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Adhesion between thermally sprayed coating and the substrate is a type of mechanical bonding. In many
cases, the adhesion strength is relatively low. In this study, an electric contact surface strengthening
method was used to improve the bonding between thermally sprayed WC/Co coating and 45# steel
substrate. Electric contact strengthening equipment was made for this research. Localization of resistive
heating was obtained by passing 12-18 kA current through the contact between the electrode and the
workpiece, the small size of the contact imposed a severe constriction on the current causing intense
resistive heating the contact. In this way, the bonding way between the WC/Co coating and the 45# steel
substrate would be changed from mechanical bonding to metallurgical bonding. Orthogonal array design
was applied to select the optimum conditions. The effects of different factors and levels have been
studied using a statistic method.
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1. Introduction

In many cases, the surface characteristics of serviceable
engineering components are very important. This is
especially true in wear-resistant components, as their
surfaces must perform many industrial functions in a
variety of complex environments. The surface of industrial
component may require treatment to enhance the surface
characteristics. Thermally sprayed coatings are used for a
wide range of applications where their main function is to
resist severe wear conditions. However, adhesion between
thermally sprayed coating and the substrate is a type of
mechanical bonding, the adhesion strength is relatively
low. Nowadays, it is becoming a great concern how to
improve the bonding between thermally sprayed coating
and substrate.

Electric contact strengthening is a method of surface
treatment based on electric contact resistive heating local-
ized at the surface of a metal substrate, there are some
studies have been done in this field. (1) Electric contact
welding technique (Ref 1): These researches are performed
mostly in Russia. Its working principle is sintering powder
on the workpiece, but many holes can be found in the

coating. (2) Electric contact surface quenching in
Shijiazhuang industrial pump factory (Ref 2): The current is
480 A, and it is a kind of surface quenching technique.
(3) 40CrNiMoA steel surface strengthening by transient
electric-energy in Northwestern Polytechnical University:
The electrode was melted on the workpiece, and the
strengthened layer was very thin (Ref 3-6). (4) Surface
hardening and deposition of coatings studied by Stachowiak
and Batchelor (Ref 7): This technique is mainly used to
deposit nonferrous metals on the workpiece.

In the work presented, a new approach has been con-
sidered which, it is thought, might have considerable
practical implications. The new method developed is
based on the application of constriction resistance heating
between the electrode and the workpiece to improve the
bonding between the thermally sprayed coating and the
substrate.

2. Experimental Procedure

2.1 Experimental Apparatus

Electric contact strengthening equipment was made for
this research. The working principle is shown in Fig. 1.

Disc-shaped W-Cu alloy was selected as the electrode.
The diameter of the electrode was 100 mm, and the
thickness was 7 mm. Localization of resistive heating was
obtained by passing current through the contact between
the electrode and the workpiece, the small size of the
contact imposed a severe constriction on the current
causing intense resistive heating the contact. In this way,
the bonding way between the WC/Co coating and the 45#
steel substrate would change from mechanical bonding to
metallurgical bonding.
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2.2 Materials

The experimental coating material used in this study
was WC/Co powder produced by Longyan Yongfa Pow-
der Metallurgy Co., Ltd, in which, the content of Co was
17 at.%. The experimental substrate material was 45#
steel cylinder with the diameter of 35 mm and the length
of 250 mm. The WC/Co coating was sprayed on the 45#
steel cylinder with grit blasting pretreatment by DF-3000
HVOF equipment, and the thickness of WC/Co coating
was about 0.2 mm. The parameters of thermal spray were
spray distance of 200 mm and Powders delivering gas
pressure of 1.3 MPa. Experimental parameters are shown
in Table 1.

2.3 Analysis Methods

The metallographic samples were fabricated in the
direction perpendicular to the axes of the workpiece, and
the cross sections of samples were mirror-finished. The
bonding properties of the WC/Co coating and the 45# steel
substrate were observed by the optical microscope (Axio-
vert 200, Carl Zeiss Co. Ltd.) and Low-Vacuum Scanning
Electron Microscope. The hardness distributions along the
depth from surface of the workpiece have been studied by
using HXS-1000A digital hardness tester with loading of
100 g for a constant holding time of 10 s, Vickers hardness
was used with this device. The cross section view of x-ray
diffraction (XRD) pattern of the metallographic samples
were analysed by using D/max-2550PC XRD.

