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The effects of an elevated temperature and a 5 wt% silicon addition on the resultant 
microstructure and inherent phases of Stellite 6 were investigated by using room and high 
temperature optical microscopy, X-ray diffraction, scanning electron microscopy (SEM) and 
also bulk hardness and microhardness measurements. It has been observed that exposing 
Stellite 6 to heat treatments at 1000~ results in a characteristic textured structure and 
coarsening of interdendritic regions due to bulk diffusion. In addition, both dendritic and 
interdendritic hardness values increase due to texture formation and increased amounts of 
carbide and intermetallic phases, respectively. On the other hand, silicon addition to Stellite 
6 causes the transformation of the original spongy dendritic microstructure in as-cast Stellite 
6 to a eutectic dendritic and skeleton interdendritic structure. Also, when silicon added 
Stellite 6 was heat treated at 1000 ~ particulates emanating from the interdendritic skeleton 
become irregularly dispersed in the dendritic region. In addition, similarly to Stellite 6; a high 
temperature heat treatment results in an increase in hardness values of silicon added Stellite 
6 due to the presence of an Co2 Si intermetallic phase. 

1. Introduction 
Cobalt-base superalloys are used in wear-related en- 
gineering applications at temperature ranges of 
650-1100~ [1 3]. Stellite is a commercial cobalt- 
base wear resistant superalloy that was originally de- 
veloped with a cobalt-chromium composition which 
has been modified by the addition of elements such as 
tungsten, molybdenum, silicon and iron [3-5]. The 
mechanical properties of cobalt-base superalloys 
strongly depend on the presence of precipitated phases 
such as carbides, intermetallics and also their micro- 
structures. 

Although pure cobalt has a phase transformation 
from a low-tempertaure hexagonal-closed packed (e- 
h.c.p.) structure to a high-temperature face-centered 
cubic (?-f.c.c.) structure at 417 ~ [4-8], most cobalt- 
base alloys are characterized by a face-centered cubic 
(7-f.c.c.) matrix containing second phases [8-11]. 
These second phases are various carbides and different 
intermetallic phases that are geometrically closed- 
packed phases (g.c.p.) with a A3B form such as 7-(Ni, 
Co)3(A1 , Ti), q-Ni3Ti and topologically closed-packed 
phases (t.c.p.) which can be seen in cobalt-base alloys 
such as cr-(Co, Ni)(Cr, Mo, W), ~-Co7W6, Laves (AaB) 
and re-(Co, Ni, Cr, W)C [9-12]. The study of the 
Co-Cr-C phase diagram shows that some carbides of 
cobalt are formed in cobalt-base alloys [6, 13]. 
Atamert and Bhadeshia [14] and Antony [3] have 
observed MTC 3 and M6C carbides in Stellite alloys. 
However, Boultbee and Schofield 1-15] have described 

a M7C 3 carbide in Stellite i grade and M23C 6 carbide 
in Stellite 6 grade. Rothman et al. [9] have also re- 
por t ed  M23C6, CrTC 3 and M6C types of carbides in 
Stellite 6. 

The aim of this investigation is to observe the effects 
of elevated temperature exposure and silicon addition 
on as-cast Stellite 6 alloy. For this purpose, analytical 
experimental techniques such as room and, high tem- 
perature optical microscopy, X-ray diffraction, scann- 
ing electron microscopy and also bulk hardness and 
microhardness measurements were utilized. 

2. Experimental procedure 
The Stellite 6 and 5 wt % Si added Stellite used 
in this investigation were received from a group work- 
ing on hardfacing alloys at Cambridge University 
[14]. Both alloys were melted in an arc furnace and 
were sand cast. The nominal chemical compositions 
of the alloys used in this investigation were respect- 
ively, Co--28Cr-4W-1C(wt %) and Co-28Cr~4W-1C- 
5Si (wt %). Characterization studies were conducted 
by using room and high temperature optical micro- 
scopy, scanning electron microscopy (SEM), X-ray 
diffraction, bulk hardness and microhardness testing 
on specimens prepared from both as-cast and heat- 
treated samples. 

