
Wear-Resistant WC Composite Hard Coatings by Brazing
J. Bao, J.W. Newkirk, and S. Bao

(Submitted February 10, 2004)

A wear-resistant tungsten carbide/copper (WC/Cu) brazing alloy coating was deposited onto a steel sub-
strate by high-temperature furnace brazing. Compared with other hard surfacing processes, much larger
WC particles could be used to make a metal layer with higher wear resistance. ASTM G-65 wear test
results for the brazed composite coating showed a higher wear resistance when compared with some
WC-Co hard coatings that are commonly used. In this paper, the brazing alloy, the brazing process, and
the after-brazing heat treatment are studied. The microstructure of the brazing alloy and the as-deposited
coating were characterized, and no significant porosity was found. A good metallurgical bond was formed
at the WC/Cu alloy interface and at the composite coating/substrate interface. Little or no dilution was
observed. The bond strength between the Cu alloy and substrate is also much higher than for a thermal
spray coating.
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1. Introduction

Surface coating techniques have been developed and widely
used in industries to improve service lifetimes through apply-
ing a layer with superior physical or mechanical properties than
the underlying substrate. Numerous surface coating techniques,
including thermal spray, chemical and physical vapor deposi-
tion, and laser beam cladding have been widely used in various
applications. Each coating technique has its own specific use
area. Thermal spraying, thermal welding, and laser cladding
are common methods to improve the surface wear character-
istics of materials by depositing relatively thick coatings (i.e.,
several millimeters).[1] Thermal spray techniques consist of
spraying the substrate with a molten stream of particles at high
speeds. A mechanically bonded coating is formed, and the
bond strength is approximately 30-50 MPa at best.[2] A strong-
er metallurgical bond between the coating and the substrate is
formed during thermal welding and/or laser cladding. How-
ever, there is a high dissolution of the substrate material by the
coating due to the high energy input needed for melting both
the powder and the substrate. Residual stresses and distortion
of the work piece are unavoidable due to the high temperature,
rapid cooling, and nonuniform temperature field generated dur-
ing the process. Therefore, it is significant to explore alterna-
tive wear-resistant coating processes that might lead to better
performance at lower costs.

Recently, studies have been conducted on a brazing process
as a means to deposit thick coatings.[2,3] Brazing is a traditional
process of joining metals or ceramics by melting a filler metal.
The substrate is wetted by the filler metal, and a good metal-
lurgical bond is formed. The brazing temperature is less than

the melting point of the substrate, and the cooling rate after the
brazing process is slow. As a result, there is little dissolution of
the substrate or creation of residual stresses. The coating can
also be deposited on a curved surface, in addition to flat sur-
faces, and is well suited for depositing the coating over large
surface areas. A much thicker coating can be readily deposited
so that the wear protection can last longer in comparison to the
other coating techniques.

Composite coatings with WC as the hard phase and alloys
with good toughness are used extensively for numerous wear-
resistant applications. Several factors, such as carbide grain
size or carbide volume fraction, play important roles in deter-
mining the wear performance of the coatings. The wear mecha-
nism for WC composite layers has been shown to involve the
extrusion of the binder phase, leaving the carbide grains un-
supported. This subsequently leads to fracture.[4,5] The rela-
tionship between the abrasive grit size and the dimensions of
the composite microstructure is also important to overall wear
behavior.[6,7]

In this study, a mixture of different sized WC powders was
deposited onto a low carbon steel substrate by the Cu alloy
brazing process. Relatively large WC particles (i.e., up to
850 �m) were used as the reinforcements. The compact was
then infiltrated with a Cu brazing alloy with good toughness.
A composite coating was formed that bonded firmly with the
base metal. The as-deposited coating was then evaluated by
mechanical and abrasive wear tests and compared with some
commonly used WC-Co coatings.

2. Experimental Study

During the abrasion wear process, small WC particles can
be pulled from the matrix after the binder around them has been
worn away. Better abrasion resistance is expected by using
relatively larger WC particles. Smaller WC particles are also
added to create a higher carbide volume fraction in the com-
posite layer. A mixture of WC powder in 20-30 mesh range
(57%) is combined with WC powders in the 40-60 mesh (29%)
and 60-80 mesh (14%) ranges. This creates a composite with a
relatively larger average particle size with a more carbide com-
pacted microstructure when compared with other carbide mix-
ture ratios.

This paper was presented at the 2nd International Surface Engineering
Congress sponsored by ASM International, on September 15-17, 2003,
in Indianapolis, Indiana, and appeared on pp. 592-96.

J. Bao and J.W. Newkirk, Department of Metallurgy, University of
Missouri—Rolla, Rolla, MO 65401; and S. Bao, Shijiazhuang Iron &
Steel Corp., Mechanical Department, Hebei, 050051 People’s Repub-
lic of China. Contact e-mail: jbao2000@yahoo.com.