2.4 Experimental Parameters

According to relevant information, the main factors
affecting the diffusion parameter of the elements between
the WC/Co coating and the 45# steel cylinder are current,
rotate speed of the specimens, pressure on the workpiece,
and the flow rate of the coolant. Experimental parameters
and their levels are shown in Table 2.

3. Results and Discussion

3.1 Diffusion Parameter Variation Between
the WC/Co Coating and the 45# Steel
Substrate

The experiments were conducted according to the
factor level settings, as indicated in the L16 orthogonal
array as shown in Table 3. Diffusion parameter of ele-
ments was investigated to estimate the adhesion difference
at the interface between the WC/Co coating and the 45#
steel substrate, which was defined as the ratio between the
percentage of the increment of elements at the distance of
10 μm under the interface and the percentage of the ele-
ments in the coating. Figure 2 shows the SEM picture of
the interface between the WC/Co coating and the 45#
steel substrate.

Table 3 shows range RA = 7.55, RB = 0.92, RC = 0.15,
RD = 0.2. Among the factors, the current has the largest
effect to the diffusion parameter of the elements between
the WC/Co coating and the 45# steel substrate. The effects
of the four factors to the diffusion parameter of the ele-
ments between the WC/Co coating and the 45# steel
substrate are shown in Fig. 3.

According to the effect curves in Fig. 3, current has the
greatest effect on the diffusion of the elements between
the WC/Co coating and the 45# steel substrate, and the
other three factors have little effect on the diffusion of the
elements between the WC/Co coating and the 45# steel
substrate. Better results could be got if higher current is
applied in the experiment. Because of the limitation of the
equipment made in our laboratory, the experiments were
conducted according to parameters in Table 2. The opti-
mal processing parameters were confirmed as follows: The
current was 18 kA, the rotate speed of the specimen was
6r/10 min, the pressure on the WC/Co coating was 500 N,
and the flow rate of the coolant was 6 L/min.

3.2 Surface Morphology Analysis Result
at Cross Section of the Metallographic
Sample

Surface morphology analysis result at cross section of
the unstrengthened and the strengthened metallographic
samples are shown in Fig. 4(a) and (b).

Figure 4(a) shows cross section of surface morphology
of unstrengthened metallographic sample can be clearly
divided into two parts. It is a typical mechanical bonding.
Figure 4(b) shows the bonding between the thermally
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Fig. 1 Principle of electric contact strengthening process

Table 1 Experimental parameters

Powder
Oxygen

flow rate, L/min
Air flow

rate, L/min
Propane flow
rate, L/min

Powder feed
rate, g/min

WC/Co 300 420 70 130

Table 2 Experimental parameters and their levels

Parameters

Experimental levels

1 2 3 4

Current, kA A 12 14 16 18
Rotate speed, r/10 min B 12 10 8 6
Pressure, N C 400 500 600 700
Coolant, L/min D 2 4 6 8
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sprayed WC/Co coating and the 45# steel substrate is a
metallurgical bonding after electric contact strengthening.

Because current has great impact on the depth of
hardened layer, on condition that other technological
parameters keep unchanged, the effect of current to the
depth of hardened layer is analyzed. The effect of current
to the depth of the hardened layer is shown in Fig. 5.

Figure 5 shows the depth of the hardened layer
improve from 185 to 550 μm with the increase of current
from 12 to 18 kA, and the increasing rate reduced as the
current increased. Main reason for the high hardness of
the hardened layer is lath martensite structure created in
the course of strengthening. The hardness of the 45# steel

is about HV230, and the structure is composed of pearlite
and ferrite.

Through analyzing the test data, the effect of current to
the depth of heat-affected zone has been investigated
(Fig. 6).

