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A B S T R A C T

The Co-based coating by laser deposition could improve the thermal-fatigue (TF) resistance of hot working dies
but the effect of technology on properties remained to be studied further. This work investigated the influence of
the microstructure and γ/ε transformation on the TF life of the Co-based coating of the AISI H13 hot work die
steel. Direct laser deposition (DLD) layers were prepared on the steel surface using modified Co-based alloys,
which increased the contents of Cr, W, and Ni. The single and duplex layers were made under precise conditions,
and the difference in the TF test life was significant. Meanwhile, the hardness of the duplex layer coating was
much higher than that of the single one in the TF process consistently. Various detection methods were adopted
to characterize the Co-based coating structures and crack propagation during the TF test. The microstructure of
the two deposition coatings uniformly included the γ-Co phase and M23C6 crystalline phase. Moreover, after the
TF experiment, the γ/ε transformation only occurred in the single layer as observed by transmission electron
microscopy and electron backscattered diffraction. This indicated that the dilution of the base metal element
distribution played a key role in reducing the stability of the γ-Co phase, which resulted in relatively low
stacking fault (SF) energies, micro-hardness, a high fraction of the precipitate, and an early crack generation of
the coating. This research was beneficial for understanding the microstructure, grain growth, γ/ε transformation,
and crack propagation behavior in the DLD layers and TF test.

1. Introduction

The aluminum die-casting mold has gained increasing importance
for automotive applications due to its high quality, efficiency, and low
cost [1]. The surface of the hot-work die-steel suffers from the pres-
surized thermal impact on molten aluminum (about 600 °C) and the
cold impact of water [2]. Under exposure to harsh environments, the
die is repeatedly subjected to cyclic strain or stress caused by thermal
loadings, which is responsible for the significant damage. Traditional
steel such as AISI H13 loses efficacy quite early in their lifetime due to
thermal fatigue (TF), corrosion, and abrasion [3]. Many studies have
been conducted to improve the resistance of the base metal, including
nitriding [2], laser quenching [4], laser remelting [5], laser deposition
[6], and surface alloying [1] All these methods indicate that a certain
degree of increase in the hardness and oxidation resistance results in
enhanced resistance to TF, although the mechanisms are different
[1–6].

As one of the additive manufacturing technologies, direct laser de-
position (DLD) is used for the rapid prototyping or production of 3D
objects, which were controlled by computer-aided manufacturing
(CAM)[7]. DLD is a surface modification technique that makes use of
laser energy to rapidly melt and solidify die materials to obtain a de-
sign-structure with excellent properties [8,9]. Compared with tradi-
tional nitriding, surface alloy, and heat treatment techniques, DLD is
more efficient and manageable as it offers the capability to control the
surface morphology, roughness, and mechanical performance by para-
meter modification [10]. Thus, a variety of superiorities owing to the
adjustment could be gained, such as the metallurgical bonding between
the cladding and substrate, dilution rate, dense microstructure, tem-
perature gradient, non-equilibrium phases, and supersaturated solid
solutions [11].

Co-based coating, as a hard-facing alloy, is extensively used in hot-
work die materials owing to its excellent resistance to corrosion,
abrasion, and excellent hardness in both room and elevated
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temperatures [12]. During the cooling process, the phase transforma-
tion from the face-centered cubic (fcc) (γ-Co) phase to the hexagonal
close-packed (hcp) (ε-Co) phase has been investigated and it could be
regarded as the strain-induced martensitic transformations (SIMTs) of
the γ-Co phase owing to the low stacking fault (SF) energies [12–14].
The high cooling velocity and fcc stabilization elements make it pos-
sible to maintain a complete γ-Co phase at room temperature without
any ε phase. Lee et al. [13] annealed the Co-Cr-Mo-N alloy at 1473 K for
1 h and cooled it to room temperature in a furnace. The uniaxial tensile
tests showed that the grain boundaries and phase boundaries acted as
nucleation sites for the SIMTs and for the crack initiation.

