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An Updated Index Including Toughness
for Hot-Cracking Susceptibility

GUANNAN TANG, BENJAMIN J. GOULD, ABIGAIL NGOWE,
and ANTHONY D. ROLLETT

Hot cracking is one of the major defects that can occur in laser-based additive manufacturing.
During the terminal stage of solidification, hot cracking initiates when the semi-solid matrix
builds up excessive negative (tensile) pressure induced by thermal contraction. This study
presents a new quantification of the trends in the above process: we estimate the volume change
brought by thermal deformation through a perspective of energy conservation and combine it
with the intergranular volume change induced by grain growth and liquid backflow to derive a
criterion for hot-cracking initiation. Based on this, we propose two modified indexes that build
on prior work, namely: (1) |-~ |—= and (2) | 4L Here, T is temperature, f; is the solid
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fraction of the semi-solid region, f is the shrinkage factor and E is the material toughness near
the solidus temperature. Evaluating these indexes against experimental data reveals that
hot-cracking susceptibility is strongly correlated with the second index and indeed is a function
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of material high-temperature toughness.
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I. INTRODUCTION

Hort cracking is notoriously common in both laser-
and electron beam-based additive manufacturing, as
well as casting of many commercial alloys (e.g., Al
6061,1" 2 A17075,%! Haynes 230! and Inconel 7381, It
is a serious defect that is a direct cause of part rejection
and can degrade the mechanical performance of fabri-
cated parts. Hot cracking often occurs in the semi-solid
matrix of solidifying welds, also known as the mushy
zone. The coexistence of solid dendrites with liquid
makes the behavior of this mushy zone complex. The
center line of the melt pool in welding or laser powder
bed fusion (LPBF) is the last to solidify and so this is
often the critical location for initiation of cracking.
Liquid metal can flow continuously and easily into the
semi-solid skeleton at low solid fractions. Regions of the
mushy zone close to the solidus, however, have a high
fraction of solid, and the dendrites in this region form
solid linkages between each other. This connectivity
gives the matrix strength and also obstructs the flow of
liquid melt that compensates for solidification
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shrinkage. As the solid fraction approaches unity, the
remaining liquid forms films between the dendrites such
that liquid flow is constrained or even blocked. At the
same time, the semi-solid structure develops strength
that resists thermal shrinkage thereby setting up tensile
stress; thus, the inter-dendritic spots where voids can
nucleate.l) When the accumulated strain exceeds the
mechanical limit, the liquid melt film will be pulled apart
leaving behind a voided space that can serve as the
initiation spot for hot cracking. This is the mechanism
that is often credited in the literature with causing the
terminal stage of solidification to be critical for
hot-cracking initiation.!”!

Even though the initiation of hot cracking in welding
can be generalized to be a net result of competing events
within the mushy zone during solidification, the alloy
itself has a strong influence on the occurrence or severity
of hot cracking in welding. The freezing range of the
alloy, defined as the difference between liquidus tem-
perature and solidus temperature, is strongly correlated
with hot-cracking susceptibility.”™ The wider the freez-
ing range, the longer the material will spend in the
vulnerable, semi-solid, state, thereby promoting crack-
ing.”) Solute segregation also influences the local freez-
ing range. In nickel alloys, the segregation of solute can
lower the local solidus temperature and extend the
freezing range further, potentially leading to an increase
in the hot-cracking susceptibility.”) Moreover, grain size
of the alloy also affects the formation of hot cracks. This
is saying that any process condition influencing the final
grain texture can have an effect on the eventual
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hot-cracking behavior. Alloys with finer grains are
generally less susceptible to hot cracking.['”! Finer grains
allow more movement between adjacent grains and
consequently are better at accommodating thermal
contraction.' - In addition, fine-grained materials have
more intergranular area per unit volume. This results in
higher intergranular liquid permability and less localized
solute segregation, therefore, promoting the ‘“healing”
effect of liquid backflow and, at the same time, reducing
solute segregation.

Indeed, hot cracking is a notably complex phe-
nomenon that depends on aspects that are often
interrelated. Attempts have already been made in the
literature to unify those aspects. As reviewed by
Eskin,!'? criteria for hot cracking can be categorized
into three types: critical stress, critical strain, and critical
strain-rate. The stress-based criteria focus on the
mechanical strength of the solid network (mushy zone).
This type of criterion assumes that a crack will form
when the local thermal tensile stress exceeds the net-
work’s mechanical strength. The strain-based studies use
a similar approach by assuming that a crack will form
when the local tensile strain is sufficient to pull apart a
grain boundary and fracture the continuous liquid/solid
network. More recent studies suggest that strain rate,
more than stress and strain, may play a dominant role in
the formation of a hot crack.l”! The basis for this view is
that, in the course of solidification, stress relief occurs
via a combination of liquid backfeed and diffusional
creep in response to thermal shrinkage, both of which
are time dependent. Although the semi-solid network
can fail from a large enough stress or strain, hot cracks
do not occur if enough time is available for stress
relaxation. This view is consistent with the known high
strain-rate sensitivity of plastic deformation at high
temperature, e.g., Reference 13.