In order to determine the microstructure of these 
alloys, samples for metallographic examination were 
studied in the standard manner. Metallographic 
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specimens were prepared by mechanical polishing and 
chemical etching in a 5 m l H 2 0  2 + 100mlHC1 
+ 5 ml H 2 0  solution. The microstructure of the 

alloys were observed in-situ using a high temperature 
Leitz optical microscope between 25-1000 ~ in order 
to determine microstructural changes and phase 
transformation. In addition, heat-treatments simula- 
ting the high temperature microscopy conditions were 
performed to produce X-ray diffraction samples for 
bulk phase analyses. These, heat-treatments were at 
1000 ~ for 30 min on as-cast Stellite 6 and silicon 
added Stellite 6 followed by an air cool. Data were 
taken on these samples in addition to as cast material. 
The secondary electron imaging (SEI) mode of Jeol 
JSM-T330 scanning electron microscope equipped as 
the Tracor TN-5500 energy dispersive spectro- 
meter (EDX) was used to examine changes in micro- 
structure and chemical compositions of both as-cast 
and heat-treated samples. A Vickers diamond in- 
dentor with varying loads was used on both as-cast 
and heat-treated samples to determine bulk hard- 
ness and microhardness of different microstructural 
regions. 

Figure 1 Optical micrograph of as-cast Stellite 6. 

3. Results and discussion 
Figs 1 and 2 show the microstructure of as-cast and 
heat-treated at 1000 ~ for 30 min under vaccum Stel- 
lite 6 in a hot-stage optical microscope, respectively. 
Fig. 1 shows a typical coarse dendritic microstructure 
with narrow interdendritic regions obtained as a result 
of sand-casting. When Stellite 6 was exposed to high 
temperatures, a structure with coarser interdendritic 

Figure 2 Optical micrograph of as-cast Stellite 6 heated to 1000 ~ 
under vacuum in a hot-stage microscope. 

T 
e -  

a Co(FCC) 15-0806 
b M23Ce(Cr-Co-Ni-C) 11-054-5 
c M23Ce(Cr-Co-Mo-C) 37-1229 
d Co7W 6 2-1091 
e C%W 2-1298 

b I a e l  

b e 
c 

~v v ,wr 
r ~ "  " ~  w ~ ' ' "  , �9 i , , i  

45. 35 25 15 

�9 4 2e (deg)  

Figure 3 X-ray diffraction data of as-cast Stellite 6. The phases identified from JCPDS powder diffraction files are indicated; 
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Figure 4 X-ray diffraction data of as-cast Stellite 6 heated to 1000 ~ and then cooled in the air. "['he phases identified from JCPDS powder 
diffraction files are indicated. 

regions and finer dendrites than those for the as- 
cast sample formed, as seen in Fig. 2. This is probably 
due to bulk diffusion taking place from dendrites to 
interdendritic regions. No significant changes in the 
microstructure of silicon added Stellite 6 were ob- 
served under vacuum in the hot-stage optical micro- 
scope. 

X-ray diffraction patterns were taken from both 
as-cast and heat-treated samples. Figs 3 and 4 show 
the X-ray data of as-cast and heat-treated Stellite 6, 
respectively. From the X-ray patterns (?-f.c.c.) Co, 
M23C6, Co7W6, Co3W phases were detected in the 
as-cast and heat-treated Stellite 6 which is in agree- 
ment with other work on this system [9-12]. Figs 5 
and 6 show the X-ray data of as-cast and heat-treated 
silicon added Stellite 6, respectively. These patterns 
reveal the presence of the (7-f.c.c.)Co, M23C6 and also 
a Co2Si phase which had not been reported in pre- 
vious studies [10, 11, 16]. On the basis of these X-ray 
diffraction experiments it appears that the addition of 
silicon to Stellite 6 favours the formation of a Co2Si 
phase over the cobalt-tungsten intermetallic phases 
CovW6 and Co3W observed in Stellite 6. Co2Si forms 
as a result of cobalt affinity for silicon due to a larger 
disparity in the periodic table between cobalt and 
silicon than that between cobalt and tungsten. In 
other words, with the addition of silicon to Stellite 
6 retained cobalt is scavenged by silicon. 