Figure 6 shows that the depth of the hardened layer
improves from 385 to 1000 μm with the increase of current
from 12 to 18 kA, and the increasing rates reduced as the
current increased.

3.3 Hardness Distribution Analysis Result
at Cross Section of the Metallographic
Sample

Hardness distribution along the unstrengthened
metallographic sample and the strengthened metallo-
graphic sample are shown in Fig. 7.

From Fig. 7, hardness distribution analysis result at
cross section of the unstrengthened metallographic sample
can be clearly divided into two parts, and hardness of the
strengthened metallographic sample changes compara-
tively gentle. Main reasons for this phenomenon are
molten diffusion happened on the interface, cooling of the
coolant and the thermal conductivity of substrate.

3.4 X-ray Diffraction Analysis Result at Cross
Section of the Metallographic Sample

XRD analysis result at cross section of the unstrength-
ened metallographic sample and strengthened metallo-
graphic sample are shown in Fig. 8(a) and (b). Based on the
main elements of the coating and the substrate, the phase
compositions of the metallographic sample are confirmed.

Table 3 Experimental program and results

Experiment no. Factor A level Factor B level Factor C level Factor D level Diffusion parameter

1 1 (12) 1 (12) 1 (400) 1 (2) 7.1
2 1 2 2 2 7.5
3 1 3 3 3 7.6
4 1 4 4 4 7.8
5 2 (14) 1 2 (500) 3 8.9
6 2 2 (10) 1 4 9.1
7 2 3 4 1 9.5
8 2 4 3 (600) 2 (4) 9.8
9 3 (16) 1 3 4 11.2
10 3 2 4 3 (6) 11.5
11 3 3 (8) 1 2 11.6
12 3 4 2 1 11.8
13 4 (18) 1 4 (700) 2 14.3
14 4 2 3 1 14.6
15 4 3 2 4 (8) 15.5
16 4 4(6) 1 3 15.8
K1 30 41.5 43.6 43 T = 173.6
K2 37.3 42.7 43.7 43.2
K3 46.1 44.2 43.2 43.8
K4 60.2 45.2 43.1 43.6
k1 7.50 10.38 10.90 10.75
k2 9.33 10.68 10.93 10.8
k3 11.53 11.05 10.80 10.95
k4 15.05 11.30 10.78 10.9
R 7.55 0.92 0.15 0.2

Fig. 2 The SEM picture of the interface between the WC/Co
coating and the 45# steel substrate
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Figure 8(b) shows the phase compositions of strength-
ened metallographic sample are mainly composed of Fe
phase, Co phase, Co3W9C4 phase, and Fe2W phase.
Among the four phases, the Fe2W phase can only be
formed from Fe element and W element. W only exists in
the WC/Co coating, and Fe only exists in the 45# steel
substrate, so metallurgical bonding was formed between
the WC/Co coating and the 45# steel substrate.

4. Conclusions

(1) A new method for surface strengthening to improve
the bonding between thermally sprayed coating and
substrate has been developed. The treatment process
functions well under steady conditions.

Fig. 4 Cross sectional morphology of the (a) unstrengthened metallographic sample and (b) of strengthened metallographic sample

Fig. 5 Effect of the current to the depth of the hardened layer
Fig. 6 Effect of the current to the depth of the heat-affected
zone

Fig. 3 Effects of the four factors to the diffusion parameter of the elements between the WC/Co coating and the 45# steel substrate
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(2) The bonding between thermally sprayed WC/Co
coating and 45# steel substrate has changed from
mechanical bonding to metallurgical bonding by using
an electric contact strengthening method, in which
localization of resistive heating was obtained by
passing 12-18 kA current through the contact between
the electrode and the workpiece.

(3) Some parameters, such as diffusion parameter
between the thermally sprayed WC/Co coating and
the 45 steel substrate, depth of the hardened layer,
and depth of the heat-affected zone, can be altered by
varying process parameters such as current.

(4) To improve the diffusion parameter between the WC/
Co coating and the 45# steel substrate, the optimal
processing parameters are: current of 18 kA, rotate
speed of 6r/10 min, pressure of 500 N, and coolant of
6 L/min.
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