Prokhorov’s work is, to the best of our knowledge,
the first report that analyzes the significance of strain
rate.'" He asserted that there is a threshold for the rate
of strain accumulation with temperature drop. Hot
cracks can occur if this threshold is exceeded during
solidification. A more elaborate model, also based on
strain-rate, is the oft-cited RDG model proposed by
Rappaz, Drezet, and Gremaud.!"” This model simplifies
the problem to that of unidirectional columnar grain
growth with a liquid backfeed in the opposite direction.
Using a differential mass-balance equation between the
grain growth and liquid back feed, the RDG model
relates the pressure drop along the grain boundary to
the local thermal deformation and solidification shrink-
age. The maximum allowable pressure drop is defined by
the critical cavitation (tensile) pressure. If the solidifica-
tion-induced pressure drop exceeds this maximum
allowable value, a void may form and eventually give
rise to a crack. More recently, Kou proposed a related
approach that models hot cracking at the scale of an
individual %rain boundary instead of the mushy zone as
a whole.'®) Using the same volume balance among the
thermal deformation, grain growth, and the liquid
backfeed, Kou related the extent of hot-cracking sus-

ceptibility with |dT/d(fS)1/ ?| at the terminal stage of

1]

solidification (solid fractions in a range from 85 pct to
92 pct). Here, f; is the solid fraction within the mushy
zone during solidification, and 7 is the local tempera-

ture. Larger values of |dT/d(fs)l/ ?| represent a higher
hot-cracking susceptibility. This agrees well with the fact
that alloys with large freezing ranges are known to be
more susceptible to hot cracking. However, discrepan-
cies remain. Among commercial Al alloys, for example,
Kou has pointed out himself that back-diffusion must be
included to make a correct cracking susceptibilit;/
prediction when Al 5052 is compared to Al 6061.'"
Also, predictions from Kou’s analysis failed to correlate
well with experimental data for certain Ni alloys.!'®!

The purpose of the current work is to extend Kou’s
index to address the discrepancies seen in various alloys.
Accordingly, we propose a numerical analysis of the
criterion for the initiation of hot cracking within the
mushy zone. However, rather than only limiting the
analysis to the volumetric balance within the intergran-
ular region, the relaxation of strain energy by plastic
deformation at the terminal stage of solidification is
considered in the current work, from which several
factors are extracted and incorporated into Kou’s index
to extend its capability. Experimental data are used to
evaluate the different indices and find the most effective
modification to the original index and, more impor-
tantly, validate the hot-cracking model proposed in this
work.

II. MATERIALS AND METHODS
A. Dynamic X-ray Radiography (DXR)

DXR is a characterization technique that utilizes the
large X-ray flux afforded by synchrotron radiation
sources to provide extremely high temporal fidelity
images of high-speed interactions, such as the LPBF
process. The current work utilizes a system developed at
the 32-ID-B beamline of Advanced Photon Source
(APS) at Argonne National Laboratory to study
LPBF.I'") APS, as a third-generation light source
provides high-speed synchrotron X-ray radiation that
is able to penetrate samples with high temporal and
spatial resolution. This makes DXR a powerful tool for
studying the melting and solidification processes of laser
welding. The schematic of the setup is shown in
Figure 1. The specimen is placed in an environment of

Laser beam
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Fig. 1—Schematic of the dynamic X-ray radiography experiment
setup.
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argon atmosphere and kept at room temperature. The
laser beam interacts with the specimen from the top
surface while the X-ray penetrates through the whole
specimen from the front surface. The density change
during melting creates changes in the X-ray absorption.
Using a high-speed camera to view the image of the
transmitted X-rays on a scintillator reveals the time-re-
solved evolution of the melt pool dynamics, which
makes the in-situ characterization of the hot-cracking
morphology possible. A typical frame rate is 50 kHz,
but much higher rates are possible. In our work, DXR is
used to examine the morphology of the hot-cracking
network in a set of four aluminum alloys and six
Ni-based alloys. To optimize the X-ray absorption
contrast, the aluminum specimens were prepared with
dimensions about 50 mm long, 3 mm tall, and 1 mm
thick. Because of their higher density, the Ni-based
specimens were prepared with the same dimensions but
only 0.5 mm thick.

B. Derivation of Hot-Cracking Susceptibility Indexes

Motivated by Kou’s approach, we consider the grain
growth at the terminal stage of solidification shown in
Figure 2, two columnar grains are growing next to each
other. 4 is the grain spacing and L is the grain radius.
Note that the cross section shows the top view of the
grain growth. The empty space in the cross section
outlined by hexagons is the intergranular space where
hot cracking is likely to initiate. Along this intergranular
channel, volume balance is maintained by compensating
the volume change induced by thermal deformation with
the net volume change resulting from grain growth and
liquid backflow. In our current model, we specifically
investigated a small section of the intergranular channel.
This small cross section is indicated by the dotted
orange rectangle that has width w and extends in the
vertical direction along the intergranular channel with
height Ah.

