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Precipitation characteristics of p-phase in wrought 
nickel-base alloys and its effect on their properties 
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Research Institute, King Fahd University of Petroleum and Minerals, P.O. Box 1639, Dhahran 
31261, Saudi Arabia 

Thermal exposures consisting of 1 16000 h at 540, 650, 760, and 870~ were used to study 
the susceptibility of selected nickel-base alloys to precipitation of g-phase and its effect on 
mechanical strength and corrosion resistance. Analytical electron microscopy and X-ray 
diffraction were used to characterize the p-phase. A pphase of the type Mo6Ni7 in nickel-base 
alloys was found to be stabilized by critical concentrations of iron in an excess of about 
3 wt%. Generally, the p-phase had a characteristic defect structure consisting of twins and 
stacking faults, and it exhibited a preferential tendency for precipitation at existing 
molybdenum-rich carbide particles within the alloy matrix and at grain boundaries. 
Precipitation of g-phase was found to produce a moderate loss of room-temperature tensile 
ductility; however, it resulted in a considerable degradation of impact toughness and 
corrosion resistance. In contrast, it had no significant effect on elevated temperature tensile 
properties. A correlation was found to exist between the Ni/Fe + Co ratio as well as the 
Mo 4- W content of the alloy and susceptibility to precipitation of p-phase. 

1. Introduction 
Long-term microstructural stability is one of the im- 
portant parameters determining the suitability of en- 
gineering alloys for continuous use at elevated tempe- 
ratures, (e.g. [1]). This can be limited by precipitation of 
secondary phases degrading their mechanical strength 
and/or environmental resistance, particularly a group 
of intermetallic compounds commonly known as 
topologically close-packed phases (TCP) because of 
their characteristic crystal structures, e.g. ~, Laves, and 
~t-phases [1-3]. In practice, the approach of electron 
hole number, (Nv, is used to control the precipitation 
of TCP phases, particularly the c~-phase by adjusting 
the alloy composition [2]. However, in general, it is 
not possible to predict the occurrence of g- and Laves 
phases on the basis of the Nv approach [2]. 

It is well known that the g-phase (A6BT-type com- 
position where A is molybdenum and/or tungsten and 
B is iron and/or cobalt) has a hexagonal close-packed 
structure D8s crystal system; 39 atoms/unit cell) with 
lattice constants of a = 0.476-0.479nm and c = 
2.57-2.59 nm depending upon the exact chemical 
composition [-3, 4]. Previous work had shown that the 
g-phase is preferentially formed at electron concentra- 
tions (e/a) in the range of 7.1-8.0 [3 5]. Because of the 
relatively high electron-to-atom ratio of nickel 
(e/a = 10), it deters the formation of g-phase and 
therefore, a ~t-phase of the type Mo6Ni7 or W6Ni7 
where e/a = 8.15 is not expected to be stable [3]. Also, 
the susceptibility to precipitating ~t-phase is decreased 
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as tantalum, niobium and titanium are substituted for 
molybdenum and tungsten [3, 4]. 

It is was the objective of this study to examine the 
susceptibility of selected nickel-base alloys of commer- 
cial grades to precipitation of g-phase upon exposure 
to elevated temperatures. Emphasis was placed upon 
the microstructural features of g-phase and its effect 
on mechanical strength and corrosion resistance as 
well as the compositional parameters influencing its 
precipitation. 

2. Experimental procedure 
Ten nickel-base alloys of commercial grades (Hastel- 
loy | alloys B, B-2, C, C-276, C-4, C-22, and X, and 
Haynes | alloys 230 and 625) were included in this 
study representing the heat-resistant alloys S, X, 230, 
and 625, and corrosion-resistant alloys B, B2, C, C- 
276, C-4 and C-22 (R = registered trademarks of the 
Haynes International Company, Kokomo, Indiana). 
Table I summarizes the chemical compositions of the 
heats of alloys studied in comparison with their nom- 
inal chemical compositions. As can be seen, alloys 
B and B2 are based upon the Ni-Mo system while 
alloys C, C-276, C-4, C-22, S, and 625 are based upon 
the Ni -Mo-Cr  system. Two heats of alloy 625 were 
included in the study to demonstrate the effect of the 
exact iron content. Alloy 230 is based upon the 
Ni-W-Cr  system and alloy X is based upon the 
Ni-Mo Cr-Fe system. 

