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bstract

Stellite12 cobalt base alloys with different WC content were deposited on SK3-carbon tool steel by laser cladding. The behavior of WC partic-
lates, including the dissolution, distribution, and microstructures of WC–Co–Cr–C composite coatings with rapidly solidifying were investigated
sing scanning electron microscopy (SEM), electron probe microanalysis (EPMA) and X-ray diffraction (XRD). Several significantly different
olidified microstructures were characterized by dendrites, interdendritic eutectics, faceted dendrites (third phase) and the retaining of WC particles
n the laser clads of Stellite12 + WC, under different laser energy densities. When WC was completely melted and fully dissolved into the Stellite12

elt pool, the basic solidification, characterized by the matrix and faceted dendrites (third phase) in various shapes, and the compositional evolution
f the clad layers remained nearly identical, no matter the added WC was increased to 10%, 20% or 40% (wt.%). The faceted dendrites (third

hase) contained the majority of W as well as some Cr, Co while more Cr and Co were located in the matrix. The X-ray diffraction analyses
ndicated the existence of �-Co, M23C6, M6C and M7C3 (M = W, Cr, Co) in the Stellite12 alloys with different WC contents when deposited on
ubstrates by laser cladding.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Industrial applications of laser surface modification are pop-
lar due to the advantages of high power density, thin hardening
ayer, lower heat input and a less heat-affected zone. This is
specially true in the application of laser surface cladding for
igh-technology products. Recently, much attention has been
ocused on the study of surface cladding of alloys, cements and
eramics. In this process the laser surface melting, followed by
apid self-cooling of the melted layer, can produce very refined
icrostructures with unusual properties, directly on the surface

f the work piece [1–4].
In this paper, cobalt-based alloy (Stellite12) and WC–Co–

r–C composite coatings, produced under different laser energy
ensities were characterized by scanning electron microscopy

SEM) in order to determine their microstructure evolution. In
ddition, the behavior of WC particulates, including the disso-
ution, distribution, and effects of WC + Stellite12 coatings with
apidly solidified microstructure was investigated.

∗ Corresponding author. Fax: +886 2 2362 5489.
E-mail address: d89522007@ntu.edu.tw (Y.C. Chen).
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. Experimental procedures

Mixtures of Stellite12 alloy powder and 10, 15, 20, 30 and 40 wt.% WC
owders, respectively, were used as the coating material. The particles of the
o-base alloy powders were from 5 to 10 �m in size. The nominal composition
f the Stellite12 alloy powder is listed in Table 1. The particles of the WC
owders measured from 5 to 10 �m in size. The high carbon tool steel SK3
with C > 1.0%) specimen was machined into a rectangular block with a slot,
s shown in Fig. 1. Mixtures of Stellite12 alloy powder and WC powders were
ositioned on the slot and then cladded by laser treatment.

The laser treatment was performed using a 2.5 kW continuous wave
O2 laser. A Zn–Se lens, with a 7.5 in. focal length was used to focus the
eam. The laser energy density used in the experiments was in the range
2.92–106.95 J/mm2, with a 1 mm beam diameter. In order to produce oxide free
oatings in all experiments, the laser was shielded with N2 gas. Cross-sections of
he layers were examined for microstructure and the distribution of hard phases
y SEM. The composition of the layers were measured by energy dispersive
-ray (EDX) microanalysis and characterized by X-ray diffraction (XRD).

. Results and discussions
Fig. 2(a)–(c) shows the cross-section of the laser clad Stel-
ite12 alloy layers under 38.2, 57.3, 66.8 J/mm2 laser energy
ensity, respectively. The typical microstructure of the Stellite12
lloy (as shown in Fig. 2), consists of �-Co (Co-rich matrix)

mailto:d89522007@ntu.edu.tw
dx.doi.org/10.1016/j.jmatprotec.2006.08.007


298 K.A. Chiang, Y.C. Chen / Journal of Materials Processing Technology 182 (2007) 297–302

Table 1
Nominal composition (wt.%) of Co-base alloys Stellite12

Stellite12
Co Balance
Cr 29
C 1.85
W 9
Mo –
Ni 2.5
Si 1
B –
Fe 2.5
Mn 1
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Table 2
Compositional evolution in the dendrites and the interdendritic eutectics of Fig. 2

Laser energy
density

Co
(wt.%)

Cr
(wt.%)

