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Abstract: A computational design methodology based on thermophysical property matching and numerical simulation is
systematically studied in this paper to meet the demand for novel hardfacing materials in the surfacing repair of H13 tool
steel. By integrating CALPHAD-based calculations with the dynamic time warping algorithm, a multi-parameter
evaluation model was established to quantitatively characterize the thermophysical property mismatch between the
substrate and filler material. Univariate sensitivity analysis and response surface methodology were employed to
optimize the composition of filler material based on Caldie tool steel, identified as a promising candidate for hardfacing
wires. Thermo-mechanical coupled numerical simulations were conducted to assess the stress distribution characteristics
before and after composition optimization. The results indicate that through the coordinated adjustment of C, Si, and
MC-type carbide-forming elements, the overall thermophysical property mismatch between the substrate and filler was
reduced from 3.9 to below 0.4. Consequently, the distribution of equivalent plastic strain in the weld seam was improved,
local stress concentrations were mitigated, and the average maximum principal stress was reduced by approximately 12%.
These findings validate the reliability of the proposed thermophysical property matching evaluation method and provide
a novel strategy for the design and optimization of hardfacing materials for tool steel repair.
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1 Introduction
AISI  HI13  steel is
high-temperature forming applications such as die casting

widely  utilized in
and hot forging, owing to its excellent hardenability,
high-temperature strength, wear resistance, and thermal
fatigue resistance'#*l. However, under cyclic mechanical
stresses and impact loads, the surface of H13 molds is
prone to progressive damage mechanisms including
plastic deformation, wear, fatigue failure, and thermal
cracking, which collectively diminish service lifetimes
(5-81 | Hardfacing technology, as an economically viable
remanufacturing strategy, offers a promising route to
restore damaged surfaces or enhance localized properties
through deposition of high-performance alloy layers -1,
offering a promising solution to address surface
degradation issues in H13 steel.

In recent years, extensive efforts have been made to
explore surface hardfacing repair strategies for H13 steel.

For instance, Wang et al. ['Z]

designed a composite
hardfacing structure comprising a substrate, an interlayer,
and a wear-resistant layer based on the Fe—Cr binary

phase diagram, achieving successful restoration of H13

steel mandrels via submerged arc welding. Zhang et al.
(131 employed a compositional fine-tuning approach to
develop a flux-cored wire with a
Fe-0.5C-5.5Cr-1.5Mn-2.0W-1.0V composition, resulting
in a sound metallurgical bonding interface. Nevertheless,
two major challenges remain in the hardfacing-based
remanufacturing of H13 steel: (i) the limited availability
of filler wire types, which restricts the ability to tailor
performance for varying service conditions; and (ii) the
lack of fundamental understanding regarding the
multiscale relationships between thermophysical property
matching and the evolution of residual stresses.

Caldie tool steel, developed by Uddeholm, is a
Cr-Mo-V alloyed tool steel that attains a hardness of up
to 60 HRC after heat treatment and exhibits excellent
resistance to adhesive wear and cracking U411, making it
a highly promising candidate material for surface
strengthening of similar alloy systems. Nevertheless,
dissimilar material welding inherently risks interfacial
incompatibility due to divergent thermophysical
properties, particularly mismatches in coefficient of

thermal expansion (CTE) and thermal conductivity (TC).
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Such mismatches promote residual tensile stresses and
cracking susceptibility during solidification and service

[16-20] Recent advances in numerical simulation
techniques, particularly thermo-mechanical coupled finite
element analysis (FEA), provide an efficient means for
(21241 These

approaches offer a pathway for the design and

evaluating welding-induced stresses

optimization of hardfacing layers and hold promise for
the evaluation and development of novel materials for the
surface repair of H13 steel.