Within this control volume, initiation of hot cracking
can be avoided when the rate of volume opening up by
thermal deformation (Vinerma) 18 smaller than the
compensation rate of volume change from liquid back-
flow (Viiquia) and grain growth (Vgrowin):

IThermaI gradient

Cross section

Fig. 2—A schematic for the top view of an intergranular channel.
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d Vthcrmal < d Vliquid d Vgrowth [1]
dt dt dr

Assume the reference height of this controlled volume
is h, we can rewrite Inequality (1) according to Kou’s
work!® as follows:

thhermal d2L
a VAR 2

+ (W (A= 2L) * vif g gpy — w* (A= 2L) * v],)

Here, wx Ah *df]—f on the right-hand side describes the
volume compensation rate brought by grain growth.
The last two terms on the right-hand side correspond
to the volumetric flow rate of the liquid melt that goes
in and out of the controlled volume. The difference
between these two terms gives the volume compensa-
tion rate induced by fluid backflow. Here, v/, and
Vil (444 are the liquid flow speed at vertical position /
and &+ Ah, respectively. By dividing 44 on both sides
and taking the limit of 44 — 0, the volume Inequal-
ity (2) can be rewritten as follows:

thhermal d(2L) d(i - 2L)V/
dhedt " Ta VYT

As reported by Kou,["® L can be expressed as a func-
tion of 4 and local solid fraction fy when f; approaches
1.

=

L=2 VTR 4

Here f is the solidification shrinkage coefficient
p=1- %). Substitute Equation (4) into Inequality (3)
and divide by 4 and w on both sides:

< ﬂd;{tﬁ+d(l — 1/ ]dh— ﬁ\/ﬂ)w

thhermal
wx Axdh*dt

|h
[5]

The first term % in inequality (5) describes the rate
of volume fraction change or strain rate of thermal
deformation in our controlled volume. If we evaluate
the initiation of hot cracking from an energy perspec-
tive, then the strain energy stored in the material that
is relaxed by void or crack creation that compensates
for the energy consumed in local plastic deformation
and the increase in surface energy as new surface is
created during the initiation of a hot crack. Plastic
deformation is brought about by stress caused by ther-
mal shrinkage. By analogy with the Griffith crite-
rion®” for brittle cracking (extended to include
plasticity), we evaluate the energy conservation of this
process:

Uslrain = Eplastic * Vplastic + 7% Cplastic~ [6]

Here Ugirain 18 the strain energy. Eppgic is the energy
per unit volume consumption for plastic fracture, and
y is the surface energy of the material. Vpjasic is the
volume deformed by thermal stress and Cpasic is the
surface area created during the initiation of a hot
crack. In general, the energy consumed in creating new



surface is orders of magnitude smaller than that con-
sumed in plastic deformation.”"! Accordingly, we
rewrite Eq. [6] as follows:

Ustrain = Eplastic * Vplastic~ [7]

We can use Eq. [7] to estimate the volume of plasti-
cally deformed material induced by thermal stress.
Plugging it into Inequality [5] to replace Vinermal, We
obtain

dUslrain d\/ﬁ
< 4/1—= .
Eplastic ¥ W x A x dh  dt b dt

+d(] — \/1 - ﬁ\/ﬂ)vl
dh

Here, Epyqic 1s treated as a material property and is
estimated as being proportional to material toughness
E, i.e., the area under the stress—strain curve. Since
strain hardening is negligible close to the melting
point, toughness can be approximated as the product
of yield (flow) stress multiplied by the strain to failure.
Rearranging Inequality [8] with a transformation of

e : N
the solidification shrinkage term fs = (%T + dd—T;):

|h. 8]

dUstrain T / dT . dT
w*)v*dh*dt<E*( 1_ﬁ< ) 9]

di " dyVj,
RRAay /ALY
dh

Inequality [9] gives a quantitative requirement for
avoiding hot-cracking initiation. It connects the micro-
scopic phenomena of grain growth and liquid backfeed
to the macroscopic material properties, i.e., material
toughness E). To eliminate hot-cracking initiation,

inequality [9] must be satisfied. Note that the term df/T.f

1)

that appears on the right side of inequality [9] is the
original index proposed by Kou,'" Increasing the
value of this index will lead to a decrease on the right
of Inequality [9], meaning that there will be less com-
pensation by deformation and consequently increased
hot-cracking susceptibility. This is in agreement with
Kou’s analysis. Moreover, the prefactors on the right-
hand side of inequality [9] also influence the balance of
this inequality: First, /1 — f represents the ratio of
the material density at liquidus and solidus tempera-
tures. The smaller this ratio (i.e., the greater the depar-
ture from unity), the more severe the solidification
shrinkage that the material undergoes, and therefore,

the greater the susceptibility to hot cracking. This is
apparent in Inequality [9] in that increasing this term
decreases the right-hand side. Secondly and similarly,
E in Inequality [9] represents the high-temperature
toughness of the material. The smaller this term, the
more easily plastic fracture occurs and, in turn, initia-
tion of hot cracking. This is evident in that decreasing
the value of E leads to a decrease on the right-hand
side of Inequality [9], meaning that again there will be
less compensation by plasticity and, as a result, the
system will be more susceptible to hot cracking. To
better evaluate the effect of the two prefactors, we
incorporate them separately into Kou’s original index
and obtain two different versions of the modified
hot-cracking susceptibility index:

