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Abstract This article presents a study of solidification
behavior and the corresponding microstructure of Co—Cr—
W and Co-Cr-Mo alloy systems using the differential
scanning calorimetry technique. The influence of main
constituents on the solidification behavior and associate
microstructures of these alloys are investigated. It is found
that chemical composition influences significantly the
solidification behavior of cobalt-based alloys. Solution-
strengthened alloy has the highest solidification tempera-
ture and narrowest solidification range. Presence of carbon
decreases the solidification temperature and increases the
solidification range. Addition of boron greatly decreases
the solidification temperature. Carbon content dominates
the solidification behavior of cobalt-based alloys when the
contents of the solution-strengthening elements Mo and Ni
are within their saturation in the solution matrix. However,
as these contents reach a certain level, formation of inter-
metallic compounds changes the solidification behavior of
these alloys remarkably. Increase in the contents of solu-
tion-strengthening elements reduces the solid solution
transformation temperature and the eutectic temperature
when carbon content is constant.
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Introduction

Superalloys are imperative materials for high stress, high
temperature, and severe wear and corrosion environments,
which are used widely in various industries [1, 2]. Solidi-
fication behavior of these alloys is closely related to their
chemical compositions and dominates their microstructures
that determine their various properties such as mechanical
and tribological properties. Therefore, solidification pro-
cesses and main influence factors of superalloys have been
extensively studied; some of the research is newly reported
[3-6]. Cobalt-based superalloys make up an important
group of superalloy family. They are commonly used as
wear-resistant materials for industrial applications involv-
ing wunlubricated systems or elevated temperatures.
A substantial enhancement in mechanical properties of
these alloys is attributed to the crystallographic nature of
cobalt (Co) [1]. The main constituent elements of cobalt-
based alloys are chromium (Cr), molybdenum (Mo),
tungsten (W), nickel (Ni), silicon (Si), and carbon (C).
Chromium has a dual function in cobalt-based alloys; it is
of vital importance in precipitation strengthening as it is
the predominant carbide former, that is, most of the car-
bides are chromium-rich, and it is also the most important
alloying element in the matrix, where it provides added
strength as a solute and resistance to corrosion and oxi-
dation [2]. Tungsten and molybdenum serve to provide
additional strength to the matrix, owing to the virtue of
their large atomic size. When present in large quantities,
they participate in the formation of carbides during alloy
solidification and promote the precipitation of M¢C;
molybdenum may also form intermetallic compounds with
cobalt [7]. In addition, tungsten and molybdenum improve
general corrosion resistance of the alloys [2]. Nickel has
the similar function to molybdenum and tungsten as a
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solution-strengthening element; but it can also stabilize the
fcc phase, thus suppressing the transformation to hcp phase
of cobalt at low temperatures [8]. Carbon content varies up
to 3 wt% in cobalt-based alloys. The chief difference
among individual carbon-containing wear-resistant alloys
is carbon content and, thus, carbide volume fraction in the
alloys [9-11]. Silicon forms Laves phase with molybde-
num in Tribaloy alloys, when added at levels in excess of
their solubility limit with the objective of inducing the
precipitation of the hard and corrosion-resistant Laves
phase [12-14]. Carbon is held as low as possible in these
alloys to discourage carbide formation. However, for car-
bide-strengthened alloys, keeping a certain level of silicon
is mostly the need of processing. For example, when
cobalt-based alloys are deposited as coatings by the plasma
transferred arc (PTA) welding process, the presence of
silicon can intake oxygen to form silicon oxide covering
the PTA layer, thus protecting the layer from oxidation. In
some cases, silicon also comes from ore materials. Other
elements may also be added to cobalt-based alloys for
special purposes, for example, addition of boron (B) can
decrease the melting point of the alloy, thus reduce the
required temperature for the furnace. On the other hand,
owing to the feature of low-melting point, the presence of
boron can enhance the mobility of the alloy during the
hardfacing welding process [15, 16].

