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Microstructures Comparison of Stellite 6 Alloy by Self-

Propagating High-Temperature Synthesis and Cast HS111 

Alloy
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Abstract: The microstructures of as-SHSed Stellite 6 and as-cast HS111 were investigated by SEM, XRD and EPMA. It was shown 

that there is significant similarity in the microstructures of as-SHSed Stellite 6 and as-cast HS111. But carbides of continuous cast 

HS111 alloy can form single and uniform carbides phase.
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Cobalt-base super-alloys were found in the early 1900s. 

After that, the Stellite alloys have effected important industrial 

materials for example cutlery, machine tools and wear-resistant 

hard facing applications

[1]

. The recent discovery of the stable 

ternary Co

3

(Al,W) intermetallic compound with a close-packed 

L1

2

 structure

[2]

 provides a pathway for development of a new 

class of load-bearing, cobalt-base high-temperature alloys. 

This novel Co-Al-W based alloy system reinforced with high 

volume fractions of the L1

2

 compound offers new possibilities 

for application in severe environments(above 1173 K), such as 

in industrial combined cycle power-generation systems, and 

has a great promise as candidates for next-generation 

high-temperature materials

[3]

.

Stellite 6 with nominal composition Co-28Cr-4.5W-1.2C was the 

first Stellite alloy developed in the early 1900s by Elwood 

Haynes. In recent years there have been investigations on the 

effect of additions of alloying elements

[4-6]

 on the microstruc-

ture and mechanical properties of Stellite 6. It has been shown 

that addition of W and Mo will influence the corrosion be-

havior by stabilizing the face centered cubic (fcc) phase

[7]

.

Solid solution strengthening of Co-base alloy is normally pro-

vided by adding of tantalum, tungsten, molybdenum, chro-

mium and columbium

[1]

. Currently, the use of Stellite alloys 

has extended into various industrial sectors such as pulp and 

paper processing, oil and gas processing, pharmaceuticals, 

chemical processing, and the need for improving of Stellite 

alloys has increased. It has been recognized that processing 

will affect the microstructure of Stellite alloy

[8]

.

Combustion synthesis, or self-propagating high temperature 

synthesis (SHS), relies on the ability of highly synthesis reaction, 

the exothermic reactions to be self-sustaining. Compared with 

conventional processing methods, combustion synthesis has   

the following advantages: the simple exothermic nature of  

the process avoids the need for expensive processing facilities 

and equipment; the short processing time results in low       

operating and processing costs, and so on. Because of these ad-

vantages of the process, it is possible to produce novel materials 

with improved mechanical, electrical, optical, and chemical prop-

erties, such as high-temperature intermetallics and composite ma-

terials.

It is well known that the nominal chemical composition 

of cobalt-base alloy Stellite 6 and HS111 alloy have similar 

content of all kinds of primary elements such as cobalt, 

chromium and tungsten; moreover, both them are used as im-

portant industrial materials. The focus of this work is to com-

pare the microstructures of a cobalt-base alloy Stellite 6 

manufactured by SHS with HS111 alloy by continuous casting 

process.
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1 Experimental

Elemental powders of tungsten (0.98 µm, 99.8% purity), 

aluminum (3.59 µm, 99.5% purity), cobalt oxide (Co

3

O

4

) 

(4.5 µm, 99.0% purity) and carbon (<30 µm, 99% purity) 

were used as starting materials. The powders were mixed 

by ball mill (ratio of the ball to starting powders was 1.3:1, 

time 90 min and rotation speed 800 r/min). 30 grams of 

mixed reactant powders were pressed into a pellet, and 

subsequently ignited by tungsten inert gas (TIG) arc weld-

ing in the graphite crucible. Commercial HS111 by con-

tinuous casting process was used as comparison sample. 

These alloys are hereafter referred to as SHSed Stellite 6 

and HS111 alloy, respectively.

The chemical composition of both samples measured by 

EDXRF analysis is given in Table 1. The phases were ex-

amined and analyzed using the electron probe microscopy 

analysis (EPMA). XRD analyses were performed on the 

Rigaku D/max-IIB X-ray diffractometer with a Cu Kα ra-

diation (λ=0.15406 nm), operating at 40 kV and 20 mA. 

The scanning speed was 4°min

-1

.

Optical microscopy and scanning electron microscopy 

(SEM) were used in the initial stages of the program for 

characterization of the materials in the as-received condi-

tions. The microstructure and the size and distribution of 

the carbides were assessed for both alloys. The samples for 

SEM observation were etched electrolytically in a solution 

consisting of 5% perchloric acid in methanol at about 20

°C. The SEM used in this study is equipped with a LaB6 

gun, and is capable of operating as a conventional 

high-vacuum SEM. It is fully equipped with a range of 

secondary electron (SE) and back-scattered electron (BSE) 

detectors.

2 Results

Fig.1 shows the shape of the sample ignited by tungsten 

inert gas (TIG) arc welding. The density of SHSed Stellite 

6 alloy is about 8.5 g/cm

3

 and the residual Al

2

O

3

 about 2.8 

g/cm

3

; obviously, the residual has been separated from 

SHSed Stellite 6 alloy and floated on the surface of the 

sample.