3929 



TA B LE I Chemical compositions (wt%) of the heats of alloys studied. Nominal compositions in parentheses 

Alloy Ni Mo Cr W Nb + Ta Fe Co C 

B Bal. 27.76 (28) 0.7 (V) - - 5.66 (5) 0.61 (2.5") 0.02 (0.05") 
B2 Bal. 26.57 (28) 0.1 (V) - 0.91 (2") 0.1 (1") 0.002 (0.0V) 
C Bal. 16.05 (16) 15.6 (15.5) 3.7 (3.75) - 5.15 (5.5) 1.3 (2.5") 0.03 (0.08") 
C-276 Bal. 16.19 (16) 15.01 (15.5) 3.33 (3.75) - 5.39 (5.5) 1.01 (2.5") 0.002 (0.01") 
C-4 Bal. 15.99 (16.5) 16.06 (16) - 0.72 (3") 0.12 (2.5 a) 0.002 (0.01") 
C-22 Bal. 12.96 (13) 21.97 (22) 2.91 (3) - 3.1 (3) 1.07 (2.5 a) 0.002 (0.01 a) 
S Bal. 15.19 (15.25) 15.14 (15.25) 0.25 (1 a) - 1.1 (3") 0.23 (2 a) 0.007 (0.02") 
X Bal. 8.75 (9) 21.09 (21.75) 0.39 (0.8) - 18.82 (18.5) 1.71 (1.5) 0.09 (0.1) 
230 Bal. 1.89 (2) 21.76 (22) 13.78 (14) 2.05 (3") 2.43 (5") 0.07 (0.1) 
625 BaI. 9.05 (9) 20.67 (21.5) - 3.63 (3.65) 3.49 (5 a) 0.21 (19 0.06 (0.1) 

Bal. 8.89 20.94 3.60 2.31 0.24 0.05 

aMaximum. 

All alloys were in the form of 2 3 mm thick mill- 
annealed sheets and 12.7 mm thick plates. To deter- 
mine their susceptibility to precipitation of g-phase, 
samples were exposed for 1 h and up to 16000 h at 
540, 650, 760 and 870 ~ followed by water quench- 
ing. Both X-ray diffraction (XRD) and analytical elec- 
tron microscopy (AEM) were used to identify the 
g-phase. Transmission and scanning transmission 
electron microscopy (TEM/STEM) modes of AEM 
were used to characterize the microstructure of g- 
phase at 200 keV. Thin foils Were prepared by the jet 
polishing technique in a solution consisting of 30% 
nitric acid in methanol and maintained at about 
- 2 0 ~  Room- and elevated-temperature tensile 

tests as well as Charpy impact tests were used to 
determine the effect of p-phase precipitation on mech- 
anical strength. Tensile tests were carried out on sheet 
samples (50.8 mm gauge length) and plate samples 
were used in the impact tests. Aqueous corrosion tests 
were carried out on coupons 25.4 mm x 25.4 mm x 
2 3 m m  by 24h  immersion in boiling 10% HC1 
(reducing medium) as well as in boiling 
H2SO4 + 42 g/l-  1 ferric sulphate (oxidizing medium) 
to determine the effect of g-phase precipitation on 
corrosion resistance. 

Because the microstructural features of g-phase 
and the corresponding effects on properties were 
found to be rather similar in the susceptible alloys, 
representative examples are presented below. How- 
ever, specific differences from one alloy to another are 
pointed out. 

3. Results and discussion 
3.1. Susceptibility to precipitation of t~-phase 
Examination of specimens exposed for up to 16 000 h 
at 540, 650, 870 and 980 ~ by XRD and AEM re- 
vealed that g-phase had formed in alloys C, C-276, 
C-22, B, and X. In the case of alloy 625, the susceptibil- 
ity to precipitation of g-phase was found to be depen- 
dent upon the exact iron content. In contrast, at all 
temperatures studied, there was no evidence for the 
presence of g-phase in alloys C-4, S, 230, and B2 after 
up to 16 000 h exposure as summarized in Table II. 

