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Abstract A NiCrBSi alloy coating was sprayed on H13

hot work mould using a high velocity oxygen fuel. The

surface and cross-section morphologies of obtained

NiCrBSi coating were observed using a field emission

scanning electron microscope (SEM), its phases were

analyzed using an X-ray diffractometer (XRD). The fric-

tion-wear behaviors of NiCrBSi coating were investigated

using a high temperature wear tester, the morphologies and

chemical elements of worn tracks were analyzed using a

SEM and its configured energy dispersive spectrometer

(EDS), respectively. The results show that the average COF

of NiCrBSi coating at 500, 600, and 700 �C is 0.4046,

0.4039, and 0.3975, respectively. The wear mechanism of

NiCrBSi coating at 500 and 600 �C is abrasive wear,

adhesive wear and oxidation wear, while that at 700 �C is

abrasive wear and oxidation wear, the wear resistance of

NiCrBSi coating is dependent on the compounds of Ni, Si

and Cr.

Keywords High velocity oxygen fuel (HVOF) �
NiCrBSi coating � COF (coefficient of friction) �
Wear performance

1 Introduction

H13 hot work mould steel has good hardenability, anti-

tempering stability, wear resistance and heat resistance,

which is widely used in the manufacture of hot extrusion,

hot forging, die casting and isothermal forging mould

[1, 2]. Its wear form is primarily hot wear, accompanied

with adhesive wear and abrasive wear under the working

conditions [3]. Surface treatment technology is used to

solve the hot wear problems, which includes deformation

strengthening, heat treatment, chemical heat treatment,

surface metallurgical strengthening, etc. Among those, the

surface coating technique is one kind of surface metallur-

gical strengthening, which effectively improves its friction

and wear performance at high temperatures [4].

Thermal spraying is one of the main methods for

fabricating the above coatings, which includes plasma

spraying, flame spraying, arc spraying, coating technique

of powder metallurgy (induction melting) and laser

cladding [5, 6]. Among them, high velocity oxygen fuel

(HVOF) is heated evenly, melted fully and sprayed

quickly [7–9], and is suitable for spray coating with high

bonding strength [10]. As a Ni-based coating, NiCrBSi

coating has excellent advantages such as uniform

microstructure, high wear resistance and oxidation resis-

tance at high temperatures [11–13]. Karaoglanli et al. [14]

analyzed the friction and wear properties of HVOF

sprayed NiCrBSi/WC coatings under dry friction condi-

tions; Houdková et al. [15] evaluated the microstructure,

hardness, elastic modulus and wear resistance of NiCrBSi

coating before and after heat treatment; Guo et al. [16]

investigated the friction and wear behavior of laser

cladded NiCrBSi coating and NiCrBSi/WC–Ni composite

coatings at 500 �C; Shabana et al. [17] evaluated the wear

resistance of HVOF sprayed coatings at 350 �C. The

above researches on the NiCrBSi coating was mainly

focused on the preparation method, and its wear proper-

ties was also limited to room temperature or 350 and

500 �C. There were few studies on the effect of elevated

temperatures on its friction and wear performance.
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In order to solve the hot wear problem of H13 hot work

mould steel, a HVOF sprayed NiCrBSi coating was fabri-

cated on its surface. The friction and wear performance at

500, 600 and 700 �C were investigated using a plane scan

analysis, wishing that the application of NiCrBSi coating

could reduce friction and decrease wear of H13 hot work

mould steel.

2 Experimental

The substrate was H13 hot mould steel with the chemical

composition (mass fraction, %) of: Cr 4.75–5.00, Si

0.80–1.20, Mo 1.10–1.72, V 0.80–1.20, C 0.32–0.45, the

rest was Fe. The samples were cleaned with acetone to

remove oil, and roughened with brown corundum. Powder

material was Ni–based self–melted alloy of NiCrBSi with

the chemical composition (mass fraction, %) of: Cr 15.80,

B 3.07, Si 4.53, Fe 5 and C 0.79, the rest was Ni, and its

particle size distribution was measured using a Mastersizer

3000 type laser particle size analyzer. Before HVOF

spraying, the samples were pretreated at 120 �C for 1 H.

The HVOF test was conducted on a ZB–2700 type high

speed flame spraying device, aviation kerosene was used as

fuel, O2 gas as combustion supporting gas, and N2 gas as

feeding powder. Spraying parameters were: powder feed-

ing amount of 110 g/min, spray gun distance of 250 mm,

fuel pressure of 1.25 MPa, O2 pressure of 1.58 MPa, water

temperature of 40 �C, spraying pressure of 0.95 MPa. After

the HVOF spraying, the hardness of the obtained coating

and substrate was measured using a HVS–1000 type

vickers hardness tester. The technological parameters were:

experimental force of 2 N, holding time of 10 s. The high

temperature friction–wear test was performed on a HT–

1000 type high temperature friction and wear tester with

technological parameters as: friction pair of Si3N4 ceramic

ball with the diameter of 5 mm, wear load of 10 N, time of

60 min. Respective temperatures were: 500, 600, and

700 �C. After the wear test, the profiles worn tracks were

measured using a VHX–700FC type super–depth three–

dimensional microscopic system. Their morphologies and

chemical elements were analyzed with a JSM–6360LA

type SEM and configured EDS, respectively, and the

phases were measured on a D/max 2500PC type XRD.

