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Abstract Stellite alloys are a family of superalloys,

which can be categorized as CoCrW and CoCrMo systems.

Ten selected Stellite alloys from these systems, with low

carbon or high carbon content, are studied with respect to

solidification and microstructure using differential scan-

ning calorimetry (DSC), scanning electron microscopy

with an energy dispersive x-ray spectroscopy, and x-ray

diffraction. The objective of this work is to investigate the

effects of carton content and other alloying elements on the

solidification behavior and associated microstructure of

Stellite alloys, to provide the materials industry with

technical guidance in design, manufacturing, processing,

and heat treatment of these alloys. The phase transforma-

tion temperatures of these alloys during heating and cool-

ing are determined under the DSC test. The solidified

microstructures and the phases present are analyzed and

discussed with emphasis on the relation to chemical

composition.
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Introduction

Stellite alloys are cobalt-based superalloys, which display

exceptional properties including high-temperature strength,

wear/erosion, and corrosion/oxidation resistance. These

alloys contain mainly alloying elements chromium (Cr)

and tungsten (W) or molybdenum (Mo) as well as a small

amount of carbon (C), in addition to cobalt (Co). The al-

loying behavior of many elements within Stellite alloys has

been studied and they are known to provide a variety of

behavior, as reported in the literature [1–15].

Stellite alloys can be generally grouped into two cate-

gories: CoCrW system and CoCrMo system. The main

difference in Stellite alloy grade is C content, hence the

amount and type of carbides formed in the alloys. Based on

C content, Stellite alloys are classified as high-C alloys

designed for wear service; low-C alloys for high-tem-

perature service; and low-C alloys to combat corrosion or

simultaneous corrosion and wear [1]. Although Stellite

alloys have been extensively studied because of their wide

and popular application, no sufficient investigation of the

solidification behavior and associated microstructure of

these alloys has been reported, in particular, relating these

characteristics to their chemical composition. However,

lack of this understanding has caused problems in industry

where these materials are employed. For example, design

of the sintering cycle for a powder metallurgy (PM) pro-

cess or heating cycle for a heat treatment process of Stellite

alloys requires information on phase transformation tem-

peratures of the alloys during melting and solidification.

For tribological applications, various wear modes involve

different wear mechanisms. The microstructure and phases

present determine the response of Stellite alloys to wear in

different modes [16, 17]. Therefore, understanding these

can help properly select Stellite alloys for designated
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applications. To this end, ten Stellite alloys were selected

to cover the two main categories with various C contents.

They were studied with respect to phase transformation

behavior in heating and cooling processes, and the mi-

crostructure with phases developed during solidification.

The focus of this research was on the relations of chemical

composition to solidification behavior and associated mi-

crostructure of Stellite alloys. The significance of this re-

search is that the research outcomes can provide the

material industry with technical guidance in the design,

manufacturing, processing, heat treatment, improvement,

and application of Stellite alloys.

Experimental

Ten Stellite alloys were selected from the CoCrW and

CoCrMo systems; their chemical compositions are given in

Table 1. These alloys are divided into three groups, as indi-

cated in Table 1. Group A has four alloys from the CoCrW

system, with W content varying between 4.5–32 wt% and

high-C content in a range 1.2–2.4 wt%. Special attention

should be paid to alloy A4; it contains very high-W content

(32 wt%). The alloys in group B and group C are all from

CoCrMo category, but the former has low-C content

(\0.35 wt%) and the latter high-C content ([1.2 wt%).

For DSC analysis, the sample of each alloy was cut from

cast products with a mass 20–30 mg. The maximum

heating temperature was set to 1500 �C owing to the high

melting point of Co. The samples were heated to 100 �C
and held for a dwell time of 20 min, then continuously

heated up to the ultimate temperature, held for 10 min, and

finally cooled to room temperature. The heating and

cooling rates were set at 10 �C/min. The phase transfor-

mation behavior of the material during heating and cooling

processes was characterized by the DSC curve.