Alloys C, C-276, C-22, and 625 based upon the 
N i - M o - C r  system exhibited a similar behaviour in 
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T A B L E  II Susceptibility of the alloys studied to precipitation of 
g-phase based upon 16000 h exposure at 54(~670~ 

Alloy ~t-phase 

B Yes 
B2 No 
C Yes 
C-276 Yes 
C-4 No 
C-22 Yes 
S No 
X Yes 
230 No 
625 No ( < 3% Fe) 

Yes ( > 3% Fe) 

that the g-phase was found to precipitate at all the 
temperatures studied. However, the precipitation ki- 
netics were accelerated at 870~ where substantial 
amounts of g-phase were observed after 1 h of expo- 
sure. In contrast, precipitation of g-phase in alloy 
X (Ni-Mo C~Fe)  was more pronounced at 870 ~ 
However, the kinetics were rather sluggish in compari- 
son with the N i - M o - C r  alloys. In this case, marked 
precipitation occurred after 1000 h exposure at 870 ~ 
A different behaviour was exhibited by alloy B where 
precipitation of g-phase was detected only at 540 and 
650 ~ after at least 1000 h exposure. 

Because relevant phase-diagram data for the above 
alloys are rather scarce, it was not possible to correlate 
the above observations with phase stability character- 
istics. However, as shown later, the above differences 
in behaviour could be correlated at least partially with 
variations in concentrations of g-forming elements, 
particularly molybdenum, tungsten and iron. 

3.2. M i c r o s t r u c t u r a l  f e a t u r e s  o f  p - p h a s e  
Analysis of XRD data revealed that the p-phase for- 
med in alloys C, C-276, C-22, X, B, and 625 was 
isomorphous with that of Mo6Co7 (JCPD card no. 
29-489, hexagonal: a = 0.476 nm and c = 2.562 nm). 
As an example, Table III summarizes the observed 
d-spacings of g-phase formed in alloy C-276 after 1 h 
exposure at 870 ~ in comparison with those of JCPD 
card file no. 29-489. Corresponding selected-area 
diffraction patterns in different orientations are 



T A B L E  I I I  Observed d-spacings of ~t-phase in Alloy C-276 in 
comparison with those of Mo6CO7 (JCPD card file no. 29~489, 
a = 0.476 nm and c = 2.562 nm) 

h k I dob~(nm) djcPD 29 489(nm) 

003 8.54 8.532 
006 4.30 4.267 
101 4.09 4.070 
1 0 4 3.48 3.466 
0 1 8 2.54 2.529 
1 1 0 2.40 2.381 
! 1 3 2.33 2.293 
1 0 10 2.19 2.176 
0012 2.15 2.135 
1 1 6 2.10 2.080 
0 2 1 2.06 2.055 
01 11 2.04 2.027 
024  1.29 1.281 
2 0 5 1.27 1.264 

illustrated in Fig. 1. All patterns were consistently 
indexed in terms of the above structure. Owing to the 
complexity of the crystal structure of the g-phase, it 
was not possible to check the absence of certain reflec- 
tions. However, consistent with the results of XRD, 
(0 0 0 2), (0 0 0 4), . . . ,  etc. reflections were not detected, 
which could be related to the characteristic layer 
structure of the g-phase parallel to the basal plane [4]. 
Instead, (0 0 0 3), (0 0 0 6), . . . ,  etc. reflections were ob- 
served. Normal to the basal plane, (10i0),  (2020), 
(3 0 3 0), . . . ,  etc. reflections were detected in electron 
diffraction patterns, however, only the (3 0 3 0) reflec- 
tion was reported in X-ray diffraction patterns. Pos- 
sibly, those reflections could be due to atomic order, 
which were not detected in X-ray diffraction patterns. 
Although a g-phase of the type Mo6Ni7 is not thermo- 
dynamically stable, it is shown below that it could be 
stabilized by the presence of iron. 

Fig. 2 summarizes the results of analysing a g-phase 
particle formed in alloy C-276 after 1 h exposure at 
870 ~ Characteristically, the g-phase had a banded 
structure such as that shown in the bright-field STEM 
image of Fig. 2a. As suggested by the energy dispersive 
spectrum of Fig. 2b, the composition of the g-phase 
was of the type Mo6Ni7, however, it contained 
a marked concentration of iron, and smaller concen- 
trations of cobalt and chromium. Because both iron 
and cobalt tend to lower the e/a ratio, they could 
stabilize such a g-phase. However, because alloy 
C-276 contains a greater concentration of iron (see 
Table I), it would be expected to be the major stabilizer 
of a nickel-based g-phase. From the spectral data 
of Fig. 2b, the l~-phase appeared to be of the type 
(Mo, W)6(Ni, Co)7 containing a small concentration 
of chromium. 