Table 1  Chemical compositions of SHSed Stellite 6

and HS111 alloy

Mass fraction/%

Manufacturing

technique

Co Cr W Fe Mn Mo Ni Al C Si

SHSed

Stellite 6

55.85 28.52 3.93 3.70 0.47 0.92 2.78 1.48 1.26 1.09

HS111

alloy

55.39 28.50 4.52 4.43 1.94 � 2.60 � 0.84 1.78

Original

Stellite 6

55.47 28.70 3.90 4.20 0.30 3.26 1.60 � 1.57 1.00

Fig.1  Shape of the sample by combustion synthesis

Fig.2 shows the optical micrographs of the HS111 alloy 

(a) and (b), SHSed Stellite 6 alloy (c) and (d). Cobalt-base 

superalloys consist of a continuous fcc matrix and a variety 

of carbides, mainly coarse primary M

23

C

6

, M

7

C

3

 and MC. 

A “light” phase has fcc structure and etched difficulty, as a 

nobler phase. On the contrary, a “dark” phase is etched 

more easily, as a less noble phase that has hcp-structure

[9]

.

The first phase to form during cooling from the liquid state 

of the Stellite 6 alloy produced by SHS processing is the 

primary Co-rich dendrite and the remaining liquid eventu-

ally solidifies into an interdendritic, intimate lamellar mix-

ture of Co-rich phase and Cr-rich carbides

[10]

 by a eutectic 

reaction.

The carbides contribute significantly to strengthening the 

rich γ-Co matrix. The carbides form upon alloys cooling 

down in shell mold. They precipitate at grain boundaries 

and in interdendritic regions. During service at high tem-

perature, secondary carbides usually are M

23

C

6

, precipitates. 

The fine secondary carbide pins up dislocations that hard-

ens the matrix. Obviously, the morphology, distribution 

and size of the secondary carbides will affect precipitation 

hardening effect

 [11]

.

Fig.2  Micrographs of HS111 alloy (a) and (b) , SHSed Stellite 6

alloy (c) and (d), the carbides (dark gray) and Co-rich

matrix (light gray)

Residual

Stellite 6

alloy

50 µm

a

25 µm

b

100 µm

c

Carbide

50 µm

d

Co-rich

matrix
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Fig.3 shows the morphologies  and distribution of the 

carbide phases of HS111 alloy (a) and SHSed Stellite 6 al-

loy (b). In this backscattered electron image, the chro-

mium-rich Cr

7

C

3

 carbide displays dark color and the CrC 

carbide rather light. It is observed that Cr

7

C

3

 carbide is in 

the form of rods or irregular aggregates, while CrC is pre-

sent as a discrete, blocky dispersion with well-distributed 

Chinese script morphology. Such a morphology of CrC is 

also observed in the as-cast DZ40M alloy

[11]

. Evidently, the 

formation of CrC is attributed to the addition of reactive 

elements Ta, Ti and Zr. Both the Cr

7

C

3

 and CrC carbides 

are located at grain boundaries or in interdendritic regions, 

forming a continuous network around the columnar grained 

matrix.

In the continuous casting process of HS111 alloy, the 

microstructure consists of γ-Co solid solution (light region)

and an interdendritic eutectic comprising γ-Co solid solu-

tion with M

7

C

3

 carbides. In contrast, the SHSed Stellite 6

comprises spheroidal carbides with average dimension 5 

µm, which are uniformly distributed in the γ-Co matrix .

Fig.4 and Fig.5 show the semi-quantitative analysis of 

SHSed Stellite 6 and HS111 alloy for localized regions, 

respectively. Measured chemical composition of the 

SHSed Stellite 6 and the HS111 alloy localized regions by

EPMA are presented in Table 2 and 3. From the specific

carbide (Fig.4 point 2 and Fig.5 point 1) and matrix (Fig.4 

point 1 and Fig.5 point 2), it is noted that primary elements 

of the points have the approximately same content, respec-

tively, such as cobalt, chr omium, tungsten  and carbon. That 

is to say, the carbides types and form are analogical. In 

agreement with other papers

[12]

, the matrix was found to be 

Co-rich and the carbides Cr-rich, although there is evi-

dence to suggest there are other elements in the carbide 

phase.

