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Q960E钢激光熔覆Ni基 WC涂层组织及性能
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摘要 为了增强Q960E钢的抗磨粒磨损性能,设计出了一种低裂纹敏感性的镍基碳化钨(WC)合金粉末。以气雾

化法制备的 WC和NiCuBSi球形粉末按照质量比3∶7混粉,通过预热和保温处理,在Q960E钢表面制备了无明显

裂纹的Ni基 WC耐磨涂层。通过扫描电子显微镜(SEM)、X射线能量色散谱方法(EDS)、X射线衍射(XRD)、光学

显微镜、维氏硬度计对熔覆层显微组织、元素分布、物相、磨损形貌、截面硬度进行分析,并对熔覆层和960E钢的耐

磨性能进行了对比测试。涂层中 WC和 W2C是主要的强化相,大颗粒的球形 WC硬度大于1500HV,提高熔覆层

的耐磨性;而Ni和Cu是主要的黏结相,增强涂层的韧性。由于大颗粒的 WC球有效阻碍了磨粒的压入和犁削,

Ni-WC熔覆层的抗磨粒磨损性能达Q960E基材的6倍以上,能够有效提高Q960E钢的抗磨粒磨损性能。
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1 引  言

Q960E钢是一种低合金高强钢,因可焊接性较

好,广泛应用于工程机械、压力容器、地铁车辆等领

域[1-3]。经过调质处理后,Q960E钢的屈服强度大

于等于960MPa,抗拉强度大于等于1000MPa,

-40
 

℃下纵向冲击功(AKV)大于等于34J,是板材

中强度级别和冲击韧性较高的钢种。工程机械使用

的Q960E钢板经常与沙土、砾石等直接接触,产生

大量的磨损,造成机械零部件失效,增加了使用成

本。激光熔覆通过激光将粉末熔化并使其沉积到基

体表面,具有稀释率低、热影响区小、结合强度高等优

点,广泛用于涂层制备和修复再制造领域。通过激光

熔覆,在较低硬度材料表面熔覆耐磨层,可以保证基

体性能的同时有效提高其耐磨、耐腐蚀等性能[4-8]。
尹燕等[9]在3Cr13不锈钢表面激光熔覆制备高

铬铁基合金,其硬度达基体的1.9倍左右。员霄

等[10]在H13钢表面熔覆Fe基和Co基熔覆层,耐
磨性能明显提高。易伟等[11]通过激光熔覆原位合

成了含NbC的Co基涂层,当NbC含量达10%时,

涂层的显微硬度和耐磨性达到最佳。Zou等[12]在

Invar合金上激光原位合成了纳米结构的 Cr3C2-
VC/Co熔覆层,提高了耐磨性和抗氧化性。李美艳

等[13]在45钢表面熔覆Ni-WC/Cr3C2 涂层,耐磨性

和耐腐蚀性显著提高。徐国建等[14]在低碳钢表面

熔覆Stellite-6和VC混合粉末,根据不同的VC比

例,熔覆层组织呈现出亚共晶组织和过共晶组织两

种类型。亚共晶组织由富钴的γ相与共晶组织组

成,过共晶组织由初晶VC相与共晶组织组成。曹

俊等[15]通过在AISI
 

H13钢表面制备了不同 WC含

量的Fe基涂层,发现添加 WC后细化了晶粒,并发

生了弥散强化,熔覆层的组织和性能得到改善。于

浩等[16]研究了不同回火温度下Q960钢的组织和分

布,给出了回火温度对析出物组织特征的影响规律,
随着回火温度的升高,Nb、V和Ti的复合碳氮化物

长大,形状也由方形向椭圆形演变。李丹晖等[17]开

发了Q960高强钢气体来保护焊丝,焊丝焊态熔覆

金属抗拉强度为920MPa,-60
 

℃温度下冲击吸收

能量为66.7J。
目前为止,尚未发现有关Q960E钢表面激光熔
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覆改性研究的成果。Q960E钢作为工程机械用钢,
在长期使用过程中应避免裂纹产生,防止裂纹扩展。
激光熔覆的关键是不产生明显裂纹,目前激光熔覆