3 Analysis and Discussion

3.1 Morphologies and XRD Analysis of Powders

The sprayed NiCrBSi powder presented the spherical or

nearly spherical shapes, as shown in Fig. 1a. The surface

roughness was low, which was advantageous to transport

the powder in the HVOF spraying test. The NiCrBSi

coating was easily formed through HVOF flame flow.

Figure 1b shows that distribution of NiCrBSi particle sizes.

The NiCrBSi powders were distributed in the range of

5–80 lm, the particle diameter of 30–55 lm accounted for

84.5% of total volume fractions, which was benefitial in

increasing its liquidity. Figure 1c shows the XRD spectra

of NiCrBSi powder. The sprayed powder was composed of

B, Ni4B3, Ni2Si, Cr2Si, Ni, Cr2Ni5Si2, Si, Cr2Ni2Si2, and

Cr2B. The surface smoothness of sprayed powder was well;

only a small part of depressions existed, which was pri-

marily due to the existence of B and Si phases. The B and

Si formed the eutectic with the Ni and Fe, decreasing the

melting point of NiCrBSi alloy powder. Its wettability to

the substrate was improved [18].

3.2 Surface and Cross-Section Morphologies

and XRD Analysis

The morphology of obtained NiCrBSi coating surface is

shown in Fig. 2a. The surface roughness was good, the

sprayed powder was completely melted, its porosity was

low. The morphology of NiCrBSi coating cross-section is

shown in Fig. 2b. The microstructure of NiCrBSi coating

cross-section was uniform and compact, its thickness was

* 400 lm. Figure 2c shows the XRD spectra of NiCrBSi

coating. It was primarily composed of Ni, Ni2B, Ni2Si, and

NiSi2 phases. The spectral line was wide, but the diffrac-

tion peak of each phase was not obvious. The following

reactions occurred during the HVOF spraying test.

Niþ 2Si ¼ NiSi2 ð1Þ
2Niþ B ¼ Ni2B ð2Þ

The stable NiSi2 and Ni2B were formed in Eqs. (1) and

(2), the micro-crystalline/amorphous structure and micro

strain were the main broadening cause of XRD peaks. In

addition, the grain dislocation and twin defects also caused

the XRD peaks broaden. Among those, the micro-crystal

and amorphous was produced because the NiCrBSi powder

was heated to the melted or semi-melted in the HVOF flow,

and was pushed to the substrate surface by the flame flow,

the solidification was so rapid that the crystal did not

spread and solidified with the disordered state.

3.3 Microhardness

Figure 3a shows the microhardness of NiCrBSi coating and

substrate, which was the average of values taken from five

points. The average microhardness of substrate was 614

HV, while that of NiCrBSi coating was 858 HV, which got

increased by 39.7% than the substrate. Figure 3b shows the

microhardness distribution of NiCrBSi coating in the depth

123

2566 Trans Indian Inst Met (2018) 71(10):2565–2573



direction. The microhardness on the NiCrBSi cross-section

basically remained * 820 HV, which decreased gradually

at the substrate/coating interface and eventually decreased

to the microhardness of the substrate. The difference in

microhardness between the NiCrBSi and the substrate was

because the compounds of Ni Cr, B and Si were formed to

enhance its microhardness [19] and improve its wear

resistance.

3.4 COFs and Profiles of Worn Tracks

Figure 4a shows the curves of COFs versus wear time at

different high temperatures. The wear process was divided

into two periods, i.e., running–in period and normal wear

period. When the wear test was over, the COFs were not

fluctuated, which indicated that the NiCrBSi coating did

not fail. It was shown that: (1) during the running–in per-

iod, the COFs were large due to its surface roughness.
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When the Ni on the worn track was oxidized into NiO and

NiO2, playing a role of lubrication, the COFs began to

decrease and was tended to become stable; (2) at 500 �C,
the running-in time of 29 min was longer, the average COF

was 0.4179, while that in the normal wear period was

0.4046; (3) at 600 �C, the running-in time of 8 min was

shorter, the average COF was 0.3574, while that in the

normal wear period was 0.4039, which was the result of

uneven distribution of hard phases; (4) at 700 �C, the

running-in time of 42 min was long, the COFs varied

greatly, its average value was 0.3304, while that in the

normal wear period was 0.3975. From the above analysis, it

could be seen that the COFs in the normal wear period

decreased slightly with the increase of temperature, but

there was little difference in COFs at each temperature.