The solidified alloy samples from the DSC tests were

then mounted by encapsulating into phenolic plastic

compounds for microstructural analysis. The samples were

metallographically prepared to a 1 lm alumina finish and

electrolytically etched in a solution of 9 g CrO3, 15 mL

HCl, and 150 mL H2O at 3 V for 10 s.

The microstructural analyses of the ten alloys were

conducted on a scanning electron microscope (SEM)

equipped with an energy dispersive spectroscopy (EDS)

detector for elemental analysis and quantitative mapping.

The phases in the microstructures were identified using the

x-ray diffraction (XRD) with Cu Ka radiation.

Results

Microstructure and Phase

SEM images of solidified microstructure from the three

groups of alloys are presented in Figs. 1, 2, 3. The common

features in microstructure of these alloys are black and

white phases uniformly distributed within a gray matrix.

EDS was performed on each phase of these alloys to in-

vestigate their compositions and XRD was conducted on

each of the alloys to identify the phases present.

For group A, the EDS spectra in Fig. 4 reveal that the

gray phase is Co-rich, the black phase is Cr-rich, and the

white phase is W-rich. The XRD patterns in Fig. 5 identify

that the gray phase is face-centered cubic (fcc) Co solid

solution and no hexagonal close-packed (hcp) phase is

detected; the black phase is Cr7C3 carbide and the W-rich

phase is (Co,W)6C carbide in alloy A2 and alloy A3, but no

W-rich carbides are detected in alloy A1 due to the very

small amount, instead two types of Cr-rich carbides, Cr7C3

and Cr3C2, are identified. In addition, although a small

amount of B (1 wt%) is added to alloy A3, no B-containing

phases are detected by the XRD analysis. This may be due

to the resolution capacity of the XRD device used in this

research, which is limited to detect phases in very small

quantities. Different from the other three alloys in group A,

Table 1 Chemical

compositions (wt%, Co in

balance) of selected Stellite

alloys

Alloy Cr W Mo C Fe Ni Si Mn Others

Alloy A1 29 4.5 1.5 1.2 3 3 1.5 1

Alloy A2 30 8.3 1.4 3 1.5 0.7 2.5

Alloy A3 30.5 12.5 2.4 5 3.5 2 2 1B

Alloy A4 22 32 1.5

Alloy B1 27 5.5 0.25 3 2.75 1 1

Alloy B2 27 11 0.25 3 2.75 1 1

Alloy B3 24 11.8 0.35 1 3.8 0.45 0.52 2.07Nb

Alloy C1 29 5 1.2 3 3 1.5 1.5

Alloy C2 29 8.5 2 3 3 1.5 1.5

Alloy C3 33 18 2.5 3 3 1.5 1.5 0.3B
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alloy A4 contains a large volume fraction of white phase

and minor black phase; the white phase is identified to be

(Co,W)6C and Co4W2C carbides and the black phase is

Cr7C3 carbide.

For group B, similar to group A, the gray phase is the Co

solid solution matrix with the black and white phases

embedded. However, the amounts of the black and white

phases in alloy B1 are very small. Alloy B2 contains a

small amount of black phase but large amounts of white

phase. No black phase is observed in alloy B3. The EDS

analyses found the black phase to be Cr-rich. The spectra in

Fig. 6 show the white phase is Mo-rich and a small amount

of Nb is also presented in the white phase of alloy B3. The

XRD patterns in Fig. 7 indicate that the Co solid solution

in these alloys is in fcc form, the black phase in alloy B1

and alloy B2 is Cr23C6 carbide, and the white phase is

Co3Mo intermetallic compound. NbC carbide is found in

alloy B3 but this alloy does not have Cr-rich carbide. The

reason for this is because of the presence of Nb, which has

stronger affinity to C than Cr [18], so that the small amount

of C (0.35 wt%) in this alloy forms carbides easier with Nb

than with Cr. Since the EDS analysis detects Nb present in

the white phase, it is inferred that NbC carbide is mixed

with the Co3Mo intermetallic compound in the eutectic.

The reason why this carbide phase is not observed in the

SEM image of microstructure can be three: (1) NbC car-

bide is in the same color with Co3Mo intermetallic com-

pound in SEM image; (2) NbC carbide is in small

quantities due to both low Nb and C contents in this alloy;

and (3) NbC carbide may be tiny and dispersed within the

Co3Mo intermetallic compound.