中应用最为广泛的是 Ni60-WC粉末,由于 Ni60熔

覆层硬度较高,开裂很难避免[18]。因此,需要设计

一种兼具高韧性和高耐磨的熔覆涂层。

2 试验方法

试验用基体材料为 Q960E钢,成分如表1所

示,线切割200mm×50mm×20mm试块。设计

了一种低裂纹敏感性的镍基碳化钨合金粉末,成分

如表1所示。其中,强化相 WC和NiCuBSi黏结相

分别通过气雾化法制备,筛选出的粉末粒径为50~
100μm,按照质量比m(WC)∶m(NiCuBSi)=3∶7
在混料机中进行混粉,实现 WC和NiCuBSi粉末的

均匀分布。镍基碳化钨合金粉末熔覆前在100
 

℃电

炉中烘干,烘干时间为1h。熔覆前将 Q960E基体

材料放入电炉中预热到150
 

℃,时间为1h。将电阻

式铸铝加热板放置在熔覆平台上,设置保温温度为

150
 

℃,待炉中预热完成后取出样品,放在加热板

上,基体的预热温度控制在150
 

℃。熔覆完成后将

试样放入炉中温度150
 

℃下保温4h,降低残余

应力。
表1 Q960E和Ni基 WC粉末化学成分的质量分数

Table
 

1 Mass
 

fraction
 

of
 

chemical
 

composition
 

of
 

Q960E
 

and
 

Ni-based
 

WC
 

powder unit:
 

%

Material C Si Mn Cu B Ni Cr Mo Fe W

Q960E0.150.5 1.5 1.2 0.8 0.7Bal.

Ni-WC 1.2 1.5 14 0.75Bal. 30

  激光熔覆在IPG
 

YLS-4000激光器系统上开

展,该系统配备了功率为4.0kW 的光纤激光器和

焦距为300mm的同轴激光熔覆头,用高纯氩气作

为保护气和送粉气体。经过优化后,选择的激光熔

覆工艺参数如表2所示。
表2 Ni-WC激光熔覆工艺参数

Table
 

2 Process
 

parameters
 

of
 

Ni-WC
 

laser
 

cladding

Laser
 

power
 

/
 

W
Powder

 

feeding
 

/
(g·min-1)

Scanning
 

velocity
 

/
(mm·min-1)

Shielding
 

gas
 

flow
 

/
(L·min-1)

Carrier
 

gas
 

flow
 

/
(L·min-1)

