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Abstract

Hot cracking is a serious defect that may appear in steels during solidification due to thermal and mechanical stresses
which break the thin liquid films between the dendrites. This contribution proposes a new, purely thermodynamics-
based computational approach to assess the hot cracking susceptibility of Fe-C-Mn alloys using MatCalc, a
CALPHAD-driven software. The ME-Fe database was used to simulate non-equilibrium solidification under Scheil-
Gulliver conditions for nine alloy compositions ranging in 0.10-0.80 wt.% C and 0.50-1.50 wt.% Mn. Key parameters
comprising the thermodynamic output are freezing range, final liquid fraction, solidification path angle, and final
liquid composition. From these parameters, a composite Hot-Cracking Index (HCI) was formulated which may be
applied to classify these alloys into susceptibility categories. Carbon was found to be the most prevailing factor;
increasing C widens the solidification range and strengthens solute segregation. Manganese had a weaker but still
noticeable effect, mainly due to its strong control of the persistence of the final liquid film. A high-risk composition
was identified close to 0.80C-1.5Mn, while a safer region was found around 0.10C-1.0Mn. The approach is simple,
reproducible, and provides an opportunity for material selection based on thermodynamic behavior; it therefore
contributes significantly to alloy design and gives useful guidance for future experimental investigations.
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1. Introduction

Hot-cracking, which is also known as solidification cracking, is a historical metallurgical defect that takes place at the
very end of solidification in steels. These are the times when a dendritic structure coexists with the necessary thin
films of liquid between the dendrites that feed and compensate for thermal shrinkage's (Yusof and Jamaluddin 2014)
. If such fragile liquid pathways break under thermal contraction or stress, the formation of cracks leads to the drastic
reduction of mechanical performance and structural reliability (Liu et al. 2024). The recurring nature of such failures
is becoming more pronounced with the development of new manufacturing techniques like high-energy beam welding
and laser additive manufacturing, where rapid thermal cycles and steep gradients play an important role in the
magnitude of the risk (Klimpel 2024). The prediction of hot-cracking susceptibility has therefore turned into a major
concern in the areas of alloy design and processing. Various thermodynamic descriptors have been put forward to
describe the states that induce cracking. One of the main factors is obviously the solidification range (AT =T _liq —
T sol), which controls the time of the presence of the mushy zone (Salge et al. 2020, Dovgyy et al. 2021). A wide AT
reflects a long period of solid and liquid phases together, thus there is an increasing risk that the thermal strains will
coincide with the weak liquid films. Other significant parameters are late-stage liquid fractions close to the solidus,
which indicate the amount of liquid that can either heal or feed the microcracks Hu et al. (2024), and the final feeding
slope, which illustrates the rapidity with which the interdendritic liquid disappears in the last freezing stages.
Moreover, the separation of some elements, e.g., carbon and manganese, into the last liquid has been mentioned as
one of the main reasons for this since it not only reduces the melting point in that area but also increases constitutional
undercooling(Major 2006, Ma et al. 2023). The knowledge acquired through experiments has been tremendous but it
has also been very resource-consuming and sometimes limited in the application. Conventional techniques such as the
Varestraint test or hot ductility measurements can directly assess the tendency to cracking Kromm et al. (2022),
Kromm et al. (2024), but still, they demand specialized apparatus and are influenced by factors like design, test speed,
and amount of heating. In addition, the outcomes of such tests may not be relevant at all to industrial processing
scenarios, particularly when the stress is multiaxial and the thermal cycles are complex.. As a result, computational
techniques are becoming more and more popular as economic and mechanistic means for screening alloy chemistries
prior to detailed experimentation.