For group C, the SEM image at 9500 (Fig. 3d) cannot

display the entire microstructure of alloy C3 because the

primary black phase in this alloy is very large in size but is

distributed sparsely in the microstructure. Meanwhile, the

eutectic phase in this alloy is too small to see in detail at

low magnifications. Therefore, the lower magnification of

9100 and higher magnification of 91500 were also used

Fig. 1 SEM microstructures at 9500: (a) alloy A1, (b) alloy A2, (c) alloy A3, and (d) alloy A4
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for alloy C3. As observed in Fig. 3, Alloy C1 has large

amounts of black phase and minor white phase embedded

in the gray matrix, while alloy C2 has increased amounts of

white phase and larger sizes of both black and white

phases, compared with alloy C1. In the 91500 image in

Fig. 3(e), alloy C3 has four distinct phases in black, white,

gray, and light gray, respectively. The EDS analyses found

that the black phase is Cr-rich; the spectra in Fig. 8 show

that the white phase is Mo-rich and the light gray phase is

also Cr-rich. The XRD analysis results reveal that the

matrices of these alloys are fcc Co solid solution; the Cr-

rich black phase of alloy C1 includes Cr7C3 and Cr3C2

carbides; the Cr-rich phase is Cr7C3 carbide and the white

phase is (Co,Mo)3C carbide in alloy C2; and the Cr-rich

phases in black and light gray of alloy C3 are all Cr7C3 and

the white phase is (Co,Mo)3C (Fig. 9).

To quantify the carbides and intermetallic compounds in

the alloys under study, the volume fractions of these

components in these alloys were measured using SEM; the

results are reported in Table 3. Alloy A4 has the largest

volume fraction of carbides, followed by alloy C3. Alloy

B1 has the least; the other two in this group also have less

volume fractions of carbides and intermetallic compounds,

compared with the other groups.

Phase Transformation Temperature

The phase transformation curves of the three groups of

Stellite alloys were obtained from the DSC tests; but as

examples, only the curves for one alloy from each group

are presented in Fig. 10. These curves characterize the

melting and solidification behavior of the alloys during

heating and cooling, showing the phase transformation

temperatures. For each alloy, the phase transformation

curve comprises two parts: heating (melting) and cooling

(solidification). Stellite alloys are multi-phase alloys,

typically consisting of primary phase (either Co solid so-

lution or carbides) and eutectic phase. Accordingly, on the

phase transformation curves, generally there are two main

exothermic peaks representing the two-phase transforma-

tions in both the heating and cooling processes, but seg-

regation and secondary precipitation may occur in the

alloys, which generate additional peaks on the curves; as

seen in Fig. 10(c) for alloy C2, the first small peak on the

cooling curve represents the segregation of the primary

phase. However, for alloy B1, since the amounts of car-

bides and intermetallic compounds are very small, the

eutectic phase solidification cannot be detected by the DSC

analysis. As a result, on both the heating and the cooling

curves, there is only one peak representing the melting and

solidification of the solid solution, as shown in Fig. 10(b).

The critical data on the phase transformation curves

include melting point, Tm, which is the temperature cor-

responding to the highest or strongest peak on the heating

curve; primary phase solidification temperature, Tp, which

is the temperature corresponding to the first large peak on

the cooling curve (small peak represents segregation);

eutectic phase solidification temperature, Te, which is the

Fig. 2 SEM microstructures at 9500: (a) alloy B1, (b) alloy B2, and

(c) alloy B3
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temperature corresponding to the second large peak on the

cooling curve (small peak represents segregation or sec-

ondary precipitation); and the solidification range, DT,

which is the temperature range between the start of

solidification (starting of the first peak) and the end of

solidification (ending of the last peak) on the cooling curve.