Index1 : ’ﬂ !
STV
Index2 : T i
dJf,| E

C. Evaluation of the Hot-Cracking Susceptibility Index

The two modified indexes are compared with two
independent datasets: (1) DXR data and (2) litera-
ture-derived data. The relevant compositions of all the
alloys appeared in these two datasets are summarized in
Tables I, II, and IIT in Appendix A. The first dataset
used the post-solidification DXR images of 10 alloys
(A15052, Al6061, Al2024, A17075, Haynes 120, Haynes
X, Haynes 160, Haynes 718, Haynes 214, and Haynes
230). The area associated with hot cracking was counted
on each image, see Section III-A, and taken to be
representative of the extent of hot-cracking susceptibil-
ity. Ranking these obtained pixel area counts provides a
rank ordering of hot-cracking susceptibility of those 10
alloys, which is then used to evaluate our two modified
indexes. The second dataset was extracted from the
literature.®*'®2?  The first paper reports on the
hot-cracking susceptibility of six Al alloys (Al2017,
Al2219, Al5052, Al5083, Al6061, and Al 7075). The
second paper reports on testing of six Ni alloys (Haynes
282, Haynes HR120, Haynes 718, Haynes 230, Haynes
214, and Haynes HR160). The third and last reference
discusses the well-known WRC-1992 curve which
describes quantitatively how the Cr/Ni composition
ratio in austenitic stainless steel is related to hot-crack-
ing susceptibility (shown in Figure 3). Five austenitic

Table I. Chemical Compositions for Al Alloys in This Work

Pct (Wt) Si Fe Cu Mn Mg Cr Zn Ti Zr \" B Al
A2017 0.53 0.19 3.89 0.62 0.55 0.11 0.05 0.02 — Rest
A2219 0.06 0.16 6.05 0.26 — — 0.01 0.04 0.14 0.09 — Rest
A2024 0.1 0.2 4.2 1.3 1.5 0.06 0.13 0.09 — — — Rest
A5052 0.06 0.13 0.01 0.02 2.54 0.21 — 0.01 — — — Rest
AS5083 0.14 0.19 0.04 0.67 4.57 0.13 0.01 0.03 — — 0.0012 Rest
A6061 0.71 0.16 0.18 0.03 0.97 0.08 0.03 0.02 — — — Rest
A7075 0.1 0.19 1.64 0.0001 2.62 0.19 5.62 0.02 — — — Rest
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Table II. Chemical Compositions for Ni Alloys in This Work

Pct (Wt) Cr Co Mo Ti Al Fe C Mn Si B Nb Cu W Y Zr Ni

HAYNES X 21.27 1.55 859 0.01 0.12 18.63 0.07 0.51 0.24 0.002 0.1 059 — — Rest
HAYNES 282 200 100 85 21 1.5 15 0.06 03 0.15 0005 — — — — — Rest
HAYNES HR120 250 25 25 — 0.1 330 0.05 07 0.6 0.004 07 — 25 —  — Rest
HAYNES 718 184 — 30 09 05 190 005 01 01 0004 51 015 — — — Rest
HAYNES 230 21.85 0.19 121 0.01 038 148 0.1 051 0.12 — - — 140 — — Rest
HAYNES 214 160 0.15 0.1 0.1 44 36 0.04 0.17 02 0.003 0.03 — 0.1 0.01 0.003 Rest
HAYNES HR160 28.3 30.8 0.05 0.53 0.09 0.1 0.05 045 267 — 0.05 - - = Rest

Table III. Chemical Compositions for Stainless Steels in This Work

Pct (Wt) C Mn P S Si Cr Ni N Ti Mo Fe

321 0.08 2.0 0.045 0.03 0.75 19.0 12.0 0.1 0.7 — Rest
316 0.08 2.0 0.045 0.03 0.75 18.0 14.0 0.1 — 3 Rest
3098 0.08 2.0 0.045 0.03 0.75 24.0 16.0 — — — Rest
3108 0.08 2.0 0.045 0.03 1.5 26.0 22.0 — — — Rest
304 0.08 2.0 0.045 0.03 1.0 20.0 10.5 — — — Rest

Austenitic Stainless
steels

Cracking Susceptibility

15 2.0 25
Creq/Nieqg — 1992 WRC

1.0

Fig. 3—Adapted from Ref. [8], the WRC-1992 curve that delineates
the relationship between Cr/Ni composition ratio in austenitic
stainless steel and hot-cracking susceptibility.

stainless steels (321, 316, 309S, 310S, 304) were evalu-
ated in this case. The data from all three sources were
ranked from the highest hot-cracking susceptibility to
the least and were used to validate the results from the
DXR dataset (first dataset).

Computing the value of the modified index for each

alloy in the evaluation involves calculating dd—\;f,
VT =B, and E separately. The value of ‘dl% was

determined by plotting the curve of T’ Vs.fg/ % and finding
the average value of the curve slope over the terminal
stage (0.89 <f;<0.98), which was readily implemented
using the Scheil module package from the commercially
available software Thermo-Calc.!*) Similarly, we used
Thermo-Calc to compute the material’s molar volume
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evolution during solidification, which was converted
into density evolution and used to compute the value of
VI —p. For the last term E, we estimated it by
extractin hi%h-temperature tensile test data from the
literature* " for all the surveyed Al alloys. Note that
the high-temperature tensile test data for stainless steels
and Ni alloys were obtained from the property specifi-
cations provided by two commercial companies: (1)
North American Stainless and (2) Haynes International,
respectively. Since the stress—strain curves at high
temperature (near the solidus temperature) generally
show negligible strain hardening, we estimated E as the
product of the yield strength and fracture elongation, as
mentioned above.

