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Nickel-based alloy powder was surface melted on S45C steel substrate using a CO2 laser. The effect of
tungsten carbide (WC) on the interface layer and microstructures in the laser melted layer has been
investigated by x-ray diffraction (XRD) analysis, and by scanning and transmission electron microscopy
(SEM and TEM) techniques. There are three zones in the laser melted layer: the alloyed zone, the interface
zone, and the heat affected zone of substrate. The interface zone appears as a smooth bright layer of single
�-(Fe, Ni) phase that serves as a primary crystallization phase in the laser alloyed zone. K-S lattice
correspondence was recognized between �-(Fe, Ni) in the interface and martensite in the substrate. The size
of dendritic crystals decreased and eutectic structures in the laser alloyed layer changed after the addition
of WC.

Keywords interface, laser-alloyed layer, NiCrBSi, transmission
electron microscope, WC

1. Introduction

Laser surface alloying (LSA) is a novel method of produc-
ing high quality surface layers in components where the work-
ing conditions lead to highly abrasive wear.[1-5] The benefits of
the LSA technique include reduction in the amount of alloying
elements needed, refinement of grain size, extension of solid
solubility of alloying elements, homogeneity of microstruc-
tures, metallurgical bonding but minimal damage to the sub-
strate, and improvement in hardness.[6-12] The coating materials
for the LSA are usually self-fluxing alloys based on NiCrBSi;
in most cases, refractory carbides such as tungsten carbide
(WC), vanadium carbide (VC), and NbC have been added to
form composite coatings.[13]

To explain the wear resistance mechanism of such laser
remelted composite coatings, the influence of the addition of
large amounts of refractory carbides, especially WC, on the
microstructures of laser remelted NiCrBSi alloy coatings has
been profoundly investigated. Wang et al. found that the laser
remelting process of the 40-60 wt.% WC+NiCrBSi coatings
promoted a multiphase structure, including a NiCrBSi matrix,
distributed WC fragments, flower-like WC structures, and the
new hard phase existing in the form of humps.[14] Nerz et al.
observed that when the amount of WC reached 60 wt.%, the
WC might decarburize to form W2C, depending on time and
temperature.[15] However, some research work indicated that
although the addition of large amounts of WC could raise the
abrasive-wear resistance of laser remelted composite coatings,
it was harmful to the components working at wear-corrosion
conditions at which the maximum addition of WC should be

below 15 wt.%.[16,17] Unfortunately, they did not report the
influence of such a small amount of WC on the microstructures
of laser remelted WC+NiCrBSi composite coatings.

In the present work, the NiCrBSi alloy coating and the
NiCrBSi+10wt.%WC composite alloy coating were laser re-
melted. The microstructures of both alloy coatings after laser
remelting were investigated by using x-ray diffraction (XRD),
scanning and transmission electron microscopy (SEM and
TEM), as well as microanalysis techniques such as energy
dispersion x-ray (EDX) spectrum analysis.

2. Experimental Procedures

The substrate of S45C steel, which is composed of C 0.45,
Mn 0.8, and Fe balance (in wt.%), was cut into 8 × 8 × 60 mm3.
The coating powder (Jiujiang Alloy Powder, Ltd., Jiujiang,
Jiangxi, P.R. China) for laser surface melting was the self-
fluxing NiCrBSi alloy powder with composition of C 1.0, B
4.0, Si 4.0, Fe 12, Cr 17, and Ni the balance (in wt.%); the
mean particle size averaged about 85 �m. In addition, WC
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powder was mixed to the above powder. Thus, the two kinds of
alloy powders used in the experiment were NiCrBSi and
NiCrBSi+10wt.%WC. These powders were mixed with 0.05
wt.% rosin in a mortar, and ground together with a small
amount of alcohol; then the mixture was overlayed on the
surface of the substrate to a thickness of 1.0-1.1 mm.

A 2.0 kW CO2 Cross-electroexciter laser (Huazhong Uni-
versity of Science and Technology, Wuhan, Hubei, P.R. China)
was used to melt the coating powders (Fig. 1). The working
parameters were as follows: beam diameter, 6.0 mm; scanning
speed, 7.0 mm/s; and off-focus value, 250 mm. The N2 gas was
used to protect the melting pool. Slices with 0.3 mm thickness
were cut out normal to the laser beam scanning direction, then
thinned mechanically, and Ar ion-milled to the final TEM films.

The XRD was carried out on a PW 1700 (Rigaku Co. Ltd.,
Tokyo, Japan) x-ray diffractometer with Cu K� radiation (2�
� 15-120°). The microstructure of the laser melted layer was
observed with JSM-35CF (JEOL Ltd., Tokyo, Japan) SEM.
The EDX spectrum analysis was made on an EM 002B (Top-
con Ltd., Tokyo, Japan) transmission electron microscope.
TEM observation was carried out using an EM 002B and a
JEM 4000EX (JEOL).