Because the running-in time at 600 �C was obviously less

than the other two temperatures and the COF curve was the

most stable, the friction performance of NiCrBSi coating at

600 �C was the best.

Figure 4b shows the profiles of worn tracks at the dif-

ferent temperatures. The wear volume of NiCrBSi coating

at 500, 600, and 700 �C was 0.3687, 0.7506, and

1.4087 mm3, respectively, showing that the NiCrBSi

coating had low wear resistance at 700 �C. The depth of

worn tracks did not exceed the thickness of NiCrBSi

coating at all the three temperatures, indicating that the

NiCrBSi coating effectively protected the substrate under a

load of 10 N, and had good wear resistance.

3.5 Worn Morphologies

Figure 5 shows the wear morphologies of NiCrBSi coating

at the different temperatures. A part of NiCrBSi coating

was spalled off at the high temperatures, the main feature

under the oxidation and friction contact was the furrow and

flaking. The furrow width at 500 �C was large, as shown in

Fig. 5a. The furrow width at 600 �C was smaller than that

at 500 �C, as shown in Fig. 5b. There were few worn

furrows distributed on both sides of the worn track at

700 �C. The central zone was smooth with less flaking, as

shown in Fig. 5c. The above analysis shows that: (1) at 500

and 600 �C, the wear mechanism was primarily adhesive

wear and abrasive wear accompanied with oxidation wear,

while that was primarily abrasive wear and oxidation wear

at 700 �C; (2) during the wear test, the friction heat was

produced to oxidize the Cr and Si at 500 and 600 �C, but
the produced oxide was brittle could easily be crushed

under the wear load. The oxide film formed at 700 �C was

dense, and a small amount of peeling and flaky pits were

formed on the worn track, its average COF was the mini-

mum; (3) the oxidation and spalling on the worn track were

not regular, and the furrows and spalling were produced

under the action of continuous wear loads.

At 500 and 600 �C, the minority of worn track was

oxidized, the size of oxidized particles was less than 1 lm,

as shown in Fig. 6a, b. A large number of oxidized flakes

appeared on the worn track at 700 �C, forming a dense

oxide film. During the dry wear, the friction pair surface

generated the oxide film, which was made by grinding and

refining [20–24]. The oxide film played a role of bearing,

and avoided the direct contact between the NiCrBSi coat-

ing and the substrate. The wear mechanism was changed

from severe adhesive wear to slight oxidation wear. At the

same time, the oxide film bearing capacity increased with

the increased oxidation. At 700 �C, the worn track surface

was smooth, no furrow was observed which was consistent

with the above analysis results. According to the Wilsion

theory [25], the oxide film was not stable in the high

temperature wear test, the fatigue spalling occurred under

the repeated action of wear stress. The wear was a cyclic

process of oxide film generating-spalling off and regener-

ating. The wear debris was removed in the wear test,

therefore, the wear mechanism was wear loss.

Figure 7 shows the EDS analysis of oxidized particles at

different temperatures. The mass fractions and atomic

fractions of chemical elements are shown in Table 1. The

mass fraction of O on the worn tracks at three temperatures

were less than 10%. Among them, it was 8.56% at 700 �C.
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Fig. 5 Overall SEM images of worn tracks at different high temperatures. a At 500 �C. b At 600 �C. c At 700 �C

Fig. 6 Oxidation morphologies of NiCrBSi coating at different high temperatures. a At 500 �C. b At 600 �C. c At 700 �C
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Fig. 7 EDS analysis of oxide particles on NiCrBSi coating at different high temperatures. a At 500 �C. b At 600 �C. c At 700 �C
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The NiCrBSi coating had better oxidation resistance at the

high temperature.

3.6 XRD Analysis on Worn Tracks

Figure 8 shows the XRD spectra of worn tracks at different

high temperatures. The phase analysis results indicated

that: (1) there was Ni phase on the worn tracks at three high

temperatures, and the Ni oxide and other hard phases also

appeared; (2) The Ni was oxidized into NiO at 500 �C
(Fig. 8a), while Ni was oxidized into the two oxides of NiO

and NiO2 at 600 and 700 �C (Fig. 8b, c), which played a

certain role in reducing COFs; (3) there was a Cr3B4 on the

worn track at 500 �C, while there was the NiSi2 on the

worn track at 600 �C, and there was the Si on the worn

track at 700 �C. Among those, the Cr3B4 and Si improved

the microhardness of NiCrBSi the coating, and the NiSi2
had good thermal stability at high temperatures.