In this study, a thermo-mechanical coupled finite
element model for the hardfacing repair of H13 steel was
established using the Simufact Welding simulation
platform. An innovative approach was developed by
CALPHAD-based
calculations with a dynamic curve similarity evaluation

integrating thermodynamic
method to quantitatively assess the multi-parameter
thermophysical property matching between substrate and
filler materials. The composition of Caldie tool steel,
identified as a promising candidate for hardfacing wire,
was optimized using univariate sensitivity analysis and
(RSM).
Thermo-mechanical simulations were conducted to

response surface methodology
compare the stress distribution characteristics before and

after compositional refinement. The underlying
relationship between thermophysical property matching
and the evolution of welding-induced stresses was
clarified, thereby establishing a numerically driven
design paradigm for hardfacing material development in
H13 steel hardfacing repair.
2 Finite element model
2.1 Geometrical model and mesh generation

Based on the actual hardfacing conditions, the finite
element model consisted of a supporting platform (140 x
120 x 20 mm), a substrate (100 x 80 x 20 mm), and five
parallel, unidirectional weld beads (100 x 12 x 3 mm).
Structured hexahedral elements were uniformly applied
across all components to ensure numerical stability
during thermo-mechanical coupled analyses, resulting in
a total of 61,500 mesh elements.
2.2 Heat source model

The ellipsoidal heat source model proposed by
Goldak et al. has been widely applied in welding and
additive manufacturing processes [25-27]. A schematic
illustration of the double-ellipsoidal heat source model is
shown in Fig. 2. In this model, the front semi-axis length
was set to 4.0 mm, the rear semi-axis length to 15.0 mm,
the width to 8.0 mm, and the depth to 8.0 mm.

Object type W
Component (1)
Bearing (1)
Weld bead (5)

Fig. 1. Geometrical model and mesh generation for finite element

analysis.

3

X

Fig. 2. Schematic diagram of the double-ellipsoidal heat source
model.

2.3 Material model

The substrate and hardfacing layer were modeled as
H13 hot-work tool steel and Caldie tool steel,
respectively, with their full chemical composition
detailed in Table 1. To
temperature-dependent evolution of thermomechanical

incorporate  the

properties throughout the welding thermal cycle,
thermophysical parameters of the substrate and
hardfacing layer were calculated using JMatPro 7.0
software based on the CALPHAD methodology. The
calculated results for the coefficients of thermal
expansion, thermal conductivity, Young’s modulus, and
specific heat capacity are shown in Fig. 3.
2.4 Process parameters

The welding process parameters were defined to
simulate the industrial hardfacing conditions. The
substrate preheating temperature was maintained at
300°C. In addition, the welding voltage and current were
set to 22 V and 220 A, respectively, with a travel speed of
200 mm/min. An interpass dwell time of 100s was
applied to mitigate the risk of overheating caused by
continuous heat input.
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Table 1. Chemical compositions of substrate and hardfacing layer (wt.%)

C Cr Mn Mo v Si Fe
Substrate-H13 0.4 5.0 0.4 1.4 1.0 1.0 Bal.
Hardfacing layer-Caldie 0.7 5.0 0.5 2.3 0.5 0.2 Bal.
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Fig. 3. Thermophysical properties of the substrate and hardfacing layer: (a) Coefficient of thermal expansion; (b) Thermal conductivity; (c)

Young’s modulus; (d) Specific heat capacity.

3 Results and discussion
3.1 Development of a thermophysical property
matching metrics

As evidenced in Fig. 3, significant thermophysical
property disparities exist between the H13 substrate and
Caldie hardfacing layer, most notably in thermal
conductivity. During the cooling stage (particularly below
900°C),

mismatched heat dissipation rates, generating steep

divergent thermal conductivities induce
thermal gradients across the interfacial region. These
gradients drive heterogeneous contraction behavior,
thereby amplifying thermal stress accumulation. To
address this intrinsic incompatibility, compositional
optimization of the Caldie filler material was pursued to
enhance thermophysical congruence with the substrate.
To achieve precise compositional adjustments, a
quantitative evaluation index must be established to
systematically assess the degree of thermophysical
property matching.

Several methods are available for evaluating curve

similarity, including FEuclidean distance, correlation
coefficient, and dynamic time warping (DTW) [28-30].
Among these, the Euclidean distance method requires
strict alignment of the
property

conductivity) of the substrate and hardfacing layer often

curves. However, the

thermophysical curves (e.g.,, thermal
exhibit asynchronous variations along the temperature
axis, making Euclidean distance prone to misjudging key
features such as inflection points and peaks due to phase
differences. The correlation coefficient method reflects
only linear relationships and fails to quantify differences
in curve morphology. DTW, by contrast, is a nonlinear
time-series alignment algorithm that employs dynamic
programming to identify the optimal matching path
between two curves while minimizing cumulative
DTW

compression along the temperature axis, thus overcoming

distance. allows for local

stretching and
the strict alignment limitations of traditional methods.
The calculation procedure for the thermophysical
property matching metric is outlined as follows:
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(1) Parameter definitions 1= 11 (10)
The substrate and hardfacing layer materials are (= (-1 + (,D (1D
denoted as B and H , respectively. Their sets of @)= (@ -+ 1) 12)

thermophysical properties are defined as:
= {CTE, TC, YM, SHC} D)

where CTE, TC, YM, and SHC represent the coefficient
of thermal expansion, thermal conductivity, Young’s modulus,
and specific heat capacity, respectively.