SEM micrographs and pertinent EDX results of 
as-cast and heat-treated Stellite 6 are given in Figs 7 
and 8, respectively. It is believed that the spongy 
appearance of the dendritic regions is a result of 
(,/-f.c.c.) Co-rich solid solution and uniformly distrib- 

uted intermetallic phase particles. Two phases distin- 
guished as darker and lighter grey colours can be 
depicted in interdendritic regions in Fig. 7(a and b). 
Based on the EDX analysis, the light grey region is 
rich in chromium which exists possibly in the form of 
M23C6. Considering both the EDX and X-ray diffrac- 
tion data together, the formation of complex M23C6 
carbides is expected in the interdendritic regions. Tex- 
tured structure in the dendritic and a characteristic 
two phase structure in the interdendritic regions are 
observed in the heat-treated sample (Fig. 8(a and b)). 
Incoherent intermetallic phases which exist as Wid- 
manstatten plates become oriented along the habit 
planes of the matrix phase forming the textured struc- 
ture in the dendritic regions. Evaluation of EDX ana- 
lyses given in Figs 7a and 8a indicates that the cobalt 
and chromium contents of the dendrites remain un- 
changed by heat treatment at elevated temperatures. 
However, as seen in Fig. 8b, a high temperature pro- 
motes bulk diffusion of tungsten from the dendrites to 
the interdendritic regions forming carbide phases 
and/or intermetallic phases (Co7W6 and Co3W) 
within the interdendritic regions. Furthermore, the 
interdendritic regions in the heat-treated sample 
are comprised of black lamellar and grey coloured 
zones. Based on this observation and EDX analysis 
(Fig. 8b), (7-f.c.c.) Co solid solution and complex 
M23C6 carbide phases coexist in the interdendritic 
regions [6, 10, 11]. 

The effect of silicon addition on the microstructure 
of as-cast and heat-treated Stellite 6 are given in Figs 9 
and 10, respectively. Silicon addition to Stellite 6 pro- 
motes the eutectic structure with dark dendritic and 
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Figure 5 X-ray diffraction data of as-cast silicon added Stellite 6. The phases identified from JCPDS powder diffraction files are indicated. 
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Figure 6 X-ray diffraction data of as-cast silicon added Stellite 6 heated to 1000 ~ and then cooled in the air. The phases identified from 
JCPDS powder diffraction files are indicated. 

white skeleton interdendri t ic  regions. Based on the 
EDX analysis and  X-ray diffraction data  together, it 
can be stated that the dark coloured dendri t ic  regions 
are a cobalt-rich, (7-f.c.c.) Co solid solut ion matr ix  

4 6 0 6  

and that the white coloured skeleton interdendri t ic  
regions are rich in a ch romium-con ta in ing  complex 
M23C 6 carbides and  Co2Si intermetall ic phases. As 
seen in Fig. 10, when silicon conta in ing  Stellite 6 was 



Figure 7 SEM micrographs and EDX analyses of as-cast Stellite 6. 
a) EDX analysis taken from dendritic region (D: 61.78 
Co-29.93Cr~.68 W(wt %)), b) EDX analysis taken from interden- 
dritic region (I: 22.68Co 70.81CrM.01W(wt %)). 

Figure 9 SEM micrographs and EDX analyses of as-cast silicon 
added Stellite 6. a) EDX analysis taken from dendritic region (D: 
64.69C(~25.99Cr-2.98W-6.34Si(wt %)), b) EDX analysis taken from 
interdendritic region (I: 45.03Co-33.60Cr-10.06W 11.31Si(wt %)). 

Figure 8 SEM micrographs and EDX analyses of as-cast Stellite 
6 heated to 1000 ~ and cooled in air. a) EDX analysis taken from 
dendritic region (D: 62.44Co-30.42Cr-3.13W(wt %)), b) EDX analysis 
taken from interdendritic region (I: 39.65 Co-50.89Cr-6.4W(wt %)). 

hea ted  to 1000~ pa r t i cu la t e s  e m a n a t i n g  f rom the 
i n t e r d e n d r i t i c  ske l e ton  b e c a m e  i r r egu la r ly  d i spersed  
in  the  dendr i t i c  region.  O n  the  o the r  hand ,  the chem-  
ical c o m p o s i t i o n s  of  b o t h  i n t e r d e n d r i t i c  a n d  dendr i t i c  