As one of the main causes of failure of the hot-work die-mold, TF is
always induced by a rapid change in temperature during pressure
casting operations [15]. L. Emanuelli et al. [16] reported that a de-
crease in the Co-based binder content increases the TF crack propaga-
tion for the WC-Co alloy coating. The behaviors of Co-29Cr-6Mo during
the strain-controlled iso-thermal fatigue test were also reported [17].
The results indicated that the cracks nucleated along the planar slip on
the surface at a low temperature; however, the high oxidation ag-
gravated the TF damage at 700 °C, and the cracks extended to a mixed
form of intergranular and transgranular fracture. According to the re-
search from Y. Wu et al. [18], cracks mainly occur in net-like eutectic
structures and γ/ε interfaces for the TF experiment of Stellite 6 (Co-Cr
alloy) coating. Some reports concentrated on the development of
cracks, and it was revealed that O atoms diffuse into the substrate
through the early micro-cracks and assume a V shape along with the
rough reduction [19–21].

This study aims to enhance the TF resistance by fabricating single
and duplex Co-based deposition layers on the H13 hot-work die steel
through DLD. Many studies have revealed that the cracks appear at the
grain boundaries and γ/ε interfaces, although few studies have de-
monstrated how to modify the microstructure or chemical component
to improve the TF lifetime. The objective of this article is to better
understand the trend to prolong the TF life through the composition
design of Co-based metal powder and by modulating the DLD para-
meter. Various investigations have focused on the crystal structure and
crack performance. Meanwhile, the mechanism of the crack propaga-
tion is also described based on the experiments.

2. Material and methods

2.1. Materials and DLD process

A 15-mm-thick AISI H13 steel was used as the substrate, and the
chemical composition was listed in Table 1. The H13 plate was ground
and cleaned with acetone and alcohol prior to the experiment. The
deposition materials were designed based on the characteristics of the
adding-elements, Ni could increase SF energies obviously and W, Ru
could decrease the SF energies [22]. As shown in Fig. 1(a), spherical
gas-atomized Co-based powders had diameters between 50 and 100 μm
and the content is listed in Table 2. DLD was performed using an yt-
terbium fiber laser (YLS-2000, IPG, America) with a wavelength of
1070 nm, laser focus size of 0.8 mm. The coating was fabricated by the
melting and solidification of the powder, which was exported through a
coaxial nozzle with argon shielding gas protection at 12 L/min, as il-
lustrated in Fig. 1(b). As shown in Fig. 1(c), the scanning strategy was
snake-shaped and the parameters for the DLD single layer include the
following: laser power (P) = 800 W, scanning velocity (v) = 6 mm/s,

and defocusing (d) = 5 mm. The first-layer deposition parameters were
the same as the single layer, and the second layer was fabricated by
decreasing the scanning speed to 4 mm/s while the other factors remain
the same.

2.2. Thermal fatigue test and micro-hardness

The TF test was carried out using a home-made device, and the
sketch is revealed in Fig. 2(a) and (b). The sample was machined in a
particular shape of the geometry shown in Fig. 2(c). In addition, the two
sample-types were machined in the same deposition thickness of about
500 μm for subtracting the impacts on the thickness on the properties,
such as wetting-spreading [23] and wear behavior [24]. During the TF
experiment, which was similar to the industrial production, with ex-
ternal induction, the surface of the specimen was heated to 600 °C
(± 3 °C) in< 5.5 s and cooled to room temperature with jetted water
in 10 s. The DLD layer was also ground and polished to reduce the
influence of roughness and pollution prior to the TF treatment. The
laser deposition surface shifted toward the water direction and main-
tained the same location for different samples. The variation in the
micro-hardness of the two types of DLD layers and the TF test samples
were measured using the HM T4 XYprog Vickers micro-hardness tester
(Helmut Fischer GmbH) with a load of 0.3 kg and a holding time of 5 s.

