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This study sought to investigate the reaction of Co-binder containing tungsten with molten zinc. Four kinds
of Co-W alloys (pure, 10%W, 20%W, 30%W) were prepared using the powder metallurgy method. The
specimens were immersion-tested in molten pure zinc baths at 460 C. To evaluate the corrosion property
in molten zinc, the weight loss of the specimen was measured after the immersion tests at different immersion
times (10~300 min.). Co-10%W alloys, compared with pure cobalt, showed no effect of tungsten addition
on the reaction rate in molten zinc. The relationship between the weight loss and the square root of immersion
period represents a straight line in both pure cobalt and Co-10%W alloy. The Co-Zn reaction layer in
Co-10%W alloy consists of 72, 71, 7 and £ 1 phases. The rate of weight loss significantly increases
and the weight loss behavior is not well accord with the linear relationship as the tungsten content in the
Co-W alloy increases. The (1 layer was not formed on the Co-20%W alloy and neither was a stable
Co-Zn intermetallic compound layer found on the Co-30%W alloy. The main cause of increase in reaction
rate with increasing tungsten content is related with the instability of the Co-Zn reaction phases as seen
on micro-structural analysis.
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1. Introduction

Recently, the continuous galvanizing process is experi-
encing resurging demand because of greater need for
galvanized steel sheets for production of automobiles,
buildings, and home electric applications. In a continuous
galvanizing line (CGL), pot roll surface conditions are
very important because they are in direct contact with the
steel sheets in the zinc pot. Stainless steels are generally
used as roll materials, but their corrosion resistance to mol-
ten zinc is not good.” Thus, zinc pot rolls are commonly
coated with WC-Co to protect the pot roll surface from
severe corrosion by molten zinc.>™

Although there are many reports on the reaction between
the molten zinc and ferrous materials,”” only a limited
amount of research has been performed on the reaction
between the molten zinc and WC-Co coating materials.””
In a previous paper, the authors found that the WC-Co
coating layer was usually composed of three binding phas-
es, 1.e. WC, CosWsC, and Co.'”" The Co binder was
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suggested as the most important phase among those three
for the reaction behavior between WC-Co coating and
molten zinc.'"”"" Furthermore, it is very difficult to ana-
lyze the WC-Co coating samples that have reacted with
molten zinc and to understand the exact reaction mecha-
nism because of the indistinguishable microstructure.
Consequently, the reaction behavior of pure Co phase in
the WC-Co coating with molten zinc has been investi-
gated."” However, it has been also reported that the
Co-binder may not be pure and can easily contain an
amount of tungsten as a solid solution.” It is thus the
purpose of this study to investigate the reaction behavior
of the Co phase containing tungsten with molten zinc and
to discuss the mechanism for the corrosion of WC-Co
coating.

2. Experimental

According to the Co-W binary phase diagram,m the
maximum solubility of tungsten in Cobalt has been known
as 39.8 wt.% especially at 1471°C. In the thermal spray
coating process, a rapid cooling rate of approximately 10°
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‘C/s after heating above 1600C can induce higher tung-
sten solubility than that of equilibrium in the phase
diagram. Thus the compositions of Co-W alloys were
chosen as Co-10%W, Co-20%W and Co-30%W. Speci-
mens were prepared by powder consolidation method. The
particle sizes of Co and W powders were 0.36~0.96 um
and 0.88 pm, respectively. Co-W powders were mixed as
9:1, 8:2 and 7:3 wt.% ratio and ball milled using a
super-hard ball for 10 hours. The powder mixture was sep-
arately weighed into 15 g units and placed into a mold
of 16 mm ¢ and pressed with 5 tons of pressure into a
cylindrical shape. Vacuum sintering process was also
performed. The cylindrical specimen was heated at a 10C
/min rate to 1400°C, maintained for 2 hours, and sub-
sequently furnace-cooled. Each sample was glass sealed
again and solution heat treated at 1250°C for 30 minutes,
and then directly water quenched after breaking the
sealing. The specimen dimensions for the molten zinc im-
mersion test were 8 mmx12 mmx2 mm. The specimen
received a 2 mm hole punched into one end and was hung
by tungsten wire in the molten zinc. Tungsten is generally
known as being non reactive to zinc. The immersion tests
in the molten pure zinc bath (99.99%, 8~9 kg) were carried
out at 460C under a N, environment. To evaluate the
degradation properties, the weight loss of the Co specimen
was measured after the immersion test at different im-
mersion times - 10, 30, 60, and 300 minutes. For ob-
servation of the Co-Zn compound layers on the surface,
immersed specimens were analyzed with optical micro-
scope (OM), scanning electron microscope (SEM), and en-
ergy dispersive spectrum (EDS).