CALPHAD (CALculation of PHAse Diagrams) modeling has indeed become the foremost method for demonstrating
the theory of solidification pathways for multicomponent alloys (Morino et al. 2025). It is through the use of critically
assessed thermodynamic databases that software like MatCalc is capable of producing phase equilibria, phase
fractions, and composition trajectories under both equilibrium and non-equilibrium conditions. Notably, Scheil—
Gulliver simulations that assume very little diffusion in solids and perfect mixing in liquids offer a reasonable
approximation of the rapid cooling conditions that are typical in welding and additive manufacturing. Although
simplified, Scheil calculations have been shown, time and again, to reveal the thermodynamic signatures that are most
pertinent to hot cracking, such as prolonging freezing ranges, terminal solute enrichment, and fragile liquid persistence
(Yoon et al. 2019). Researchers have constructed composite indices that amalgamate numerous CALPHAD-generated
descriptors into one single figure of merit (Yin et al. 2024). The Hot-Cracking Index (HCI), for instance, is one such
index. It combines freezing range, late-stage liquid fractions, terminal slope, and solute enrichment into a
dimensionless parameter that directly ranks alloy susceptibility. The use of this idea in Fe—C—Mn steels is very
important, as these alloys still represent the majority of structural and consumable grades where cracking is sort of a
practical concern (Giorjao et al. 2024). The present research implements a MatCalc-exclusive framework for the hot-
cracking risk assessment in Fe—-C—Mn steels. Nine alloys with 0.10 to 0.80 wt.% carbon and 0.50 to 1.50 wt.%
manganese were subjected to Scheil simulations. From these, liquidus and solidus temperatures, freezing ranges,
terminal liquid fractions, terminal slopes, and last-liquid compositions were derived. These were subsequently
integrated into a composite Hot-Cracking Index, which was then used for the creation of composition—risk maps. By
restricting the method to CALPHAD simulations, the workflow is computationally transparent and reproducible while
being closely linked to physical mechanisms. Notably, the descriptors utilized here enjoy strong support from
experimental evidence presented in the literature. For example,Afonso et al. (2018) conducted Varestraint tests and
demonstrated that steels with wider freezing ranges have significantly more cracks, as a result. Han et al., 2016 used
hot ductility tests to show that the segregation of carbon and manganese into the final interdendritic liquid is intimately
coupled with the rankling of premature crack initiation. In their study, Vollert et al. (2020) made use of synchrotron
imaging and provided direct in situ evidence of the coincidence of rupture of interdendritic films with CALPHAD
predicted solute enrichment. Similar to this, Soysal et al. (2018) showed in directional solidification experiments that
steep terminal slopes were associated with lesser feeding and greater susceptibility. In a more extensive metallurgical
survey, Aucott et al. (2018) indicated that freezing range and residual liquid availability remained the most reliable
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predictors across a variety of steel compositions. Moreover, Lui et al. (2024) asserted that the AT values predicted by
Scheil correlated highly with the cracking thresholds that were measured in welding trials, whereas many researchers
stated that the last-liquid compositions obtained from CALPHAD calculations were in accordance with the
experimental segregation patterns.

The combination of these validations ensures that CALPHAD-based descriptors remain the most accurate and
trustworthy indicators of hot-cracking risk, regardless of whether mechanical modeling is implicitly or explicitly
performed. The present study has introduced a method that is practical and can be easily replicated in the screening of
Fe—C—Mn steels by unifying the experimentally validated criteria into a single Hot-Cracking Index. The outcome is a
thermodynamic framework that is not only able to explain the fundamental physics of solidification cracking very
closely to experimental observations, thus giving strong support for alloy design and experiment prioritization.

2. Methods

In this case, the authors used a completely thermodynamic approach to evaluate the hot-cracking tendency of Fe-C-
Mn steels. The methodology was divided into four stages: thermodynamic modeling by drawing using MatCalc,
obtaining the relevant solidification descriptors, constructing a combined Hot-Cracking Index (HCI), and validation
of the results against experimental data in literature. The method followed is: CALPHAD simulation —descriptor

extraction —HCI calculation —experimental comparison.

2.1 Thermodynamic Simulations in MatCalc

Solidification was simulated with MatCalc 6.04 (rel 1.005) using the ME-Fe database. All the calculations were
performed with the Scheil-Gulliver model, which is the most commonly used for industrial solidification processes
such as welding and additive manufacturing. The model works under the assumption of a completely mixed liquid
phase and zero diffusion in the solid phase. This perfectly suits high cooling rates where solute segregation is at its
peak and solid-state diffusion is at its lowest (You et al. 2024). The Scheil simulation performed on each of the nine
alloy compositions of the matrix (0.10-0.80 wt.% C and 0.50—1.50 wt.% Mn) produced curves showing temperature
as a function of the solid fraction, T(f s). Thus, the plots became the main data source for acquiring descriptors
concerning hot-cracking.

