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Abstract: WC—10Co—4Cr and Cr;C,—25NiCr coatings were deposited on H13 steel by high velocity oxy fuel (HVOF) spraying. To
enhance the thermal stability of the WC—10Co—4Cr coating, NiCr powders were sprayed between the surface coating and substrate.
The microstructures of the surface and cross section, thermal shock and wear resistance of these two coatings were investigated in
detail. The carbon diffusion in the two coatings was explained from the view of the thermodynamic. And the adhesive strength of
Cr3C,—25NiCr coating (64.40 MPa) is almost the same as that of WC—10Co—4Cr coating (61.69 MPa). The friction tests show that
the Cr;C,—25NiCr coating has higher friction coefficient than the WC—10Co—4Cr coating at both 500 and 600 °C. The wear

resistance of the Cr;C,—25NiCr coating is better than that of the WC—10Co—4Cr coating.
Key words: HVOF spraying; WC—10Co—4Cr; Cr;C,—25NiCr; wear resistance

1 Introduction

Recently, superior coatings with benign adhesive
strength, good wear resistance, high hardness and
thermal stability have emerged [1-3], and have been
widely used for cutting tools and dies in high-speed
manufacturing [4,5].

These coatings acting as a thermal barrier and wear
barrier can protect the surface of the hot work die steel
against high temperature and abrading [6]. To enhance
the surface properties of hot work die steel, hexavalent
chromium-based conversion coatings (HCCC) have been
extensive used [7,8]. However, hexavalent chromium
(Cr®" ions) can lead to serious environment pollution and
health problem [8]. Additionally, with the increase of
thermal cycles, the HCCC coatings always break from
the substrate because of the poor adhesive strength and
promote hydrogen embrittlement [9]. The emergence of
the thermal spraying techniques especially high velocity
oxy fuel (HVOF) provides a possible approach to
produce new coatings without above problems.

HVOF combines the oxygen, hydrogen and

kerosene together and make the combustion process
under the control. The flame temperature can be up to
3000 °C. Thus, it can bring the powders at a very high
speed (almost the velocity of sound) and spray them to
the substrate. The high-speed spraying method, which
can avoid powders to contact the external environment,
can improve the density of the coating and reduce
oxidation [10]. HVOF can enhance the property of
abrasive wear resistance [11,12] and adhesive strength
[13—15]. Compared with the conventional coating,
WANG et al [12] reported that the microstructure of
WC-12Co coating deposited by HVOF exhibits denser
coating structure and slightly higher microhardness,
which results in better wear resistance. The
microhardness of the WC—Co coating deposited with the
HVOF technique was HV,; 932 from the research of
MYALSKA et al [13]. It has a very impressive prospect
in replacing electrolytic hard chromium [16].

There are no studies in literature regarding a
comparison between WC—10Co—4Cr and Cr;C,—25NiCr
spraying on the hot work die H13 steel via HVOF
process. The aim of this study is to produce WC—10Co—
4Cr and Cr;C,—25NiCr coatings with desirable high
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temperature tribology properties by HVOF. Additionally,
because the thermal stability of WC is weaker than that
of Cr;C, according to the simulation results of the TC
software, NiCr was used to spray between the
WC—-10Co—4Cr and the substrate to suppress
decarburization in this study.

2 Experimental

The H13 steel was selected as substrate. The sample
dimensions are 100 mm x 100 mm x 80 mm. Before
spraying, the surface was washed by acetone. After
degreasing, the surface was pretreated with sand-blasting
to improve the adhesion between the coating and the
substrate. The chemical composition of the HI13 steel
used in this work is listed in Table 1.

Table 1 Chemical composition of H13 steel (mass fraction, %)

Fe C Mn Si Cr
89.60—92.00 0.32—0.45 0.20-0.50 0.80-1.20 4.75-5.50
P S Mo A%

<0.03 <0.03 1.10-1.75 0.80-1.20

In the spraying process, the flame temperature,
flame speed and flight distance are very important
factors affecting the state of melting and the formation of
the coating [17,18]. The HVOF spraying parameters used
in this work are given in Table 2.

Representative  SEM  micrographs of the three
powders are shown in Fig. 1. The figures show that the
sizes of the powders WC—10Co—4Cr, Cr;C,—25NiCr and

Table 2 Parameters for high velocity oxy fuel process

3701

NiCr are around 5-35pum, 5-40 um and 10-50 um,
respectively.