2.3. Characterization

For the purpose of microstructure observation including the TF
crack initiation and propagation, all the specimens were processed into
blocks with dimension of 20 mm × 6 mm × 5 mm by wire cut elec-
trical discharge machining. Then the samples were ground and polished
by standard metallographic techniques with a polishing machine
(Automet 300, Buehler, America) and etched by aqua regia (vol. 25%
HNO3 and vol. 75% HCL). An optical microscope (OM, Axio
Observer.A1m, Zeiss, Germany) and a scanning electron microscope
(LYRA3 GMU, TESCAN, Czech Republic) equipped with an energy
dispersive spectroscope (EDS, Aztec X-Max80, Oxford, the United
Kingdom) and an electron backscatter diffraction (EBSD, HKL
NordlysMax3, Oxford, the United Kingdom) instrument were used to
characterize the microstructure of the composite. The step size was
0.15 µm and the voltage was 20 kV. The X-ray diffraction patterns
(XRD, Ultima IV, Rigaku, Japan) were recorded using Cu Kα radiation
with a wavelength of λCu = 1.5406 Å. Furthermore, a 2θ angular range
varying from 10° to 90° was determined to confirm the phase and the
scanning velocity was 5°/min. Transmission electron microscopy (TEM,
JEM2100F, JEOL, Japan) was used to investigate the microstructures
on an enhanced subtle level, and the specimens were prepared by a
focused ion beam (FIB, LYRA3 GMU, TESCAN, Czech Republic).

3. Results

3.1. Microstructures and phase constituents

Fig. 3(a) shows the cross-section of the DLD double layer along the
laser scanning direction. The deposition consisted of columnar, cellular,
and dendritic regions from the substrate to the surface, which were
similar to those of the single layer in Fig. 3(e)[25]. The columnar grains
were perpendicular to the substrate due to the rapid heat dissipation,
and the microstructure transformed into those of the cellular and
dendritic grains with the reduction of the temperature gradient
(Fig. 3(b), (c), (f), (g), and (h))[26]. The noticeable boundary of the two
layers was labeled with a white line in Fig. 3(d). The latter deposition
was required to ensure that parts of the prior layer melted except for the
columnar area, and this could reduce the stress concentration on the
junction according to previous researches [27–29]. At relatively high
magnifications (Fig. 4(a) and (b)), it is evident that the microstructures
exhibit two phases: grey matrix and white net-like precipitates, which

Table 1
Chemical compositions of H13 steel (wt. %).

Element C Cr Mo Si V Mn P S Fe

Chemical
composition

0.37 5.13 1.23 0.95 0.83 0.36 0.009 0.001 Bal.
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were distributed among the grain boundaries. The percentage of white
phase was identified by different colors through Photoshop software.
The white phase was 10% of the total region in the double layer and
16% in the single one.

The results of the EDS analysis for the TF samples surfaces are
shown in Fig. 4(c)–(f) and the detail compositions are listed in Table 3.
Identically, the two deposition layers contained a Co matrix (points B
and D) and carbides (points A and C), which had a higher percentage of
W and Cr compared to the base metal. Notably, Fe was relatively high
in the single layer, whether in the matrix or precipitate phase. This
indicated that the contents of the H13 base metal diffused into the
cladding, and the case was particularly distinct from the single layer.
Moreover, Fe influenced the stability reduction of the matrix [30].
Eventually, Fig. 5(a)–(f) include the SEM images and element dis-
tributions of the double layer. The white line separated the two layers,
and it is noticeable that the second cladding could impede the blending
of steel. According to Fig. 5(g)–(l), single cladding suffered the elements
diffusion from substrate.

According to the elemental distribution maps, the dividing line of
the different layers could be labeled in the duplex cladding
(Fig. 6(a)–(c)). The inverse pole figure (IPF) and local misorientation
(LMO) maps show that the perfect bonding between the two layers and
the residual stress were concentrated on the grain boundaries instead of
the two claddings. Moreover, due to the poor quality of the Kikuchi
diffraction pattern, the dark area revealed the internal boundaries or
precipitates, which were visible around the matrix [31]. The phase
maps (Fig. 6(b)) display that the coating was composed of the γ-Co
matrix and precipitate phases, which could be confirmed further. The
LMO maps represent the misorientation angle between all contiguous
sites in or at the grain boundaries, and it indicates the residual plastic
strain on the substrate [32]. From Fig. 6(c), the results confirmed that
the strain in the boundary was higher than that in the grain interior and
a tiny deformation or slip occurred in the interface of the precipitate/
matrix, which caused a crack to occur [33].