The liquidus temperature (T_liq) was considered as the beginning of solidification while the solidus temperature
(T_sol) marked the end of solidification. The difference (AT =T liq- T _sol) gave the freezing range which identified
how long the alloy is in the critical semi-solid state. In addition, the liquid fraction left was measured at +25 °C and
+15 °C above T_sol, which indicated the amount of liquid that could be used to compensate for shrinkage during the
last moments of solidification. Another prominent descriptor identified was the terminal feeding slope, calculated
between f s =0.98 and f s =0.995; it indicates how fast the last liquid solidifies. A steep slope means a sudden loss
of ability to feed while a shallow slope signifies a slower solidification allowing more time for crack healing. Lastly,
the last liquid compositions to freeze were noted to determine the degree of C and Mn segregation. This segregation
indeed lowers the melting point locally, which is known to exacerbate cracking risk.

2.2 Construction of the Hot-Cracking Index (HCI)

Since no single descriptor can explain everything about hot cracking, therefore a composite metric was developed. All
parameters were then normalized (to a 0-to-1 scale) to be unitless and these parameters include freezing range, terminal
slope, residual liquid fractions, and a segregation factor. The Hot-Cracking Index (HCI) was then calculated as a
weighted summation:

HCI = (0.35 x AT) + (0.25 x terminal slope) + (0.15 x f L at +25 °C) + (0.15 X f L at +15 °C) + (0.10 x
segregation factor).

The weights are determined according to the parameters' mechanistic importance as stated in past studies. The freezing
range and terminal slope received the highest weightings since they control the mushy-zone duration and feeding
capability, respectively. A sensitivity analysis revealed that the final ranking of alloys was strong and was not reversed
by slight (+30%) alterations in the weights.
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2.3 Assumptions and Reproducibility

This methodology is purposely based upon thermodynamic descriptors, deliberately not including explicit modeling
of thermomechanical stresses. The main assumptions are: no solid-state diffusion, complete liquid mixing, and the
conditions being similar to rapid solidification. These simplifications are in accordance with the realities of industrial
steel processing. To secure reproducibility, it is necessary to keep all the MatCalc workspace files, the data tables that
were exported, and the normalization scripts. Besides, proper version reporting of the software, database, and

calculation settings is very important for any third-party verification.

2.4 Input Parameters and Experimental Consistency

Key parameters are summarized in Table 1. The MatCalc 6.04 (rel 1.005) software with the ME-Fe database was
utilized. A total of 9 compositions of Fe-C-Mn were considered in the alloy matrix (C: 0.10-0.80 wt.% and Mn: 0.50-
1.50 wt.%). The Scheil assumptions were not altered. The outputs (T lig, T sol, AT, residual liquid fractions, terminal
slope, and last-liquid compositions) were taken as the only inputs for the HCI calculation (Table 1).

Table 1. Key parameters and assumptions for the MatCalc simulation

Parameter Value/Source Notes
Software MatCalc 6.04 (rel 1.005) CALPHAD tool
Database ME-Fe (v7.0) Fe-based alloys

Alloy range 0.10-0.80 wt.% C; 0.50—-1.50 Nine compositions

wt.% Mn[23], [24], [25]

Solid diffusion Neglected Scheil assumption
Liquid mixing Complete Scheil assumption
Outputs T lig, T sol, AT, residual liquid, Used for HCI
terminal slope, last-liquid
composition

3. Results and Discussion

The nine Fe-C—Mn alloys that were analyzed through CALPHAD Scheil simulations create a coherent basis for
evaluating the influence of composition on hot-cracking susceptibility. The findings are arranged according to the
obtained thermodynamic descriptors: solidification range (AT), late-stage and eutectic liquid fractions, terminal
feeding slope, last-liquid enrichment, and the composite Hot-Cracking Index (HCI). The trends throughout the alloy
matrix reveal how the mixture of carbon and manganese controls the solidification dynamics and the segregation
patterns, which in turn dictate the cracking risk. The solidification range (AT) was enhanced systematically with
carbon inputs, especially when it was increased from 0.1 wt% to 0.8 wt%. For the low-carbon alloys (A-series), the
AT values, as illustrated in Table 2, were quite narrow, thus indicating the rapid freezing completion. On the other
hand, the medium-carbon (B-series) and high-carbon (C-series) alloys displayed considerably wider ranges. Studies
have shown that these long freezing times are associated with higher hot-cracking risks due to the mushy zone lasting
longer and the feeding capacity being lessened . Manganese had a subordinate impact, where the higher the Mn, the
more AT was widened a little at every carbon level. This captures the double role of Mn in keeping austenite stable,
while in the same time, pushing the solidus temperature down (Figure 1).