To quantify the performance of the modified indexes,
hot-cracking susceptibility rank predictions of those
surveyed alloys based on the calculated values of the
modified indexes were made and compared with exper-
imental rankings obtained from the DXR dataset and
the literature dataset. Spearman’s rank-order correla-
tion coefficient was used here for quantifying the
correlations. This coefficient measures the strength and
direction of the association between two ranked vari-
ables. It calculates the average distance between the
compared variables in the hyper-dimensional space. A
simplified formula for it is given by

6> d;
nn>—1)

[10]

rg =

Here r; is the Spearman rank-order correlation coeffi-
cient, d; is the distance between the i paired observa-
tion and n is the total number of observations. This
expression gives rg a range of [-1,1]. Negative values of
this coefficient indicate an inverse correlation, whereas
positive values represent a positive correlation. In this
work, the predictions of hot-cracking susceptibility rank
and the corresponding experimental validation are



treated as two different variables. A good prediction
must have a positive coefficient which indicates a strong
positive correlation.

III. RESULTS

A. Experimental Ranking of the Hot-Cracking
Susceptibility

1. DXR dataset

DXR images of the final hot-cracking network were
collected for all ten aluminum and nickel alloys at two
processing conditions: (1) laser power of 520 W and
laser scan speed of 0.2 m/s, and (2) laser power of 520 W
and laser scan speed of 0.3 m/s. Detailed information for
using DXR test to capture laser welding process can be
found in Appendix A. An example of the DXR images is
shown in Figure 4(a). The red-shaded regions outline

(@

HAYNES 230
HAYNES 214
HAYNES 718
HAYNES 160

HAYNES X
HAYNES 120
Al 7075
Al 2024
Al 6061
Al 5052

the hot-cracked area and, by counting the pixel area of
all the hot-cracked regions, we obtained a measure of
the hot-cracking susceptibility from each DXR experi-
ment. Figure 4(b) shows a bar plot of the extracted
hot-cracking susceptibility for all ten alloys. Notice that
the relative rankings of the hot-cracking pixel area are
the same in both processing conditions, and we gener-
alized them as a single ranking of the hot-cracking
susceptibility for all ten alloys:

(DXR dataset ranking)
Al7075> Al6061 > A12024 > A15052 > 230 .
>160>X> 120>214>718

2. Literature dataset
For validation, we took the Varestraint test results
from Kazuhiro,?? Watson,!'® and the WRC-1992 curve

Pixel Area of Hot Cracking Region

0.2 m's
0.3 m/s

0 20000 40000 60000 80000
Pixel Area (um?)

(b)

100000

Fig. 4—(a) A DXR image of the final hot-cracking network for Al6061 laser melted at 520W and 0.3 m/s (b) Hot-cracking pixel area values for

all ten alloys surveyed.

Table IV. The Extracted High-Temperature Tensile Behavior of 12 Alloys

Flow Stress (MPa)

Elongation to Fracture

Test Temperature (°C) Strain Rate (/s)

A2017 55
A2219 21
A2024 26.4
A5052 137
AS5083 72
A6061 21
A7075 53
HAYNES X 65
HAYNES 282 129
HAYNES HR120 91
HAYNES 718 67
HAYNES 230 69
HAYNES 214 10
HAYNES HR160 14
312 25
316 25
3098 25
3108 45
304 20

0.19
0.79
0.59
0.44
0.71
0.46
0.48
0.5

0.61
0.75
1.76
0.37
1.34
0.91
0.87
0.76
0.72
0.57
0.96

400 0.005

400 0.01

400 0.01

300 0.083

340 0.01

450 0.01

350 0.01

1093 0.000083
982 0.000083
982 0.000083
982 0.000083
1093 0.000083
1204 0.000083
1204 0.000083
1100 ISO 6892-2
1204 ISO 6892-2
1204 ISO 6892-2
1204 ISO 6892-2
1204 ISO 6892-2

METALLURGICAL AND MATERIALS TRANSACTIONS A



as specified in the Methods section. Hot-cracking sus-
ceptibility results for six Al alloys, six Ni alloys, and five
stainless steels were extracted and converted into sus-
ceptibility rankings. Note that Kazuhiro’s work used
electron beam welding and a fixed welding speed of
16.7 mm/s. This is different than the Varestraint test
setting chosen in Watson’s work where laser welding
with 400 W and 25 mm/s were used. Lastly, the
WRC-1992 curve is a data-driven approach that is
based on the prediction of ferrite content. All this means
that inter-comparison among these three data sets is not
necessarily meaningful. Thus, instead of a single gener-
alized rank, we obtained three susceptibility ranks for
each of the Al alloys, Ni alloys, and stainless steels,
respectively. All the analysis will be based on each group
separately.