For the single layer, the growth of the juncture in the grain obeyed
the orientation of the previous cladding (Fig. 6(d)) and only the γ-Co
matrix can be found to be similar to that of the double layer (Fig. 6(e)).
Furthermore, the residual plastic strain was also concentrated on the
grain boundaries unevenly due to the existence of precipitates in the
boundaries (Fig. 6(f)).

A representative TEM analysis of the double cladding is illustrated
in Fig. 7(a)–(c). The bright-field TEM images and selected area electron
diffraction (SEAD) patterns showed that the matrix in the deposition

Fig. 1. (a) The morphology of the Co-based powder; (b) schematic diagram of the DLD process; (c) depositing direction of two layers coatings.

Table 2
Chemical compositions of Co-based powder (wt. %).

Element Cr Ni W C Si Fe Co

Chemical composition 25.7 22.8 12.5 0.7 1.2 1.2 Bal.

Fig. 2. (a) and (b) TF tester illustration. (c) Geometry of the TF specimen.
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layer was a typical γ-Co and the precipitate along the boundary was
M23C6, whose zone axes were [0 0 1] and [01̄1]. The EDS spectra in
Fig. 7(g)–(l) illustrate that the matrix contained Co, Ni, and Fe mainly,
and the W and Cr distributed in the precipitation aggravated the car-
bide formation. The phenomenon indicated that the aggregation of the
carbide forming elements resulted from the solid solubility limitation of
supersaturated solid solution and the low formation energy at the γ-Co
interface, which is in accord with previous research [18]. The M23C6

precipitate separated the Co matrix, which led to the instability of the
intergranular fracture of the cladding [34]. This factor helped to un-
derstand the TF mechanism. The same analysis was applied to the single
layer, and the compositions contained γ-Co and M23C6 phases, as shown
in Fig. 7(d)–(f). Most of the carbide precipitates were observed in the

size range of ~50–150 nm, which were much smaller than those in the
casting or wrought Co-Cr-Ni-W alloy [35,36]. The ε-Co phase cannot be
observed in the two claddings before the TF test due to the rapid
cooling by laser deposition and the increase in the Ni content, which
enhance the γ-Co phase at room temperature.

3.2. Mechanical and thermal-fatigue properties of coating

The micro-hardness distribution curves of the two claddings along
the depth are shown in Fig. 8. Some characteristics could be found in
the two deposition layers: the maximum hardness appeared at the sub-
surface and closed to the value of the H13 steel when the base metal
was reached. In addition, the hardness of the double layer close to the

Fig. 3. SEM images showing the deposition microstructure of the cross-section, cellular, dendritic, and columnar grains. (a–d) for the double layer and (e–h) for the
single layer.
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base metal was different from that of the single layer, which was con-
siderably soft. As depicted in Fig. 9, the two layers had different var-
iation tendency in hardness during the TF process. Specifically, the
hardness of the double cladding remained unchanged before 1300 cy-
cles and subsequently declined. This indicated that the γ phase was
excellently stable during the TF test, and the increase in the porosity led
to a reduction in the hardness owing to the cracks [37]. Conversely, the
single-layer hardened during the TF test and softened after the crack
initiation. Some reports investigated the relationship between the
structure evolution and hardness variation. The hardness increased
slightly because of the transformation of the γ phase to the ε phase
[38,39]. Fig. 10 presents the relationship between the TF number and
the crack width, which illustrates the stability of the TF for claddings
[40]. The critical TF cycles of the double layer were approximately
1300 and were considerably more than that of the single layer (about
600 cycles). The critical TF test numbers were defined by the appear-
ance of a small “hole,” which implied the early destruction on the
surface, and the cracks initiated from the hole developed (Fig. 11).
Moreover, the crack width of the two layers increased as the TF cycles
increased. The TF cracks in the single layer showed a faster growth rate
than those in the double layer.