W (wt.%) C (wt.%) Fe
(wt.%)

38.2 J/mm2

Dendrite 52.12 24.94 9.43 2.7 10.81
Eutectic 24.79 37.95 22.27 9.11 5.88

57.3 J/mm2

Dendrite 38.68 17.52 8.7 2.21 32.89
Eutectic 14.01 35.58 18.39 10.19 21.84

66.8 J/mm2
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Fig. 1. Dimension of specimen machined into rectangular and slotted bar.

endrites with a face-centered cubic (fcc) crystal structure sur-
ounded by a lamellar mixture of the Co-rich phase and carbide
hase resulting from the eutectic reaction into inter-dendrite
uring solidification [5–7]. The compositional evolution in the
endrites and inter-dendrite eutectics of Fig. 2, by EDX analysis,
re listed in Table 2. Table 2 indicates that the elements Co, Cr, W
f the dendrites and the eutectics decreased with the increase in
aser energy density. At the same time, the dilution of the element
e increased rapidly when the laser energy density increased. In
tellite12 alloys, Cr provides oxidation and corrosion resistance
s well as strength through the formation of M7C3 and M23C6
arbides (M = Co, Cr, W). Refractory metal such as W, which

as been known to be a solid-solution hardening element, also
ontributes to the strength via precipitation hardening by the for-
ation of MC and M6C carbides, and through the inter-metallic

hase such as Co3W. In addition, C and Fe promote the stability

c
i
l
a

Fig. 2. SEM micrograph showing the microstructure of the laser clad Stellit
Dendrite 31.36 14.23 8.06 3.78 42.57
Eutectic 25.54 19.09 9.7 6.36 39.32

f an fcc structure of a Co-rich matrix, which is stable at high
emperatures up to its melting point of 1495 ◦C [8,9].

When WC (10 wt.%) was added into the Stellite12 powder
nder 28.65, 38.20, 45.84, 50.93 J/mm2 laser energy density,
espectively, several significantly different solidification char-
cteristics were found in the microstructure evolution in the
aser clads of Stellite12 + WC. Fig. 3 demonstrates the solidifi-
ation characteristic of the microstructure evolution as the laser
nergy density increases. All the SEM microstructure images
ere taken in the middle part of the laser clad layers. The
rst image was characterized by dendrites and inter-dendrite
utectics and retained WC particles, as shown in Fig. 3(a). The
econd one was characterized by dendrites and inter-dendrite
utectics, retained WC particles and third phases, as shown in
ig. 3(b). The third one was characterized by retained WC parti-
les, third phases (faceted dendrites) in various shapes, dendrites
nd inter-dendrite eutectics, as shown in Fig. 3(c). The last one
as characterized by retained WC particles, third phases and the
atrix as shown in Fig. 3(d).
In Fig. 3(a), when the laser moves away, the molten Stellite12

tarts to solidify. According to the Co–Cr–W phase diagram, a
o-rich phase is then first formed dendritically from the liquid

tate. The cooling rate in the liquid state is very high through self-
ooling, and Cr and C become enriched in the remaining liquid in
he inter-dendrite regions, and a eutectic carbide structure forms.
he WC particles did not completely melt and dissolve into the
tellite12 melt pool. When the laser energy density was raised,

t becomes evident from Fig. 3(b)–(d), that the microstructure,

haracterized by the matrix and faceted dendrites (third phases)
n various shapes and the eutectics became dissolved in the clad
ayer [10,11]. The added WC particles are normally melted
nd dissolved into the Stellite12 melt pool. However, some

e12 alloy coating (a) 38.2 J/mm2, (b) 57.3 J/mm2, and (c) 66.8 J/mm2.
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F Stellite12 + 10% WC (wt.%) alloy coating (a) 28.65 J/mm2, (b) 38.20 J/mm2, (c)
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ig. 3. SEM micrograph showing the microstructure of the laser clad 90%
5.84 J/mm2, and (d) 50.93 J/mm2.

n-melted WC particles were observed by SEM, as shown in
ig. 3(b) and (c). When the laser energy density was raised, the
xtent of the melting of the substrate increased and the clad lay-
rs became substantially diluted by Fe, which caused the change
f composition and microstructure [12,13]. The compositional
volution of Co, Cr, W, C and Fe in different solidification char-
cteristics of Fig. 3, as determined by EDX analysis, is listed in

able 3. It is evident from Table 3 that when the laser energy den-
ity was raised from 28.65 to 45.84 J/mm2, the compositional
volution of Cr, W and C in eutectics decreased gradually. At
he same time the compositional evolution of Co in eutectics

able 3
ompositional evolution in the retained WC, third phases, dendrites, interden-
ritic eutectics and the matrix of Fig. 3

aser energy
ensity

Co
(wt.%)