(Literaturel) AI6061 > Al12017 > A17075 > Al2219 >
Al5052 > Al15083

(Literature2) 160 > 120 >230> 718 > 214 > 282

(Literature3) 321 > 316> 304 >309S > 310

Estimated Toughness

Estimated Toughness

The high-temperature tensile behavior from the liter-
ature of all the alloys examined in this work is
summarized in Table IV in Appendix A. The calcu-
lated high-temperature material toughness E is shown
in Figure 5. Note that, owing to the scarcity of
published high-temperature tensile data, the test data
were extracted at a test temperature of approximately
150°C and 100°C below the corresponding solidus
temperatures for the nickel and aluminum alloy
groups respectively. For the stainless steels, 300°C
below the solidus temperature was chosen. Test strain
rates were set at the manufacturer’s standard for the
Ni alloy and stainless steel groups (See details in
Table IV), and at 0.01 m/s for the Al alloy group. For
this reason, all the evaluations were done separately
for the three different alloy groups. The solidification
path (T vs. _fi/ 2) of each alloy was calculated with
Thermo-Calc. The results are plotted in Figures 6(a),
(b), and (c). Averaging the slope of the curve over the
range of (0.89<f;<0.98), we obtained the value of

dT

i for each alloy. This is shown in Figures 6(d),

Estimated Toughness

Al7075
Al 6061
A15083
A15052
A12024
AlI2219
Al12017

HAYNES X
HAYNES HR160
HAYNES 214
©.5 HAYNES 230
HAYNES 718
HAYNES HR120
HAYNES 282

E, toughness

304 9.2
3108
3098

316

E, toughness

Etoughness 01 175

0 10 20 30 40 5 6 70 80 0
Yield Strenght (MPa) X Fracture Strain

(a)

Fi

—

20 40 60 8 100 120 140 0 5 10 15 20 2
Yield Strenght(MPa) X Fracture Strain

0 3B 4
Yield Strenght(MPa) X Fracture Strain

(b) (c)

g. 5—Calculated values of high-temperature material toughness E for (a) Al alloys, (b) Ni alloys, and (c) Stainless steels, respectively.
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Fig. 6—Calculated solidification path for () Al alloys, (b) Ni alloys, and (c¢) Stainless steels and the average slope values for (d) Al alloys, (e) Ni

alloys, and (f) Stainless steels.
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(e), and (f). Similarly, we wused Thermo-Calc to
compute the molar volume change during solidifica-
tion and converted it into the ratio between liquidus

density and solidus density, which is shown in
Figure 7(a) for Al alloys, Figure 7(b) for Ni alloys,
and Figure 7(c) for stainless steel.
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Fig. 7—Calculated solidification shrinkage term /1 — f8 for (a) Al alloys, (b) Ni alloys, and (¢) Stainless steels, respectively.
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Fig. 8—Calculated values of the two modified indexes for (a) Al alloys, (b) Ni alloys, and (¢) stainless steels, respectively.
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B. Prediction of Hot-Cracking Susceptibility

Combining the shrinkage term shown in Figure 7
with the average value of the solidification behavior
shown in Figure 6, we obtained the values for our first

W -/l — f. Similarly, combining

high-temperature materials toughness, as shown in
Figure 5, with the solidification behavior term, we
obtained the values for our second susceptibility

ﬁ -v/T=p. Those are given in Figure 8 for
Al alloys,A Ni alloys, and Stainless steels, respectively.
As a comparison, we also calculated the values of
Kou’s original index here. In his recent work, the
susceptibility index is represented as the maximum slope

susceptibility index |-<Z

index

value at the terminal portion of T Vs.ji/ * plot (Specif-
ically, Al alloys and stainless steels were evaluated over

0.9 <f/2<0.998" 32 and Ni alloys were evaluated over

0.9< fi/ ?<0.98.13% According to the solidification path
that we obtained from Thermo-Calc (Figures 6(a), (b)
and (c)), the maximum slopes for all surveyed alloys are
summarized in Figure 9.

We start the evaluation with our DXR dataset. As
mentioned above, the high-temperature toughness data
from literature were tested under the different condi-
tions for our surveyed Al group alloys and Ni group
alloys. For this reason, our evaluation then was
separated into two groups: (1) Al test group (Al7075,
Al6061, Al2024, and AI5052) and (2) Ni test group

Kou's Predictions

(Altestgroup) 7075 > 5052 >2024 > 6061
(Nitestgroup) 160>120>718>X>230>214
imi i dr | L

Similarly, for index 2 VAR we have

(Altestgroup) 6061 >2024>7075> 5052
(Nitestgroup) 160 >X >120>230>214>718°

The results of using Spearman’s rank-order correlation
to evaluate the above rankings against the experimental
rankings from the DXR dataset are summarized in
Table V. We find that Index 2 gives the best prediction
in both the Al and Ni test groups with r; =0.4 for Al test
group and rg =0.6571 for Ni test group. By contrast,
Index 1 yielded the lowest coefficient values with ry = 0.2
for Al test group and ry =0.0857 for Ni test group.

As a baseline comparison, Kou’s original index
predicted:

5052>7075> 6061 > 2024
160>120>X>718>214>230

(Altestgroup)
(Nitestgroup)

These yielded coefficient values with ry = —0.2 for the Al
test group and ry =0.0286 for the Ni test group.

