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Phase stability of B1-type carbides in 
nickel-based alloys 
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In nickel-based superalloys, the B1 -type monocarbides contain several kinds of transition 
elements. At elevated temperatures, the monocarbides transform to other carbides, such as 
M23C 6 and MeC as a result of the reaction with the alloy. The phase stability of monocarbides 
was investigated by X-ray diffraction techniques. The degree of stability is strongly affected by 
the composition of the monocarbides and is related generally to the magnitude of the lattice 
parameter of the monocarbides. That is, the larger the lattice parameters of the monocarbides, 
the higher their stability in nickel-based alloys. 

1. Introduction 
Transition metals of the subgroups IVa, Va and Via 
form cubic monocarbides with carbon, that have the 
sodium chloride-type structure. The carbide is formed 
during solidification from the melt in most nickel- 
based superalloys. The carbide contains several kinds 
of transition metals which are components of the 
superalloys [1-5]. In general, the monocarbide in 
nickel-based superalloys is known to transform to 
other carbides such as M23C 6 and M6C, etc., during 
exposure at elevated temperatures as a result of the 
reaction between the carbon atoms in the monocarbide 
and the elements in the matrix of superalloys. Accord- 
ing to the results of Collins' report [6], the qualitative 
phase stability of the monocarbides in a series of 
superalloys is different from alloy to alloy. Therefore, 
it is considered that the phase stability is dependent on 
the chemical composition of monocarbides, but the 
relationship between the stability and the chemical 
composition has been open to debate. 

Recently, we investigated the effect of transition 
elements on the composition of the monocarbide in 
one of the superalloys, IN-100, and obtained the 
following results: (1) the monocarbide in IN-100 was 
the titanium-lich one, and the composition was affected 
severely by the doping of 0.81 at. % niobium, tan- 
talum or tungsten; (2) when IN-100 was doped with 
zirconium, the zirconium-rich monocarbide in addition 
to the titanium-rich one was formed; (3) when IN-100 
was doped with hafnium, the hafnium-rich mono- 
carbide was formed in addition to the titanium-rich 
monocarbide. From these results we also suggested 
that the chemical composition of the carbide in the 
alloy was determined by two factors, one of which was 
the radius of metal atoms in each monocarbide, and 
the other the standard free energy of formation of 
each monocarbide [5]. Using our systematic data on 
the chemical composition of the monocarbides, we 
can study the effect of composition on the phase 
stability. In this paper, we report an investigation of 
the phase stability of the monocarbide on the basis of 
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a model experiment, and propose a factor to evaluate 
the phase stability. 

Transition metal monocarbides have great hardness, 
high melting point, thermal and electrical conductivity, 
etc. Therefore, they are candidates for use as the 
coating material of the first wall of a fusion reactor [7], 
and for an electron gun [8, 9]. They have also been 
used as the main component for hard materials, in 
which cobalt-based alloys or nickel-based alloys are 
used as a binder metal. In these fields, the reaction 
between the monocarbide and alloys will be important. 
For example, in hard materials, the phase stability of 
the monocarbide is related to the properties such as 
wear resistance [10]. Therefore, data and an under- 
standing of the phase stability of monocarbides are 
important for its practical application. 

2. Experimental procedure 
To investigate the phase stability of monocarbides in 
superalloys, we employed IN-100, the doped alloys 
(which are prepared by the doping of IN-100 with 
transition elements) and model alloys. 

2.1. Carbides  in I N-100  and  d o p e d  al loys 
The composition of IN-100 is shown in Table I. In 
the as-cast state, only NaCl-type monocarbide was 
observed in IN-100, and the composition was TiC and 
(Ti0.80Mo0.17V0.03)C [5]. In this study, the niobium-, 
tantalum- and tungsten-doped IN-100 were also 
prepared because the elements used as the dopants 
greatly change the composition of the monocarbide in 
IN-100. The compositions of monocarbides in each 
doped alloy were reported in the previous paper [5], 
and the results are shown in Table II. 

The dopant and IN-100 were melted together in an 
arc-furnace under a purified argon atmosphere to 
produce a button ingot of each doped alloy. The 
button ingots, each weighing ~ 0.01 kg, were annealed 
at 1255 K for various periods, and then the carbides 
were extracted electrolytically from the ingots using a 
methanol solution with 10% hydrochloric acid and 
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T A B L E  I Chemical composition (at. %) of IN-100 used 

Cr Co Mo Ti A1 V C B Zr  Ni 

9.23 12.63 1.67 3.40 11.09 0.81 0.72 0.075 0.022 bal. 