Cr
(wt.%)

W (wt.%) C (wt.%) Fe
(wt.%)

8.65 J/mm2

Retained WC 0 0 93.09 6.91 0
Dendrite 60.89 21.46 12.87 0 4.79
Eutectic 26.60 35.6 29.47 5.50 2.83

8.20 J/mm2

Retained WC 0 0 96.87 3.13 0
Third phase 21.16 13.76 61.54 2.36 1.18
Dendrite 52.83 27.84 14.45 0 4.88
Eutectic 33.98 31.68 27.14 5.2 2.00

5.84 J/mm2

Retained WC 0 0 91.6 8.4 0
Third phase 16.69 8.67 70.13 4.52 0
Dendrite 48.82 30.64 15.54 0 5
Eutectic 36.14 30.83 25.07 4.63 3.33

0.93 J/mm2

Retained WC 0 0 95.84 4.16 0
Third phase 17.38 8.02 71.68 2.08 0.85
Matrix 20.52 31.9 14.61 4.25 28.72
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ig. 4. SEM micrograph showing the microstructure of the laser clad 90% Stel-
ite12 + 10% WC (wt.%) alloy coating under 38.20 J/mm2 laser energy density.

ncreased. EDX analysis indicates that this third phase structure
as less Co, Cr and C compared to the eutectic, and that its main
haracteristic was that it had more than 60 (wt.%) W, which
s substantially more than the W content in either the eutectic

atrix itself or the dendrites.

Fig. 4 shows that, when carefully observed, it is evident that

his third phase appears in the eutectic carbides. EDX analysis,
s shown in Table 4, indicates that the compositional evolution
f Co, Cr, and C in eutectic carbides seems to diffuse into the

able 4
ompositional evolution in the dendrites and the interdendritic eutectics of Fig. 4

aser energy density Co
(wt.%)

Cr
(wt.%)

W (wt.%) C (wt.%)

8.20 J/mm2

Third phase 13.25 5.94 65.56 15.25
Branch between third

phase and eutectic
21.61 19.48 43.48 15.43

Eutectic 27.88 32.98 18.97 20.16
Dendrite 53.1 19.88 11.19 15.83
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ig. 5. Backscattered electron images and elemental mapping of cross-sectio
ensity: (a) backscattered electron image, (b) W element distribution, (c) Cr ele

hird phase. It was noted earlier that the basic microstructure
f the laser clad of Stellite12 is a primary cubic �-Co (Co-rich

atrix) dendrites with a face-centered cubic (fcc) crystal struc-

ure, surrounded by a lamellar mixture of the Co-rich phase and
he carbide phase like M7C3, resulting from the eutectic reac-
ion into inter-dendrite during solidification. The solubility of

e
a
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ig. 6. Backscattered electron images and elemental mapping of cross-section of t
ensity: (a) backscattered electron image, (b) W element distribution, (c) Cr element
he 10% WC + 90% Stellite12 alloys coating under 50.93 J/mm2 laser energy
distribution, and (d) Co element distribution.

ome alloying elements like W will extend into the cubic �-Co
endrites, and most of the W will be contained in the eutectics.
However, when more W enters into the melt, neither the
utectic nor the dendrite will be able to contain that large an
mount of W, and consequently the remaining W may presum-
bly solidify into a third phase structure in some other form of

he 20% WC + 80% Stellite12 alloys coating under 50.93 J/mm2 laser energy
distribution, and (d) Co element distribution.
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F n of the 40% WC + 60% Stellite12 alloys coating under 50.93 J/mm2 laser energy
d ment distribution, and (d) Co element distribution.
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ig. 7. Backscattered electron images and elemental mapping of cross-sectio
ensity: (a) backscattered electron image, (b) W element distribution, (c) Cr ele

ungsten carbides which contain more W. Since most of the W
s contained in the eutectics, the redundant W can only solidify
n the eutectic area [14].