Figure 10 SEM micrographs and EDX analyses of as-cast sili- 
con added Stellite 6 heated to 1000 ~ and cooled in air. a) EDX 
analysis taken from dendritic region (D: 65.62Co-26.35Cr-2.24W- 
5.79Si(wt %)), b) EDX analysis taken from interdendritic region 
(I: 41.40Co-31.68Cr 10.29W-16.63Si(wt %)). 
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TABLE I Hardness measurements of as-cast and heat-treated 
Stellite 6 

Regions Hardness (Hv/kg mm- z) 

As-cast Heat-treated 
sample sample 

Bulk 514 605 
Dendritic 506 543 
Interdendritic 585 705 

TABLE II Hardness measurements of as-cast and heat-treated 
silicon added Stellite 6 

Regions Hardness (Hv/kg mm- z) 

As-cast Heat-treated 
sample sample 

Bulk 643 785 
Dendritic 627 717 
Interdendritic 800 919 

regions of silicon containing Stellite 6 remain almost  
unchanged after elevated temperature exposure. The 
effect of silicon addit ion to Stellite 6 is to t ransform the 
spongy dendritic microstructure seen in the original 
as-cast Stellite 6 to an eutectic microstructure.  After 
heat- treatment  at 1000~ textured Widmansta t ten  
plates form in Stellite 6 whereas eutectic interdendritic 
and dendritic regions are retained in addit ion to frag- 
mented particulates of interdendritic composi t ion in 
silicon added Stellite 6. 

As tabulated in Table I, bulk hardness and micro- 
hardness measurements performed on both as-cast and 
heat-treated samples indicate a subsequent rise in bulk 
hardness, dendritic and interdendritic hardness values 
due to elevated temperature exposure. The increase of 
overall bulk hardness is about  17%. An increase in 
interdendritic hardness values due to elevated temper- 
ature exposure might  be related to the relative in- 
crease in the popula t ion of carbides and/or  intermetal- 
lic phases. Also, the textured structure of dendritic 
regions inherent in the heat-treated sample contrib-  
utes to the relative increase in microhardness  values. 

Table II  shows the hardness values of silicon added 
Stellite 6 taken from the bulk, dendritic and inter- 
dendritic regions. Similarly to Stellite 6, high temper- 
ature exposure results in an increase in hardness values 
of silicon added Stellite 6. Furthermore,  compar ing  
the values given in Tables I and II for both as-cast and 
heat-treated samples; it can be stated that  silicon addi- 
tion causes substantial increases in the hardness 
values. It is believed that  the Co2Si intermetallic phase 
observed in silicon added Stellite 6 contributes to 
hardness to a greater extent than does the cobalt- 
tungsten intermetallic phases observed in Stellite 6. 

4. Summary 
On the basis of the microstructural  observations and 
experimental data, the following conclusions can be 
drawn: 

1) High temperature exposure of Stellite 6 promotes  
the coarsening of interdendritic regions and bulk dif- 
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fusion of tungsten from dendritic to interdendritic re- 
gions and contributes to the increase of  coba l t - tung-  
sten intermetallic phases in the interdendritic regions. 

2) A textured structure which exists as Widmansta t -  
ten plates, containing incoherent  intermetallic phases, 
is developed in the dendritic regions of Stellite 6 after 
heating at 1000 ~ followed by cooling in air. On  the 
other hand, silicon addit ion causes the t ransformation 
of the spongy dendritic microstructure into a well- 
defined eutectic microstructure for as-cast samples 
where a similar microstructure exist with interden- 
dritic fragments after high temperature exposure. 

3) The same phases previously reported in the litera- 
ture such as (7-f.c.c.) Co, (M23C6) , Co7W6, Co3W were 
detected in as-cast and heat-treated Stellite 6. The 
X-ray diffraction data  of silicon added Stellite 6 in as- 
cast and heat-treated samples show some of  the same 
phases, namely, (7-f.c.c.) Co, M23C 6 but  in addit ion 
CozSi was detected. Silicon addit ion to Stellite 6 fa- 
vours the formation of the CozSi phase in bo th  as-cast 
and heat-treated samples which contributes to higher 
hardness values than those obtained for Stellite 
6 alloy. 

4) High temperature exposure of both  Stellite 6 and 
silicon added Stellite 6 causes an increase in overall 
hardness values. 
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