JMEPEG (2004) 13:385-388 ©ASM International
DOI: 10.1361/10599490419874 1059-9495/$19.00

Journal of Materials Engineering and Performance Volume 13(4) August 2004—385



The coating quality depends on the properties of the brazing
alloy to a great extent. The brazing alloy bonds with the sub-
strate due to thermal diffusion, so a good wetting brazing filler
alloy is required to keep WC bonded firmly to the substrate.
Because Cu and iron (Fe) can partly dissolve in each other, the
wettability of Cu on a steel surface and its ability to fill gaps
are well known. Therefore, Cu was chosen as the base filler
metal. Nickel (Ni) was added to improve the high temperature
strength and wettability. However, it also raised the melting
point of the brazing alloy. Manganese (Mn) was then added to
form a low melting point solid solution with Cu and to provide
additional solid solution strengthening. A small amount of sili-
con (Si) was added to reduce the surface tension of the alloy,
thereby improving metal flow characteristics. Thus, a Cu-Mn-Ni-
Si brazing alloy was developed with the following composition
(vol.%): Cu balance, Mn 19%, Ni 21%, and Si 0.4%. The melt-
ing temperature of the brazing alloy is approximately 1050 °C.

Brazing was carried out in a high-temperature furnace. A
mold was made of low carbon steel according to the required
geometry and desired coating thickness (Fig. 1). The mixture of
WC powders was put into the lower part of mold with the
brazing alloy on top of it. The weight of brazing alloy is about
70% that of the WC powders. The mold was then placed into
the furnace and heated at 150 °C/h. To prevent oxidation of the
WC powder at this high temperature, it is very important to
shield the mold/sample from oxygen during the thermal cycle.
As the temperature reached 1050 °C, the Cu brazing alloy
melted. The specimen was then heated to 1150 °C and held for
1-2 h. During this time, the Cu brazing alloy wetted and infil-
trated into the WC powder and the substrate/coating interface.
The specimen was then cooled to room temperature in the
furnace. Upon subsequent examination, a good metallurgical
bond between the WC and the base metal formed.

The brazing alloy’s hardness and strength have a significant
effect on the wear performance of the composite coating. So
solution heat treatment and age hardening was performed on
the Cu brazing alloy to improve composite wear performance
by precipitation hardening. The heat treatment process is
shown in Fig. 2. The composite specimen was heated to between
850 and 890 °C and held for 2 h. The sample was furnace cooled
to between 400 and 430 °C and held for additional 48-72 h.
Finally, the specimen was air-cooled to room temperature.

After the heat treatment, the composite coating layer was
machined to the substrate/composite coating interface. It was
then prepared into several standard test specimens for mechani-
cal testing, including microhardness, elastic modulus, and frac-
ture toughness tests. The G-65 standard wear test of the com-
posite coating was conducted on a dry sand/rubber wheel
abrasive wear tester, with specimen dimensions of 76 × 25 × 8

mm. The microstructure of the coating was examined using
optical microscopy. Scanning electron microscopy (SEM) was
used to investigate the wear mechanism.

3. Results and Discussion

3.1 Microstructure Examination

The wear characteristics of a deposited coating depend on
the average size of the carbides and the carbide distribution. A
composite coating with a larger average WC size, and a higher
volume fraction of carbide, is expected to have better abrasive
wear performance. Therefore, smaller sized carbide powders
were added to produce a higher carbide volume fraction. An
optimum mix of different size carbides was used so that both of
these factors could be optimized. Figure 3 shows the distribu-
tion of carbides in the coating. The carbides of different sizes
are evenly distributed in the matrix. The average carbide par-
ticle size was measured to be 0.677 mm, which is much larger
than most of the commonly used WC powders for deposited
coatings. The volume percent of carbide was measured to be
80.5 and the mean separation distance between the carbides
was 94 �m. This spacing is quite small compared with the
carbide size. An optical photograph of the coating is shown in
Fig. 4. Little porosity is found either in the matrix or carbides.

An SEM image of one of the carbides is shown in Fig. 5. No
porosity or defect was found. Porosity is very common in mac-
rocrystalline carbide powders (without binder). Since there is
no binder (Co) in the carbide, the microhardness of the carbides
should be higher than that of sintered WC. Figure 6 is an SEM
image of the carbide/matrix interface area. Chemical analyses
by energy-dispersive spectroscopy (EDS) of areas A and B in
this image are shown in Table 1. There is a small amount of Cu,
Mn, and Ni in area A of the interface, suggesting that the Cu
alloy melted and diffused into the WC, subsequently forming a
good metallurgical bond at the contact surface. The bond
strength depends on the extent of melting that occurs and varies
with the holding time during brazing. EDS analysis of area B
in Fig. 6 shows that there is some Fe from the substrate that
dissolved into the liquid alloy and subsequently forms a new
phase with WC.

3.2 Mechanical Properties and Abrasive Wear Behavior

The mechanical properties, including Vicker’s hardness
(HV), elastic modulus, and fracture toughness, of the compos-

Fig. 1 Schematic illustration of an assembled specimen’s cross sec-
tion before brazing

Fig. 2 Heat treatment after brazing process
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ite coating were determined. The Vicker’s hardness of the car-
bide and the matrix were measured with a load of 100 g.
Young’s modulus was determined by dynamic excitation, us-
ing the ultrasonic frequencies of the longitudinal oscillations in
a test bar, and ascertaining the resonance frequency of its natu-
ral oscillations. The tensile strength of the coating and the bond
strength of the coating/substrate interface were tested with a
tensile tester. Fracture toughness was calculated using a four-
point bend test on standard “b-type” chevron-notched bars pre-
pared according to ASTM C 1421.[8] The mechanical test re-
sults were compared with those of sintered WC-6Co materials.
These results are shown in Table 2.

