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Abstract: WC(27%) reinforced steel matrix composites were produced by using an electroslag melting casting
technique. The microstructure of the material was characterized using scanning electron microscopy( SEM), optical
microscopy and X-ray diffraction( XRD). Energy dispersive spectroscopy( EDS) and transmission electron micro-
scopy were performed to investigate the interfacial composition between WC particle and steel matrix. The results
reveal that the WC particles are partially melted into the steel substrate. At the same time, a reaction layer was de
tected along with the periphery of WC particle, which significantly enhances the bonding strength of the interface. A
slipping wear (high stress abrasion) test was utilized to understand the wear behavior of this material. Abrasive ex-
periment displays a better wear resistance than unreinforced steel matrix when coarse WC particles are dispersed into
it. The coarse particles provide greater wearresistance than the fine particles and operatively takes on the most ap-
plied loads. Additionally, the large particles have not been peeled during the wear process for a long time, which in-
dicates the effect of interfacial reaction on wear behavior at the ambient temperature. A double carbide (Fe, W)3C is
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detected in the interface zone between particles and matrices using transmission electron microscopy.
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1 INTRODUCTION

Particulate-reinforced metal matrix composites
(PMMCs) are well known for their higher specific
modulus and strength as well as excellent wear re-
sistance when compared with their monolithic
counterparts. Therefore, PMMCs have served as
an important class of high performance materials
for use in aerospace, automotive and mining indus-
tries. Metal matrix composites containing a high
volume fraction of carbide, nitride, boride and/or
oxide particles are frequently the choice of materi
als for applications which require good wear resist-
ance!""'. Tungsten carbide has high hardness,
good wear resistance and impact as well as strong
wetting cohesion between duplex phase, i.e. WC
phase and matrix phase.

Over the last decade, attempts to produce WC
particle reinforced steel matrix composites have in-
tensified. Generally, there are two ways to obtain
a high mass fraction of WC particles in steel:
through casting method” " or via pow der metallur-
gy(P/M) processing techniques' * ' . Additionally,

WC has been incorporated into the surface region
of Fe-based or Nrbased alloys through laser clad-

B The aim of these methods is to manu-

ding
facture a composite materials combining attractive
properties from different materials. However, it is
often difficult to achieve the benefits of casting
methods or conventional powder metallurgy route
because of inhomogeneous distribution and cluste
ring. Clustering is often accompanied by porosity,
which reduces the wear resistance of the compos-
lte[ 14, 15] .

tween particles and matrix is poor, the mechanical

Furthermore, if the bonding force be

properties are drastically decreased' ' .

Electroslag melting casting process combined
powder metallurgy and metallurgical melting cast-
ing is a new productive process, which is utilized
to produce particulate-reinforced metal matrix
composite. Production of PMM Cs by the eletroslag
melting casting technique provides a potential ad-
vantage because the microstructure combined with
the reinforcement of WC particles is free from mac

[17]

ro segregations Compared with the traditional

powder metallurgy route, the eletroslag melting
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casting process represents a good contact between
particle and matrix where an interfacial layer has
been detected. It is contributed to the increase of
the intensity of interface combinations, because the
formation of the interface reaction zone is combined
by the power chemical valence which elevates the
resistance to applied loads. Another advantage is
the possibility to produce large components. As for
the conventional casting materials, segregation of
the particles can be a problem because of the slow
cooling rate. However, when the velocity of the
solidification front has to exceed a critical value in
order to ensure that particles are engulfed and not
pushed ahead of the solidification front''* '™ the
distribution of the particles remains relatively hom-
ogeneous in this way. However, the melting
chamber of electroslag melting casting process has
a cooling system using cold water apart from the
melting of electrode in the form of liquid drip,
which can make the velocity of cooling reach the
critical magnitude. Additionally, an electric mag-
netic stirrer is employed to mingle WC particles
with matrix sufficiently. Therefore, the electro-
slag melting casting process can avoid the short-
comings of two methods mentioned above.

In our present work, WC(27%) reinforced
steel matrix composites were successfully produced
by using the electroslag melting casting technique.
On the basis of previous literatures, the coarse
grade WC particulates were selected intentionally
into steel matrix molten to evaluate effects of inter-
facial reaction between WC particle and steel ma-
trix on wear behavior of bulk composites.