Overlap
 

rate
 

/
%

1800 14 250 30 5 50

  将激光熔覆后的样品用线切割切成8mm×
8mm的小块,沿着截面方向制备金相试样。用Cu
靶X射线衍射仪对涂层进行物相分析,加速电压为

40kV,扫描范围为20°~90°。用蔡司体式光学显微

镜(Stemi
 

2000-C)和场发射扫描电子显微镜(FE-
SEM;JSM-7800F,JEOL)对熔覆层显微组织和元素

分布进行分析;在显微维氏硬度计(MICRO-586)上
使用1.96N的载荷和15s的停留时间测试显微硬

度。基于 ASTM
 

G65-2016标准的仪器,磨粒磨损

测试设备将橡胶轮改为相同尺寸的碳化硅GC60K5
砂轮,以测试磨损性能,样品的载荷为130N,砂轮

的直径为229mm,磨损转数为200。磨损后的形貌

用光学显微镜进行观察。

3 分析与讨论
 

3.1 显微组织及元素分析

3.1.1 母材及熔覆层显微组织

图1为Q960E基材和Ni-WC熔覆层的宏观形

貌和显微组织图。图1(a)是熔覆层表面形貌图,熔
覆层表面成形较好,其表面5个点是测试显微硬度

的痕迹。图1(b)是截面的光学显微照片,可以看

出,熔覆层与基材形成了良好的冶金结合,涂层中无

明显的气孔和裂纹。对熔覆后的样品切样进行剪切

强度测试,4个样品测试的结果分别为411.25MPa、

366.46MPa、382.56MPa和427.18MPa,表明熔覆

层与母材呈现良好的冶金结合。图1(c)是熔覆样

品剪切破坏后的宏观金相图,断口位置位于熔覆层

和母材的界面。图1(d)为剪切样品断口形貌图,可
以看出明显的颗粒痕迹,说明 WC球的存在降低了

熔覆 层 和 母 材 的 结 合 强 度,导 致 界 面 处 断 裂。
图1(e)是Ni-WC熔覆层金相组织图,有较多的球

状颗粒弥散分布在涂层中。图1(f)是熔覆界面及

基材金相组织图,由于激光热输入,在基材靠近熔覆

层有1mm左右的热影响区,但是由于Q960E钢经

过高温回火处理,热输入对热影响区组织影响不大。
图1(g)中熔覆层主要由圆球状的 WC颗粒和 Ni、

Cu柱状晶组织构成,无明显的裂纹出现。球状 WC
颗粒尺寸为50~100μm,分布在涂层中,另外还有

小部分 WC球分解的白色小颗粒 W2C均匀弥散分

布在涂层中。图1(h)是Q960E基材的扫描电子显微
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图1 Ni-WC熔覆宏观形貌和显微组织图。(a)激光熔覆宏观照片;(b)熔覆界面显微照片;(c)熔覆样品剪切破坏后照片;
(d)剪切样品断口形貌图;(e)

 

Ni-WC熔覆层金相组织图;(f)熔覆界面及基材金相组织图;(g)
 

Ni-WC熔覆层的SEM
  图;(h)

 

Q960E基材的SEM图

Fig 1 Macro
 

morphology
 

and
 

microstructure
 

of
 

the
 

Ni-WC
 

cladding 
 

 a 
 

Macro
 

photographs
 

of
 

laser
 

cladding 
 

 b 
 

micrographs
 

of
 

the
 

cladding
 

interface 
 

 c 
 

photograph
 

of
 

cladding
 

sample
 

after
 

shear
 

failure 
 

 d 
 

fracture
 

topography
 

of
 

sheared
 

sample 
 

 e 
 

metallographic
 

structure
 

of
 

Ni-WC
 

cladding
 

layer 
 

 f 
 

metallographic
 

structure
 

of
 

cladding
 

interface
 

and
 

substrate 
 

 g 
 

SEM
 

diagram
 

of
 

Ni-WC
 

cladding
 

layer 
 

 h 
 

SEM
 

diagram
 

of
 

Q960E
 

substrate

镜(SEM)图,其主要是具有马氏体位向的回火索氏

体组织,保证了母材具有较高的强韧性。

3.1.2 熔覆层元素分布

图2为熔覆层组织的SEM 形貌和面扫能谱测

试结果。图2(a)中球形相为 WC颗粒,边缘存在微

溶的组织,周围不规则形状的絮状物为激光熔覆过

程中球形 WC分解的 W2C小颗粒,这增加了强化

相 WC与黏结相Ni、Cu的结合强度,与Yang等[19]

的研究结果一致。图2(b)~(e)为能谱面扫结果,
表明球状组织、析出的白色球状和小颗粒组织主要

成分为 W元素和C元素,黏结相组织主要由Ni、Cu
元素构成,具体的元素质量分数是C为8.9%,Cu
为3.5%,Ni为31.2%,W为56.4%。

图2 Ni-WC熔覆层组织的SEM图及EDS元素分布图。(a)熔覆层显微组织图;(b)
 

C元素分布;(c)
 

Ni元素分布;(d)
 

Cu
  元素分布;(e)

 

W元素分布

Fig 
 

2 SEM
 

and
 

EDS
 

distributions
 

of
 

microstructure
 

of
 

Ni-WC
 

cladding
 

layer 
 

 a 
 

Microstructure
 

diagram
 

of
 

the
 

cladding
 

layer 
 

 b 
 

distribution
 

of
 

element
 

C 
 

 c 
 

distribution
 

of
 

element
 

Ni 
 

 d 
 

distribution
 

of
 

element
 

Cu 
 

 e 
 

distribution
 

  of
 

element
 

W

3.1.3 熔覆层物相测试

图3为熔覆层组织的 X射线衍射(XRD)图。
根据XRD显示,由于Ni、Cu的峰强度很高且接近,
难以明显区分。涂层主要的物相是 Ni、Cu、WC、
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W2C、Ni3B。在熔覆过程中,在激光作用下,部分球