The WC-Cu composite coating shows relatively higher frac-
ture toughness than WC-6Co due to the higher binder volume
percent. The microhardness of carbides in the coating is also
higher compared with the sintered WC in the conventional
coating. The coating density is a little lower than that of sin-
tered WC-6Co. Also, due to the nonuniform deformation be-
tween WC particles and the brazing alloy when the composite
coating is under a tensile load, an internal stress concentration
is induced. As a result, cracks are more likely to be initiated at
the WC/Cu alloy interface and then propagated through the

WC particles during a tensile test. So the tensile strength of the
coating mainly depends on the bond strength between the car-
bide and matrix. The bond strength between the brazed com-
posite coating and the substrate is much higher than that
formed during thermal spraying, and it can be increased with
increased temperature or holding time during postbraze heat
treatment.[2]

During the brazing process, the brazing alloy melts at a high
temperature and then solidifies as the furnace cools down. The

Fig. 3 Cross section of the deposited coating shows carbide distri-
bution

Fig. 4 Optical pictures of deposited coating shows microstructure

Fig. 5 SEM image of cast WC carbide in the coating at 5000×

Fig. 6 SEM image of carbide/matrix interface at 5000×

Table 1 EDS Analysis of Carbide/Matrix Interface
Shown in Fig. 6

Element
Carbide/Matrix

Interface (A)
Phase in the
Matrix (B)

W 89.08 59.99
Cu 4.24 5.98
Mn 0.47 4.04
Ni 2.74 13.04
Fe 3.46 22.15
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properties of as-cast Cu brazing alloy can be evaluated by
testing as-cast Cu braze alloy bars. In this study, the effect of
heat treatment is evaluated by comparing the properties of Cu
brazing alloy bars before and after heat treatment, as shown in
Table 3. Inspection shows that the microhardness and tensile
strength of Cu brazing alloy were improved substantially after
the heat treatment. The extent to which the properties improved
depends on the length of the heat treatment. With even longer
aging times, better results are expected.

3.3 Wear Test Results

The standard dry-sand, rubber-wheel abrasion test, ASTM
G-65 (procedure A), was performed and the results compared
with some commonly used WC-6Co with different grain sizes.
The WC-6Co alloys had a much smaller grain size compared
with the one used in this study and a lower binder content. The
results are shown in Fig. 7. It shows that the WC-Cu composite
coating has a relatively higher wear resistance in pure abrasion
despite having a higher binder content. This is primarily due to
the large WC particles and the good bond strength between the
carbides and the matrix. In addition, the hardness of the Cu braz-
ing alloy after precipitation hardening contributes to the overall
wear resistance. The wear loss was mainly from the binder being
abraded by the silica sand particles, not as a result of the deterio-
ration of the WC particles. To some extent, the distribution of WC
was also helpful in protecting the Cu binder from abrasion by the
silica sand particles, thereby reducing wear loss.

4. Conclusions

Hard WC/Cu composite coatings have been produced using
a Cu brazing alloy and a low carbon steel substrate. A mixture
of different sized WC powders was used to create a larger
average carbide size and a higher carbide volume fraction in
the composite coating. The Cu brazing alloy was developed to
have better wettability, a lower melting point, and good me-
chanical properties, especially after a precipitation hardening
heat treatment. ASTM G-65 test results for the composite coat-
ing show higher wear resistance than several commonly used
WC-6Co alloys. A good metallurgical bond was formed at the
interface between the WC and the Cu brazing alloy, and be-
tween the coating and substrate. The relatively large average
size of the carbides is effective in improving abrasive wear
resistance because the particles are harder to pull out of the

matrix when the binder around them has been worn away. Since
the brazing mold can be designed specifically for many differ-
ent surface geometries and coating thicknesses, surface coating
by brazing would be very effective in depositing thick coatings,
particularly on curved surfaces or on large surface areas.
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Table 3 Mechanical Properties of Cu Brazing Alloy
Before and After Heat Treatment

Property

Cu Brazing
Alloy Bar

(before HT)

Cu Brazing Alloy
(after 72 h

aging treatment)

Microhardness, HV 217 517
Tensile strength, MPa 375 870

Fig. 7 ASTM G-65 wear test results compared with WC-6%Co
coatings

Table 2 Mechanical Properties Compared to
Sintered WC-6%Co[9]

Property
WC-Cu Composite

Coating WC-6%Co

Density, g/cm3 13.15 14.80
Microhardness, HV 2261 (carbide) 1600

430 (matrix)
Elastic modulus, GPa 492 620
Fracture toughness, MN/m3/2 14.2 11.0
Tensile strength, MPa 122 …
Coating/substrate bond strength, MPa 185 …
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