Fig. 3 SEM microstructures: (a) alloy C1 at 9500, (b) alloy C2 at 9500, (c) alloy C3 at 9100, (d) alloy C3 at 9500, and (e) alloy C3 at 91500
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Fig. 4 EDX spectra for the alloys of group A: (a) gray phase, (b) black phase, and (c) white phase
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The critical phase transformation temperatures for the three

groups of alloys are summarized in Table 2. It is shown

that the alloys of group B, which contain low C, have

higher melting point and higher primary phase solidifica-

tion temperature than the alloys of the other groups, but

this group of alloys has much smaller solidification ranges,

compared with the other groups. However, there is no

distinct difference in phase transformation behavior be-

tween group A and group C, which are both high-C Stellite

alloys, although they are CoCrW system and CoCrMo

system, respectively.

Discussion

Effects of Carbon

Carbon content in Stellite alloys governs the amount of

carbides precipitated in the alloys, thus determining various

properties of the alloys such as mechanical strength, high

temperature, wear, and corrosion resistance, because car-

bides are the main strengthening agent of the alloys.

Depending on C content, Stellite alloys may be hypoeu-

tectic or hypereutectic. When C content is less than 2 wt%,

the alloys are hypoeutectic; otherwise they are hypereu-

tectic [2]. However, other alloying elements, such as W

and Mo, can change this convention [19, 20]. Among the

alloys under investigation, alloy A3, alloy C2, and alloy C3

are hypereutectic, according to their C contents, with the

Cr-rich carbides being the primary phase. However, alloy

A4, although it has lower C content (1.5 wt%), is also

hypereutectic, with the W-rich carbides being the primary

phase, due to the very high-W content (32 wt%).

The carbide volume fractions of the alloys, reported in

Table 3, demonstrate the carbon-dependence. It is evident

that the carbide volume fraction is generally proportional to

the C content. The alloys of group B contain very low-C

content so that they have the least volume fractions of

carbides. Alloy A3 and alloy C3 contain very high-C

content; therefore, they have large volume fractions of

carbides. However, due to the very high-W content, alloy

A4 has larger volume fraction of carbides than alloy A3

and alloy C3, although it contains lower C content than the

two alloys, because large amounts of W-rich carbides are

precipitated in this alloy.

From DSC data in Table 2, hypoeutectic Stellite alloys

generally have higher melting point than hypereutectic

ones. The alloys of group B are all hypoeutectic; accord-

ingly, they have higher melting point. Within group A,

alloy A3 and alloy A4 are hypereutectic; consistently, they

have lower melting point than the other alloys of the group.

Similarly, among the alloys of group C, only alloy C1 is

hypoeutectic and its melting point is higher than that of the

other two alloys in the group. Besides, the low-C Stellite

alloys, that is, the alloys of group B, have smaller so-

lidification range. This may be due to less amounts of

carbides and intermetallic compounds, which result in

shorter time of the eutectic solidification during cooling.

Effects of Tungsten and Molybdenum

In addition to C, W and Mo also play an important role in

the microstructure of Stellite alloys. In high-C Stellite al-

loys, high-W and Mo contents can induce W-rich carbides

in CoCrW system and Mo-rich carbides in CoCrMo sys-

tem. Furthermore, excessive W content can result in a

hypereutectic alloy with lower C content, as demonstrated

by alloy A4. It can be inferred that if the Mo content in

High-C CoCrMo system is increased to a very high level

(*32 wt%), similar to the W content in alloy A4, the

primary phase of this alloy would be Mo-rich carbides,

instead of Cr-rich carbides.

In low-C Stellite alloys, high-Mo content can generate

Mo-rich intermetallic compounds, as observed on the al-

loys of group B. In high-C Stellite alloys, the amounts of

W-rich and Mo-rich carbides increase with the W and Mo

content in these alloys. This is due to W and Mo when

present in small quantities, W and Mo in Stellite alloys

exist in the solution matrix as solute atoms to provide

Fig. 5 XRD patterns for the alloys of group A
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additional strength; but with the increase of their contents,

the extra W and Mo form carbides with C. Due to high-C

content, the higher the W and Mo contents, the more the

amounts of the W-rich and Mo-rich carbides are formed in

the alloys, since the solid solution matrix has been

saturated with W and Mo and cannot take any more W and

Mo.