3. Results and Discussion

3.1 X-Ray Diffraction Analysis

Figure 2(a) and (b) shows the XRD patterns of NiCrBSi and
NiCrBSi+10 wt.%WC laser alloyed layers, respectively. Table 1

Fig. 2 The XRD results for the two kinds of samples: (a) NiCrBSi alloyed layer, (b) NiCrBSi+10wt.%WC alloyed layer
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presents the lattice types and parameters of the phases in
both laser alloyed layers. Peaks at interplanar spacing
d � 0.4661 nm, 0.3110 nm, 0.3034 nm, and 0.1029 nm for the
NiCrBSi sample, and at interplanar spacing d � 0.4647 nm,
0.3874 nm, 0.3110 nm, 0.2885 nm, 0.1173 nm, and 0.1026 nm
for the NiCrBSi+10wt.%WC sample were difficult to be in-
dexed. Although some peaks with certain identifications at
interplanar spacing, such as d � 0.4661 nm, 0.3110 nm, and
0.2885 nm, were well matched with those of an ortho-
rhombic iron silicon carbide (according to JCPDS, 18-651),
some peaks (such as d � 0.3874 nm, 0.3034 nm, 0.1173 nm,
and 0.1029 nm) were not as consistent with this phase due to
their weak and uncertain identification for laser alloyed layer.
Some work was still needed to further clarify it. However, the
above XRD results show that the addition of WC has little
influence on the intensity and positions of peaks of this iron
silicon carbide.

3.2 SEM Observation

Figure 3 shows the cross-sectional microstructures in both
alloyed layers, which can be divided into three regions:
laser alloyed zone (LAZ), interface, and heat affected zone
(HAZ).

It is noted from Fig. 3 that although the typical quenched
structure of S45C steel should be a mixed structure of lath and
block martensites, a very fine lath martensitic structure has
occurred in the heat-affected substrate (about 15 �m in width)
of both samples near the interface. This result is the same as in
Ref. 18.

The SEM images of the interface in both laser al-
loyed samples are shown as a smooth bright layer (Fig. 3).
This smooth bright layer is the solid/liquid interface in the
laser melting and the rapid solidification process. There is a
flat interface in the NiCrBSi sample, but the interface is
quite rough after the addition of WC, as shown in Fig. 3(a)
and (b).

In general, it is thought that at the beginning of solidifica-
tion, a great positive temperature gradient exists in the liquid
side of solid/liquid interface, so the crystals grow in a planar
manner on solidification to form the interface.[19-21]

After rapid solidification, LAZ of NiCrBSi is composed
of thick primary crystal and polytropic eutectic. From near
the interface to the top of the surface, it changes gradually

from cellular to dendritic structures (Fig. 3a). It was found
in Fig. 3(a) that the growing direction of crystals is disorderly
in the initial stage of solidification in LAZ, and some dendritic
crystals are vertical to interface, while others are inclined to it.

Figure 3(b) shows the SEM image taken from the
NiCrBSi+10wt.%WC laser alloyed layer. Compared with the
LAZ of NiCrBSi, the LAZ of NiCrBSi+10wt.%WC presents
quite different microstructural features. Instead of the thick
dendritic structure in the LAZ of NiCrBSi, the LAZ of
NiCrBSi+10wt.%WC is a compound structure of relatively
finer dendrite and blocks with different sizes and shapes de-
noted as 1 and 2 in the LAZ of Fig. 3(b). To determine the
structure of the blocks, energy dispersive x-ray spectra (EDS)
analyses were carried out. The EDS results taken from one of
those blocks give the composition of C13.91, Cr38.71, and
W47.37 in wt%. Thus, the blocks are probably the undissolved
or partly dissolved WC particles that have a relatively high
melting point. In the rapid solidification process, these WC
particles, either undissolved or partly dissolved, play a role of
nucleating sites and prevent grains from growing, which results
in some finer cellular or dendritic structure in the LAZ of
NiCrBSi+10wt.%WC. Furthermore, EDS line analyses from
substrate to the LAZ in Fig. 3(a) and (b) was performed to
determine the composition distribution (Fig. 4). It is found in
Fig. 4 that the addition of WC particles has little influence on
the composition distributions of elements Ni, Fe, and Si in the
vicinity of the interface. On the other hand, the distributions of
elements Cr and W have obvious changes, especially the ex-
istence of element W in region A of Fig. 3(b). However, it
should be noted that in the LAZ of NiCrBSi+10wt.%WC, apart
from a very narrow cellular belt, there exists a eutectic zone
(region A) about 20-25 �m in width near the interface. In this
eutectic zone, no WC blocks can be recognized although EDS
line analysis clearly proves the existence of element W.