The solidification behavior of cobalt-based alloys is very
complex due to the multi-element constitution, but it is
very important for design and manufacturing of these
alloys. The constituent elements and their contents affect
the solidification behavior of these alloys, thus their
microstructures, and final material properties. Solidification
temperature and solidification range are the basis of casting
and welding process design of an alloy. For example, the
pouring temperature in a casting process is determined
based on the solidification temperature and solidification
range of the alloy such that the temperature should insure
the alloy in liquid state during the entire molding process.
If the temperature is lower, solidification would occur
during the pouring, which results in the failure of the
casting process. However, if the alloy liquid is overheated,
the mold will be heated by the high-temperature liquid
during the molding, which increases the cooling time of the
cast product, leading to high thermal stresses. In general, it
is desired to have a narrow solidification range for an alloy
to be cast and welded. If the range is larger, the primary
phase would grow freely in the liquidus alloy until the
solidification process is complete. This would cause some
areas of the mold unfilled for a cast product and also result
in an inhomogeneous microstructure. In this research, the
solidification behavior of nine Co—Cr—W alloy systems and
five Co—-Cr-Mo alloy systems were studied utilizing the
differential scanning calorimetry (DSC) technique. The
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effects of the constituent elements and their contents on the
phase transformation temperature, solidification tempera-
ture, and solidification range were investigated. The asso-
ciate microstructures of the alloys were analyzed. These
results are useful for material engineers in design of new
cobalt-based alloys and their manufacturing processes.

Experimental procedure
Samples for DSC test

Nine Co-Cr-W alloy systems and five Co—Cr—Mo alloy
systems, which were developed at Deloro Stellite Group
recently, were studied in this research. These alloys can be
used for various purposes, such as cast products, powder
metallurgy parts, PTA hardfacing layers, and high-velocity
oxygen fuel (HVOF) coatings. Their chemical composi-
tions (wt%) are listed in Tables 1 and 2, respectively.
These alloys have a chromium content between 18 and
30%. In the Co—Cr—W alloy systems the tungsten content is
between 4 and 15%, alloy 5A—alloy 9A also contain nickel
with a content between 10 and 22%, all the alloys contain
carbon and silicon except alloy 9A, and alloy 5A—-alloy 7A
contain an additional element, boron. In the Co—Cr-Mo
alloy systems the molybdenum content is between 6 and
28%, the nickel content is between 4 and 28%; these alloys

Table 1 Chemical compositions (wWt%) of Co—Cr—W alloy systems

Element: Cr w Ni Si C B Co

Alloy
1A 30 9 1.5 1.6 Bal.
2A 30 9 1.5 2 Bal.
3A 28 4 1.3 1.3 Bal.
4A 28 4 1.3 1.7 Bal.
5A 19 13 13 2.8 1.5 2.5 Bal.
6A 19 8 13 2.6 0.8 1.8 Bal.
TA 19 8 13 2.9 1.1 1.8 Bal.
8A 25 13 22 1.2 1.8 Bal.
9A 20 15 10 Bal.

Table 2 Chemical compositions (wt%) of Co—Cr—Mo alloy systems

Element: Cr Mo Ni Si C B Co
Alloy
1B 24 12 4 0.2 0.55 Bal.
2B 27 6 4 0.4 0.25 Bal.
3B 18 28 10 32 Bal.
4B 18 23 16 2.8 Bal.
5B 18 6 28 1.8 3.5 Bal.
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all contain silicon, but alloy 1B and alloy 2B contain a low
level of silicon and also contain a low level of carbon; the
others contain a high level of silicon; alloy 5B contains
boron as well. Each sample of the alloys was provided in
powder state by Deloro Stellite Group, and a small amount
of each powder sample weighing around 80 mg was used
for the DSC test.

DSC test

Differential scanning calorimetry test was conducted on
each alloy sample with a DSC 404C instrument, which can
detect and qualify almost all calorimetric effects that occur
in materials. The heating/cooling cycle used in this
research is illustrated in Fig. 1. The maximum heating
temperature is 1,500 °C owing to the high-melting point of
Co. The samples were heated to 100 °C and kept for
20 min. Then they were heated again up to the ultimate
temperature, kept for 10 min, and cooled down to room
temperature with the same rate of 10 °C/min. The phase
transformation behavior of the material during the heating
and cooling processes is characterized by the DSC curve
that is recorded automatically in the test.

