test to
study solidification cracking. Weld World 57(5):635–648

12. Luskin TC (2013) Investigation of weldability in high-Cr Ni-base
filler metals. The Ohio State Univeristy Thesis

13. Alexandrov BT, Lippold JC, Nissley NE (2008) Evaluation of weld
solidification cracking in Ni-base superalloys using the cast pin tear
test. In: Hot cracking phenomena in welds II, T. Böllinghaus, et al.
Springer Berlin Heidelberg, Berlin, pp 193–213

14. Alexandrov B et al (2013) Susceptibility to solidification cracking
in high chromium nickel-base filler metals for nuclear power appli-
cations, Trends in Welding Research IX, ASM International, pp
614–622

15. DongH, GaoH,Wu L (2003) Numerical simulation of heat transfer
and fluid flow in a double-sided gas-tungsten arc welding process.
Proc Inst Mech Eng B J Eng Manuf 217(1):87–97

16. Niel A, Bordreuil C, Deschaux-Beaume F, Fras G (2013) Modelling
hot cracking in 6061 aluminium alloy weld metal with microstructure
based criterion. Sci Technol Weld Join 18(2):154–160

17. Wei YH, Dong ZB, Liu RP, Dong ZJ (2005) Three-dimensional
numerical simulation of weld solidification cracking. Model
Simul Mater Sci Eng 13(3):437–454

18. Dong ZB,Wei YH (2006) Three dimensional modeling weld solid-
ification cracks in multipass welding. Theor Appl Fract Mech
46(2):156–165

19. Coniglio N, Cross CE (2013) Initiation and growth mechanisms for
weld solidification cracking. Int Mater Rev 58(7):375–397

20. Safari AR, Forouzan MR, Shamanian M (2012) Hot cracking in
stainless steel 310s, numerical study and experimental verification.
Comput Mater Sci 63:182–190

21. Eskin DG, Suyitno, Katgerman L (2004) Mechanical properties in
the semi-solid state and hot tearing of aluminium alloys. ProgMater
Sci 49(5):629–711

22. Zhu JZ, Guo J, Samonds MT (2011) Numerical modeling of hot
tearing formation in metal casting and its validations. Int J Numer
Methods Eng 87(1–5):289–308

Weld World (2019) 63:913–924 923



23. Wang Z, Huang Y, Srinivasan A, Liu Z, Beckmann F, Kainer KU,
Hort N (2014) Experimental and numerical analysis of hot tearing
susceptibility for Mg-Y alloys. J Mater Sci 49(1):353–362

24. Luskin TC et al (2012) Preliminary Finite Element Analysis and
Optimization of the Cast Pin Tear Test. in Numerical Analysis of
Weldability X. Technische Universität Graz, Graz

25. Przybylowicz E et al (2016) Weldability evaluation of high chro-
mium, Ni-base filler metals using the cast pin tear test. In:
Boellinghaus T, Lippold JC, Cross CE (eds) Cracking phenomena
in welds IV. Springer International Publishing, Cham, pp 269–288

26. Robino CV (2016) Engineering approximations in welding: bridg-
ing the gap between speculation and simulation. Weld J 95:1s–16s

27. Przybylowicz E (2014) Weldability evaluation of high-Cr Ni-base
filler metals using the cast pin tear test. The Ohio State University,
Columbus

924 Weld World (2019) 63:913–924


	Experimental and numerical modeling study of solidification cracking in Alloy 52M filler metal in the cast pin tear test
	Abstract
	Introduction
	Materials and procedures
	FEA model of the cast pin tear test
	Results and discussion
	Solidification cracking susceptibility in Alloy 52M filler metal
	Solidification sequence and plastic strain accumulation
	Hot tearing indicator and circumferential cracking
	Critical strain for solidification cracking of Alloy 52M in the CPTT
	Sensitivity study and predicted strain validation

	Summary and conclusions
	References