Using laser processing, the melting pool was severely
stirred and even boiled under the radiation of high energy den-
sity laser beams, which caused the undissolved or partly dis-
solved WC particles to be whirled into the inner part of the
LAZ of NiCrBSi+10wt.%WC. The already dissolved WC par-
ticles provided W and the element W + Fe from the substrate
to form a boride structure (Fe, M) XB in the eutectic. This is
probably why the EDS line analysis shows the existence of
element W, but WC particles cannot be found in region A of
Fig. 3(b).

Table 1 The Lattice Type and Parameter of the Two Kinds of Samples

Phase NiCrBSi NiCrBSi + WC Type
A, B, C,

nm �, �, �

�-(Fe,Ni) � � FCC A � 0.3596
Fe3B � Orthorhombic A � 0.5428

B � 0.6699
C � 0.4439

Fe23B6 � FCC A � 1.076
Ni4B3 � � Rhombohedral A � 0.6428 � � 103.3

B � 0.4879
C � 0.7819

WC � Hexagonal A � 0.2906
B � 0.2837

Cr2Fe14C � � FCC A � 0.7200
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Fig. 3 SEM images for the two kinds of samples: (a) NiCrBSi alloyed layer, (b) NiCrBSi+10wt.% WC alloyed layer

Fig. 4 The results of EDS line analysis from substrate to the region near the top of the melted pool in the two kinds of samples
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3.3 TEM Observation

3.3.1 Interface Layer. The microstructures in the laser al-
loyed layer normal to the laser beam scanning direction have
been observed via TEM. Figure 5(a) and (b) shows the inter-
face of both samples, respectively. The approximate thickness
of the interface is 2.0 �m. The martensite grows in two direc-
tions near the interface. Systematic tilt experiments were car-
ried out to obtain a series of electron diffraction patterns
(EDPs) to identify the structure of the martensite and interface
layer. By EDP analysis and observation in the region about 30
�m wide along the interface, it was found that the interface
region in both NiCrBSi and NiCrBSi+10wt.%WC samples
consists of a single phase (i.e., super-saturated�-(Fe, Ni) solid

solution). Figure 6 shows a series of EDPs of the NiCrBSi
sample and the indices corresponding to �-(Fe, Ni) phase and
martensite. Figure 6(a) shows the EDP of the interface �-(Fe, Ni)
phase along its [011]� zone axis. The EDP including both �-(Fe, Ni)
phase and martensite is shown in Fig. 6(b). It was found in Fig. 6(b)
that (111)� plane of �-(Fe, Ni) phase nearly parallels (110)M of
martensite. Figure 6(c) shows that the EDP of martensite is along
the [111]M zone. The [011]� of �-(Fe, Ni) phase almost parallels the
[111]M of martensite. Therefore, we obtain the lattice relationship
between the martensite and the interface�-(Fe, Ni) phase as follows:

�011��� ��111�M

�111��� ��110�M

Fig. 5 TEM images in the two kinds of samples: (a) NiCrBSi alloyed layer, (b) NiCrBSi +10 wt.% WC alloyed layer

Fig. 6 EDPs and indices including �-(Fe,Ni) and martensite phases in NiCrBSi sample: (a) ED pattern of �-(Fe, Ni) phase, (b) ED pattern
including �-(Fe, Ni) and martensite phases, (c) ED pattern of martensite phase
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This relationship corresponds to the typical Kurdjumov-Sachs
(K-S) lattice relation in martensite.

3.3.2 Effect of WC on Primary Arms. Figure 7(a) and (b)
shows the cellular structures in the two kinds of samples men-
tioned above, respectively. The interface composed of a single
phase �-(Fe, Ni) is planar, grown along the [110] M of mar-
tensite. The protrusion or primary arms grow in the direction of
[111]� on the planar interface. They develop eventually into
long arms or cells from the interface (marked as 3 and 4 in Fig.
7a) along the direction of heat flow. The lengths of the arms
and cells (such as 3 and 4 in Fig. 7a) were measured statisti-
cally from many images to be about 10.5 �m and 3.0 �m,
respectively. The same results have been shown in Fig. 3(a).
The compositions from the interface (marked as number 1 in
Fig. 7a) to the top of the primary arm (marked as number 2 in
Fig.7a) were measured successively. The concentrations of the

elements changed from Fe85.60, Ni11.31, Si0.14, and Cr2.95
(in wt.%) at the interface, to Fe59.17, Ni34.97, Si1.41, and
Cr4.45 (in wt.%) at the top of the primary arm.