3. Results

Fig. 1 shows the XRD patterns of Co-10%W, Co-20%W
and Co-30%W specimens to confirm the complete solid
solution of tungsten element in the Cobalt matrix. CosW
precipitation can be expected to appear in the case of an
incomplete solid solution. It is clear in this figure that
the prepared samples didn’t contain the CosW phase. The
specimens were analyzed and found to consist mainly of
the Co phase. However, unexpected CoWO, oxides were
also detected in the X-ray diffraction patterns. Though the
CoWOj4 phase is rarely observed in the Co-10%W speci-
men, the peaks of CoWOQ, change to be comparatively
apparent with increasing tungsten content (Co-20%W and
Co0-30%W specimens). Oxides are thought to be formed
due to the air voids in a consolidated specimen, which
can’t escape during the vacuum sintering process.

Fig. 2 shows the weight loss per unit area vs. the square
root of immersion period (t) results for Co-10%W,

148

v CoWo,
o Co

Co-30%W

Intensity

Co-20%W

Co-10%W
T T T
0 40

50 60 70
20
Fig. 1. X-ray diffraction patterns for the Co-10%W, Co-20%W,

Co0-30%W alloy specimens after sintering, solutionizing, and
water quenching.
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Fig. 2. Weight loss vs. square root of immersion time for
Co-10%W, Co-20%W and Co-30%W alloys immersed in pure
zinc at 460°C.

Co-20%W and Co-30%W alloys immersed in pure zinc
at 460°C. Co-10%W alloy represents a weight loss behav-
ior similar to that of pure cobalt. As the tungsten content
in the cobalt increases up to 20% or 30%, the amount
of weight loss becomes significantly larger. It is also im-
portant that the weight loss of Co-10%W alloy linearly
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increased with an increase in the square root of time, close-
ly matching the parabolic rate rule. A previous study for
the reaction of pure cobalt with molten zinc has similarly
reported that the relationship between weight loss after
the immersion test and immersion time follows the typical
parabolic rate law.'” On the other hand, the weight loss
behaviors of both Co-20%W and Co-30%W alloys do not
fall within the linear relationship mentioned above and the
amount of weight loss increases remarkably more than ex-
pected, especially with an immersion time of 5 hours.

Fig. 3 shows the optical micrographs of the reacted lay-
ers in molten zinc at 460°C for 30 min. In the case of
the Co-10%W alloy (Fig. 3 (a)), a Co-Zn compound is
formed between the Zn and Co-W alloy and observed as
a white layer with inhomogeneous thickness. The Co-Zn
compound of Co-20%W alloy represents an irregular layer
with a blooming burst characteristic. In the case of
10-30%W alloy, on the contrary, there is an absence of
a continuous layer of Co-Zn compound along the interface.
Instead, small, white particles are distributed in the black
Zn layer (Fig. 3 (c)).

In previous results,”” four kinds of Co-Zn intermetallic
compound layers, £1, 7, 71 and 72 could be divided

Co—-10%W

after immersion of pure cobalt in a molten zinc bath and
confirmed by both microstructural observation and electro-
chemical stripping method. Fig. 4 shows the SEM
back-scattered images of Co-10%W and Co-20%W speci-
mens that reacted with zinc at 460°C for 60 min. The
chemical compositions of point A, B, C, D, E, F, and
G in the figure were also analyzed by EDS. It is somewhat
difficult to divide each reaction phase in the image of
Co-Zn compound layer (Fig. 4) and unlikely in the case
of pure cobalt.'” However, a thin Co-Zn compound layer
(written as A) can be observed in Fig. 4 (a) between the
bright Co-Zn compound layer and the dark cobalt matrix.
The atomic composition ratio of this layer (A) is almost
1:1 for Co: Zn. Considering both the chemical analysis
result and the cobalt-zinc binary phase diagram," this thin
Co-Zn compound layer of Co-10%W alloy can be reason-
ably determined as (1 phase. This (1 layer represents
unstable characteristics reflected in the disappearance of
the discontinuous layer, especially around the region on
the left in Fig. 4 (a). It is also found in this figure that
the zinc contents of points B, C, and D increase gradually
with moving analysis area to Zinc. Comparing the theoret-
ical composition in Co-Zn binary diagramls) with the
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Fig. 3. Cross-sectional optical micrographs of Co-W alloys after reaction with molten pure zinc at 460°C for 30 min.
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(a) Co—10%W