形 WC颗粒分解,生成了 W2C絮状小颗粒。激光

作用过程中,部分 Ni与 B发生原位反应生成了

Ni3B,增强了涂层的强度,反应式为

WC→ W2C+C, (1)

3Ni+B→Ni3B。 (2)

  在涂层中,WC和 W2C是主要的强化相,提高

熔覆层的耐磨性;而Ni和Cu的延展性和润湿性能

较好,是主要的黏结相,增强涂层的韧性。高耐磨相

和高强韧相复合,能够有效实现高强韧涂层的制备。

图3 Ni-WC熔覆层的XRD图

Fig 
 

3 XRD
 

pattern
 

of
 

Ni-WC
 

cladding
 

layer

3.2 显微硬度分析

图4为含熔覆层截面的显微硬度测试结果,间
隔0.1mm测试一个数据。根据硬度测试结果,主
要区域分布为熔覆层、热影响区和基材三个区。熔

覆层中,由于 WC球状颗粒存在,涂层的硬度差异

较大。其中硬度压头全部压入 WC颗粒时,硬度达

1500HV以上,涂层中无 WC颗粒存在的地方,平
均硬度为404HV。由于Q960E经过了调质处理,

激光热输入对热影响区和基材硬度影响不明显,热
影响 区 和 基 材 硬 度 区 域 的 平 均 硬 度 为374HV
左右。

图4 Ni-WC熔覆层样品截面显微硬度分布

Fig 
 

4 Microhardness
 

distribution
 

of
 

sample
 

cross-
  section

 

of
 

Ni-WC
 

cladding
 

layer

3.3 磨损性能测试

对熔覆前后的样品进行磨粒磨损性能测试,磨
损后的形貌如图5所示。图5(a)为Q960E钢的磨

损形貌图,图中有明显的犁沟和切削划痕。图5(b)
为熔覆层的磨损形貌图,与图5(a)相比,大颗粒的

WC球有效阻碍了磨粒的压入和犁削,从而整体的

磨损沟槽深度较浅。在相同磨粒磨损实验条件下,
对Q960E钢和Ni-WC熔覆涂层样品进行磨损质量

和体积对比,Q960E钢和 Ni-WC熔覆涂层样品质

量损失分别为7.568
 

g和1.243
 

g,用磨损前后损失

的质量除以密度,获得磨损体积分别为0.967cm3

和0.138cm3。因此,Ni-WC熔覆涂层能够有效阻

碍硬质砂砾对基体的磨损,增强基体的耐磨性,达

Q960E基材的6倍以上。

图5 基材及熔覆层磨损显微形貌及性能对。(a)Q960E基材磨损形貌图;(b)Ni-WC熔覆层磨损形貌图;(c)抗磨损性能对比

Fig 
 

5 Wear
 

micrograph
 

and
 

performance
 

of
 

substrate
 

and
 

cladding
 

layer 
 

 a 
 

Wear
 

topography
 

of
 

Q960E
 

substrate 
 

   b 
 

wear
 

topography
 

of
 

Ni-WC
 

cladding 
 

 c 
 

comparison
 

of
 

wear
 

resistance
 

performance

4 结  论

设计了一种低裂纹敏感性的镍基碳化钨合金粉

末,以气雾化法制备的 WC和NiCuBSi球形粉末按

照质量比3∶7混粉,通过预热和保温处理,在

Q960E钢表面制备了无明显裂纹的Ni基 WC耐磨

涂层。熔覆层中主要的物相为 WC、W2C、Ni、Cu和

Ni3B。WC和 W2C是主要的强化相,球形 WC硬度
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大于1500HV,提高熔覆层的耐磨性;而 Ni和Cu
是主要的黏结相,增强涂层的韧性。熔覆后Ni-WC
涂层的耐磨粒磨损性能达Q960E基材的6倍以上,
主要是因为大颗粒的 WC球有效阻碍了磨粒的压