2 EXPERIMENTAL

2.1 Sample preparation

Commercially available WC particles ( mean
size to 60 Hm) and carbon steel powders as additive
were used as original powders, abandoned GCrl5
bearing steel acted as raw matrix materials. It is
noted that a small amount of alloy elements should
be entered into melt to achieve stoichiometry in the
materials. A cast made from steel matrix compos-
ite with 27% WC was produced using the electro-
slag melting casting. Basically, the electroslag
melting casting of WC particles reinforced steel
matrix composites route includes:

1) An electrode was fabricated from the mixed
raw powders and GCrl5 bearing steel using a medi-
um frequency inducing furnace.

2) The electrode was melted in the form of
liquid drip through a single beam vertical electro-
slag furnace.

3) Consolidation of melt.

The composition of casting materials measured

by an optical spectrometer( OE SPECTROMETER

ARL-4460) is shown in Table 1.

Table 1 Chemical composition of
WC/ steekFbased composite by electroslag
melting casting( mass fraction, %)

C W Si Mn
1.052 26.614 0.225 0.355
Cr AY Ni Mo Fe

1.395 0. 108 0.179 0.135 Bal.

Metallographic specimens were cut to size of
10 mm X 10 mm X 15 mm using an electrical dis-
charge machining. The composite plates were ma-
chined into small rectangular shape for sliding wear
testing using the same machining. This was fol-
lowed by annealing process for 2 h at temperature
of 880 C, then cooled in furnace to 740 C and re-
mained 8 h at that temperature, finally, the sam-
ples were cooled to room temperature in the stove.
The finishing treatment was applied to specimens.
The as-pretreated specimens had been immediately
hardened in the oil tank at 950 C before they were
tempered for another 3 h at low temperature of 180

‘C. The ultimate hardness of samples is HRC65.

2.2 Abrasive wear testing procedure

Dry slipping wear test was carried out on a
MM 200 wear-test machine at the ambient tempera-
ture. The test involved the wear of the flat plane
(8mm X 30 mm) of arectangular pin (8 mm X § mm
X 30 mm) of sample material in contact with an
wear rings made from GCrl5 bearing steel with a
hardness of HRC 58 = 62, which was derived from
quenching firstly in oil media at 860 C before they
were tempered for 3 h at low temperature of 160
C. The constant load was 400 N, the rotative ve-
locity was 200 r/ min. The average width of wear
groove was measured with the help of microscope,
the wear volume was calculated by the following

formula:
2
AV = B| r’sin’’ '2%‘— 'g' ’rz— bZ\

~ Bb/12r (1)
where B is the width of wear ring, mm; b is the
width of wear groove, mm; r is the outer radius of

. : 3
wear ring, mm; AV is the wear volume, mm”.

2.3 Characterization

Room-temperature X-ray diffraction ( XRD)
(D/Max-rB, Rigaku, Japan) was performed to the
samples for phase determination with Cu Kq radia-
tion. The XRD diffraction patterns were collected
in a 30 ~ 80° angle range and at a 0. 02° angle step.

Scanning electron microscope( SEM) and light
optical microscope were used to characterize the
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microstructure of as-treated terminally materials.

Energy dispersive spectroscopy ( EDS) and
transmission electron microscope( TEM) were per-
formed to investigate the interfacial composition
between WC particles and matrix.

3 RESULTS AND DISCUSSION

3.1 Microstructure

The morphology and spatial distribution of
WC particles in the composite materials are shown
in Fig. 1. WC particles are dispersed homogene-
ously in the steel matrix and obvious particles clus-
tering isn't detected. Only some fine carbides are
prone to clustering, which are derived from precip-
itation of compound carbides, but the coarse parti-
cles almost isolate each other. The composites con-
tain large, round WC particles along with much
small particles dispersed between the large ones
(Fig. 2) and a large amount of smaller, rounder
WC or compound cemented carbide with more uni-
form size distribution in the steel substrates are de-
tected. Additionally, some large, angular WC par-
ticles isolated are emerged in Fig. 1. Thus, WC
particles in as-consolidated composites can be clas-
sified into three types. Class [ is large, oval or
round WC particle, class II is large, angular WC
particle, class Illis smaller particle produced in-
situ or during recrystallization.