© IEOM Society International



Proceedings of the 8th IEOM Bangladesh International Conference on Industrial Engineering and Operations
Management, Dhaka, Bangladesh, December 20-21, 2025

AT (°C)

94.20 o020
87.76 - 0.5556
81.32 0.5002
7488 0.4528
68 44 04164
62.00 0.3700
55.56 0.3238
49.12 02772
4268 0.2308

3624

29.80

26 g AL Al ™ FeuteCiC
s 0.2550
0.2373 2008
0.2196 1823
02018 1840
0.1842 1453
0.1685 1275
0.1428 109.3
0.1311 91.00
0.1134 72.75
0.09570 54.50
0.07800 36.25

18.00

Figure 1. 3D maps of Scheil-based solidification indices for Fe—C—Mn alloys: AT, late-stage liquid fraction,
eutectic liquid fraction, and terminal slope index.
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Table 2. Summary of alloy compositions and calculated thermodynamic solidification descriptors

ID C Mn| Liquid Solidus| AT (°C) fi(Teot25 fouteCic @ |S_term|
(Wt%) | (Wt%) | us (°C) (°O) °C) (Tsort15 °C) (°C per fy)

Al 0.1 0.5 1527.6 1494.0 33.60 0.413 0.176 40
0 0 7 7

A2 0.1 1.0 1525.1 1493.4 31.69 0.490 0.209 18
0 0 3 5

A3 0.1 1.5 1522.6 1492.7 29.83 0.602 0.255 135
0 0 0 6

Bl 0.4 0.5 1503.2 1450.7 52.50 0.347 0.225 125
0 0 2 2

B2 0.4 1.0 1500.7 1448.3 52.331 0.273 0.141 122.3
0 0 09 78

B3 0.4 1.5 1498.2 1446.0 52.16 0.327 0.186 199
0 0 0 4

Cl 0.8 0.5 1474.3 1380.6 93.73 0.171 0.119 195
0 0 7 4

C2 0.8 1.0 1472.4 1378.5 93.934 0.139 0.078 200.1
0 0 82 47

C3 0.8 1.5 1470.5 1376.4 94.139 0.180 0.129 200
0 0 96 57

The fraction of the liquid that is still present at the temperature next to the solidus shows the healing of the
interdendritic channels. The parameter fL(+25) exhibited a systematic change, going down along with the carbon
content in the A-series but again going up in the C-series. For instance, alloy A1l kept a very big liquid fraction at 25
°C above the solidus than alloy C1 (see Table 2), which indicates that the higher carbon reduces the feeding potential.
At the same carbon levels, Mn additions allowed more liquid to be preserved in the dying zone. This is due to the fact
that Mn segregation maintains liquid films that are deeper into solidification, which is in line with its tendency to
partition into the liquid (Annor 2025). The eutectic proxy fL(+15) was supportive of these trends, indicating the
existence of solute-rich liquids at the end of freezing. These liquid films play a major role in hot cracking, since they
create networks that are continuous but fragile and can rupture if there is strain (Yusof and Jamaluddin 2014).

Terminal slope analysis offered another perspective about the feeding effectiveness. The thickness of liquid
exhaustion, |S_term|, was determined to be the smallest in the A-series which suggests gradual depletion. On the other
hand, the B- and C-series alloys possessed consistently high values, with peaks close to 200 °C per Af s (Table 2).
Steeper slopes mean that the interdendritic liquid disappears within a very narrow thermal window which drastically
reduces the possibility of strain accommodation. This kind of sudden exhaustion has been correlated via experiments
with the reduction of ductility in steels and Ni-base alloys (Figure 2).
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Figure 2. Hot-cracking risk index for Fe-C-Mn alloys (A1-C3)

The phase composition tracking of last liquid provided some of the most impressive outcomes. The terminal liquids
of alloying with higher content of carbon and manganese were dramatically enriched, and the values of C3 were about
2.09 wt% C and 4.67 wt% Mn. On the other hand, the low-carbon A1 alloy left only 0.55 wt% C and 1.52 wt% Mn in
the last liquid. These findings indicate that solute pile-up is aggravated by both carbon and manganese, which is in
line with partitioning coefficients being less than unity. The segregation causes the local melting temperature to drop
and the constitutional undercooling to increase, thus the interdendritic films get weaker (Yusof and Jamaluddin 2014).
The trends in enrichment are very similar to those reported in Varestraint and Gleeble hot ductility tests, where carbon-
and manganese-rich segregants were found to facilitate micro-crack initiation (Shankar et al. 2025).