The surface treated specimens were cut, ground
with SiC abrasive paper, and finally polished with 1 pm
diamond abrasive paper. The microstructure of each
sample was examined using scanning electron
microscopy (SEM) (FEI-Quanta 200). X-ray diffraction
with 26 scanning range of 10° to 80° using Cu K,
radiation was used to characterize whether the
decarburization happened in the coating. The Jade 6.0
software with powder diffraction file (PDF 2009) was
used for phase analysis.

Two samples with the size of d25.4 mm have been
cemented with E7 glue. The glued samples have been
kept at 100 °C for 3 h to solidify. The adhesive strength
was measured by means of tensile testing, employing a
JDL-50KN equipment, adopted by ASTM—633 standard.
To prevent the shear forces, the two samples must be
kept coaxial. Each coating was tested three times to
achieve the mean value.

The thermal stability of each phases was calculated
with Thermal-Calc developed by SUNDMAN et al [19]
using SSUB (TC Substance) database. Temperature of
T=773 K, pressure p=1x10° Pa, n=1 mol, compositions
(x(W)=50% for WC phase, x(W)=33% for W,C phase,
x(Cr)=40% for Cr;C, phase, x(Cr)=30% for Cr,C; phase,
x(Cr)=21% for Cry;C¢ phase ) were set to be the initial
conditions of calculation.

For high thermal conductivity materials, when a
piece of material is cooled quickly, a temperature
gradient is produced. This gradient can lead to different
amounts of contraction in different areas. If residual

Powder Kerosene flow  Oxygen flow Oxygen/ Nitrogen flow Speed of Thickness/ Spray
rate/(L-h™") rate/(L'h™")  oilratio rate/(L'min”!)  plate/(rmin") um distance/mm

12 (L

Cr;C,—25NiCr 26.0 900 1.01 (L) 3.0 320 380
11 (R)
. 13 (L)

NiCr 26.0 900 1.01 12(R) 1.5 100 350
13 (L

WC—-10Co—4Cr 26.0 900 1.02 lf ER; 2.0 320 380

Fig. 1 SEM photographs of three powders: (a) WC—10Co—4Cr; (b) Cr;C,—25NiCr; (c) NiCr
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tensile stresses become high enough, flaws may
propagate and lead to failure. Similar behavior can occur
if a material is heated rapidly. This failure of a material
caused by stresses induced by sudden changes in
temperature is known as thermal shock [20]. The thermal
shock performance was performed by thermal fatigue
testing machine developed by Jilin University in China.
The sizes of the samples were 100 mm x 100 mm X
80 mm, and four edges were ground into chamfering to
reduce stress concentration. The parameters of the test
are listed in Table 3.

Table 3 Parameters of thermal shock test

Heat Heating erlrilzflre d Thermal
temperature/°C  delay/min q shock times
delay/s
600 5 30 15,30

Friction tests were employed by UMT—3 ball-on-
disc wear and friction equipment. The samples were
sectioned to d25.4 mm x 6 mm and polished to make the
surface roughness as R,<0.35 pum. The parameters of
wear tests are listed in Table 4.

In this experiment, the friction coefficient could be
obtained directly from the apparatus. However, the wear
rates of the coatings need to be used in the interference

Fig. 2 SEM photographs of WC—10Co—4Cr and Cr;C,—25NiCr coated on HI13 steel:

Table 4 Parameters of wear test

Friction Rotational Load/ Temperature/ Time/

Environment . 4 .
pair speed/(m's ) N °C min
. SizNg
Nitrogen . 500
.. friction 0.2 11 20
dry friction 600
ball

profiler BMT-Expert 3D to achieve the wear depth and
width data. Meanwhile, the data were used to calculate
the integral area (V,, mm’). Thus, the wear rate (Q)
could be calculated by Eq. (1) [21].

y
—lw 1
0 NS )]
where S is the total sliding distance (m), and o is the load
N).

3 Results and discussion

3.1 Microstructural investigations

The microstructures of WC—10Co—4Cr/NiCr
and Cr;C,—25NiCr coated on HI13 steel are shown in
Fig. 2. It is obvious that WC, Cr;C,, NiCr particles are
distributed homogeneously on the surface. The two
kinds of the coatings all show uniform structure, while

Substratc SV oid]

CryC,-25NiCr

(a) WC-10Co—4Cr (plan view);

(b) WC—10Co0—4Cr (cross-section); (c) Cr;C,—25NiCr (plan view); (d) Cr;C,—25NiCr (cross-section)
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WC-10Co—4Cr exhibits a more dense structure
(Figs. 2(b) and (d)). In the spraying process, the small
particles were completely melted, then cooled rapidly
when deposited on the substrate. Some pores are
observed on the top of the coatings (Figs. 2(a) and (c)). It
can be found from Fig. 2(b) that no obvious cracks can
be seen in the WC—10Co—4Cr surface layer and the NiCr
transition layer, while some voids indicated by arrows
can be found at the interface between the NiCr transition
layer and substrate. For Cr;C,—25NiCr surface layer,
some voids also can be seen at the interface (Fig. 2(d)).