Microstructural analysis

The solidified samples after the DSC test were micro-
structurally analyzed under an optical microscope. The
samples were first hot mounted in a plastic base, followed
by a series of polishing step as follows. The surface was
ground with grit papers from course #180 to fine #600 and
polished with abrasive cloth plus 1 um alumina powders.
The polished surfaces were then etched electrolytically
using an aluminum cathode at a voltage of 3 V for about
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Fig. 1 DSC heating/cooling cycle

10 s. The etchant is a mixed solution containing 9 g CrOs,
15 mL HCI, and 150 ml H,O.

Experimental results
DSC curves

The DSC curves obtained from the solidification (cooling)
process for the two groups of alloys are presented in Figs. 2
and 3. The critical data corresponding to phase transfor-
mation temperatures are summarized in Tables 3 and 4. T
is defined as solidification temperature, that is, the tem-
perature at which the largest exothermic peak occurs. Ty,
and T, are the temperatures at which the exothermic peaks
before and after the largest peak occur, respectively. AT is
defined as solidification range, which is the temperature
range between the start of solidification (the first exother-
mic peak) and the end of the largest exothermic peak.
For the Co—Cr—W alloy systems, firstly, consider alloy
9A, which contains no C so that it is a solution-strength-
ened alloy. As demonstrated by its DSC curve in Fig. 2d, it
has the highest solidification temperature and the narrowest
solidification range among the alloys being discussed.
It only has single exothermic peak representing the
cobalt solid solution formation. Secondly, compare alloy
1A-alloy 4A with alloy 9A. Due to the presence of C, the
solidification temperatures of these alloys are apparently
lower than that of alloy 9A, see Fig. 2a, b. Moreover,
additional exothermic peaks appear on their DSC curves;
the peak before the largest exothermic peak represents the
primary solid solution formation; the peak after represents
the precipitation of the carbide; the largest exothermic peak
is for the eutectic transformation. Alloy 1A and alloy 2A
have similar chemical compositions so that the solidifica-
tion temperatures of the two alloys are almost same, but the
solidification range of alloy 1A with less C is wider. Alloy
3A and alloy 4A have similar compositions but alloy 4A
contains higher C. Between these two alloys, the former
has a slightly higher solidification temperature but nar-
rower solidification range, as seen in Fig. 2b. Alloy
1A—alloy 4A have same constituents, Co, Cr, W, Si, and C,
but the contents of these elements vary among the alloys.
Alloy 3A and alloy 4A contain lower levels of Cr, W, Si
and C than alloy 1A and alloy 2A; see Table 1. With these
differences, alloy 3A and alloy 4A have higher solidifica-
tion temperatures, higher primary phase transformation
temperatures and wider solidification ranges. No secondary
carbide precipitation occurs in these alloys, because no
peaks after the largest exothermic peak are observed on
their DSC curves. Thirdly, compare alloy 8A with alloy
1A-alloy 4A. This alloy contains an additional element, Ni,
and lower Cr but higher W, see Table 1. Accordingly,
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it has similar solidification behavior to alloy 3A and alloy
4A, see its DSC curve in Fig. 2d, but it has a slightly lower
solidification temperature than these alloys, as seen in
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4B, and c alloy 5B

Table 3. Its solidification range is wider than those of alloy
1A and alloy 2A but narrower than those of alloy 3A and
alloy 4A. Finally, alloy 5A-alloy 7A have similar com-
positions, in addition to Co, Cr, W, Ni, Si, and C, these
alloys also contain B. The significant difference in solidi-
fication behavior of these alloys from the alloys discussed
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Table 3 DSC test data of Co—Cr—W alloy systems