(b) Co-20%W

CoWO, oxide particle

Position Co (at.%) W (at.%) Zn (at.%)
A 46.40 0.96 52.64
B 18.40 - 81.60
C 11.24 - 88.76
D 7.34 - 92.66
E 16.14 1.73 82.13
F 9.88 2.62 87.50
G 7.06 1.06 91.88

Fig. 4. BEIs and chemical compositions analyzed by EDS for the Co-10%W and Co-20%W alloys after immersion in a pure

zinc at 460C for 60 min.

above experimental results, it can be generally assumed
that points B, C, and D correspond with 7, 71 and 72
phases. These three phases are difficult to distinguish and
seem to be continuously mixed as a composite layer. From
the above results, it can be induced that the Co-Zn reaction
layer in Co-10%W alloy consists of four compound phas-
es—- 72, 71, 7 and B1, similar with those in pure
cobalt.

In the case of Co-20%W alloy (Fig. 4 (b)), it is inferred
from the chemical composition results of three different
areas (E, F, and G) that the Co-Zn reaction layer mainly
consists of three compound phases—- 72, 71 and 7. The
B1 layer cannot be found in this alloy. Many white wavy
patterns in the layer are noted in this figure. Composition
analysis also indicates that the wavy patterns contain sig-
nificantly higher W contents than the Co-Zn compound
layer. Similar features of concentration of a non-reactive
element have also been reported in the reactions of the
WC-Co consolidated specimen'® and Co,Si specimen'”
with molten Zinc.

Fig. 5 shows the SEM back-scattered image and chem-
ical compositions analyzed by EDS for the Co-30%W
specimen. It is apparently found that only 7 2 phases (J)
are mixed and distributed in the Zinc matrix (K) instead
of composing a stable layer of Co-Zn compound. Oxide
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Position Co (at.%) W (at.%) Zn (at.%)
H 85.85 14.15 -
1 4.49 17.76 77.75
J 6.56 - 93.44
K 0.66 - 99.34
L 1.41 16.72 81.86

Fig. 5. BEI and chemical compositions analyzed by EDS for
the Co-30%W alloy after immersion in a pure zinc bath at 460C
for 60 min.

particles with round shape and white tungsten-rich par-
ticles (L) are distributed separately throughout the mixture
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in the 7 2 phase and Zinc matrix. A white tungsten-rich
layer (I, Zn-W-Co layer) is also observed on the surface
of the Co base metal. The phase (I) seems to be unstable
judging from the inconsistent layer thickness. Previous
studies have reported that a compound cannot be formed
in Zn-W binary system."'” Thus, it is assumed in this
study that cobalt can play a role as the bonding inter-
mediate for the formation of the Zn-W compound. Because
the Zn-W-Co layer is so unstable, the Co-Zn compound
can be easily separated from the surface of the layer and
distributed in the zinc matrix. The significant weight loss
in Co-30%W, which is seen in Fig. 2, is mainly attributed
to the instability of the Co-Zn compound phase.

4. Discussion

The weight loss behavior of Co-10%W alloy was found
to be similar to that of pure cobalt, as seen in Fig. 2.
In our previous result,”” the rate-controlling step for the
pure cobalt-zinc reaction was analyzed as the mutual dif-
fusion process of Co & Zn atoms through the £1 com-
pound layer. The B1 layer was confirmed to be formed

in the Co-10%W alloy, too. Thus, it seems reasonable that
the rate-controlling step for the reaction of the Co-10%W
alloy with zinc is the same mutual diffusion process
through the B1 layer. However, the amount of weight
loss drastically increased with increasing tungsten content
(above 20%) in cobalt (Fig. 2). The compositional analysis
seen in Fig. 4 reveals that the 31 compound layer could
not be formed in the Co-20%W alloy. It was found in
the Co-30%W alloy (Fig. 5) that the Co-Zn compound
couldn’t form a stable layer and only 7 2 phases were
inhomogeneously distributed in the Zinc matrix. The in-
crease of reaction rate in this alloy is understandable con-
sidering the instability of the reaction compound.