Validation was performed with the literature data as
mentioned above.®®2l Based on the surveyed alloys’
data in Figure 8, we obtained the following susceptibil-
ity rank predictions for Index 1:

(Altest group) Al5083 > Al7075> Al5052> Al2017
> Al2219 > A6061
(Ni test group) 160>120>282>718>230>214

(Stainless steel test group) 321> 316 > 304 > 309S >310S

Kou's Predictions

(230, 160, X, 120, 214, and 718). For index 1 'dd—\}f .
A
L we have
Vi-B
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Fig. 9—Hot-cracking susceptibility prediction based on Kou’s original index for (a) Al alloys, (b) Ni alloys and (c) Stainless steels.

Table V. Computed Spearman’s Rank-Order Coefficient for All Three Indexes

DXR dataset

Literature dataset

Al group Ni group Al group Ni group Steel group
Index 1 0.2000 0.0857 —0.7143 0.6000 1
Index 2 0.4000 0.6571 0.8857 0.6000 1
Kou’s Index — 0.2000 0.0286 — 0.5429 0.4857 1
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Similarly, the predictions from Index 2 are as follows:

(Al test group) Al2017 > Al6061 > Al7075 > Al2219
> A5083 > A5052
(Ni test group) 160> 120>282>230>214>718

(Stainless steel test group) 321 >316> 304 >309S > 310S

Again, we used Spearman’s rank-order correlation to
evaluate our index rankings against the experimental
rank from the literature dataset. The results are also
summarized in Table V. Here, we find that Index 2 still
provides the best prediction with with r; = 0.8857 for Al
test group and ry =0.6 for Ni test group. Index 1
reached ry = —0.7143 for Al test group and ry = 0.6 for
Ni test group. By contrast, Index 1 and Index 2 both
gave ry = 1 for steel test group, and so, they cannot be
distinguished from each other.
For comparison, Kou’s original index predicts

(Kou’s prediction on Al test group)  Al5052 > A5083
>A7075> A6061 > A2017> A2219

(Kou’s prediction on Ni testgroup) 160> 120 > 282

>T718>214>230
(Kou’s prediction on steel test group) 321 >316>304
>309S>310S

Calculation of the correlation coefficient yielded ry =
—0.5429 for the Al test group, rs = 0.4857 for the Ni test
group, and ry = 1 for the steel test group.

IV. DISCUSSION

As itisevident in Table V, the stainless steel test group
shows perfect correlation for all three tested indexes. This
is mainly a result of the limited data size of the steel test
group and partly because of the scarcity of high-temper-
ature tensile test data. For this reason, Kou’s original
method yielded a correlation coefficient of 1 for the
current steel test group, i.e., it is equally successful so
there is nothing to be gained in modifying Kou’s index
with toughness or solidification shrinkage. Fortunately,
the incorporation of toughness or solidification shrinkage
into the hot-cracking susceptibility index does not result
in a negative impact on the prediction. Consequently, the
rest of the discussion focuses on the Al and Ni alloys
where the correlation difference before and after the index
modification is more apparent.

Direct comparison among rank predictions and
experimental results in Table V reveals that Index 2
made the best prediction for both the DXR and
literature datasets. Note that, except for the result of
Al group in DXR dataset, the calculated Spearman’s
coefficients for Index 2 are all above or at least equal to
0.6. This indicates that a positive correlation exists
between the hot-cracking susceptibility and Index 2,
meaning that the prediction made from this index is
more similar to the experimental measurement in terms
of the rank order and, thus, has a better accuracy. As for

the rather small coefficient value in Al group of the
DXR dataset for Index 2, we point out that there are
only four test alloys considered in this group owing to
the limited DXR experiment time and the scarcity of
suitable high-temperature tensile data. As a result of
this, even a single false prediction in the rank order of
hot-cracking susceptibility results in a large penalty
when we evaluate the predictions against the experi-
mental data with Spearman’s rank-order correlation. It
is more appropriate to just compare this test group
result across all three alloys rather than use it as a
correlation benchmark. From this perspective, Index 2
exhibits the highest value of Spearman’s rank-order
coefficient among the three and remains the best index
even when the dataset size is small.

Regarding Index 1, it does not represent much of an
improvement over Kou’s original index. This is mainly
because the differences in solidification density change
are minimal across all the surveyed alloys (shown in
Figure 7). This implies that it might help to explore
models that would magnify these subtle differences. To
do this, however, more data will be needed to carry out a
parameter optimization, which is left for future study.
Similarly, the current size of our total dataset remains too
small to use more sophisticated machine learning algo-
rithms such as Random Forest. As for the baseline, the
highest value of Kou’s index was 0.4857 and and for the
other alloy groups, Kou’s index exhibited a non-positive
correlation with the experimental ranking. This shows
that Kou’s index lacks generality when applied to a
broader spectrum of materials, which is not surprising
because Kou’s index only considers the solidification
behavior of the alloy. As pointed out in the introduction,
even though the initiation of hot cracking is largely
controlled by the competing events within the mushy
zone and depends strongly on the solidification behavior
of the material, there are other factors that also play an
important role in the formation of hot cracking. The
better performance of Index 2 over Kou’s index is
notable here and is mainly a result of incorporating
high-temperature material toughness, as originally sug-
gested by Reference 14. Incorporating material toughness
into the index takes into account the mechanical prop-
erties of the mushy zone. At the terminal stage of the
solidification, the presence of thermal strain, solidifica-
tion shrinkage and insufficient liquid backflow are
necessary but not sufficient conditions for hot cracking
to initiate in welds. If the local dendritic microstructure
has enough mechanical toughness to accommodate the
thermal contraction and the resulting tensile stretch, the
low pressure region can relax sufficiently to avoid
initiating a crack. We conclude that the initiation of hot
cracking depends on materials toughness at high tem-
peratures, which also explains why, as shown in
Figure 4(b), all the Ni-based alloys exhibit less hot-crack-
ing susceptibility than the Al alloys. It also helps explain
why the Varestraint test enjoys the popularity that it does
in the welding community despite the challenges of
converting the data into a material property.