3.2 XRD investigation

The phases in WC—10Co—4Cr and Cr;C,—25NiCr
powders and coatings have been investigated by X-ray
diffraction (XRD). The XRD results are shown in Fig. 3.
It is obvious that W,C phase formed in the WC—10Co—
4Cr coating, and Cr;C;, CryCs phases formed in the
Cr;C,—25NiCr coating. BOLELLI et al [22] also
reported that W,C phase formed during the HVOF-
spraying process. The formation of these phases could be
attributed to the decarburization during the spraying
process.

o— WC
o *— (Co
o— W,C
u— Ni
& — CryC
A — CrCs
o #— Cry 3Nizgs
* — CryCs
d
WC-10Co-4Cr
(powder)
WC-10Co-4Cr 1 4 o 28
10Co ) ! o 2 9%
- tcuzl;n::lc j\%k?_/ - .-J'\.A.__.-._v&-..__
r;C3~25NiCr A
(powder) 4 & b_‘t{i:?iﬁiﬁj_%_&__g.&u
CryCy-25NiCr * i
(coating) 3&2& & -y 33

1 1 1

10 20 30 40 50 60 70 80
20/(7)

Fig. 3 XRD patterns of WC—10Co—4Cr and Cr;C,—25Ni
powders and coatings

3.3 Thermal stability

The calculated Gibbs free energies by Thermal-Calc
software [23,24] of each phase in the two coatings are
shown in Fig. 4. It can be easily found that the thermal
stability of WC phase is lower than that of W,C phase
from 2000 K to 3000 K, and above 2500 K, the order of
the relative stability of chromium carbides is Cry;Ce>
Cr;C5>Cr;C,. During the HVOF process, the temperature
is up to 3000 °C. Based on the calculated result, W,C,
Cry;3Cs and Cr;C; phases are more stable than WC and
Cr;C, and can form during the HVOF process. These
calculated results are in good agreement with the XRD
results.

-100

=125T

-150+

=175 F

Gibbs energy/(MJ-mol™)

=200

—225}

2000 2200 2400 2600 2800 3000
Temperature/K

Fig. 4 Calculated Gibbs free energies of phases in WC-—
10Co—4Cr and Cr;C,—25Ni coatings

3.4 Adhesive strength

The adhesive strengths of WC—10Co—4Cr and
Cr;C,—25NiCr coatings are shown in Table 5. It can be
seen that the adhesive strengths of Cr;C,—25NiCr and
WC-10Co—4Cr coating are almost the same. LI
et al [25] reported that the adhesive strength of WC
cermet coatings is approximately 65 MPa and
Cr;C,—25NiCr ranged from 35 MPa to over 90 MPa
influenced by spray parameters, which fits well with the
results (61.69 MPa in WC—10Co—4Cr and 64.40 MPa in
Cr;C,—25NiCr) in this study.

Table 5 Adhesive strength of two coatings

. o/MPa
Coating
1 2 3 Mean value
WC-10Co—4Cr 55.02 68.17 61.89 61.69
Cr;C,—25NiCr 70.77 65.15 57.27 64.40

3.5 Thermal shock performance

Figure 5 shows the typical SEM photographs of the
WC—10Co—4Cr and Cr;C,—25NiCr coatings after
thermal shock testing. A complete crack can be seen,
which initiated on the surface of the WC—10Co—4Cr
coating after thermal shock 15 times. Due to the effect of
stress concentration, cracks propagated forward to
release stress. Meanwhile, many crack branches can be
found in Fig. 5. The main cracks can develop in the
direction of depth until the stress is released completely.
JAFARI et al [26] reported the similar occurrence of
cracks on the surface of WC—-12Co and WC-17Co
coatings. For Cr;C,—25NiCr coating, a diffusion layer
can be seen between the surface coating and the substrate
after 30 times of thermal shocking. The thickness of the
diffusion layer is 3—11 pm. Due to the increasing times
of the thermal shock, C, Cr, Ni and O atoms diffuse into
the matrix, which leads to the formation of the diffusion
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Fig. 5 BSE image (a) and ETD image (b) of WC—10Co—4Cr coating after shocking 15 times, BSE image of Cr;C,—25NiCr coating

after shocking 30 times (c) and 60 times (d) (cross-sectional view)

layer as shown in Fig. 5(c). After 60 times of thermal
shock, a longitudinal crack can be observed in the
coating and it also initiated on the surface of the coating

(Fig. 5(d)).