Carbide Versus Intermetallic Compound

Carbides are the main strengthening agent of Stellite

alloys; however, it is common to increase the wear resis-

tance of these alloys by inducing intermetallic compounds.

As demonstrated by the alloys of group B, adding more Mo

in low-C Stellite alloys can generate Co3Mo intermetallic

compounds. To investigate if the intermetallic compound

has similar effects to the carbides in Stellite alloys, the

hardness of the selected alloys was measured using a

Wilson Series 2000 Rockwell Hardness Tester; the average

values are illustrated in Fig. 11. Linking the results in

Table 3 with those in Fig. 11, it can be seen that the
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Fig. 6 EDX spectra for the alloys of group B: (a) white phase in alloy B1 and alloy B2 and (b) white phase in alloy B3

Fig. 7 XRD patterns for the alloys of group B
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hardness of Stellite alloys increases with the volume frac-

tions of carbides and intermetallic compound in the alloys.

Attempts have been made to measure the hardness of

various carbides in Stellite alloys such as Cr7C3 and

(Co,W)6C, and Co3Mo intermetallic compound using the a

microhardness tester. The hardness test data for Cr7C3 and

(Co,W)6C are reliable, but not for Co3Mo. This is due to

the fact that the indentation can be made on single Cr7C3

and (Co,W)6C phases when they are the primary phase

owing to the large size, like the primary Cr7C3 in alloy C3

and primary (Co,W)6C in alloy A4, but Co3Mo is present in

the eutectic phase of the alloys in group B, which is mixed

with the carbide and Co solid solution; thus, the indentation

made on Co3Mo must cover other phases, resulting in

inaccurate results. The average hardness values of Cr7C3

and (Co,W)6C obtained from the microhardness test are

HV1404 and HV1356, respectively. Although the accurate

hardness value of Co3Mo cannot be obtained experimen-

tally, the overall hardness results of alloy A1 and alloy B3
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Fig. 8 EDX spectra for the alloys of group C: (a) white phase and (b) light gray phase in alloy C3

Fig. 9 XRD patterns for the alloys of group C
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Fig. 10 Phase transformation

curves: (a) alloy A1, (b) alloy
B1, and (c) alloy C2
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in Fig. 11 imply that Co3Mo has comparable hardness to

Cr7C3, because these two alloys have the same hardness

and similar volume fraction of carbides or intermetallic

compounds.

A reverse relationship between hardness and volume

fraction of carbide/intermetallic compound is observed in

alloy B2 and alloy B3. The former has slightly larger

volume fraction of carbide/intermetallic compound, but it

has lower hardness. This is not well understood because the

white phase of alloy B3 contains minor NbC mixed with

Co3Mo, which cannot be identified and quantified, as dis-

cussed above. The authors hypothesize that (1) the quan-

tities of Co3Mo in these two alloys are not equal and/or (2)

NbC and Cr3C2 have different hardnesses.

Conclusions

The typical microstructure of Stellite alloys consists of

various carbides dispersed in a tough Co solid solution

matrix. Carbon content is the key factor that determines the

microstructure of these alloys. Depending on the C content,

the alloy can be hypoeutectic (\2 wt% C) or hypereutectic

([2 wt%C). However, other alloying elements such as W

and Mo also play an important role in the microstructure by

forming W-rich and Mo-rich carbides.

Most carbides in Stellite alloys are Cr-rich, but when

W and Mo are present in large quantities, they can in-

duce W-rich and Mo-rich carbides in high-C Stellite al-

loys and Mo can generate Mo-rich intermetallic

compound in low-C Stellite alloys. The Mo-rich inter-

metallic compound in low-C Stellite alloys has similar

effects to the carbides in Stellite alloys on strengthening

the alloys hardness.

The Stellite alloys with a hypoeutectic microstructure

generally have higher melting point than those with a hy-

pereutectic one; in other words, the Stellite alloys with

larger volume fraction of carbides have lower melting

point. Additionally, low-C Stellite alloys have smaller so-

lidification temperature range than High-C ones.
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