Fig. 6 shows the cross-sectional optical micrographs of
Co-W alloys after reaction with molten zinc at different
immersion times. A blooming burst appears in the early
stage of reaction (10 min, Fig. 6 (a)) and grows during
the next 30 minutes (Fig. 3 (b)). Detailed observation seen
in Fig. 6 (a) demonstrates that zinc segregates along the
unstable interface in the Co-Zn burst. The formation of
the blooming burst in Co-20%W alloy is probably due
to the zinc penetration along the grain boundary, especially

Fig. 6. Cross-sectional optical micrographs of Co-W alloys after reaction with molten pure zinc at 460C, (a) Co-20%W alloy
for 10 min., (b) Co-20%W alloy for 300 min. and (c) Co-30%W alloy for 10 min.
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before the complete solution of Co-Zn compound in the
molten zinc. As reaction time in molten zinc increases
to 5 hours (Fig. 6 (b)), small black zinc particles are found
throughout the Co-Zn compound matrix. It is interesting
to note that the distribution feature of Zinc particles (Fig.
6 (b)) resembles the wavy characteristic of the tungsten
concentrated layer found in the reaction time of 30 minutes
(Fig. 4 (b)). Since the tungsten atom has a larger atomic
radius, the zinc atom presumably diffuses into the Co-Zn
compound along the tungsten concentrated area. Accordin-
gly, zinc penetrates to give rise to the burst blooming in
the early stage of reaction and then changes shape and
becomes small particles that are distributed throughout the
Co-Zn compound matrix with increasing reaction time
(Co-20%W alloy).

Fig. 6 (c) shows a typical example of frequent burst
on the surface of Co-Zn reaction compound (reaction time
of 10 min.) especially observed in the Co-30%W alloy.
It is also important to remember when analyzing Fig. 3
and Fig. 5 that the Co-Zn compound in the Co-30%W
alloy is difficult to be connected and easily dispersed in
the zinc layer. Consequently, a stable Co-Zn layer cannot
be formed with increasing tungsten content in cobalt. It
is assumed that the grain boundary energy of the Co-Zn
compound increases with increasing tungsten content in
cobalt and can exceed the interface energy between the
Co-Zn compound and molten zinc at a limit value of
tungsten. Further study should be performed on the effect
of tungsten content on the interface energy of a Co-Zn
compound with zinc.

5. Conclusions

In this study, the reaction behavior of the Co-10%W,
Co-20%W and Co-30%W alloys in molten zinc was inves-
tigated and the reaction mechanism was also discussed.
The following conclusions were obtained.

(1) The weight loss behavior of Co-10%W alloy was
similar to that of pure cobalt. The relationship between
the weight loss and the square root of immersion period
represents a straight line in both alloys. As the tungsten
content in the Co-W alloy increases, the weight loss behav-
ior fails to follow a linear relationship and the amount
weight loss significantly increases.

(2) The Co-Zn reaction layer in Co-10%W alloy was
analyzed and found to consist of four intermetallic com-
pounds-- 72, 71, 7 and B1, similar to the reaction
phases in pure cobalt. It was suggested that the mutual
diffusion process of Co and Zn through the 81 compound
layer is the rate-controlling mechanism of these reactions.

(3) In the case of Co-20%W alloy, three kinds of 72,
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71 and 7 phases were found in the Co-Zn reaction com-
pound without B1 phase and a wavy pattern with high
tungsten content was also observed. In contrast, only the
72 phase of the Co-Zn compound was found in the
Co-30%W alloy as a mixture with zinc in the zinc layer.

(4) Zinc penetration along interface of Co-Zn compound
gives rise to blooming burst during the reaction. It was
also confirmed that Co-Zn reaction phases became un-
stable with increasing tungsten content in the Co-W alloy.
The increase of reaction rate with increasing W content
is mainly due to the instability of the Co-Zn reaction
phases.
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