3.3. Microstructure evolution during the TF process

The destruction processes of the two samples are shown in Fig. 11.
Under the sustained thermal stress, the cracks propagated a broken line
instead of a straight one, and the precipitates and grain boundaries
altered the developed direction of the crack, which could be extended
toward less energy. Fig. 11(c) and (d) show the crack propagation
pathway of the double layer in the matrix and precipitate phases, and
the break line was approximately perpendicular to the laser deposition
direction due to its high residual stress [41]. However, it was difficult to
observe the cracks propagated along the interface or grain boundary
owing to the large width. The crack initiation and the development
mechanism of the single layer were similar to those of the double layer;
however, the cracks at the single layer appeared relatively short and
exceedingly dispersive (Fig. 11(g) and (h)). The stress direction was in
accordance with that of deposition and perpendicular to the crack di-
rection. It could be confirmed in Fig. 12(d)–(f) that the preferred po-
sitions of the crack tip were the grain and γ/ε phase boundaries. The
cracks at the double layer were longer and more continuous than those
of the single layer. This was caused by the residual stress level. The
residual stress was not freed until the hole-defect or micro-crack
formed, implying that the residual stress increased as the number of TF
tests increased. The results indicated that the duplex layer suffered
higher tensile stress than the single one because of the extra TF test and
it led to further drastic crack propagation. Furthermore, by contrast
with the original, in Fig. 6, the ε-Co phase appeared in the single layer
after TF owing to the γ/εmartensitic transformation, although no phase
change occurred in the structure of the double cladding (Fig. 12(b)).
Meanwhile, the LOM map (Fig. 12(f)) shows that the residual stress was
concentrated on the ε-Co phase and grain boundary.

From the XRD results (Fig. 13(b)), it was verified that the single
cladding contained strong diffraction peaks of ε phase after TF treat-
ments. Fig. 13(a) reveals that the phase composition remained original
in the duplex layer. It is noticeable that only the γ-Co and M23C6 phases

Fig. 4. Back-scattered electron micrographs of the (a) double cladding and (b) single cladding, the EDS analysis for (c) A (d) C (e) B (f) D points.

Table 3
EDS analysis of the chemical compositions at the location marked in Fig. 4 (wt.
%).

Location Co Ni Cr W Fe C

A 27.59 15.98 31.59 19.96 4.74 0.14
B 39.67 25.29 19.97 10.27 4.12 0.68
C 12.95 9.89 19.77 28.72 27.88 0.79
D 35.42 21.16 17.33 7.98 17.63 0.48
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existed on the two samples before the TF test, which is in accordance
with the prior results of TEM and EBSD. Fig. 14(a) is a bright-field TEM
micrograph of the structure at the TF surface of the duplex layer and the
SAED pattern, which show the γ-Co and M23C6 phases with [0 1 1] and
[22]1̄ axes, respectively (Fig. 14(b) and (c)). The microstructure of the
single layer consisted of γ-Co, ε-Co, and M23C6 phase reflections in
Fig. 14(d); the ε-Co phase reflection was very thin and grew along the
matrix interface. It could be observed that the S-N relationship
([0 1 1]γ//[1 1 2̄ 0]ε and (1 1̄ 1)γ//(0 0 0 1̄)ε) consisted of ε-Co and γ-Co
phases (Fig. 14(e) and (f))[18]; the ε-Co phase was initiated by the
strain-induced martensitic transformation of the γ-Co phase due to the
low SF energies. The TEM results of the two samples corresponded well

with the displayed phase in XRD.

4. Discussion

4.1. Effect of alloy elements on the properties

According to previous investigations, the two types of deposition
layers were constituted by the γ-Co phase and M23C6 phase; however,
there were many differences in the hardness and critical TF life for the
two claddings [42,43]. This difference must be linked with the dis-
similitude in the microstructures of the two samples surfaces; in addi-
tion, the alloy element played an important role. The elements from the