Generally, the g-phase particles were attached to 
pre-existing molybdenum-rich carbide particles of the 
type M6C or M12C (M is a metal corresponding to 
Ni3Mo3 or Ni6Mo6) as shown by Fig. 2a and c, which 
could be related to the similarity in their crystal struc- 
tures [2]. Each carbide was distinguished by its lattice 
constant (M6C, face-centred cubic: a = 1.11 rim, and 
M12C, face-centred cubic: a = 1.09 nm). It is shown 
later, that the bands of Fig. 2a correspond to twin- 

Figure 1 Selected-area diffraction patterns derived from a g-phase 
particle in alloy C-276 (lb/870~ at different orientations. 
(a) [0001]  orientation, (b) [ 0 1 i 0 ]  orientation, (c) [1891]  ori- 
entation, (d) [1 76 1] orientation. 

related crystals. By comparing the spectra of Figs 2d 
and e, it could be concluded that precipitation of 
g-phase had resulted in localized depletion of molyb- 
denum. This was further confirmed by high-resolution 
lattice imaging, as summarized in Fig. 3, where the 
d-spacing of the {1 1 1}matri x planes can be seen to 
decrease as the g-phase particle was approached. 

Figs 4 and 5 illustrate the identification of twins and 
faults parallel and normal to the basal plane within 
the g-phase. Sequential faults parallel and normal to 
the basal plane are characteristic features of g-phase 
and other related phases [5]. 

Alloys C, C-22, B, and 625 exhibited a behaviour 
similar to that of alloy C-276 as described above. For 
example, Fig. 6 illustrates that the g-phase formed in 
alloy B after 16000 h exposure at 540~ was of the 
type Mo6(Ni, Fe)v. It is recalled from Table II that the 
closely related alloy B2 was not susceptible to precipi- 
tation of g-phase, which could be related to its small 
concentration of iron ( <  2%) in comparison with 
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Figure 2 Analysis of pphase composition in alloy C-276, 
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alloy B (5% Fe). Similarly, the relatively low iron 
contents of alloys C-4 and S ( _< 3%) in comparison 
with alloys C (5.5% Fe), C-276 (5.5% Fe), and C-22 
(3% Fe) could explain their resistance to precipitation 
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Figure 3 High-resolution lattice image of {1 1 1} matrix planes in 
the vicinity of a g-phase particle in alloy C-276 (l h/870 ~ and 
corresponding profile of d-spacing. 

of g-phase. Also, the low iron content of alloy 230 
( _< 3%) could explain its resistance to precipitation of 
~t-phase al though its tungsten content is relatively 
high, further confirming that a critical concentration 
of iron is needed to stabilize a g-phase of the type 
Mo6Ni7 or W6NiT. Alloy 625 exhibited a rather differ- 
ent behaviour. Heats of the alloy containing _< 3% Fe 



Figure 4 Planar imperfections in the p-phase (alloy C-276, 1 h/870 ~ (a) Bright-field TEM image and corresponding [1 1 2 2] diffraction 
pattern. (b) Dark-field image formed with the encircled reflection in (a) showing twins on {1 1 21} planes. (c) Bright-field TEM image and 
corresponding diffraction pattern near [0 0 01] orientation. (d) Lattice image of (0 0 0 3) showing planar faults on the basal plane. 

Figure 5 Planar faults normal to the basal plane of a ~t-phase 
particle at a grain boundary; an M12C carbide particle can be seen 
attached to the g-phase particle. Bright-field TEM image and 
[0 0 0 1] diffraction pattern showing streaks along (1 0 T 0) direc- 
tions (alloy X, 100 h/870 ~ 

were not susceptible to precipitation of p-phase. How- 
ever, g-phase was detected in heats containing greater 
than 3% Fe. In the case of alloy X, the p-phase was 
found to be of the type Mo6Fe7 containing nickel and 
cobalt, which could be correlated with the high iron 
content of the alloy (18.5%). Based upon the above 
results, the critical iron concentration required to sta- 
bilize the g-phase appeared to be in excess of about 
3%. 
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Figure 6 Iron-stabilized p-phase in the matrix of alloy B, 
(16000h/540~ (a) Bright-field STEM image; an M6C carbide 
particle can be seen attached to the g-phase particle. (b) Energy 
dispersive spectrum derived from the g-phase particle in (a). 
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3.3. Effect of g-phase on properties 
To illustrate the effect of precipitation of p-phase on 
mechanical properties, Fig. 7 summarizes the effect of 
exposure time at 870 ~ on the tensile properties and 
impact toughness of alloy X. As can be seen from 
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Figure 7 Effect of exposure time up to 16000h at 870~ on 
the mechanical properties of alloy X. (a)Room-temperature 
tensile properties: (�9 0.2% yield strength, (0) tensile elongation. 
(b) Room-temperature Charpy V-notch impact toughness. (c) Ten- 
sile properties (Z~) before and (11) after 16000h exposure at 
870 ~ 