N, 23at.p.p.m.; O, 30at. p.p.m. 

1% tartaric acid as electrolyte. Because the size of 
each extracted carbide is less than several tens of 
micrometres, the carbides were like powder. The 
extracted carbide powder and an or-titanium powder 
which was selected as a standard material, were mixed 
together in the same proportions by weight. Using the 
mixed powder, the ratio of the monocarbide to the 
extracted carbides was analysed by an internal 
standard method of X-ray analysis [11] using CuK~ 
radiation and a step scan of 1/20 deg at an interval of 
10 sec. The 1 1 1 reflection of the monocarbide, 5 1 1 
and 3 3 3 reflections of M 2 3 C  6 carbide, and 0 1 T 1 
reflection of a-titanium were used in the analysis. 

In the internal standard method, the weight fraction 
of the phase, W, and the integrated intensity,/, have 
the following relationship, 

ip(h k l) I/l/'(h k l ) 
hase K v, Phas.~e 

is(h,k , i ,  - -  1,17(h,k,l, ) , 
tandard • • Standard 

where K is a constant for the particular set of dif- 
fracting planes. 

The values of K were determined by the following 
procedure. Firstly, several kinds of monocarbides, as 
shown in Table III, were melted by a method which 
will be mentioned in Section 2.3. The composition of 
the melted monocarbides (Table III) corresponds to 
the composition of the monocarbides in the doped 
alloys (see Table II). Secondly, these carbides were 
crushed and the Cr23C6 powder was mixed in several 
different proportions. Thirdly, these mixed carbides 
and the titanium powder were mixed in the same 
proportion by weight. Because the weight fractions of 
the monocarbide and M23C 6 carbide are known in 
these samples, K is determined by the integrated 
intensity of the 1 1 1 reflection of the monocarbide, 
5 1 1 and 3 3 3 reflections of M 2 3 C  6 carbide, and the 
0 1 T 1 reflection of titanium. 

2.2. TEM observation of the monocarbide in 
IN-100 

Transmission electron microscopic observations of 
IN-100 cooled from a melt at a rate of 0.083 K sec -I 
(5 K rain -l) were carried out, in order to examine the 
orientation relationships between the monocarbide 
and the alloy matrix. The foils suitable for the 
observation were prepared by jet dimpling a 3 mm disc 
with a 75% aqueous hydrochloric acid solution at 

T A B L E  I I I  Nominal composition of the monocarbides 
prepared for X-ray experiments 

IN- 100 (Tio.80 Moo.20)C 
+ Nb (Tio.60 Nbo.30 M Oo.lo )C 
+ Ta (Ti0.66 Tao.27 M 00.07 )C 
+ W (Ti0.77 M%.~sWo, lo)C 

50 V, followed by electrolytic polishing in a 20% nitric 
acid-80% methanol solution at 220 K. 

2.3. Model experiment 
A model experiment was attempted to investigate the 
phase stability of the monocarbides in superalloys. 
For this experiment, model monocarbides containing 
niobium and titanium, and model alloys were newly 
prepared. Their chemical compositions are shown in 
Table IV. The powder of niobium monocarbide and 
titanium monocarbide produced by High-Purity 
Chemical Co. (Saitana, Japan) was melted by a tri-arc 
furnace using optical-grade graphite electrodes and a 
graphite hearth on a water-cooled copper hearth, 
and model monocarbides were made. The model 
rnonocarbides prepared were all identified as single- 
phase monocarbides by conventional X-ray diffrac- 
tion. In these monocarbides, the carbon content (x of 
MCx) ranged between 0.93 and 0.95. Therefore, the 
fluctuation of carbon content is negligible for the 
experimental results in this research. We will abbrevi- 
ate MCx to MC such as TiC and (Ti,Nb)C, hereafter. 
In order to obtain the ingots of model alloys, 99.99% 
nickel, 99.99% aluminium, 99.95% chromium and 
99.99% titanium were melted by an induction furnace 
under a purified argon atmosphere, and then sucked 
up by a silica tube. 

A model monocarbide-chip, about 0.0001 kg in 
weight, and a piece of the model alloy, about 0.01 kg 
in weight, were cut mechanically from the prepared 
model monocarbide and ingot, respectively. The cut 
piece of the alloy was melted in the tri-arc furnace 
using tungsten electrodes and a water-cooled copper 
hearth. The carbide chip was inserted into the melt of 
the alloy, and immediately the power of the arc 
furnace was turned off, to give the button ingots 
including a carbide chip approximately at the centre. 
On turning off the power, the samples were cooled 
quickly by the water-cooled copper hearth; there- 
fore, during the cooling, the reaction between the 
monocarbide and the alloy appears to be negligible. 

