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Abstract Laser surface melting was used to treat electro-
metallurgic WC/steel composites. The microstructure and
properties of the melted zone were investigated. It was
found that a homogenous and fine microstructure was
formed in the melted zone. A significant phase precipitated
was the herringbone eutectic carbide of FesW;C. The
volume fraction of the eutectics was related to the thermal
absorption increasing with the decrease of scanning rate.
Preheating was beneficial to form the orientation dendrite
structure and to increase the volume fraction of the
eutectics. The laser melted surface possessed better
microhardness and wear resistance compared to the sub-
strate. The volume fraction of the eutectics played an
important role on the wear resistance which increased
with the increase of the volume fraction of the eutectics.
The wear resistance was mainly depended on the content of
the primary WC, as increased with the increase of the
content of WC. The improvement of interface bonding, fine
eutectic precipitation and structure refinement etc. were
regarded as the micro-mechanism of enhancing the surface
properties.

Introduction

Tungsten carbide reinforced steel matrix composite (WC/
steel composite) as a mold steel has attained a lot of
employment in our country due to the abundant resource of
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tungsten ores. As is well known, the purpose of designing
these sorts of particles reinforced metal matrix composites
(PMMCs) is to combine the desired properties of the
ceramics and metal [1]. The composites usually have a
simultaneous high hardness, high strength and a better
elastic modulus and reasonable toughness. As a result, the
composites can be used to resist wear as well as the coating
materials [2-5]. According to the tradition method, powder
metallurgy and casting can be used to fabricate the bulk
WCl/steel composites. However, the disadvantages
emerged such as un-compact in powder-metallurgic sample
or uneven microstructure in as-cast one. On the basis of the
two methods, an electro-slag melting and casting method
was developed to improve the materials microstructure [6].
The cast slurry was made by adding the primary WC
particles with the diameter of 60 um into the melting
bearing steel of GCrl15 (1.0wt%C and 1.5wt%Cr) at about
1,700 °C with the stirring of an electro-magnetic force in
electro-slag furnace. Accordingly, the composites obtained
can possess better binding of the interface and uniform
distribution of WC particles in the steel matrix. After the
heat treatment, the composites would have the desired
properties finally.

Laser surface melting has been used by many
researches as a promising method to improve the prop-
erties of the tool steels surface [7-8]. The superior
properties obtained by laser surface melting have been
exhibited such as a high level of wear, corrosive, erosive
and fatigue resistance. The latent practical interest on the
superior structure and properties would attract many
researchers to carry out the application of laser surface
melting to other materials. In addition, the laser surface
melting of the WC/steel composites with a higher con-
tent of WC has a little report. In this paper we report the
laser surface melting of electro-metallurgic WC/steel
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composites, the microstructure and properties of the
melted zone were investigated.

Experimental

Electro-metallurgic WC/steel composites of DGW40 and
DGWS50 were used as the substrate materials of laser surface
melting. The content of primary WC added into the DGW40
and DGW50 is 40 and 50wt%, respectively. The material
composition was listed in Table 1. The composite were
quenched at 1,050 °C and tempered at 450 °C in advance.

Prior to the laser surface melting, the black colloidal
graphite was sprayed on the polished surface of specimen
to increase the laser absorptivity into the materials. Several
specimens of DGW40 and DGWS50 were pre-heated at
300 °C by using an electricity resistance equipment. A
transverse flow 5.0 kW CO, laser was used as laser energy
source. Table 2 shows the laser processing parameters.

After laser surface melting, the specimens were moun-
ted, polished and etched by Nital. By using Optical
Microscopy (OM) of M-3 and LEOI1530 VP Scanning
electron Microscopy, the microstructure was analyzed. The
phase of laser melted zone was identified by D/max-r B
XRD analyzer (target: Cu, 40 kV, 120 mA). The microh-
ardness for cross section was determined by Vichers
Microhardness tester.

A block-on-ring apparatus of MM-200 wear tester was
used to carry out dry sliding wear tests. The specimen for
wear tests was cut into a dimension of 5.5 X 5.5 X 35 mm
by wire electrical discharge machining. Figure 2 shows the
principle diagram of MM-200 where a bearing steel of
GCrl5 with the hardness of 62 HRC was used as the wear
ring. The load of 196 N was used to perform the wear. The
sliding speed is 0.837 m/s, and the wear duration is 20, 30,
40 min, respectively. The specimens were ultrasonically
cleaned in acetone prior to and after the wear tests and
weighed using an electronic balance.