入和犁削,从而整体的磨损沟槽深度浅,因此,熔覆

涂层能够有效阻碍硬质砂砾对基体的磨损。
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Abstract
Objective Q960E

 

steel
 

is
 

a
 

low
 

alloy
 

high-strength
 

steel 
 

It
 

is
 

widely
 

used
 

in
 

construction
 

machinery 
 

pressure
 

vessels 
 

and
 

subway
 

vehicles
 

due
 

to
 

its
 

good
 

weldability 
 

The
 

Q960E
 

steel
 

plate
 

used
 

in
 

construction
 

machinery
 

often
 

comes
 

into
 

direct
 

contact
 

with
 

sand
 

and
 

gravel 
 

causing
 

wear
 

and
 

tear
 

which
 

can
 

lead
 

to
 

failures
 

of
 

mechanical
 

parts
 

and
 

increase
 

usage
 

costs 
 

The
 

key
 

to
 

laser
 

cladding
 

of
 

Q960E
 

steel
 

is
 

to
 

produce
 

no
 

obvious
 

cracks 
 

At
 

present 
 

the
 

most
 

widely
 

used
 

laser
 

cladding
 

wear-resistant
 

powder
 

is
 

Ni60-WC 
 

due
 

to
 

the
 

high
 

hardness
 

of
 

the
 

Ni60
 

cladding
 

layer 
 

it
 

is
 

difficult
 

to
 

avoid
 

cracking 
 

Therefore 
 

in
 

this
 

study 
 

we
 

designed
 

a
 

Ni-based
 

WC
 

composite
 

powder
 

with
 

both
 

high
 

toughness
 

and
 

high
 

wear
 

resistance 
 

The
 

powder
 

is
 

deposited
 

on
 

the
 

Q960E
 

substrate
 

by
 

laser
 

cladding 
 

through
 

preheating
 

and
 

heat
 

preservation
 

treatment 
 

a
 

wear-resistant
 

coating
 

without
 

obvious
 

cracks
 

can
 

be
 

prepared 
 

and
 

the
 

wear
 

resistance
 

is
 

improved 

Methods The
 

test
 

substrate
 

material
 

is
 

Q960E
 

steel 
 

which
 

was
 

wire-cut
 

into
 

a
 

test
 

block
 

of
 

200mm×50mm×
20mm 

 

The
 

low
 

crack
 

sensitivity
 

nickel-based
 

tungsten
 

carbide
 

alloy
 

powder
 

was
 

designed 
 

and
 

the
 

WC
 

reinforced
 

phase
 

and
 

NiCuBSi
 

bonded
 

phase
 

was
 

prepared
 

by
 

aerosolization 
 

The
 

two
 

were
 

mixed
 

at
 

a
 

mass
 

ratio
 

of
 

3 7
 

 Table
 

1  
 

The
 

nickel-based
 

tungsten
 

carbide
 

powder
 

was
 

dried
 

in
 

an
 

electric
 

furnace
 

at
 

100
 

°C
 

for
 

1
 

h 
 

Before
 

the
 

cladding 
 

the
 

Q960E
 

substrate
 

was
 

put
 

into
 

the
 

electric
 

furnace
 

at
 

150
 

°C
 

for
 

1
 

h 
 

The
 

resistive
 

cast
 

aluminum
 

heating
 

plate
 

was
 

placed
 

on
 

the
 

cladding
 

platform 
 

and
 

the
 

holding
 

temperature
 

was
 

set
 

at
 

150
 

°C 
 

After
 

the
 

preheating
 

in
 

the
 

furnace
 

was
 

complete 
 

the
 

sample
 

was
 

taken
 

out
 

and
 

placed
 

on
 

the
 

heating
 

plate
 

to
 

keep
 

the
 

preheating
 

temperature
 

of
 

the
 

matrix
 

under
 

control
 

at
 

150
 

°C 
 

After
 

the
 

completion
 

of
 

cladding 
 

the
 

sample
 

was
 

put
 

into
 

the
 

furnace
 

at
 

150
 

℃
 

for
 

4
 

h
 

to
 

reduce
 

the
 

residual
 

stress 
 

The
 

microstructure 
 

element
 

distribution 
 

phase 
 

wear
 

morphology 
 

and
 

cross-
sectional

 