Fig. 5. SEM images of cladding and element distributions of Fe, Co, Cr, Ni, and W. (a)–(f) of the double layer and (g)–(l) of the single layer.
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base metal can be hindered by the second deposition, as described in
Fig. 5. Taking no account of the H13 steel dissolution, the γ-Co phase
mainly contained Ni, Cr, and W elements. Generally, the parent metal
offered a mass of Fe and a few C and Cr elements. All the elements
induced a lattice distortion of the γ-Co phase due to the substitutional
or interstitial solid solution. The variation on the lattice parameters was
studied by XRD in Fig. 12. The diffractograms exhibited (1 1 1), (2 0 0),
and (2 2 0) peaks of the γ-Co phase within the range of the diffraction
angle, 2θ. The dotted lines showed the standard reference that followed
the lattice parameter, a0 = 0.35442 nm of the γ-Co phase. The XRD
peaks of the experiment shifted toward the lower angles in the two
claddings, thereby revealing the expansion of the lattice, which in-
creased the distance between the internal atoms [44–46]. As listed in
Table 4, the lattice parameter of the double layer revealed a larger
expansion than that of the single one, which might be linked mainly
with the interstitially dissolved carbon. Carbon, owing to its small

atomic radius, could pass into the interstitial sites in the fcc structure
instead of the substitutional solid solution to large atoms such as Ni, Fe,
Cr, and Si. For the strengthening effect, the former was better than the
latter, which resulted in a relatively large distortion, although other
elements could also enlarge the lattice parameter. The base metal with
a low carbon content (0.37 wt%) could reduce the carbon content in the
coating (0.7 wt% original), and the increased quantity of precipitate
formed in the single layer also weakened the reinforcement effect of the
interstitial solid solution in the γ-Co phase matrix. The solution
strengthening of C in the fcc structure has been confirmed already, and
the linear relation existed in the lattice change, carbon content, and
yield strength [47]. The two factors resulted in the relatively high
hardness of the double coating and resulted in enhanced resistance to
TF.

The coatings suffered from the cyclic thermal stress during the TF
process, and the microstructure and phase transformations could affect

Fig. 6. EBSD analysis of the IPF, phase, and LMO maps of (a)–(c) the double layer and (d)–(f) the single layer.

Fig. 7. TEM analysis of coatings: bright-field image; SEAD patterns of (a)–(c) the double layer and (d)–(f) the single layer. TEM–EDS analysis of the (g) double
cladding bright-field image, (h) Co, (i) Ni, (j) Fe, (k) Cr, and (l) W.
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the resistance to the TF. The martensitic transformation of γ/ε occurred
at approximately 900 °C according to the phase diagram [47]; however,
the strain triggered the transformation at a relatively low temperature
as the aforementioned SIMTs. Specifically, the dissolved Fe atoms re-
duced the Ni content of the γ-Co matrix, which facilitated the change.
Fig. 12 shows that the cracks tended to initiate from the interface,

indicating that the carbide and ε phases exhibit lower fracture tough-
ness than the γ-Co phase matrix. This confirmed that the stability of the
γ phase was beneficial to restraining the crack, particularly with the
increase in the number of elements, which can improve the resistance of
the fcc structure and help moderate the formation of the cracks. From
this viewpoint, it appeared that the multi-layer structure and increase
in Ni content were good for resisting the thermal damage.

4.2. Effect of alloy elements on martensitic transformation

The influence of alloy elements in martensitic transformation could
be described by SF energies, which was the most important factor of
determining whether twinning, martensitic transformation, or disloca-
tion glide alone could occur under stress [48]. If the SF energies were
low, the perfect dislocations were easily decomposed into two partial
dislocations and SF, the distance of slip surface increased and the
climbing and cross-slip were hard, which led to the extended disloca-
tion aggregated difficultly. The twinning began to coordinate de-
formation resulted in the conducive orientation to deformation. The SF
became the nucleus of the martensitic transformation if the energies
were quite low [49]. In contrast, the perfect dislocations were not easily
decomposed and they could move through cross-slip before forming
tangles with other dislocations if SF energies were high, the deforma-
tion was led by dislocation. Generally, the phase transformation of the
fcc metal was favored over twinning when the SF energies were low
(< 18 mJm−2) and preferred to the dislocation glide at a relatively
high SF energies (> 45 mJm−2) [50].

Carbon could enhance the solid solution strengthening significantly
and impact the SF energies noticeably. Carbon could improve the sta-
bility of the γ-Co and increase the SF energies of the Stellite 6 alloy
[51]. Otherwise, carbon could also improve the SF energies of the
FeCrMn alloy systems [52]. It is well known that Cr and W could reduce
the SF energies of γ-Co, although Ni and Fe could increase the value of
the SF energies [22,48].