3.7 Plane Scan Analysis of Worn Tracks

Figure 9a shows the plane scanned position of worn track

at 500 �C. The surface of worn track was intact without

cracks, but there were obvious furrows with adhesion

phenomenon. The result of plane scan analysis is shown in

Fig. 9b. The mass fractions of chemical elements were

(mass%): Ni 69.63, Cr 21.80, Si 2.55, O 2.43 and Fe 3.59;

and the corresponding atomic fractions were (at%): Ni

62.03, Cr 21.93, Si 4.75, O 7.93 and Fe 3.36. Among them,

B was not present because it is a light element and because

of its low content, while the Fe was the impurity which

came from the diffusion of substrate during the HVOF

spraying test, which could be ignored in the wear test. The

Ni and Si were uniformly distributed on the worn track,

with no atom–poor zones, as shown in Fig. 9c, e. The Cr

formed the atom–rich zone on the worn track, indicating

that the Cr and its compounds were the main factor of wear

resistance, as shown in Fig. 9d. O was present on the worn

track; this was because the friction heat caused the ele-

ments of substrate to react with the O in the air to produce

the oxide, which was uniformly distributed on the worn

track, as shown in Fig. 9f.

Figure 10a shows the plane scanned position of worn

track at 600 �C. The width of worn track increased than

that at 500 �C, however, the grooves and spalling

decreased at a certain extent. The result of plane scan

analysis is shown in Fig. 10b. The mass fractions of

chemical elements (mass%) were: Ni 67.02, Cr 23.82, Si

3.13, O 2.54 and Fe 3.49; and the corresponding atomic

fractions (at%) were: Ni 59.08, Cr 23.71, Si 5.76, O 8.22

and Fe 3.23. Among them, B also was not present. This

was because, B belongs to light element group and its

Table 1 EDS analysis results of oxide particles on worn tracks at different high temperatures

Element 500 �C 600 �C 700 �C

Mass/% At/% Mass/% At/% Mass/% At/%

C – – – – 7.46 15.13

O 6.21 18.38 8.10 23.21 8.56 20.41

Si 4.37 7.36 3.39 5.53 8.99 12.21

Cr 18.42 16.77 19.96 17.60 16.21 11.89

Fe 5.67 7.81 2.98 2.45 12.53 8.56

Ni 65.32 52.67 65.57 51.21 48.95 31.81
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Fig. 8 XRD analysis of worn tracks at different high temperatures. a At 500 �C. b At 600 �C. c At 700 �C
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content was low. Fe was present on the worn track. This

was because a small amount of Fe in the substrate diffused

into the NiCrBSi coating. Ni and Si were evenly distributed

on the worn track, suggesting that the compounds of Ni and

Si were not worn away, as shown in Fig. 10c, e. Cr also

formed the atom–rich zone, indicating that the Cr and its

compounds had high wear resistance, as shown in Fig. 10d.

O content on the worn track increased than that at 500 �C,
indicating that the oxidation wear was more severe, as

shown in Fig. 10f.

Figure 11a shows the plane scanned position of worn

track at 700 �C. The surface of worn track was relatively

flat, there were a few furrows along the sliding direction.

The result of plane scan analysis is shown in Fig. 11b. The

mass fractions of chemical elements (mass%) were: Ni

69.08, Cr 22.04, Si 2.76, O 2.90 and Fe 3.21; and the

corresponding atomic fractions were (at%): Ni 60.72, Cr

21.87, Si 5.08, O 9.36 and Fe 2.97. B did not appear in the

plane scan result because it is a light element and its

content was low. The Fe came from the diffusion of sub-

strate, which could be ignored in the wear test. The dis-

tributions of Ni and Si were the same as those at 500 and

600 �C, indicating that the dispersion strengthening effect

existed and its high hardness maintained its integrity, as

shown in Fig. 10c, e. The Cr distribution was the same as

those at 500 and 600 �C, as shown in Fig. 11d. The O

content increased than those at 500 and 600 �C and evenly

dispersed on the worn track, as shown in Fig. 11f, indi-

cating that the oxide film was not broken at this time and

still played a role in blocking the adhesive wear.

From the above analysis, it could be seen that the Ni, Si

and Cr compounds in the NiCrBSi coating was the main

factor of wear resistance. Combined with the profiles of

worn tracks in Fig. 4b, it was confirmed that the coating

could withstand the given test conditions and not be worn

out below 700 �C.

4 Conclusions

1. The HVOF sprayed NiCrBSi coating is composed of

Ni, NiO, and NiO2 oxide films after the high temper-

ature wear test, playing a role in reducing COFs.

2. The average COFs of NiCrBSi coating at 500, 600, and

700 �C are 0.4046, 0.4039, and 0.3975, respectively,

and the corresponding wear rate increases in multiples

with the wear temperatures increasing.

3. The wear mechanism of NiCrBSi coating at 500 and

600 �C is abrasive wear and adhesive wear, accompa-

nied with slight oxidation wear; while that at 700 �C is

abrasive wear and oxidation wear.
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