Volume loss in cubic millimeters per metre of run was
calculated as wear rate. Average volume loss of block, for
three tests for each alloy, was calculated by the equation [9]

DGW40). The specific wear rate (k) was calculated by the
simple empirical formula [10]

k = HV /sF, (2)

where k is the wear factor or wear rate with the units of
mm> N~ mfl, V the volume loss (mm3), H the Vicker
hardness of the softer material, s the sliding distance (m),
F, the normal force (N).

Results and discussion
Microstructure

Figure 1 shows the laser-melted microstructure of DGW40
without the preheating. It can be seen that the micro-
structure of the melted zone (MZ) was composed of car-
bide particles, eutectic and the matrix. And the big and
white carbides can be identified as WC particles forming
the WC clusters. Furthermore, the volume fraction of
herringbone eutectics increases with the decrease of laser
scanning rate due to the difference thermal absorption
which increases with the decrease of the scanning rate as
well. At the same time, the scanning rate was changed from
5 mm/s to 16 mm/s, the depth of melted zone obtained was
approximately 0.35 mm and 0.15 mm respectively.
Figure 2 shows the XRD diffraction pattern of the melted
zone. The diffraction peaks are indexed as WC, FesW;C,
(Fe, Cr),Cs;, martensite and retained austenite(y-Fe).
Compared to the substrate shown in the Fig. 3, it is found
that the different phases are formed after laser melting. The
appearance of the retained austenite particularly implies
that the steel matrix went through re-solidifying. Forming
(Fe, Cr);C3 is possibly caused by the dissolution of Fe into
the M;C; in the elevated temperature, and the complex
carbide is steadier than the simple one in the steel matrix.
The eutectic carbides should be FesW5C [2, 3]. It can be

Table 2 Parameters of laser surface melting

Number Laser Laser scan Laser beam Scanning

VV =G p—l (1) power (kW) rates (mm/s) diameters (mm) tracks

. 3 L 2.0 5 6 1
where VV is the volume loss (mm~), G the mass loss (g) M 20 16 6 )
and p the density of composites tested (9.896 g cm™ for i
Table 1 Nominal chemical composition of the composites

C w Ti Si Cr Mn Mo \Y Fe

DGW40 2.66 37.22 0.004 0.012 1.65 0.456 1.13 0.02 Bal.
DGw50 2.71 45.72 0.005 0.11 2.78 0.46 0.31 0.12 Bal.
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Fig. 1 SEM images of the
melted zone of DGW40 without
the preheating: (a) Processing
L; (b) Processing M
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Fig. 2 XRD diagram of the laser melted zone of DGW40 without the
preheating

seen from Fig.2 that uniform phases are obtained in the
different melted zone, manifesting that the laser interaction
to the materials is a thermal conduction process, and the
solidified microstructure usually tended to high homoge-
nous owing to the rapid melting and cooling [11-12].
Figure 4 shows the microstructure of the substrate
DGW40 and DGWS50 after the heat treatment. One can see

Fig. 4 Microstructure of the
composites: (a) OM of DGW40;
(b) OM of DGW50; (¢) SEM of
DGW40; (d) SEM of DGW50
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Fig. 3 XRD diagram of DGW40 or DGW50 after the heat treatment

that the there are two forms of carbides, big white den-
dritical WC and small carbides, in the steel matrix, and the
WC particles cluster is composed of many medium car-
bides, see Fig. 4c and d. Many regular and irregular carbide
particles dispersed in the steel matrix also can be seen.
Apparently the fine and dispersed carbide particles are
beneficial to reinforce the composites. The XRD analysis
as shown in Fig. 3 indicates that the phases of the
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composite are composed of «-Fe, WC, Fe;C, Fe;W;C and
CI'7C3.

Effect of preheating on the microstructure solidified was
studied. On the one hand, elevating temperature of pre-
heating would increase the melt depth [13]. On the other
hand, it would be beneficial to form the orientation struc-
tures [14]. Figure 5 shows OM microstructure of DGW40
with and without preheating after laser surface melting.
With the preheating during the melting, the orientation
dendrite crystal structure was formed. Figure 6 shows SEM
microstructure of laser melted DGW40 with the preheating.
Compared to the Fig.1, the volume fraction of eutectic
was more, and the dissolved degree of WC clusters
increases as well. Furthermore, the primary WC clusters

Fig. 5 OM microstructure of
the melted zone of DGW40 with
the processing L: (a) without the
preheating; (b) with the
preheating

Fig. 6 SEM images of the laser
melted zone of DGW40 with the
preheating and processing L: (a)
the eutectics; (b) WC and
eutectics

Fig. 7 SEM images of the melted zone of DGWS50 with the
preheating
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were compacted into bulk WC dendrite. Thus, it implied
that the densification of the laser-melted microstructure
could be enhanced by elevating the preheating temperature
during the melting.