Alloy T, (°C) Ty (°C) T, (°C) AT (°C)
1A 1250 1312 1225 98

2A 1251 1292 1232 68

3A 1268 1337 130

4A 1255 1326 151

5A 1078 1020, 980 75

6A 1078 1165 1040 125

TA 1095 1160 1040 124

8A 1240 1320 114

9A 1352 38
Table 4 DSC test data of Co—Cr—Mo alloy systems

Alloy T (°C) Ty, (°O) T, °C) AT (°0)
1B 1355 1255 58

2B 1388 53

3B 1260 1415, 1290 205

4B 1260 1305 105

5B 1100 988, 960 110

previously is that their solidification temperatures are very
low, as seen in Fig. 2c. These B-containing alloys also
contain a higher level of Si, as shown in Table 1. Alloy 6A
and alloy 7A have similar solidification behavior, but the
solidification temperature of alloy 7A, which contains
higher Si and C, is slightly higher. These alloys have
exothermic peaks before and after the largest exothermic
peak, which means that there is a primary phase solidified
in the liquidus state and also secondary precipitation occurs
in the solidus state in these alloys. For alloy 5A, since the
largest exothermic peak occurs first, this alloy may be a
eutectic alloy; the eutectic product can be a mixture of the
Co solid solution, carbides, silicides, and borides. Due to
the two exothermic peaks after the largest exothermic peak,
secondary precipitation would occur in this alloy.
Regarding the Co—Cr-Mo alloy systems, firstly, con-
sider alloy 2B. This alloy contains low C (0.25 wt%);
therefore, it is nearly a solution-strengthened alloy.
Accordingly, its DSC curve has single exothermic peak,
which represents the cobalt solid solution transformation;
see Fig. 3a. There should be carbides precipitated in the
solution matrix with the eutectic reaction [7], however, as
the carbide amount is very small, the exothermic peak is
too weak to be visualized on the DSC curve. Secondly,
compared with alloy 2B, alloy 1B contains double C and
Mo; see Table 2, so that on its DSC curve after the larg-
est exothermic peak (Co solid solution transformation)
there is a small exothermic peak, which stands for the
eutectic reaction; see Fig. 3a. The eutectic products con-
sist of carbides and intermetallic compounds [7] that are

attributed to the higher Mo content. It should be noticed
that in this alloy solid solution still takes most percentage
of the volume. As demonstrated by its DSC curve that the
solid solution transformation peak is much larger than the
eutectic formation peak; this is due to the lower C content.
However, for carbide-strengthened cobalt-based alloys,
when the C content is great than 1 wt%, the eutectic
reaction predominates the solidification process [17, 18].
As a result, the largest exothermic peak occurs for the
eutectic reaction, not for the solid solution transformation.
Comparing the DSC curves between alloy 1B and alloy 2B,
the latter with less amount of C has a higher solidification
temperature and narrower solidification range, see Table 4.
Thirdly, alloy 3B and alloy 4B have same constituents;
they do not contain C but contain a high level of Si. Due to
the coexistence of Mo and Si, intermetallic compound,
CoMoSi or Co3Mo,Si Laves phase, is formed in these
alloys, that is, they are Tribaloy alloys. Since both the Mo
content and the Si content are high, these alloys are
hypereutectic with the primary phase being the Laves
phase. As demonstrated on their DSC curves in Fig. 3b,
there are two peaks for alloy 3B and one peak for alloy 4B
before the largest exothermic peak, which represent the
primary Laves phase transformations; the largest exother-
mic peak represents the eutectic reaction, which results in a
eutectic product of the Co solid solution and the Laves
phase. These two alloys have a same solidification tem-
perature, but alloy 3B, containing higher Mo and Si, has
two primary Laves phase transformations with one occur-
ring at a higher temperature, which makes the solidification
range of this alloy wider, as seen in Table 4. Finally,
compared with alloy 3B and alloy 4B, alloy 5B contains
additional element, B, and it contains lower Mo and Si but
higher Ni. With these differences, its solidification behav-
ior deviates significantly from that of alloy 3B and alloy
4B, as seen in Fig. 3c. The solidification temperature of
alloy 5B decreases significantly due to the presence of B.
The largest exothermic peak occurs first, followed by two
small peaks in this alloy. Owing to the low Mo content, the
CoMoSi or Co3Mo,Si Laves phase may not form in this
alloy, but the presence of Si may result in intermetallic
compounds with the high amount of Ni. This alloy is
possibly a eutectic alloy according to its chemical com-
position and DSC curve; the largest exothermic peak rep-
resents the eutectic reaction and the small peaks represent
secondary precipitation of silicides and borides. The
solidification range of alloy 5B is close to that of alloy 4B,
see Table 4.