Fig.1 Microstructure of WC/ steel matrix
composite at lower magnification

Class [ is actually remnants of some original
WC particles dissolved partly in the rim during the
electroslag melting casting process whose work
temperature is over 2000 C. These initial WC par-
ticle aren t dissolved and remain basically its initial

60 um

Fig.2 Optical micrograph of
class I WC particles

shape. As the thermodynamics property in the
sharp angle of WC particle is prone to unstablility,
the sharp angle is preferentially solubilized to be a
round arc. Although the operational temperature is
much higher than other processing such as tradi
tional casting method, WC particulates still retains
in the process because the work time is extremely
short. Solution is performed firstly in the acute an-
gle with small curvature radius, high surface ener-
gy and thermodynamic unstability, which can be
characterized as effect of particle rim.

Class II is initial WC particle in the raw pow-
ders with high chemical stability. Even though
they are in the temperature of over 2000 C, no in-
terfacial reactions are evident in interface. The in-
terface zone between them is clear and straight
compared with class [ whose interface is very ob-
scure due to interface reactions(see Fig. 3).

Class Illis very small whose average diameter
is not larger than 5 Pm. They derive from in-situ
precipitation of WC particles or recrystallization in
the process. Although the number of class Il is
large, a small number of large particles contained
in the composites cover more volume than the
small particles, for examples, the average diameter
of large WC particles is approximately 55 Pm w hich
take up about 30% of the composite in volume,
which provides the prerequisite to remarkable wear
resistance of the composites.

Fig. 4 shows a typical micrograph of individual
partially dissolved particle. An obvious reaction
layer whose thickness reaches several microns be
yond the amount of conventional solution-diffusion
zone is detected. During the process of WC
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Fig. 3 Boundary shape of class Il WC particles

dissolution and decomposition at the steel matrix
interface, W atoms are released which are dis-
solved into Fe during exposure to high tempera
ture. Simultaneously, inter-dissolution between
WC particles and matrix is performed generating W
and Fe atoms. When the appropriate concentration
of W atoms build up in front of the rim of WC par-
ticles, on the basis of author s previous studies' ',
the reaction can occur to form FesW3C. A reaction
layer with proper thickness can improve the bond-
ing strength of WC and matrix as well as dramatic
ally enhance mechanical properties of the monolith-
ic composites. Moreover, the dissolution of WC
which can blunt the sharp angle of WC contributes
to relief of stress concentration, at the same time,
promotes the strength-toughness combination of

materials.

Fe
103

DxAuto Linscan Plot
ROI Integral Intensities

Fig. 4 Reaction layer at edge of
large WC, in composite

Fig. 5 shows a line scan profile for the Fe and
W elements which displays the contents of W ele-
ment near the rim of a singular WC particle are
higher than that of beyond the periphery of the WC
particle.

The results of XRD analysis ( see Fig. 6) con-
firms the existence of FesW3C phase. Meantime,
WC, Cr»Cs, aFe and Cr7Cs are detected in the
specimen made from WOC particles reinforced
GCrl5 bearing steel matrix composites.

3.2 Tribological property
3.2.1 Wear mechanism

Fig. 7 shows the worn surface of GCrl15 bear
ing steel composites reinforced with large WC par
ticles. When the composite materials are worn
against the ring made from GCrl5 bearing steel

28-Mar-03 16:16:25
Vertical Scale: Auto

64 128 192 256

Fig. 5 Line scan profiles of elements of WC/steel composites
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Fig. 6 XRD pattern of WC/steel composites
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Fig.7 Worn surface of experimental material

under a 400 N load, the imprint of adhesion effect
and plastic deformation of matrix is not apparent in
the worn surface of composite materials. Howev-
er, ploughing grooves which are representative be-
havior of abrasive grain wear are revealed parallel
to sliding orientation of specimens. These grooves
are caused by the ploughing action of fragments or
squeezed between the sliding surface and produced
by the hard asperity of contacting surface during
the wear process.

At the first stage, the hard phase take on pri-
marily the applied loads after surface of specimen is
worn to be flat. At the moment, ploughing activi-
ties of particles are conducted on the specimen sur-
face. On the other hand, steel matrix only braces
the WC particles and the coarse carbides protect
the matrix from damage of the applied stress. With
the wear testing going on, the width and depth of
ploughing grooves are drastically increased.
the WC particles embeded into
composite under constant loads are fractured by the