The button ingots were annealed at 1255K for 
various periods to transform the monocarbide into 
Cr23C 6 carbide, and then all carbides in the button 
ingots were extracted electrolytically using a similar 
electrolyte to that mentioned in Section 2.1. The ratio 

T A B L E  I I  Chemical composition of the monocarbides in 
IN-100 and the doped alloys 

IN- 100 (Tio.so Moo.17 Vo.o3)C 
+ Nb (Tio.6o Nbo.3o Moo.lo )C 
+ Ta (Tio.66 Tao.27 Moo.o7)C 
+ W (Tio.76 Mo0.11Wo.mVo.o3)C 

Carbon content was calculated based on 50 carbon atoms for every 
50 metal atoms [5]. 
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T A B L E  IV The nominal composition of monocarbides and 
alloys prepared for a model experiment 

Monocarbides Alloys (at. %) 

TiC 
(Nbo.75 Tio.25)C Ni-  10C~ 10A1-5Ti 
(Nbo.5oTio.5o)C 
(Nbo.esTio.75)C Ni IOCr-15A1 
NbC 



E 
2 

C 
lg 
÷ 

~0.5 
u 
~E 

I '  ' ' ' 1  ~ ~ ' I L ' ' ' I  ' ' ' 

I I I I i l l  J I , I i L r l f  i , 

1 10 
annealing tirne(105 sec) 

Figure 1 Change in the amount of monocarbides in 
IN-100 and the doped alloys with annealing at 
1255 K. 

of the monocarbide to all carbides was analysed 
quantitatively by the internal standard methods, as 
mentioned in Section 2.1. Also, the interface between 
the monocarbide and the alloy of the button ingots 
was observed using a secondary electron microscope 
(Hitachi X-650). 

3 .  R e s u l t s  

3.1. Phase stability of the monocarbides in 
IN-100 and the doped alloys 

It is known that only the M23C 6 carbide is formed by 
the transformation of the monocarbide during anneal- 
ing at elevated temperatures in IN-100 [6], and also, 
that in the niobium-, tantalum- and tungsten-doped 
alloys, a similar carbide reaction is observed after 
annealing at 1255K. Therefore, only two kinds of 
carbides, the monocarbide and M23C6 carbide, were 
observed in the X-ray diffraction of the carbides 
extracted from IN-100 and the annealed doped alloys. 
Fig. 1 shows the change in the amount of monocarbide, 
which was extracted electrolytically from the alloys 
after annealing for varied periods of time. The ordinate 
represents the atomic ratio of the monocarbide to the 
total carbides extracted. The (Ti,Mo,V)C carbides in 
IN-100, and the (Ti,Mo,W)C carbide in the tungsten- 
doped alloy (see Table II) transformed quickly to 
M23C 6 carbide, and after 3.6 x 105 sec annealing, the 
atomic fraction of the M23C 6 carbide came to almost 
0.7, as can be seen in the figure. On the other hand, the 
monocarbide in the niobium-doped alloy changed 
slowly into M23C6 carbide, and the slowest changing 
rate was observed in the tantalum-doped alloy. 

As is shown in Table II, the monocarbides in the 
tantalum- and niobium-doped alloys contain about 
30% tantalum and niobium, respectively, and these 
monocarbides are stable compared with the mono- 
carbide in IN-100 (Fig. l). This fact indicates that the 
chemical composition of the monocarbide severely 
affects its stability. In the tungsten-doped alloys, the 
stability of the monocarbide is unchanged compared 
with that in IN-100. It is consistent with the results of 
the previous report [5] that tungsten is quite similar to 
molybdenum in character. 

3 , 2 .  M o d e l  e x p e r i m e n t  

As mentioned above, the monocarbides containing 
niobium and tantalum were more stable than the 
titanium-rich monocarbide. Also, the zirconium-rich 
monocarbide was reported to be very stable compared 
with the titanium-rich monocarbide [12], in spite of 
the fact that zirconium belongs to the same group in 
the periodic table as titanium. In view of these 
results, we attempted, with the model experiment (see 
Section 2.3), to reveal the factor which determines the 
phase stability of the monocarbides in nickel-based 
alloys. 