The temperature sequence is given by:

=[ 1 20 ] @3]

where is the number of temperature sampling
points, covering the range from 1600 °C down to room
temperature with a 20°C sampling interval.

The thermophysical property data matrices for the
substrate and hardfacing layer are defined as:

O=[O) (‘)] 3)

O=[Q,., V] 4

where , and

property
(2) Global normalization

represents the value of
at the -th temperature point.

For each property , the global minimum and
maximum values across all materials (including both the
substrate and the hardfacing layer) are calculated as:

= « )

= max ) (6)

.1

Global normalization is applied to eliminate the
influence of differing units among properties. The
normalized sequence is expressed as:

(1)_ )
R T — ™

(3) DTW distance calculation
For each property , compute pairwise deviations
between normalized substrate and hardfacing profiles.

The local distance matrix is computed as:
(== . @ ®

Then, the cumulative distance matrix is obtained by
dynamic programming recursion:
(-1)

(Y, 9
(-1 -1

()= ()H+

Initialize boundary conditions:

The DTW distance (minimal cumulative distance)

for property  is defined as:
= (,)= ¢.) (13)
)
where represents the set of all warping paths

satisfying the endpoint alignment and monotonic
continuity constraints.

Based on the above derivation, the overall
thermophysical property matching degree between the
substrate and the hardfacing layer is calculated as:

Total = (14)

where is the weight assigned to each property.
In this study, equal weighting was applied to the four
=025 forall .It

1otar Value indicates

thermophysical properties, with
can thus be inferred that a smaller
a higher degree of similarity between the property curves,
corresponding to an improved thermophysical
compatibility between the substrate and the hardfacing
layer.
3.2 Composition optimization of welding wire based
on thermophysical property matching

Based on the computational framework established
in Section 3.1, the individual and overall thermophysical
property mismatching degrees between Caldie steel and
H13 steel were calculated, as summarized in Table 2. It
can be observed that the thermal conductivity exhibited
the largest calculated mismatch value, indicating a
significant discrepancy in this property. This result is
consistent with the trend shown in Fig. 3 and further
validates the reliability of the proposed thermophysical
property matching metric.

Table 2. Individual and overall thermophysical property

mismatching degrees between Caldie and H13 steel.

CTE c Ym Total

0.8 13.4 0.5 0.7 3.9

To address the thermophysical mismatch between
Caldie and H13 steel, enhance the weldability of the
hardfacing layer, and concurrently preserve its
mechanical performance, the chemical composition of
Caldie steel was optimized based on CALPHAD
calculations and fundamental metallurgical principles.
3.2.1 Carbon content optimization

The mass fraction of carbon (C) in Caldie steel is as
high as 0.7%. However, an excessive C content
significantly increases the susceptibility to welding hot
cracking B! Therefore, it is necessary to appropriately
reduce the C equivalent to improve weldability. As
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shown in Fig. 4, the thermophysical properties of Caldie
steel with varying C contents (0.4-0.7%) were calculated
using the CALPHAD approach. The corresponding
influence of C content on the thermophysical property
mismatching between Caldie and H13 steel is illustrated
in Fig. 5. It is evident that the thermophysical mismatch
is primarily governed by thermal conductivity; as the C
content decreases, both the thermal conductivity and the
overall property matching
low C
compromise the hardness and wear resistance of the

improve. However, an

excessively content would significantly
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hardfacing layer. Therefore, considering the trade-off
between weldability and wear resistance, the C content
was reduced to 0.5% in this study. To compensate for the
potential loss in hardness, elements such as V, Ti, and Nb
were introduced to enhance fine-grain strengthening and
carbide dispersion strengthening, synergized with the
solid solution strengthening effect of Si. Following the C
the
between the substrate and the hardfacing layer decreased
from 3.9 to 3.0.

adjustment, overall thermophysical mismatch
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Fig. 4. C content-dependent thermomechanical properties
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Fig. 5. Influence of C content on thermophysical

compatibility metrics between Caldie and H13 Steel.