However,

tangential frictional forces after a long time. T here

are some wear debris (shown in Fig. 7) in the form
of particle chips generated along the periphery of
the ploughing grooves. The wear debris trapped
into slipping face deteriorate the specimen's fail-
ure. At the end, once the particles are peeled, a
large volume of matrix are exposed to the tangen-
tial frictional forces, which get rise to flying in-
crease of wear loss rate. Consequently, as the
thickness of reaction layer is controlled under a
critical value, composites reinforced by coarse WC
particles are provided better crack strength in in-
terface, which makes the WC particles uneasily
peeled.
3.2.2 Effect of WC particles on wear resistance
Fig. 8 shows the variation of volume loss with
wear time for the composites reinforced with WC
particles and the unreinforced GCrl5 bearing steel
under the same conditions. Apparently, the volu-
metric wear of GCrl5 bearing steel increases rapid-
ly with the wear time. On the other hand, WC
particles reinforced steel matrix composites experi-
ence a stability in volumetric wear with the elonga-
tion of wear time, indicating that hard WC parti-
cles can protect the steel matrix effectively during
sliding wear. The volume loss of WC reinforced
composites ranges primarily from 2mm’ to 3 mm’.
M eanw hile, the dependence of volume loss on wear
time is approximately flat linear in WC reinforced
composites, and the relationship displays that the
stable stage of wear is longer than that of GCrl5
under the same conditions. Therefore, these mer-
its make WC reinforced composites attractive for
the industrial applications which are required to
wear resistance.

30

» — Composites(27%WC)
25 # = GCrl5 matrix

20+

15

Volume loss/mm3

. ——

0 40 80 120 160 200
Wear time/min

Fig. 8 Relationship between wear volume and
wear time of composites

3.2.3 Effect of WC particles size on wear resist-
ance

The previous work had some attempts to in-

vestigate the wear resistance of equivalent compos-

ites containing 40% WOC particles (mean size is
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8 Um) '™,
study as Fig. 9. it is clear that the composite with
few contents of coarse WC particles (60 Pm) have

As compared with variation of present

better wear resistance than the one with more con-
tents of fine WC particle( 8 Hm) . Particularly, the
longer the wear time is, the more obvious the ad-
vantages of composites with 27% large WC are.
4.5

4.0F ™ — Composites No.1(WC 27%)
+ — Composites No.2(WC 40%)

3.5
3.0
2.5
2.0
1.5
101
0.5+¢

0 A L ). J

15 30 60 90 120 150 180
Wear time/min

Volume loss/mm3

Fig.9 Variation between wear loss volume and
wear time in WC/ steel composites with
different grain sizes

T herefore, although the number of reinforce-
ment phase affects decisively the wear property of
composites, the wear resistance is not unvariedly
proportional to the amount of particles. What is
more, it is the key to improving the strength of
boundary bonding in terms of hard phase and ma-
trix. High bounding strength makes WC particles
uneasily peeled from the steel matrix as well as ele-
vates the capacity of resistance to applied loads.

Based on the contexts mentioned above, a re-
action layer which promotes interfacial bonding in-
tensity and enhances the protecting effect to matrix
provided by large WC particles is emerged in the
vicinity of coarse WC particles. Thus, the sub-
strates under heavy loads could effectively transmit
most stress to large WC particles, the drop-out of
flint particles is confined as well. On the other
hand, the small WC particles in the composites
show the characteristic of easy shedding when
worn under the same conditions. The reason is
that during dry slipping with heavy loads, small
WC particles are subjected to peel in view of the
lower depth of penetration into the matrix by the
presence of fine WC particles. Subsequently, wear
chips resulted from the peeled particles are clamped
between ring and sample and combine with them to
three-body w hich
destroys critically the surface and increases drasti-

become sliding  abrasion,
cally the wear rate. At the same time, it is obvious

that adhesion effect and plastic deformation are

taken place in fine WC particles reinforced compos-
ites during the wear testing, which further deterio-
rates the wear of surface. Moreover, a previous
literature!™ also pointed out that the interfacial re-
actions layer generated in the rim of fine WC parti-
cle is looser and weaker than that of large WC par
ticle, which is often companied by pore. This is
possibly one of the reasons to interpret the results
attained from Fig. 9.

The result presented in Fig. 10(a) demon-
strates that no drop of large WC particles (60 Hm)
is evident in the worn surface during the abrasive
wear process. However, some pits and white pat-
ches are detected in Fig. 10(b). The worn surface
is associated with plastic flow and adhesion effect
as well as the removal of WC particles. The pits
are generated from the removal of fine WC parti-
cles and the white patches are the matrix on the
worn surface removed recently in terms of adhesion
effect.