From Fig.4 and Table 2, it is also concluded that the 

primary phase of point 1 is γ-Co matrix, in respect that co-

balt content is distinctly much higher than the others. The 

carbon content of point 2 and the oxygen content of point 6 

exceed the other points, respectively. Consequently, we 

identified that the white point was aluminum oxidation

(Al

2

O

3

), because the liquid alloy has not kept enough time 

Fig.3  Micrographs of the carbides of HS111 alloy (a) and SHSed

Stellite 6 alloys (b) (light gray is the carbides, and dark gray

is the Co-rich matrix)

Fig.4  The semi-quantitative analysis of SHSed Stellite 6 alloy

for localized regions (point) 

Table 2 Measured chemical composition of SHSed Stellite 6

localized regions by EPMA

Mass fraction/%

Point

Co Cr W Fe Ni Mo Al C Si O

1 62.387 24.01 � 4.019 3.663 � 1.531 4.390 � �

2 35.091 33.537 5.746 2.695 � 2.094 0.774 19.054 1.009 �

3 42.542 27.031 12.213 2.788 � 4.237 0.965 7.975 2.249 �

6 5.340 4.327 57.072

Fig.5  The semi-quantitative analysis of HS111 alloy

for localized regions (point)

Table 3  Measured chemical composition of HS111 localized

regions by EPMA

Mass fraction/%

Point

Co Cr W Fe Mo Ni C Si

1 28.105 32.584 8.188 2.903 1.041 2.173 9.723 0.996

2 42.779 19.527 � 4.250 � 3.112 5.522 1.208

3 50.730 32.513 6.464 4.703 1.639 3.979 � 1.611

on SHS processing. So, the residual is mainly aluminum 

oxidation (Al

2

O

3

) and locates on the interface. In the same 

way, from Fig.5 and Table 3, we can draw that point 2 is 

γ-Co matrix, point 1 is carbides and point 3 is intermetal-

lics.

Fig.6 shows XRD patterns of HS111 alloy (a), SHSed 

Stellite 6 alloy (b) and the residual (c). XRD analysis 

shows  a substantial contrast in the relative intensities of the 

2θ peaks for the HS111 alloy (Fig. 6a) and SHSed Stellite

6 alloy (Fig. 6b). As far as possible, the different phases 

have been identified using the indexing facility on the MDI 

5 µm

a

10 µm

CrC

Cr

7

C

3

b

30 µm

2

3

1

6

9.5 µm

1

2

3
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Fig.6 XRD patterns of (a) cast HS111 alloy, (b) SHSed Stellite 6 alloy, and (c) the residual

Jade software. The samples include a large number of car-

bides such as Cr

7

C

3

 and Cr

23

C

6

, which are basically chro-

mium carbides containing cobalt in substitution from 

chromium and MC carbides. From Fig.6c, we can conclude 

that the residual consisted of aluminum oxidation (Al

2

O

3

) 

and other complicated compounds, which are resulted from 

the exothermic reaction.

Upon comparing Fig.6a with 6b, it can be seen that the 

sample of SHSed Stellite 6 has never undergone 

heat-treatment and as a result the phase composition is 

relatively complicated and carbides (MC) phase transfor-

mation have not changed. Because solidification rate R of 

the SHS processing Stellite 6 is much higher than that of 

the continuous casting process (HS111), some 

non-equilibrium phase can exist in SHSing at high tem-

perature. Nevertheless, the continuous casting process 

(HS111) can sustain lower solidification speed. Accord-

ingly, under this condition, metastable phase could not ex-

ist long, and the carbides of continuous casting HS111 alloy 

will change into pure and uniform carbides phases.

3 Discussions

The chemical compositions of SHSed Stellite 6 and the 

HS111 alloy are very similar, so it is necessary to observe

and analyze the type, size, shape and amount of carbides 

formed after these processing methods. In literatures, two 

main types of carbides have been reported for cobalt-based 

alloys. They are chromium-rich carbides ( Cr

3

C

2

, Cr

7

C

3

and 

Cr

23

C

6

) and refractory-element-rich carbides (M

6

C and 

MC). In this paper, a small quantity of carbides and inter-

metallics show atomic formula of Fe-Cr-Ni-C of the 

SHSing process (Stellite 6) because of the specimen’s 

un-heat-treatment. Domalavage

[13] 

suggested a transforma-

tion of M

7

C

3

 and M

23

C

6

 during ageing in Stellite X40 cast-

ing as follows:

23M

7

C

3

=7M

23

C

6

+27C

This demonstrates that a non-equilibrium structure can ex-

ist in Co castings at high temperatures. Zhuang and 

Langer

[14]

 reported that in cast Co-Cr-Mo alloys, the com-

position of the carbides depends on the process conditions. 

By changing the cooling rate, they found that the chemical 

composition of carbide particles and the crystal structure 

will change to a certain extent.

Considering the work reported in the literature, it 

would be found that the carbides formed during SHS proc-

essing and continuous casting process would differ in the 

chemical composition, crystal structure and the physical 

morphology indeed. This is confirmed by microscopy and 

XRD. The chromium-rich carbides Cr

23

C

6

, Cr

7

C

3

 formed 

during SHS processing probably have more Cr and the 

crystal structure is much more stable after heat treatment 

for SHSed Stellite 6.

4 Conclusions

1) The cobalt-rich main matrixes in the HS111 alloy and 

SHSed Stellite 6 have an unstable fcc structure at room

temperature. In SHSed Stellite 6, different kinds of car-

bides are distributed over the interdendritic regions as

granular shapes, not as lamellar eutectic as seen in the

original Stellite 6 alloy.

2) Upon comparing the continuous casting process 

HS111 alloy with SHSed Stellite 6, two specimens have 

similar microstructure and metastable phase carbides.
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