Fig. 2 represents the interface between the model 
alloy and the model monocarbide in a model specimen 

Figure 2 Scanning electron micrograph, showing a representative 
interface between the alloy and monocarbide in the model specimen. 
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which is in a prepared state. The contact at the 
interface was perfect. During annealing, the model 
monocarbide transformed to other carbides as a result 
of the reaction with the alloy. Fig. 3 is a representative 
result of  X-ray diffraction of the extracted carbides 
from one of  the model specimens, (Nb0.25Ti0.75)C , after 
annealing at 1255 K for 3.6 x 105 sec. As can be seen 
in the figure, only the monocarbide and M23C 6 carbide 
were observed. The product carbide of the transform- 
ation was the M23C 6 carbide in all model specimens. 
The amounts of the monocarbide and the newly formed 
M23C 6 carbide extracted from the model specimen 
were analysed by the internal standard method of 
X-ray diffraction. The results are shown in Fig. 4. 
Square symbols represent the results obtained from 
the model specimens which consist of  the (Nb,Ti)C 
model carbide and the Ni -A1-Cr  Ti quaternary alloy. 
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Figure 4 The dependence of TiC fraction in the model mono- 
carbides upon the fraction of monocarbide in the total amount of 
carbides in the model specimens after, annealing at 1255K for 
3.6 x 105sec: (NI) in Ni-A1-Cr-Ti, (@) in Ni-A1-Cr. 

Figure 3 A representative results of X-ray diffrac- 
tion of residual carbides extracted from one of the 
model specimens. CuKc~ radiation. 

Circles represent the results of  the specimens which 
consist of  the (Nb,Ti)C and the Ni -A1-Cr  ternary 
alloy. The atomic fraction of the monocarbide is 
represented on the left-hand ordinate of  the figure. 
For reference, the ratio of  the amount  of  consumed 
carbon in M23C6 carbide to that of  carbon in the model 
monocarbide is given on the right-hand ordinate. The 
amount  of  the monocarbide decreased with increasing 
TiC fraction in the model monocarbide. Although this 
tendency was similar in both quaternary and ternary 
alloys, it was found that the volume fraction of M23C 6 
carbide formed in the quaternary alloy was greater 
than in the ternary one, regardless of  the composition 
of the monocarbides. 

Fig. 5 shows typical photographs of the model 
specimen after annealing, and a schematic illustration 
of the carbide phases in the button ingot. The photo- 
graphs are taken from the two circled areas in the 
illustration, one of which is at the interface and the 
other in the alloy matrix. On the matrix alloy side of  
the interface, which is seen like a crevice in the 
photograph,  the monocarbide phase, which is shown 
in the grey phase, was formed. The crevice was the 
metal-monocarbide interface before annealing. The 
results of  X-ray line analysis using N b L  shows that the 
intensity level of  the niobium spectrum was almost the 
same on both sides of  the crevice. Therefore, the 
monocarbide formed newly in the matrix side was 
considered to have a similar composition to the model 
monocarbide. On the other hand, a fine M23C 6 carbide 
was observed in the matrix far away from the interface 
as well as near to the interface. This carbide is shown 
in a series of  photographs on the right-hand side of  
Fig. 5. The size of the M23C 6 carbide was 2 to 3 #m, 
and it was almost Cr23C 6 carbide. These characteristics 
of  the morphology of the annealed specimens were 
similar in all model specimens. 

4 .  D i s c u s s i o n  
The stability of  the monocarbides is related to the 
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Figure 5 A schematic illustration and typical photo- 
graphs of the carbide phases in the model specimen 
after annealing. 

activity of carbon and transition metal atoms in 
the nickel-based alloys. However, the chemical 
compositions of the monocarbides change with the 
composition of the alloys, and furthermore, the alloy 
usually contains more than ten elements. Therefore, it 
is difficult to determine the activity, even though it is 
very important. 

Generally, transition-metal monocarbides are con- 
sidered to be very stable compared with M23C 6 

carbides in view of the standard Gibbs free energy of 
formation [13, 14], but the monocarbides in nickel- 
based alloys transform to M23C 6 carbide during 
exposure at elevated temperatures [15]. The rate 
of this transformation depended on the chemical 
composition of the monocarbides (see Fig. 1). The 
difference in the transformation rate has not been 
explained even qualitatively with respect to the 
melting points and averaged valence values of the 
monocarbides. For example, it is reported that a 
zirconium-rich monocarbide did not transform in the 
IN-100 type alloy during annealing up to at least 
1.8 × 106 sec [12], in spite of the fact that the melting 
temperature of zirconium monocarbide is lower than 
those of hafnium and niobium monocarbides. On the 
other hand, zirconium and titanium monocarbides 
have the same averaged valence values, but the stability 
of the two monocarbides is quite different. 