3.2.2 Silicon content optimization

Silicon (Si) is a commonly used deoxidizer in
welding metallurgy, capable of reducing the oxygen
content in the molten pool and minimizing the formation
of pores and inclusions. As shown in Fig. 6 and Fig. 7,
the overall thermophysical property mismatch degree
decreases with increasing Si content, indicating an
improvement in matching between the substrate and the
hardfacing layer. However, an excessive Si addition may
compromise the toughness of the weld metal. Therefore,
in this study, the Si content was moderately increased to
0.6%. Following the adjustment of the Si content, the
overall thermophysical mismatch between the substrate
and the hardfacing layer was further reduced to 2.0.
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Fig. 6. Influence of Si content on thermophysical properties of Fe-0.5C-5Cr-0.5Mn-2.3Mo-0.5V-xSi Alloy: (a) CTE; (b) TC; (c) YM; (d) SHC.
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Fig. 7. Effects of Si content on thermophysical compatibility
metrics between Fe-0.5C-5Cr-0.5Mn-2.3Mo-0.5V-xSi and H13 steel

3.2.3  Synergistic  optimization of MC-type
carbide-forming elements

Vanadium (V), niobium (Nb), and titanium (Ti) are
typical MC-type carbide-forming elements, where the
formation of high-hardness MC-type carbides can
effectively pin austenite grain boundaries and suppress
grain coarsening. However, excessive addition of a single
carbide-forming element may lead to particle
agglomeration, resulting in reduced toughness and
increased susceptibility to cracking [32,33] . Previous
studies have indicated that the synergistic addition of V,

Nb, and Ti promotes the formation of heterogeneous

nucleation sites, facilitating the precipitation of fine,
uniformly distributed composite carbides with enhanced
mechanical properties [34,35]. Therefore, the RSM was
employed to investigate the effect of Nb and Ti contents
on the thermophysical property matching degree under
different V contents (0.5%, 1.0%, 1.5%, and 2.0%).
Considering the cost constraint, the Nb and Ti contents
were limited to below 0.6%. The results are presented in
Fig. 8. It can be observed that when the V, Nb, and Ti
contents are optimized to 1.0%, 0.6%, and 0.2%,
respectively, the property
mismatch between the substrate and the hardfacing layer

overall thermophysical
is minimized to below 0.4.

In summary, based on the concept of thermophysical
property matching and considering the weldability
requirements, the optimized hardfacing composition was
determined to be
Fe-0.5C-5.0Cr-0.5Mn-2.3Mo-1.0V-0.6Si-0.6Nb-0.2Ti.
CALPHAD-predicted thermophysical properties of the
baseline Caldie, optimized Caldie, and H13 substrate are
comparatively analyzed in Fig. 9. It can be observed that,
overall, the optimized hardfacing material exhibits
significantly improved thermophysical compatibility with
the substrate.
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Fig. 8. Effect of Nb-Ti synergistic interactions on thermophysical compatibility across varied V contents: (a) V = 0.5 wt.%; (b) V= 1.0
wt.%; (c) V = 1.5 wt.%; (d) V = 2.0 wt.%.
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3.3 Comparison of numerical simulation results

To evaluate the effectiveness of the hardfacing alloy
optimization in regulating welding residual stresses, a
numerical simulation approach was employed to establish
a correlation model between filler metal composition and
The
characteristics of baseline and optimized hardfacing

thermal stress response. stress  distribution

wires were systematically compared across critical
deposition stages: (i) post-initial pass cooling phase
(Stage I) and (ii) subsequent pass thermal cycles (Stage
10).
3.3.1 Post-cooling analysis of initial weld pass (Stage I)
Fig. 10 presents the overall contour maps and
X-axis sectional profiles of the first principal stress ( 1)
after the cooling of the first weld pass and before the

initiation of the second weld pass, using both the original
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and optimized Caldie compositions as the hardfacing
material. The results indicate that the stress distribution
characteristics are similar for both cases: stresses are
primarily concentrated in the heat-affected zone (HAZ)
of the substrate, the central portion of the weld seam
offset toward the positive Y-direction (adjacent to the
unwelded region), and at the interface between the
substrate and the weld metal. The overall stress ranges
are nearly identical, spanning -73 MPa to 698 MPa
before optimization and -72 MPa to 703 MPa after
optimization, with the peak stress located in the
substrate’s HAZ in both scenarios. These results suggest
that the optimization of the filler composition has
minimal influence on the stress distribution within the
substrate’s HAZ.