The cellular structures of �-(Fe, Ni) are shown in Fig. 7(b)
after the addition of WC. The protrusion growing on the inter-
face had a cellular structure, and the lengths of the protrusions
in Fig. 7(b) statistically measured as 1.0 �m, are shorter than
those of the primary arms of 3 and 4 in Fig. 7(a). The compo-
sitions from the interface (marked as number 1 in Fig.7b) to the
top of the primary arms (marked as number 2 in Fig.7b) were
also measured to compare with those of NiCrBSi. The mea-
surements showed that the concentrations of the elements
changed from Fe82.48, Ni12.52, Si0.86, and Cr4.14 (in wt.%)
at the interface to Fe51.10, Ni38.14, Si1.27, and Cr9.49 (in

Fig. 7 TEM morphology of laser-alloyed layer in two kinds of
samples: (a) NiCrBSi alloyed layer, (b) NiCrBSi +10 wt.% WC al-
loyed layer

Fig. 8 The eutectic structure in NiCrBSi sample: (a) BF image, (b)
EDP
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wt.%) at the top of the primary arm. It is evident that the
addition of WC has an influence on the composition distribu-
tions of elements, especially the element Cr. In addition, there
is no dendrite formation in the region near the interface. It can
also be found in Fig. 3(b) that there is only eutectic structure in
the range of 20-25 �m away from the interface.

3.3.3 Effect of WC on Eutectic Structure. The TEM im-
age of the eutectic structure and its corresponding EDP in the
NiCrBSi sample are shown in Fig. 8. Electron diffraction ex-
periments have proved that the eutectic structure in the
NiCrBSi sample consists of �-(Fe, Ni) solid solution phase
(region A of Fig. 8a) and stick-like or rod-like Fe23B6 (region
B of Fig. 8a). The EDP and the corresponding index of Fe23B6
are shown in Fig. 8(b). However, the eutectic structure near the
interface in the laser melted NiCrBSi+10wt.%WC coating has
changed due to the addition of WC. TEM observation and
analysis have shown that, besides the �-(Fe, Ni) solid solution
(region C in Fig. 9a) and the boride phase Fe3B as detected by
XRD in Fig. 2(b), certain new phases near the interface (region
D in Fig. 9a) formed while the boride Fe23B6 in the eutectic
structure of the NiCrBSi sample could not be observed. To
determine the structure of this new phase, a set of EDPs were
carried out as shown in Fig. 9(b) and (c). It is found that this
new phase has an orthorhombic structure with the lattice pa-
rameters as: a � 0.554 nm, b � 0.699 nm, and c � 0.458 nm,
which are a little larger than those of the boride Fe3B. The EDS
of this new phase gives the composition of Fe 63.04, Ni 22.18,
Cr 12.4, W 2.22, and Si 0.16 (in wt.%). Such high content of
elements Cr and W suggest that this new phase probably has
the structure of (Fe, Cr, W) 3B. Some detailed investigations are
still under way to precisely determine the structure of this
phase.

The reason for this structural change of (Fe, Cr, W)3B is
probably as follows. Because the melting point of NiCrBSi is
relatively lower, more substrates were melted in the laser al-
loying process and more Fe element came into the melting
pool. Then Fe combined with B and formed the Fe23B6
phase. However, the NiCrBSi+10wt.%WC powder has a
higher melting point due to the addition of the WC, and less
substrate should have been melted. The change in the concen-
tration of elements mentioned in Section 3.3.2 illustrated that
relatively less Fe (about 50 wt.%) came into the laser melted
pool, and that the already dissolved WC particles provided

element W combined with the elements Fe and Cr, thus giving
rise to the existence of a (Fe, Cr, W) 3B phase in the eutectic
structure.

4. Conclusions

1) The laser alloyed layer for two samples is divided into three
zones. At the beginning of solidification, the interface
grows in a planar fashion with 2 �m in thickness. It is a
�-(Fe, Ni) single solid solution.

2) The relationship between the martensite in the substrate and
the interface �-(Fe, Ni) phase agrees well with the K-S
relationship.

3) The laser alloyed zone of NiCrBSi is composed of a long
primary crystal oriented to [111]� and eutectic. After the
addition of WC, it presents different structural features. The
undissolved or partly dissolved WC particles prevent grains
from growing, which results in a fine dendritic structure.
Furthermore, a eutectic zone exists near the interface. A
certain new boride phase with the structures of (Fe, Cr,
W)3B was formed in this eutectic zone.

4) The addition of WC particles has obvious influences on the
composition distribution of Cr in the vicinity of the inter-
face. The primary arms have smaller cellular structures on
the planar interface.
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