Microstructures

For the Co—Cr—W alloy systems, as mentioned above, alloy
9A contains no C so that it is a solution-strengthened alloy.
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In correspondence to its DSC curve, the microstructure
obtained under an optical microscope in Fig. 4a has con-
firmed that this alloy consists of single phase of cobalt solid
solution. Compared with alloy 9A, alloy 1A-alloy 4A
contain a high level of C and these alloys are hypoeutectic
and have similar microstructures, with the primary phase
being cobalt solid solution having a dendritic structure and
the eutectic being a mixture of solid solution and Cr-rich
carbides, as shown in Fig. 4b. This is a typical micro-
structure of Stellite alloys with Co—Cr—W [1]. The eutectic
also includes silicon compounds due to the moderate Si
content. This has been confirmed by the composition
analysis using backscatter electron imaging and energy
dispersive X-ray (EDX) spectrum in a Hitachi Model S-570
scanning electron microscope (SEM). This microstructure
agrees with their DSC curves as that the peak occurring
before the largest exothermic peak represents the trans-
formation of the cobalt solid solution and the largest exo-
thermic peak stands for the eutectic formation. For alloy
8A, it has a similar composition to alloy 3A and alloy 4A
but it contains a high content of additional element, Ni,
lower Cr but higher W. Accordingly, its microstructure
shown in Fig. 4c consists of primary solid solution in a
dendritic structure and the eutectic in fishbone shape. Alloy
5A-alloy 7A contain the same constituents, especially they
all contain B. Besides B, these alloys also contain a higher
content of Si, compared with the other alloys. Alloy 6A and
alloy 7A have similar compositions except that the latter
contains higher C and Si. Comparing their DSC results,
these two alloys have very similar solidification behavior,
so do the microstructures. The peak before the largest
exothermic peak indicates that there is a primary phase
formed before the eutectic solidification in these alloys.
According to the microstructure shown in Fig. 4d, these
alloys are hypereutectic with the primary phase being sil-
icon compounds in needle shape, which has been con-
firmed by the result of EDX/SEM. The eutectic product is a
mixture of the solid solution, carbides, borides, and silicon
compounds as well. The primary silicon-compound phase
is attributed to the high level of Si present. The peak after
the largest exothermic peak indicates secondary precipita-
tion occurring in these alloys; the precipitates may mainly
be boride because B has a lower eutectic temperature, but
secondary precipitation of carbide is also possible. How-
ever, alloy SA exhibits different solidification behavior
from alloy 6A and alloy 7A. As seen in Fig. 2c, the largest
exothermic peak occurs first on its DSC curve. Incorpo-
rating with its microstructure shown in Fig. 4e, this alloy is
a eutectic alloy. The eutectic product has a laminate
structure, consisting of the solid solution and carbon, sili-
con, and boron compounds; these compositions have been
proven by the EDX/SEM result. There is also second-
ary precipitation occurring in this alloy, as seen in the

@ Springer

Co solid solution

(d) Eutectic Silicon compounds

Fig. 4 Microstructures of a alloy 9A, b alloy 3A, c alloy 8A, d alloy
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microstructure, which corresponds to the small peaks after
the largest exothermic peak on its DSC curve. The pre-
cipitates are mainly Cr-rich borides due to the lower
eutectic temperature of B, which is demonstrated by the
EDX/SEM result.