Backscattered electron images and elemental mapping of
ross-sections of the 10%, 20%, 40% WC + Stellite12 alloys
oating under 50.93 J/mm2 laser energy density are shown in
igs. 5–7. From Figs. 5(a)–7(a), it is evident that the added WC

s completely melted and fully dissolved into the Stellite12 melt
ool, and the basic solidification characterized by the matrix and
aceted dendrites (third phases) in various shapes of the clad
ayers were maintained in almost identical form. The element

apping of W, Cr, Co of the 10%, 20%, 40% WC + Stellite12
lloys coating are shown in Figs. 5(b)–(d), 6(b)–(d) and 7(b)–(d),
espectively, and exhibit the distribution of the main elements

, Cr, Co in both the third phases and the matrix. It indicates that
ith the increase of WC in the Stellite12 powder, the faceted den-
rites (third phases) contain a majority of W as well as some Cr,
nd Co, while the matrix contains more Cr and Co. It is worth not-
ng that the distribution of W becomes noticeably concentrated
n the third phases, while Cr and Co were mostly located in the

atrix as shown in Fig. 7(b)–(d). In Table 5, when the added
C was increased to 10%, 20% and 40%, respectively, it was

vident that the compositional evolution of Cr, W and C in third
hases was almost identical. Most of the W was in the faceted
endrites (third faces) containing more than 60 wt.% when the
dded WC was increased to 10%, 20% and 40%, respectively.
t was also evident that due to the melting of the substrate and
he dilution of the clad layers, the matrix contained more and
ore Fe.
X-ray diffraction analyses (Fig. 8) indicated the existence of

-Co (Co-rich matrix phase), M23C6 type carbides with an fcc
rystal structure, M6C and M7C3 with an orthorhombic crystal

Fig. 8. X-ray diffraction result of the laser clad Stellite12 + 10%, 20%, 40%
WC.
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Table 5
Compositional evolution in the third phases and the matrix of the WC + Stellite12
alloys coating under 45.84 J/mm2 laser energy density

Contents Co
(wt.%)

Cr
(wt.%)

W (wt.%) C (wt.%) Fe
(wt.%)

10% WC + 90% Stellite12
Third phase 16.21 11.0 67.71 2.21 2.87
Matrix 45.95 25.38 19.20 4.74 4.73

20% WC + 80% Stellite12
Third phase 18.7 12.89 63.72 2.39 2.3
Matrix 46.92 26.49 18.21 3.56 4.82
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0% WC + 60% Stellite12
Third phase 18.14 10.04 66.54 2.14 3.14
Matrix 44.65 25.93 17.79 1.78 9.85

tructure (M = W, Cr, Co) in the 10% and 20% WC + Stellite12
lloys coating under 50.93 J/mm2 laser energy density [15]. It is
ot easy to identify the carbides though a simple comparison of
RD peaks and JCPDS values because of the wide range of solu-
ility limits of most carbides. When comparing the 10% and 20%
C + Stellite12 alloy coatings, it was noticed that the carbides

ransform from M7C3 to M23C6 in the 40% WC + Stellite12
lloy coating.

. Conclusions

Several significantly different solidification characteristics
ere found in the laser clads of Stellite12 + WC. When increas-

ng the laser energy density in the solidification characteristic,

he first clad layer was characterized by dendrites and interden-
ritic eutectics and retained WC particles, the second one was
haracterized by dendrites and interdendritic eutectics, retained

C particles and third phases (faceted dendrites) which were

[
[
[
[
[

rocessing Technology 182 (2007) 297–302

ppeared in the eutectic carbides, the third one was character-
zed by retained WC particles, third phases in various shapes,
endrites and interdendritic eutectics and the last one was char-
cterized by retained WC particles, third phases and the matrix.

hen WC was completely melted and fully dissolved into the
tellite12 melt pool, the basic solidification, characterized by the
atrix and faceted dendrites (third phases) in various shapes, and

he compositional evolution of the clad layers were maintained
early identical. The faceted dendrites (third phases) contained
he majority of W as well as some Cr and Co, while there was

ore Cr and Co located in the matrix. The X-ray diffraction anal-
ses indicated the existence of �-Co, M23C6, M6C and M7C3
M = W, Cr, Co) in the 10% and 20% WC + Stellite12 alloy coat-
ngs. It was noticed that the carbides transformed from M7C3 to

23C6 when 40 wt.% WC was added into the Stellite12 powder.
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