hardness
 

of
 

the
 

cladding
 

layer
 

were
 

analyzed
 

by
 

scanning
 

electron
 

microscope SEM  
 

EDS 
 

X-ray
 

diffraction XRD  
 

optical
 

microscope 
 

and
 

Vickers
 

hardness
 

tester 
 

The
 

wear
 

resistance
 

of
 

the
 

cladding
 

layer
 

and
 

that
 

of
 

the
 

960E
 

steel
 

were
 

tested
 

and
 

compared 

Results
 

and
 

Discussions A
 

good
 

metallurgical
 

bonding
 

was
 

formed
 

between
 

the
 

cladding
 

layer
 

and
 

the
 

substrate 
 

No
 

obvious
 

pores
 

or
 

cracks
 

appeared
 

in
 

the
 

coating 
 

and
 

it
 

was
 

well-formed
 

with
 

spherical
 

WC
 

particles
 

diffusely
 

distributed
 

in
 

the
 

coating
 

 Fig 
 

1  
 

The
 

tested
 

shear
 

strengths
 

of
 

the
 

cladding
 

and
 

substrate
 

are
 

411 25MPa 
 

366 46MPa 
 

382 56MPa 
 

and
 

427 18MPa 
 

The
 

location
 

of
 

the
 

fracture
 

is
 

at
 

the
 

interface
 

between
 

the
 

cladding
 

and
 

the
 

base
 

material 
 

indicating
 

that
 

the
 

presence
 

of
 

WC
 

spherical
 

particles
 

will
 

reduce
 

the
 

bonding
 

strength
 

between
 

the
 

cladding
 

and
 

the
 

substrate 
 

resulting
 

in
 

fracture
 

at
 

the
 

interface 
 

The
 

spherical
 

phase
 

is
 

WC
 

particles
 

with
 

a
 

slightly
 

soluble
 

structure
 

at
 

the
 

edge 
 

The
 

surrounding
 

irregular
 

shape
 

flocs
 

for
 

the
 

laser
 

cladding
 

process
 

of
 

spherical
 

WC
 

decomposition
 

of
 

W2C
 

particles 
 

increasing
 

the
 

bonding
 

strength
 

of
 

the
 

reinforced
 

phase
 

WC
 

and
 

the
 

bonding
 

phase
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Ni 
 

Cu
 

 Fig 
 

2  
 

The
 

main
 

phases
 

of
 

the
 

coating
 

are
 

composed
 

of
 

Ni 
 

Cu 
 

WC 
 

W2C 
 

and
 

Ni3B
 

 Fig 
 

3  
 

In
 

the
 

process
 

of
 

cladding 
 

under
 

the
 

action
 

of
 

the
 

laser 
 

part
 

of
 

the
 

spherical
 

WC
 

particles
 

decomposed
 

and
 

W2C
 

floc-like
 

small
 

particles
 

were
 

generated 
 

Part
 

of
 

Ni
 

reacted
 

with
 

B
 

in-situ
 

to
 

generate
 

Ni3B 
 

which
 

enhanced
 

the
 

strength
 

of
 

the
 

coating 
 

In
 

the
 

cladding
 

layer 
 

the
 

hardness
 

of
 

the
 

coating
 

varied
 

greatly
 

due
 

to
 

the
 

existence
 

of
 

WC
 

spherical
 

particles 
 

When
 

the
 

hardness
 

head
 

was
 

all
 

pressed
 

into
 

WC
 

particles 
 

the
 

hardness
 

reaches
 

more
 

than
 

1500HV 
 

where
 

no
 

WC
 

particles
 

existed
 

in
 

the
 

coating 
 

the
 

average
 

hardness
 

is
 

404HV 
 

Because
 

the
 

Q960E
 

had
 

been
 

tempered 
 

the
 

effect
 

of
 

laser
 