For the Co—Cr—Mo alloy systems, since alloy 2B con-
tains a low content of carbon, its microstructure consists of
major dendritic Co solid solution and minor carbides in the
eutectic mixture; see Fig. 5a. This is a typical micro-
structure of Stellite alloys with low carbon; the carbides are
Cr,C5 and Cr,;Cg; the Cr,C; carbides are eutectic with the
Co solid solution, while the Cr3Cq carbides are a precip-
itate in fishbone shape [1, 7]. With the increase in C and
Mo contents, alloy 1B contains more carbides than alloy
2B; it also contains intermetallic compounds (CozMo and
Co;Mog) due to the higher Mo content [7], as seen in
Fig. 5b (the carbides are in black and the intermetallic
compounds are in gray). Due to the presence of high
contents of Mo and Si, alloy 3B and alloy 4B contain a
large volume fraction of Laves phase. These two alloys
have the similar microstructure consisting of the primary
Laves phase in a dendritic structure and the Co solid
solution in the eutectic mixture, as shown in Fig. 5c. This
microstructure is a typical microstructure of Tribaloy
alloys [1]. The difference in chemical composition between
these two alloys is that alloy 3B contains more Mo and Si,
which results in a larger volume fraction of Laves phase.
Accordingly, the DSC curve of alloy 3B has two peaks
before the largest exothermic peak, representing two
transformations of the large amount of Laves phase, while
that of alloy 4B only has one. The presence of boron makes
alloy 5B behave differently from alloy 3B and alloy 4B in
the solidification process. It is noticed on its DSC curve
that the largest exothermic peak occurs first, in corre-
spondence with its microstructure in Fig. 5d, this alloy
looks like a eutectic alloy. The eutectic product is a mixture
of Si and B intermetallic compounds [19] and Co solid
solution. The two small peaks on the DSC curve represent
secondary precipitation of Si and B intermetallic com-
pounds. Their compositions have been identified by the
EDX/SEM. Compared with alloy 3B and alloy 4B, Mo and
Si contents in alloy 5B are greatly reduced. The low Mo
content depresses the formation of the CoMoSi or
CozMo,Si Laves phase, but the high content of Ni induces
the formation of Ni-Si intermetallic compounds [20],
which is confirmed by the EDX/SEM result.

Discussion
The DSC tests and microstructural analyses show that

chemical composition affects significantly the solidifica-
tion behavior and associate microstructure of cobalt-based
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alloys. However, since these alloys are multi-element alloy
systems, theoretical understanding of these issues has
substantial difficulty due to the metallurgical complexity,
although the effects of individual elements in these alloys
have theoretical inhesion. The experimental studies in and
results from this research may help understand these issues
instead.

Effects of carbon

Carbon in wear-resistant cobalt-based alloys plays an
indispensable role. The chief difference among these alloys
is carbon content and, thus, carbide volume fraction in the
material. For example, at a carbon level of 2.4 wt%
(Stellite 3), the carbides constitute about 30 wt% of the
material. These are of the M;C; (chromium-rich primary)
and MgC (tungsten-rich eutectic) types, where M repre-
sents the metal component, for example, M;C; corresponds
to Cr;Cs. At 1 wt% carbon (Stellite 6B), the carbides
constitute approximately 13 wt% of the material, these
being predominantly chromium-rich eutectic carbides of
the M;C; type [1]. From the DSC tests, it is clear that
carbon influences significantly the solidification behavior
of cobalt-based alloys. As reported above, alloy 9A con-
tains no C so that it is a solution-strengthened alloy. The
DSC test shows that there is only single exothermic peak
on its DSC curve, which corresponds to the solid solution
transformation. This alloy has the highest solidification
temperature and narrowest solidification range among the
alloys being studied. When these alloys are cast, they
would have good fluidity and properties for filling fully
into the cast mold. Due to lack of C, thus carbides, this type
of alloys are relatively soft and ductile so that they are
commonly used for high temperature, high stress, or
strength applications.

The presence of C decreases the solidification temper-
ature and increases the solidification range, as demon-
strated by alloy 1A-alloy 4A. This is easy to understand
according to Co-C, Co-Cr, Co—-Mo, and Co—W binary
phase diagrams [21, 22]. For example, as the Co—C binary
phase diagram shows, when the carbon content is within
2 wt%, the lowest solidification temperature is about
1,350 °C, while the Co—Cr binary phase diagram shows
that when the chromium content is within 30 wt%, the
lowest solidification temperature is about 1,460 °C.
Therefore, it can be expected that the solidification tem-
perature of Co—-Cr—W alloys and Co—Cr—Mo alloys with
the single transformation of liquid to solid phase is higher
than that of Co—Cr—W alloys and Co—Cr-Mo alloys with
carbon. Alloy 1A-alloy 4A, containing carbon, are hyp-
oeutectic and have similar microstructures, with the pri-
mary phase being cobalt solid solution having a dendritic
structure and the eutectic being a mixture of solid solution
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and Cr-rich carbides, as shown in Fig. 4b. In accordance to
the DSC curves, the peak occurring before the largest
exothermic peak represents the transformation of the solid
solution and the largest exothermic peak represents the
eutectic reaction. Due to the formation of carbides, these
alloys with multi-phase transformations has wider solidi-
fication range than alloy 9A with single phase transfor-
mation. Furthermore, comparing alloy 1A and alloy 2A
with alloy 3A and alloy 4A, there is secondary carbide
precipitation occurring in the first two alloys, because there
is a peak after the largest exothermic peak on their DSC
curves. This may be due to the higher Cr and C contents,
which promote the secondary precipitation of Cr-rich
carbides.