The SFE could be calculated using the Jmatpro software and mea-
sured by XRD [51]. The experiment method can be expressed by Eq.
(1), according to Reed and Schramn [53]:

=
〈 〉−γ ω G a

π
ε

α
K

3
A ,SFE

111 0 111 0 0.37 50
2

111

(1)

where ωK111 0 is a constant, determined by crystal geometry; G111 is the
shear modulus in the (1 1 1) fault plane; a0 is the lattice constant.
〈 〉ε50

2
111 is the root mean square microstrain in the [1 1 1] direction

averaged over a distance of 50 Å; −A 0.37 is the elastic anisotropy cor-
rection factor, and α is the stacking fault probability.

Consequently, Eq. (1) could be simplified as follows:

= ×
〈 〉

γ
ε

α
K .SFE

50
2

111
(2)

The relationship between the peak shift and α has been conducted
by Warren as expressed in Eq. (3), and it illustrates the peak separation,
which is caused by the stacking fault [51]:

− = − ⎛
⎝

+ ⎞
⎠

θ θ α
π

θ θΔ(2 2 ) 90 3 tan
2

tan
4

,200 111 2
200 111

(3)

− = − − −θ θ θ θ θ θΔ(2 2 ) (2 2 ) (2 2 ),200 111 200 111 200
0

111
0 (4)

where θ2 200 and θ2 111 are the angles of the (2 0 0) and (1 1 1) crystal
faces (Fig. 13), which are influenced by the SF energies. Moreover, θ200

0

or θ2 111
0 is the angle of (2 0 0) or (1 1 1) without faults, and it is difficult

to obtain by experiment directly. Therefore, the parameters are calcu-
lated using Eq. (5)–(7), which were deduced by Rong and He [54]:

= = −C θ θ θ θΔ2 /Δ2 2tan /tan ,200 111 200 111 (5)

− = − =θ θ C θ θ C Q2 2 2 2 ,200
0

111
0

200 111 (6)

Fig. 8. Micro-hardness distribution curves of the double and single layers.

Fig. 9. Micro-hardness of the double and single layer surfaces at different TF
cycles.

Fig. 10. Variation in the thickness of the cracks during the TF process.
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⎝

⎞
⎠

− ⎛
⎝

⎞
⎠

=− −λ
a

λ
a π

Q2sin 2sin 3
2

180 ,1 1

(7)

where C is the proportion between θΔ2 200 and θΔ2 111, and Q is a con-
stant. The α values of the two claddings were calculated using the
Matlab software, as listed in Table 5. The fact was that the α value of
the double layer was less than that in the single one. Moreover, the SF
energies were calculated using the Jmatpro software, and the results are
shown in Fig. 15. It revealed that there was a near-linear relationship
between the SF energies and the temperature, which had been verified
in other alloys [50,55]. The SF energies of the double and single layers
were about 26.6 mJm−2 and 37.3 mJm−2 at room temperature. The
above results indicated that the double layer had higher SF energies and

less formation of the SF probability (α) than those of the single layer. It
also implied that the former had lower probability of γ/ε transforma-
tion than the latter. According to the theoretical calculation, it was
observed that the two layers could be stabilized at the γ-Co phase
during the TF process because the SF energies were higher than the
threshold (< 18 mjm−2). The uneven components in the matrix had an
effect on the actual SF energies, which were lower than the value from
the theoretical calculation. For instance, the vicinities of the grain
boundaries concentrated mainly on Cr and W, which led to the reduc-
tion of the SF energies and promotion of the γ/ε transformation, as
observed in the test (Fig. 14). Based on the statistical data and calcu-
lated results of the SF energies, the single cladding tended toward

Fig. 11. Cracks initiation of the double layer after TF testing cycles of (a) 1200, (b) 1300, (c) 1400, and (d) 1500; the variation in the single-layer surface after TF
testing cycles of (e) 500, (f) 600, (g) 700, and (h) 800.
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SIMTs and formed a ε-Co phase under the cycle stress during the TF test.