Maximum principal stress [MPa] (b)
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Fig. 10. First principal stress distribution comparison: (a-b) full-field contours; (c-d) X-axis cross-sectional profiles.

However, notable differences arise between the two
cases in terms of stress distribution and peak stress within
the weld seam itself. Fig. 11 displays the stress
distribution localized in the weld seam after cooling of
the first pass and prior to deposition of the second pass. It
can be seen that, after compositional optimization, the
maximum ; value in the weld decreases from 604 MPa
to 556 MPa. To better visualize the evolution of stress

distribution characteristics, a unified color scale was

adopted, focusing specifically on regions where 1
exceeds 500 MPa, as shown in Fig. 12. The results
demonstrate that the optimized filler composition leads to
a notable reduction in the proportion of high-stress areas.
This trend is further confirmed by the corresponding
stress density plots in the legends, highlighting a decrease
in the extent and intensity of the high-stress zones when
using the optimized composition.
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Fig. 11. Comparative first principal stress distribution within the weld zone after initial pass cooling:

(a) baseline composition; (b) optimized composition.
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Fig. 12. Unified-scale comparison of first principal stress distribution within the weld zone after initial pass cooling:

(a) baseline composition; (b) optimized composition.

As shown in Fig. 9(b), the optimized composition
exhibits a lower thermal conductivity compared to the
original Caldie steel in the medium and low temperature
range (below 900°C). This
conductivity effectively prolongs the cooling time within

reduction in thermal
this temperature regime, thereby providing a more
favorable window for stress relaxation in the deposited
layer. Furthermore, Fig. 9(c) reveals a decrease in
Young’s modulus for the optimized composition, which
facilitates the accumulation of plastic strain within the
weld deposit, enabling greater stress relief through
enhanced plastic deformation. This interpretation is
substantiated by the equivalent plastic strain contour
maps presented in Fig. 13. A comparison of the legends
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indicates that when using the original Caldie composition,
the equivalent plastic strain is predominantly distributed
below 0.05, with a maximum value of 0.09. In contrast,
for the optimized composition, the principal distribution
range extends up to 0.06, with a slightly increased
maximum value of 0.10. Moreover, in the case of Caldie,
plastic strain is highly localized near the weld centerline,
indicating a predominance of elastic behavior in the
majority of the weld (evidenced by the extensive blue
regions). Conversely, with the optimized composition,
the proportion of high strain regions (green zones)
increases and spreads toward the high stress side, as
shown in Fig. 10, thereby effectively mitigating local
stress concentrations.
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Fig. 13. Comparison of equivalent plastic strain distributions in the weld seam after cooling of the first weld pass: (a) before

optimization; (b) after optimization.

3.3.2 Cooling process following subsequent weld
passes (Stage IT)
As illustrated in Fig. 14, the distributions of the first

principal stress ; after the cooling of subsequent weld
passes (from the second to the fifth pass) were analyzed

for both the original and optimized filler compositions.
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Overall, regardless of composition optimization, the
maximum 1  within the weld seam exhibited a
decreasing trend with the addition of subsequent passes,
primarily due to tempering effects induced by thermal
cycling. Furthermore, high stress regions, initially
concentrated at the edges of the newly deposited welds,
progressively extended towards the interfaces between

successive weld passes. Correspondingly, a comparative

Maximum principal stress [MPa] (a)
612.87
552.07
491.28
430.49
= 136970
30891
24812
18733
126.53
65.74
495
max: 612.87
min: 495
X j
Maximum principal stress [MPa] (c)

574.89

517.80
460.71
40362
34653

28943
23234
175.25
118.16
61.07
398

max: 574.89

min: 398

V4

Maximum principal stress [MPa] (e)
503.20
453.25
403.30
35335
303.40
25345
203.50
153.55
103.60
53.65
3.70
max: 503.20
min: 370
X j
Maximum principal stress [MPa] (g)

464.73

41847
37221

325.94
279.68
233.42
187.15
14089
94.63
4837
210

max: 464.73
min: 210

V4

analysis of the maximum ; values for each pass before
and after filler composition optimization is presented in
Fig. 15. It is evident that the optimized composition
effectively mitigates the risk of high stress within the
weld seam, achieving an average reduction of
approximately 12%. The underlying mechanisms are
consistent with the phenomena discussed previously in
Section 3.3.1.