Effects of molybdenum

Molybdenum also influences the solidification behavior of
cobalt-based alloys. It has a dual function in these alloys; it
mainly remains in the solid solution to strengthen the
matrix when its content is low (approximately below
8 wt%) in these alloys; but it would form intermetallic
compounds with other elements when its content is high
(usually above 12 up to 28 wt%). As demonstrated by alloy
1B and alloy 2B, the latter contains lower Mo (6 wt%) so
that the Mo in this alloy pays the role in strengthening the
solution matrix. However, as its content is increased to
12 wt%, in alloy 1B, it is found that intermetallic com-
pounds (CosMo and Co;Mog) are formed [7]. Comparing
the DSC curves between these two alloys, it is observed
that increase in the Mo content decreases the transforma-
tion temperature of the solid solution but increases the
solidification range, which agrees with the Co—Mo binary
diagram [21, 22]. The feature of precipitation of interme-
tallic compounds, CozsMo and Co;Mog, is demonstrated by
the small peak after the largest exothermic peak (solid
solution transformation) on the DSC curve of alloy 1B.
Due to the presence of high contents of Mo and Si, alloy
3B and alloy 4B contain a large volume fraction of Laves
phase. These two alloys have the similar microstructure
consisting of the primary Laves phase in a dendritic
structure and the Co solid solution in the eutectic mixture,
as shown in Fig. 5c. However, if the Si content is lower, for
example, below 2.0 wt%, hypoeutectic reaction would take
place with the primary phase being Co solid solution and
the Laves phase as the eutectic embedded in the solution
matrix [23, 24]. The difference in chemical composition
between these two alloys is that alloy 3B contains higher
Mo and Si, which results in a larger volume fraction of
Laves phase. Accordingly, the DSC curve of alloy 3B has
two peaks before the largest exothermic peak, which rep-
resent two transformations of the large amount of Laves
phase, while that of alloy 4B only has one. The eutectic



J Mater Sci (2010) 45:6225-6234

6233

temperatures of these two alloys are the same. In general,
for multi-element alloys eutectic temperature varies with
the constituents and their contents, which differs from
binary C or Si systems [21], and the variation may not
follow a straightforward tread due to the metallurgical
complexity. However, since the total contents of the solu-
tion-strengthening elements in alloy 3B and alloy 4B are
very close, the Si content may have little effect on the
eutectic temperature, assuming that in this case the multi-
element systems are equivalent to binary Si systems when
taking the total solutes as a unit.

Effects of boron

The most special feature of B is its low-eutectic tempera-
ture. As noticed from the DSC tests that addition of B
reduces remarkably the solidification temperature of
cobalt-based alloys. Among the alloys being studied alloy
5A-alloy 7A and alloy 5B contain different amounts of B.
As seen in Figs. 2¢ and 3c, the solidification temperatures
of these alloys are much lower than those of the others.
However, it is hard to know from this research if higher B
content would lead to lower solidification temperature, in
other words, if the higher B content in an alloy, the lower
the solidification temperature of the alloy is. Among the
three alloys containing B, alloy 5B has the highest B
content, but its solidification temperature is higher than
those of the others. Alloy 6A and alloy 7A have the same
amount of B, but they have different solidification tem-
peratures, while alloy 5 and alloy 6 have different amounts
of B, but they have the same solidification temperatures.
This is because the chemical compositions of these alloys
are quite different except that they all contain B. For
example, alloy 5B does not contain C but contains a high
level of Ni, while alloy 5A-alloy 7A contain different
amounts of C and Si. These differences result in formation
of different phases among these alloys, which complicates
the quantitative valuation of the B effect on the solidifi-
cation temperature of these alloys. Boron with chromium
forms Cr-rich borides in cobalt-based alloys.