It is worth noting that some of the false predictions
made from Index 2 may be because of the scarcity of
high-temperature tensile data available in the literature.
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The phenomenon of hot cracking mostly happens during
the process of solidification, which means the local
temperature of hot-cracking spot should be around solidus
temperature. In our work, we used the tensile test data
obtained at 150°C (Ni alloy group), 100°C (Al alloy
group) and 300°C (Stainless steel group) below the
corresponding solidus temperature, respectively. Knowing
that alloys can have widely different responses to temper-
atures near solidus line, tensile data that are representative
of behavior close to the solidus temperature are likely to be
more relevant to the hot-cracking phenomenon. More
accurate high-temperature data on mechanical properties
should enable more accurate prediction of hot cracking.

V. CONCLUSIONS

We present a new analysis of the hot-cracking
susceptibility based on rank correlation and conclude
that both solidification characteristics and high-temper-
ature mechanical behavior are significant. Given the
challenges of quantifying hot cracking as a property and
the limited data available, we computed rank correlation
coefficients for multiple alloy types between two new
indexes of materials properties and multiple types of
experimental data. We modified Kou’s original index to

. . . . . dT 1
include solidification density change N ARV as the
first index and material toughness at high temperature

dT
d\/fs
indexes was conducted with both direct experimental
data from synchrotron-based high-speed visualization of

% as the second index. Evaluation of these two

_dT_
NG
gave the best prediction with values of Spearman’s
rank-order coefficient greater than 0.6 in most cases,
which indicates positive correlations between the pre-
dictions made from this index and the experimental

data. The prediction of hot-cracking susceptibility was

1

cracking and literature data. The second index E

improved when the second index |-4L-| .1 is compared

I E
with Kou’s index.'® This supports the idea that the
hot-cracking susceptibility is also a function of
high-temperature toughness even though its influence
is not apparent in certain alloy systems (such as stainless

ar_| . _1_ did not

NG ‘ N
perform any better than Kou’s index and does not offer
any improvement in the prediction of hot cracking.

steels). By contrast, the first index
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APPENDIX A

Figure 10 gives a detailed time series demonstration of
a DXR test capturing the evolution of laser welding in Al
6061 under the processing condition of 520 W and 0.3 m/
s. The melt pools were outlined in red-dotted line.
Figures 10(a) and (b) captures two moments during the
welding process where the laser was scanning from the
left to the right. Figure 10(c) captures the moment where
the laser was turned off at the end. We can see that the
melt pool shrunk in Figure 10(d) and became fully
solidified in Figure 10(e). The crack bundles are quite
visible in Figure 10(e). To demonstrate reproducibility,
we took the DXR test on Al 2024 samples and examined
under the spot welding condition for simplicity where a
laser power of 520 W and the laser dwell time of 2 s were
used. Using this condition, a series of spot welding DXR
results were obtained and are shown in Figure 11.
Figures 11(a), (b), (c), and (d) is taken from one sample
but from different spots. Figures 11(e), (f), (g), and (h) is
taken from a different sample and is also obtained at
different spots. Note that, even though DXR images in
Figure 11 were obtained at two different samples and
different spots, the observed final crack bundles in each
image share a great similarity with each other. This
supports the reproducibility of DXR test and can be used
as a valid method to examine hot-cracking susceptibility.

Table IV summarizes the details of the high-temper-
ature tensile test results that we used from literature to
compute the material toughness for all 12 alloys. Notice
that, for the stainless steel group, the exact strain-rate
values used for testing the tensile properties were not
shown here because they were not provided in the
original data source. However, it was provided that all 5
stainless steels were tested under the same international
standard EN 6892-2,° which still makes it durable to
make comparison analysis within the stainless steel
group.

Tables I, I, and III summarize the chemical compo-
sitions of all the alloys in Table IV. Those composition
values were used in Thermo-Calc to calculate the
corresponding solidification behavior and solidification
density change of all the surveyed alloys here.
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Fig. 10—The evolution of laser-welding process captured by a series of DXR images: (a) the start of the welding, (b) the middle of the welding,
(¢) laser off, (d) solidifying, and (e) fully solidified, respectively.
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Fig. 11—Spot-welding DXR results from sample one shown in (a),(),(c), and (d); Spot-welding DXR results from sample two shown in
(€).(N:(g), and (h).
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