Figure 7 shows the laser melted microstructure of
DGW50 with the preheating. As a result, the volume
fraction of eutectics precipitated decreases with the
increases of the content of WC in electro-metallurgic
WCl/steel composites. Figure 8 shows the XRD diffrac-
tion pattern of the melted zone of DGW40 and DGW50
with the preheating (MZ-DGW40 and MZ-DGW50). The
phases of the melted zone consist of WC, Fe;W;C, (Fe,
Cr),C;, martensite and retained austenite. Although the
uniform phases were obtained both in the preheating and

%00 -
] ¢
800 - 2 1— we
| 2—— FedNs
3 a—Fe (martensite)
e 55 4—— y-Fe
1 3 §— (FeCniCs ——MZ-DGWS0
w 0] ——MZ-DGW40
o
500 -
B =h
£ 40
2
5 1] 2
£ -
= 2 (s
200
100 4
0
T T T T T T T 1
1] 40 50 60 70 80 a0 100

281°

Fig. 8 XRD diagram of the melted zone of the composites with the
preheating and processing L
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in the un-preheating, the diffraction peaks intensify and
breadth are different. The broadened peaks implied that —&— Substrate DGWA40
the scale of the solidified grain decreased due to the —*— DGWAD+M

~ — = — DGWAD+L

reheating. oA
P & s — ¢ — DGWiaO+preheating+L
15 ] —o— DGW50+preheating+L &

Properties

Figure 9 shows the microhardness profiles along the centre
of the melted pool. The micro-hardness of as high as
1300 HV can be obtained in the melted zone while it is
approximately 520 HV average in the substrate. The mi-
cro-hardness of WC cluster in the melted zone is about
1,500 HV average after testing three times, higher than
1,220 HV of WC cluster in the substrate. Therefore, the
surface of the composite can be better hardened by laser
melting, and the hardened depth decreases with the
increase of laser scanning rate. In addition, the preheating
promotes the melt depth, and thus increases the hardened
depth as well.

Figure 10 shows the changes of volume loss with the
sliding distance for various surfaces. Figure 11 shows the
wear coefficient of the various surfaces. The wear resis-
tance of various surfaces under the same content of WC is
linked to the volume fraction of the herringbone eutectics.
That is to say, the wear volume decreases with the increase
of the volume fraction of the herringbone eutectics. At
same time, the wear resistance of the melted zone of
DGWS50 is better than that of DGW40, indicating that the
wear resistance was mainly depended on the content of
primary WC.

The elevated hardness and excellent wear resistance in
the laser melted surface of WC/steel composite are attrib-
uted to the improvement of interface bonding, precipitation
reinforcement, solid solution of elements and structure
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Fig. 9 Microhardness profile along the centre of the melted pool
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Fig. 11 Wear coefficient of the composites

refinement. The melting temperature in laser melting is
much higher than in the electro-slag melting. The wetta-
bility of liquid should increase with the high temperature,
improving the interface bonding and making the compos-
ites much denser [15]. On the other hand, the reaction layer
between the particles and matrix may be formed, which
may improve the wettability and may therefore improve the
bonding [16]. The situation of interface bonding is con-
sidered as the key factor in determining the properties of
the composites as is well known. The tighter is the inter-
face bonding, the better the mechanic properties such as
wear resistance. In addition, the materials toughness can be
improved by structure refinement.
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Conclusion

(1) Uniform phases are formed in different laser melted
zone for electro-metallurgic WC/steel composite. The
phases consist of WC, Fe;W;C, (Fe, Cr);C;, mar-
tensite and retained austenite(y-Fe). Compared to the
substrate, the surface go through the melting, forming
the different phases or microstructures. A particular
microstructure is the fine eutectic with the carbide of
FC3W3C.

(2) Surface of the composite can possess much better
hardness and wear resistance by laser surface melting.
The reasons are ascribed to the refined structure,
supersaturated solid solution, the precipitated rein-
forcement and the improved interface bonding
between the particles and matrix. The wear resistance
increases with the increases of the volume fraction of
the herringbone eutectic and the content of primary
WC.

(3) Laser scanning rate and the temperature of preheating
influence the melt depth and dissolution of carbides in
melted zone. The volume fraction of the herringbone
eutectics increases with the decreases of the scanning
rate. The volume fraction of the herringbone eutectics
precipitated with the preheating is more than those
obtained without the preheating, and decreases with
the increase of content of primary WC.
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