heat
 

input
 

on
 

the
 

hardness
 

of
 

the
 

heat-affected
 

area
 

and
 

the
 

base
 

material
 

was
 

not
 

obvious 
 

the
 

average
 

hardness
 

of
 

heat-affected
 

area
 

and
 

base
 

material
 

hardness
 

area
 

is
 

about
 

374HV
 

 Fig 
 

4  
 

The
 

wear
 

morphology
 

of
 

the
 

Q960E
 

steel
 

showed
 

obvious
 

plowing
 

grooves
 

and
 

cutting
 

scratches 
 

the
 

wear
 

morphology
 

of
 

the
 

cladding
 

layer
 

showed
 

that
 

the
 

large
 

particles
 

of
 

WC
 

balls
 

effectively
 

prevented
 

the
 

abrasive
 

particles
 

from
 

pressing
 

in
 

and
 

plowing 
 

resulting
 

in
 

an
 

overall
 

shallow
 

wear
 

groove
 

depth
 

 Fig 
 

5  
 

Comparison
 

of
 

the
 

wear
 

mass
 

and
 

volume
 

showed
 

that
 

the
 

mass
 

losses
 

of
 

the
 

Q960E
 

steel
 

and
 

the
 

Ni-WC
 

melt-coated
 

samples
 

are
 

7 568
 

g
 

and
 

1 243
 

g 
 

respectively 
 

The
 

wear
 

volume
 

was
 

obtained
 

by
 

dividing
 

the
 

mass
 

loss
 

before
 

and
 

after
 

wear
 

by
 

the
 

density 
 

to
 

obtain
 

0 967cm3
 

and
 

0 138cm3 
 

respectively 

Conclusions A
 

Ni-based
 

tungsten
 

carbide
 

alloy
 

powder
 

with
 

low
 

crack
 

susceptibility
 

was
 

designed 
 

and
 

WC
 

and
 

NiCuBSi
 

spherical
 

powders
 

prepared
 

by
 

aerosolization
 

were
 

mixed
 

according
 

to
 

the
 

mass
 

ratio
 

of
 

3 7 
 

The
 

Ni-based
 

WC
 

wear-resistant
 

coating
 

without
 

obvious
 

cracks
 

was
 

prepared
 

on
 

the
 

surface
 

of
 

Q960E
 

steel
 

by
 

a
 

preheating
 

and
 

holding
 

treatment 
 

The
 

main
 

phases
 

in
 

the
 

cladding
 

layer
 

are
 

WC 
 

W2C 
 

Ni 
 

Cu 
 

and
 

Ni3B 
 

WC
 

and
 

W2C
 

are
 

the
 

main
 

reinforcing
 

phases 
 

and
 

the
 

hardness
 

of
 

spherical
 

WC
 

is
 

more
 

than
 

1500HV 
 

which
 

improves
 

the
 

wear
 

resistance
 

of
 

the
 

cladding
 

layer 
 

Ni
 

and
 

Cu
 

are
 

the
 

main
 

bonding
 

phases 
 

which
 

enhance
 

the
 

toughness
 

of
 

the
 

coating 
 

The
 

wear
 

resistance
 

of
 

the
 

Ni-WC
 

coating
 

after
 

cladding
 

is
 

more
 

than
 

6
 

times
 

that
 

of
 

the
 

Q960E
 

substrate 
 

mainly
 

due
 

to
 

the
 

large
 

particles
 

of
 

WC
 

spheres
 

effectively
 

hindering
 

the
 

abrasive
 

particles
 

from
 

pressing
 

in
 

and
 

plowing 
 

The
 

overall
 

depth
 

of
 

the
 

wear
 

groove
 

was
 

not
 

deep 
 

therefore 
 

the
 

cladding
 

coating
 

can
 

effectively
 

hinder
 

the
 

wear
 

of
 

hard
 

gravel
 

on
 

the
 

substrate 
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