Effects of other alloying elements

Finally, consider other alloying elements in these studied
alloys. As observed in the DSC tests, the solidification
behavior of cobalt-based alloys is determined predomi-
nantly by carbon, boron, and their contents; the effect
solution-strengthening elements can be negligible com-
pared with those of carbon and boron when their contents
are within their saturation in the solution matrix. For
example, the main difference between alloy 9A and alloy
1A-alloy 4A is that the former does not contain C but the
latter does. Formation of carbides results in noticeable

deviation of the solidification behavior of alloy 1A-alloy
4A from that of alloy 9A. In this case, although there is
difference in the contents of the solution-strengthening
elements between these alloys, the effect of this difference
on the solidification change is negligible.

However, when the contents of solution-strengthening
elements are excessive in cobalt-based alloys, that is, they
are over their saturation in the solution matrix, some of
them may precipitate from the solution to form carbides or
intermetallic compounds, which will influence the solidi-
fication behavior of the alloys significantly. For example,
when Mo is less, as in alloy 2B and alloy 5B, it remains in
the solution matrix as a solute, but when its content reaches
a certain level, as in alloy 1B, alloy 3B and alloy 4B, it
precipitates from the matrix to form intermetallic com-
pounds, which changes the solidification behavior of theses
alloy greatly. Similarly for Ni, as its content is excessively
high, as in alloy 5B, it precipitates from the matrix to form
Ni-Si intermetallic compounds [20], which changes the
solidification behavior of this alloy.

In addition, comparing between alloy 1A and alloy 4A,
which have a close C content, but the former has high
contents of solution-strengthening elements than the latter,
it is found that the alloy with high contents of solution-
strengthening elements has lower solidification tempera-
ture, lower solid solution transformation temperature, and
narrower solidification range than the one with lower
contents of solution-strengthening elements; see Table 3.
According to the binary diagrams of Co—Cr and Co—-W [21,
22], increase in the contents of the solution-strengthening
elements Cr and W would decrease the transformation
temperature of the solid solution. For multi-element alloy
systems, the relation of the eutectic temperature to the C
content is more complex than for binary alloy systems. The
eutectic temperatures of alloy 1A and alloy 2A are very
close, although the latter contains more C than the former,
but between alloy 3A and alloy 4A the former with lower C
content has higher eutectic temperature. Furthermore, alloy
3A and alloy 4A have a wider solidification range than
alloy 1A and alloy 2A. This is due to the fact that alloy 1A
and alloy 2A contain higher levels of Cr and W, which
decreases the primary phase transformation temperature,
while the eutectic temperatures of these four alloys are
close, thus leading to the narrower solidification range of
alloy 1A and alloy 2A.

Conclusions
Cobalt-based alloys are multi-element alloy systems.
Chemical composition influences the solidification behav-

ior of these alloys significantly. However, the effects of the
constituents on the solidification behavior of these alloys
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are very complex due to the multi-element constitution and
the metallurgical complexity. The DSC technique provides
an effective approach to investigation of this issue. The
microstructural analyses of the solidified DSC samples
have confirmed and explained the DSC results, helping
understand these effects.

It is found that the presence and contents of carbon and
boron dominate the solidification behavior of cobalt-based
alloys and the effects of solution-strengthening elements
are nearly negligible when the contents of the solution-
strengthening elements, W, Mo, and Ni are within their
saturation in the solution matrix.

Solution-strengthened alloy, which contains no carbon,
has a higher solidification temperature and a narrower
solidification range, compared with carbide-strengthened
alloys. Addition of carbon decreases the solidification
temperature and increases the solidification range. Addition
of boron greatly lowers the solidification temperature. With
a same level of carbon, increase in the contents of solution-
strengthening elements reduces the solid solution trans-
formation temperature and the eutectic temperature.

When molybdenum content excesses a certain level
(about 12 wt%), it forms intermetallic compounds with Co
and Si when Si content is high, or with Co only when Si
content is low, which changes the solidification behavior
significantly. Similar to molybdenum, as nickel content
reaches a certain level (about 28 wt%), it forms Ni-Si
intermetallic compounds when Si content is also high.
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