4.3. Crack initiation and propagation mechanism

The TF was one of the main failure forms that caused the hot-work
die-steel to lose efficacy, and it involved nucleation, propagation, and

Fig. 12. EBSD analysis of the IPF, phase, and LMO maps for the cracks of (a)–(c) the double layer and (d)–(f) the single layer.

Fig. 13. XRD of the two claddings in laser deposition and after the TF test of the (a) double layer and (b) single layer.

Fig. 14. TEM analysis of the coatings after the TF test: bright-field image and SEAD patterns of (a)–(c) the double layer and (d)–(e) the single layer, (f) dark field
image showing the ε-Co phase.

Table 4
Lattice parameters of the double and single claddings (nm).

Sample Original lattice parameter Lattice parameter after cladding

Double layer 0.35442 0.35932
Single layer 0.35442 0.35724
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rapid growth, which reflected the surface roughness reduction of the
products in addition to the structural failure. The research focused on
the key factors, which accelerated the crack initiation and attempted to
improve the TF life of the molds by overcoming these shortcomings.
Meanwhile, the modification of the crack gestation and location was
efficient for increasing the work-life and reducing the risk. The TF
course did not tend to accumulate the residual stresses until the crack
was formed, indicating that subtle changes in the surface would bring
about rapid and acute crack growth. The cracks were born in the sur-
face and pregnant period was restrained. The existence of a hole before
the cracks appeared made it possible to monitor the crack nucleation,
and repair measures could be employed immediately. The sketch maps
of the cracks initiation and propagation are shown in Fig. 16.

In the early stage, the oxidation of the surface microstructure was
attributed to the cycle of induction-heat and water-cooling, and it could
prevent further oxidation.

The carbides along the grain boundaries were oxidized easily
compared to those in the matrix because of the high diffusion coeffi-
cient of Cr [56,57]. The precipitates suffered from the extrusion and

shrinkage from the Co phases due to the difference between the ex-
pansion coefficients during the TF process. The micro-cracks (hole)
were formed when the precipitate separated from the matrix and the
oxidation diffused into the coating from the defect. As a result of the
stress concentration, the cracks could aggravate rapidly from the hole
under the circulation of oxidation and stress [58]. Therefore, a high
level of oxygen content was located near the cracks (Fig. 16(f)).

The interfaces in the grain boundary and phase boundary were re-
sponsible for the nucleation of the cracks at high cycle thermal stress
amplitudes. The duplex deposition and increment of the Ni content can
reduce the amount of carbides and the ε-Co phase, which can, in turn,
improve the TF resistance of the hot-work mold.

5. Conclusions

The TF evaluation of Co-based coating on the AISI H13 steel mod-
ified by laser deposition with double and single layers was performed,
mainly concentrating on the crack initiation. The conclusions could be
summarized as follows:

(1) The double and single claddings identically consisted of the γ-Co
matrix and M23C6 precipitate, which contained W and Cr, in addi-
tion to columnar, cellular, and dendritic grains. Additional carbide
species existed on the surface of the single layer owing to the ele-
ment diffusion of the base metal.

(2) The γ to ε martensitic transformation only occurred in the single
cladding due to the stability degradation of the γ-Co phase and the
decrease in the SF energies, which was caused by the alloy element
diffusion of the base metal.

(3) The oxidation occurred early in the TF test, and the micro-crack did
not appear until the thermal residual stress separated the carbides
or the ε phase from the matrix. The grain boundaries and the γ/ε
phase boundaries acted as the weak area for the crack initiation.
The two laser deposition layers reduced the content of the carbides
and restrained the phase transformation, which led to relatively
high critical TF cycles.
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Table 5
SF probability of the two claddings.

No. hkl 2θ/deg. a0/nm 2θ0/deg. α (×10−3)

1 111 43.605 0.35932 43.595 6.61
200 50.754 50.779

2 111 43.861 0.35724 43.847 8.84
200 51.045 51.078

Fig. 15. SF energies of the double and single layers obtained using Jmatpro.

Fig. 16. Diagrammatic drawing of the TF process: (a) and (d) before the appearance of the cracks, (b) and (e) crack initiation, (c) and (f) crack propagation.
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