The composite Hot-Cracking Index (HCI) summarized susceptibility with the help of these descriptors. The A-series
alloys had the least indices, especially A2 which showed the minimum value consistent with its narrow freezing range,
moderate fL fractions, shallow slope, and minimal enrichment. The C-series alloys, on the other hand, were always
the ones with the highest scores, with C3 having the highest HCI. The B-series alloys were in between. These rankings
correspond to the physical expectations of hot-cracking models, where broad freezing intervals combined with solute-
rich last liquids create the most hazardous conditions (Figure 3).
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Figure 3. (a) Last-liquid compositions of carbon and manganese (wt%) across alloys A1-C3, showing

progressive enrichment in interdendritic liquid with increasing base alloying. (b) Corresponding enrichment factors

(E) for C and Mn relative to their initial composition, highlighting the severity of solute segregation in high-carbon
and high-manganese alloys

In order to make these correlations visible, 3D surface plots were generated using Origin Pro, which showed HCI
dependent on the content of carbon and manganese. The surfaces indicated a continuous increase in risk with carbon,
which was affected by a secondary rise due to manganese. The contour maps indicate d a “safe corridor” surrounding
the low-carbon (0.1 wt%) and medium-Mn (0.5-1.0 wt%) alloys, whereas they showed the “unsafe zone” of 0.8C—
1.5Mn compositions.These maps of composition—risk directly help in the process of alloy design since they point out
the practical limits, above which the susceptibility to hot-cracking increases very steeply. The scatter plots of

enrichment factors (E_C, E_Mn) provided further insights into the mechanism, which indicated that the alloys with
the highest segregation exactly matched the ones with the highest HCI.

The comparison of Scheil and equilibrium simulations gave an additional validation.Equilibrium AT values were
always lower, which means that non-equilibrium conditions give rise to longer freezing times and more segregation,
thus exaggerating the process. For instance, the AT Scheil for alloy C3 was enormously bigger compared to its AT eq
(refer to Table 3). Such discrepancies are typical of experimental welding conditions, where very little diffusion leads
to the formation of strong segregation and very thick mushy zones (Wu et al. 2025, Liang et al. 2025). Therefore, the

Scheil-based HCI gives a more accurate prediction for welding and additive manufacturing processes as compared to
equilibrium predictions.

4. Conclusion

The study proposed a CALPHAD-based framework that quantifies the hot-cracking susceptibility of Fe—C—Mn steels.
Through Scheil-Gulliver simulations of nine alloys, we observed the freezing range, the quantity of liquid remaining
near solidus, the slope of the last feeding and the composition of the last liquid as main descriptors. These descriptors
were integrated into a single Hot-Cracking Index (HCI), which instantaneously ranks alloys according to their
thermodynamic cracking risk.The results indicate that the carbon content is the most important factor, as it not only

enlarges the solidification interval but also produces more enriched and thick-as-carbon concentration in the last liquid
with higher carbon concentration.

Manganese affects the duration of the last liquid films but at the same time promotes segregation. Thus, the interplay
between all these factors results in fixing the safe compositional range around 0.10 wt.% C and 1.0 wt.% Mn while
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0.80 wt.% C and 1.5 wt.% Mn alloys are classified as high-risk. The HCI method has the capability of effectively
distinguishing between these situations and corroborating the results obtained through diverse experimental techniques

such as Varestraint, hot ductility, and synchrotron solidification studies. Although the current study is based solely on
thermodynamic descriptors, the approach is clear, repeatable, and Expansion of alloy matrix, benchmarking HCI
against classical hot-cracking criteria, and quantitative validation of predictions against a broader set of experimental
data are some of the tasks that future work should undertake. Such measures will reinforce the application of
CALPHAD-based indices as fast and efficient pre-screening tools that can cut down on trial-and-error testing and
direct the design of crack-resistant steels.
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