M23C 6 carbide which is formed by the transform- 
ation of the monocarbides is reported to appear mainly 
in the {1 1 1} planes of the matrix [2]. In the nickel- 
base superalloys, M23C6 carbide is almost a Cr23C 6 

carbide. In the matrix of the nickel-base alloys, the 
arrangement of atoms in the {1 1 1} plane take the 
shape of triangles, and the distance between atoms is 
about 0.25nm. Although Cr23C 6 has a complex 
structure, the distance between the metal atoms in the 
{1 1 1} plane is 0.25 nm which is calculated using the 
lattice parameter, 1.066nm [16]. These facts imply 

that there is only a small misfit between the M23C 6 

carbide and the nickel-based alloy. Considering these 
results, the coherency strain between nickel-based 
alloy and monocarbides plays an important role in the 
phase stability of the monocarbides. Therefore, it is 
significant to consider the relationship between the 
phase stability and the lattice parameters of the 
monocarbides, because the latter is an indication of 
the coherency strain in the superalloys. Fig. 6 shows 
the stability plotted against the lattice parameter of 
the monocarbides. The figure contains all the data 
obtained from the experiment using the doped alloys, 
the ternary alloy, and the quaternary alloy. The 
ordinate in Fig. 6 is the same as those in Figs 1 and 4, 
and represents the stability of the monocarbide 
after annealing for 3.6 × 105 sec, The value of 1.0 
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aMC (rim) 
Figure 6 The relationship between lattice parameter of the mono- 
carbides, aMc, and the fraction of the monocarbide in the total 
amount of carbides, V~c, in nickel-based alloys after annealing at 
1255K for 3.6 × 105sec. 
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Figure 7 Transmission electron 
micrographs showing the inter- 
face between the monocarbide 
and the alloy matrix in IN-100. 
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corresponds to the result when the monocarbide did 
not transform after annealing. As can be seen in the 
figure, the larger the lattice parameter of the mono- 
carbides, the higher the stability. The tendency was 
independent of the type of matrix alloy. The result 
represented in Fig. 6 will be applicable in cases when 
stability of monocarbides is necessary in the nickel- 
based alloys and in the interface between nickel-based 
alloys and the monocarbides. 

Fig. 7 shows transmission electron micrographs of 
the interface between the monocarbide and alloy matrix 
in IN-100. Figs 7b and d, which are the diffraction 
patterns of (a) and (c) respectively, are obtained from 
both phases of the monocarbide and matrix. Piearcey 
and Smashey [2] reported that no orientation relation- 
ship existed between the primary monocarbides and 
the matrix in Mar-M 200 alloy [2]. However, most 
monocarbides in IN-100 had orientation relation- 
ships, which were almost [1 l O]matri x II [ l O 0 ] g c  o r  

[1 00]matri x II [1 00]MC, as indicated in (b) and (d). These 
orientation relationships indicate that coherency 
between the monocarbide and alloy matrix existed 
when the size of the monocarbide was very small at the 
initial stage of formation, but when the size of the 
monocarbide was large, it was impossible to maintain 
the coherency because of the large difference between 
the lattice parameters of the two phases. A number of 
dislocations found in the alloy matrix (in (a) and (c)) 

2074 

indicate that a large strain is stored in the matrix even 
after the breaking out of the coherency. On the basis 
of the two orientation relationships, the arrangement 
of atoms in the monocarbides and that of atoms in the 
matrix can be considered to be as shown in Fig. 8. In 
both cases, if the lattice parameter of the monocarbide 
were to become large, the mismatch between the two 
phases might become small. The assumption is con- 
sistent with the rest]It that the larger the lattice 
constants, the higher the phase stability of the 
monocarbides (Fig. 6). 

[011]~.oy [010]o.oy 
• [010]MC > [010]Mc 

O O  O O  • 
Q ~  O O  

. . . .  © © 

@ metal atom in MC 
• carbon atom 

( ~  m e t a l  a t o m  in al loy  

Figure 8 A model of orientation relationships between the mono- 
carbide and the alloy matrix. 



5. Conclusion 
The stability of transition metal monocarbides, which 
have several kinds of transition metals for each 
monocarbide in nickel-based alloys, was investigated 
by X-ray diffraction using the internal standard 
method. 

From the experimental results, it was concluded 
that the lattice parameter of monocarbides and the 
stability of the monocarbides in nickel-based alloys 
are related to each other. That is, the larger the lattice 
parameter, the higher the stability. 
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