Maximum principal stress [MPa]
540,09 (b)

486.65
43320

379.76
32631
27287
219.43
165.98
11254
59.09
5.65
‘max: 540.09
min: 565

Maximum principal stress [MPa]
50407 (d)

454.14
404.22
354.29
30437
25444

20452
154.60

104.67

54.75

482
‘max: 504.07

min: 482
& ?/
Maximum principal stress [MPa] (i)
426,02
383.78
34154
299.29
257.05
21481
17256
130.32
88.08
45.84
359
max: 426.02
min: 359
4 ?/
Maximum principal stress [MPa] (h)
41227

37135
33043
28951
248559
207.67

166.75
12583
8491
43.99
3.07
max: 412.27
min:  3.07

i

Fig. 14. Distribution maps of the first principal stress after cooling of subsequent weld passes (numbers indicate the pass sequence; C
and O denote Caldie and optimized Caldie, respectively): (a) 2-C; (b) 2-O; (c) 3-C; (d) 3-O; (e) 4-C; (f) 4-O; (g) 5-C; (h) 5-O.
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Welding pass

Fig. 15. Comparative analysis of peak first principal stress magnitudes between Caldie and optimized Caldie across multipass deposition.

However, it is noteworthy that for the original
Caldie weld wire, the first principal stress after cooling of
the second weld pass exhibits an anomalous increase
compared to the first pass, in stark contrast to the
continuous decreasing trend observed in the optimized
wire. This phenomenon was further investigated by
distribution of the
equivalent plastic strain after cooling of the second pass.

examining the characteristics
As shown in Fig. 16, the second pass welded with the
original Caldie wire displays pronounced localized
plastic strain after cooling, characterized by a narrow
yellow band (strain > 0.05) aligned along the weld
centerline, accompanied by steep strain gradients on
either side. This indicates highly localized plastic
deformation with insufficient energy dissipation, with the

Effective plastic strain ( 3)

max: 0.09
min: 0.00

peak equivalent plastic strain reaching 0.09. By contrast,
for the optimized Caldie composition, the peak
equivalent plastic strain after the second pass increases
slightly to 0.10, and the high strain regions extend toward
the weld edges and the interface between the new and
This
attributed to the synergistic optimization of thermal

previous welds. distribution characteristic is
conductivity and Young’s modulus: the reduced thermal
conductivity at intermediate temperatures prolongs the
time window for plastic deformation, while the decreased
modulus promotes strain accommodation across the new
weld interfaces,

and previous thereby effectively

suppressing the anomalous rise in residual stress

following the second pass.

Effective plastic strain (b)

PWoo
5009

Fig. 16. Comparison of equivalent plastic strain distribution after cooling of the second weld pass:

(a) before optimization; (b) after optimization.

4 Conclusions
1. By integrating CALPHAD
calculations with the dynamic time warping (DTW)

thermodynamic

algorithm, a multi-parametric compatibility index was
established to evaluate synergistic matches across critical
properties, including coefficients of thermal expansion,
thermal conductivity, Young’s modulus, and specific heat
capacity. This framework enables quantitative assessment
of thermophysical disparities between base materials and
filler alloys.

2. Through the integration of univariate sensitivity
analysis and response surface methodology, the chemical
composition of Caldie tool steel was systematically
optimized for hardfacing applications on H13 steel. By
means of the synergistic adjustment of C, Si, V, Nb, and
Ti, the overall thermophysical mismatch degree was
reduced from 3.9 to below 0.4.

3. The

significantly improved the distribution of equivalent

tailored thermophysical compatibility

plastic strain within the weld deposit, mitigated local
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stress concentrations, and achieved an average reduction

of approximately 12% in the peak first principal stress.

These findings validate the efficacy of the proposed

matching metric and introduce a novel methodological

framework for the development of hardfacing repair
materials.
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