Fig. 11 shows the pronounced micrograph of
large WC particle dissolved in the core on the worn
surface. It reveals that no removal of WC particles
and some cracking(arrows) are evident in this mi-
crograph. The crack occurs intragranularly and no
cracking emerges in the matrix of the composite
with large particles, which implies that the applied
loads are predominantly transported to WC parti-
cles, meanwhile, WC particles release the loads
through initiation and propagation of crack.

3.2. 4 Effect of interfacial reaction on wear re
sistance

The WC particles reinforced steel matrix com-
posite systems are characterized by interfacial reac
tions between WC particle and matrix. It is impor-
tant to control the thickness of reaction layer with-
in a critical value. In general, if interface reactions
are not controllable at an acceptable level, particles
deterioration can occur and its load bearing capacr
ty is reduced or, eventually even lost completely.
Interfacial reactions can change the composition of
the matrix through diffusion of alloy element at
high temperature. It is observed that structural
changes occur not only via the interfacial reactions
between WC and matrix, but also through constit-
uent change in the matrix itself by virtue of influx
of alloy atoms. Therefore, controlling the inter
face reactions is essential to generate a strong and
satisfactory PM M Cs.

Most of the authors estimating interface reac
tions in PMMCs'?, agree that reaction rates be-
tween matrix and reinforcing agent conform to a
diffusion controlled parabolic relation according to:

x* = kt (2)
where x is the reaction zone width, ¢ is the time
of the reaction and % is the reaction rate constant.
From the reaction zone width, % is determined
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Fig. 10 SEM micrographs of wear surface of composites with different grain sizes
(a) —WC/ steel composites containing 27% large WC; (b) —W C/ steel composites containing 40% fine WC

Fig. 11 SEM morphology of intragranular crack of
coarse WC, on worn surface

according to Eqn. (2), however, the reaction zone
width (x) can be estimated on micrographs. The
temperature dependence of the rate constant can be
explored by the common relation:

k(T) = koexp(— Ee«i/RT) (3)
where ko is a constant.

These equations provide the control of interfa-
cial reaction with useful information. Commonly,
we can adjust the operation temperature and mol-
ten time to obtain an acceptable thickness of reac
tions layer. If the value of thickness of reaction
zone is very high beyond the critical value, the re-
sistance to wear reduces. The reason is that not
only for property of thick interface layer to easily
peel but also for the particulate itself destruction

result in the reduction of capacity of particle
strengthening. which drasticallv causes the ability
of resistance to wear decrease. On the other hand,
the thickness is too thin to supply good bonding
strength in the interface. Thus, the contradictory
trends can be reconciled only by a reasonable com-
promise, i.e. there is objectively a critical value of
interface layer thickness. A desirable reaction layer
with suitable thickness can enhance the wear re
sistance and perfect the physical compatibility for
WC particle and matrix as well as relieve the heat
stress in the matrix due to differences of elastic
modulus and heat expansion coefficient between
WC particle and matrix.

4 CONCLUSIONS

1) Using the electroslag melting casting tech-
nique, an outstanding bearing steel matrix rein-
forced with coarse WC particles, with an interfa-
cial reaction layer with a thickness of 3 = 4 Hm,
consisting of FesW3C, was successfully produced.
The interfacial reaction layer can improve the phys-
ical compatibility between WC and matrix as well
as elevate the interface bonding strength.

2) The representative micrographs show there
are three types of WOC particles in the as
consolidated steel matrix composites. Class [ is
large, oval or round WC particle, class II is large,
angular WC particle, class Il is smaller particle
produced inrsitu or recrystallization. The proper-
ties and physical condition differ distinctly from
each other.

3) The wear resistance of the tested materials

against sliding wear shows excellent results. The
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wear tests demonstrate that composites reinforced
with large WC particles have better wear resistance
than composites unreinforced. Coarse WC particles
can provide a better protection to the steel matrix
from action of the tangential frictional forces.
Meantime, the presence of large WC particles in
the matrix impedes the adhesion effect and plastic
deformation at the worn surface. Additionally, in
comparison with the wear resistance of composites
reinforced with 40% fine WC particles, the wear
volume loss of latter is higher than that of the
present testing materials. The reason is that high
interfacial bonding strength resulted from suitable
interfacial reactions between large WC particle and
matrix constrains the removal of WC particles.
Further, it remarkably improves the resistance to
wear.

4) For the PMMCs, it is worth noting to con-
trol the thickness of interfacial reactions. A desira-
ble interfacial reaction layer can drastically pro-
mote the wear resistance.
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