3.6 Friction and wear behavior

The friction coefficients of WC—-10Co—4Cr and
Cr;C,—25NiCr coatings tested at 500 and 600 °C are
shown in Fig. 6, which indicates that the wear process
included a temporary running-in stage at the beginning
of the wear tests, a stage showing slow increase in
friction coefficient and the final steady-state for the
WC—-10Co—4Cr coating. While for the Cr;C,—25NiCr
coating, a significant drop in friction coefficient at
600 °C can be found after 200 s due to the crack
formation during the wear test. The mean values of
friction coefficient, after reaching the steady-state, are
listed in Table 6.

3.7 Wear track profiles

The cross-sectional profiles of wear tracks on the
two coatings after wear tests are shown in Fig. 7. It can
be seen that the wear tracks on the WC—10Co—4Cr
coating are obvious, but those on the Cr;C,—25NiCr

CryC,-25NiCr (500 °C)

=
oo
T

CryC,=25NiCr (600 °C)

ial WC-10Co-4Cr (500 °C)
0.4 w{:ﬂ\ﬁ o1 4

0 200 400 600 800
Time/s

Fig. 6 Friction curve of coatings

Friction coefficient

1000 1200

Table 6 Steady-state friction coefficients of coatings at
different temperatures

Coating 500 °C 600 °C
WC-10Co—4Cr 0.59 0.44
Cr;C,—25NiCr 0.87 0.70

coating are too shallow to be measured, which indicates
that the wear resistance of the Cr;C,—25NiCr coating is
better than that of the WC—10Co—4Cr coating.
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Fig. 7 Cross-sectional profiles of wear tracks on WC—10Co—4Cr coating tested at 500 °C (a) and 600 °C (b) and Cr;C,—25NiCr

coating tested at 500 °C (c) and 600 °C (d)

The wear tracks on each sample were measured for
four times to get the average value of wear volume
which is listed in Table 7. Based on Eq. (1), the wear
rates of WC—10Co—4Cr are calculated to be 9.5819x10°
mm’/(N'm) at 500 °C and 4.2659x10"® mm*/(N-m) at
600 °C. The results are in the same magnitude of those
reported by SHIPWAY et al [27] and ZHAO et al [28],
which are 10.5%x10"® mm?*/(N'm) under the condition of
19 N load using alumina balls (d9.6 mm) and
4x10"* mm*/(N-m) under the condition of 5 N load using
Si;Ny balls (d3 mm), respectively.

Table 7 FWHM and wear track volumes in WC—10Co—4Cr
coating

500 °C 600 °C
Test
No. Wear volume/ FWHM/ Wear volume/ FWHM/
(1 0° mm3) mm ¢! 0° mm3) mm
1 2.75384 0.57901 1.06651 0.26008
2 2.43486 0.59074 1.00553 0.21313
3 2.48706 0.50944 1.39902 0.26171
4 2.44274 0.53756 1.03375 0.23203
Mean 2.52963 0.55419 1.12620 0.24174

4 Conclusions

1) These two kinds of coatings all show uniform
structure, while WC—10Co—4Cr exhibits a more dense
structure. The W,C phase forms in the WC—10Co—4Cr
coating and Cr;C;, CrpC¢ phases form in the
Cr;C,—25NiCr coating mainly due to the decarburization
during spraying, and these results quite agree with the
calculated thermal stability of each phase using the
Thermal-Calc software.

2) The thermal shock experiments show that a
complete crack initiates on the surface of the
WC—-10Co—4Cr coating after thermal shock for 15 times
and the coating starts to peel and expire. The cracks have
not been found in the Cr;C,—25NiCr coating after
thermal shock for 15 and 30 times. After thermal shock
60 times, the micro crack has been found at the interface
of the coating.

3) The friction tests show that the friction
coefficient of the two coatings at 500 °C is higher than
that at 600 °C. The Cr;C,—25NiCr coating exhibits
higher friction coefficient than the WC—-10Co—4Cr
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coating at both 500 °C and 600 °C. By the comparison of
the wear tests, the Cr;C,—25NiCr coating shows better
wear resistance and higher friction coefficient than the
WC—-10Co0—4Cr coating at both 500 °C and 600 °C.
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WC—10Co—4Cr [ 54
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