Fig. 7a the room-temperature tensile ductility was 
reduced by precipitation of g-phase; however, the 
alloy still maintained about 23% elongation after 
16 000 h exposure corresponding to about 50% tensile 
ductility in the annealed condition. An overageing 
effect was observed after about 1000h exposure, 
which could be correlated with growth of the p-phase. 
In contrast with tensile properties, the room-temper- 
ature impact toughness was significantly affected by 
precipitation of g-phase as illustrated in Fig. 7b. As 
can be seen, the Charpy impact energy was decreased 
from about 130 J in the annealed condition to about 
20J after 16000 h exposure at 870~ At elevated 
temperatures, the tensile properties of the alloy were 
not affected by precipitation of the g-phase as shown 
in Fig. 7c. Possibly, this behaviour could be due to an 
orde~disorder reaction within theg-phase [3]. Quali- 
tatively similar results were obtained in the case of 
alloys C, C-276, and C-22. 

The difference in behaviour between NGMo Cr 
alloys containing relatively high iron concentration, 
such as alloys C, C-276, C-22, and certain heats of 
alloy 625 and those containing a smaller concentra- 
tion of iron, e.g. alloys C-4 and S, is exemplified by the 
Charpy impact data of Fig. 8. Although alloy C-276 
had suffered a considerable loss of room-temperature 
impact toughness after exposure at 870 ~ alloy C-4 
(not susceptible to precipitation of p-phase) can be 
seen to maintain its toughness after up to 16000h 
exposure. A similar effect was reflected by the com- 
parative corrosion properties of the two alloys as 
shown in Fig. 9. After 1 h exposure at temperatures in 
the range of 540-870~ alloy C-4 can be seen to 
maintain its corrosion resistance in both boiling 10% 
HC1 (Fig. 9a) and boiling 50% H2SO~ + 42 g 1-1 fer- 
ric sulphate (Fig. 9b). In contrast, alloy C-276 had 
suffered a substantial loss of corrosion resistance in 
both media, particulariy after exposure at 870~ 
which could be related to precipitation of g-phase as 
described below. 

Degradation of mechanical strength by precipita- 
tion of g-phase particularly at room temperature, as 
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Figure 8 Effect of exposure time up to 16000 h at 870~ on the 
room-temperature Charpy impact energy of alloys (0) C-276 and 
(�9 C-4. 
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ized by the presence of critical concentrations of iron 
lowering the e/a ratio. 

Reference to Tables I and II indicates that alloys 
which were not susceptible to precipitation of g-phase 
at least within the temperature range and exposure 
times studied (C-4, S, 230, and certain heats of alloy 
625) contained small concentrations of iron typically 
less than 3%. This suggested that iron in excess of 
about 3% could stabilize p-phase in nickel-base alloys 
containing molybdenum and/or tungsten by lowering 
the e/a ratio. 

Noting that nickel deters the formation of g-phase, 
Fig. 10 illustrates the susceptibility to its precipitation 
in the alloys studied as a function of the Ni/Fe + Co 
ratio versus the concentration of Mo + W. For  
a given (Mo + W) concentration, precipitation of g- 
phase appears to be suppressed by increasing the 
Ni/Fe + Co ratio in the alloy. However, as the 
Mo + W concentration increases, a higher ratio of 
Ni/Fe + Co is required to prevent its precipitation. 
Alternately, for a given Ni/Fe + Co ratio, the suscepti- 
bility to precipitating g-phase increases with the 
Mo + W concentration. 

Because refractory transition elements such as mol- 
ybdenum and tungsten are known to have low mobil- 
ity in nickel-base alloys, it would be expected that the 
rate of p-phase precipitation in a given alloy was 
governed by the diffusivity of these elements. There- 
fore, the precipitation kinetics were influenced at least 
partially by the concentrations of molybdenum and 
tungsten. This could explain, at least partially, the 
observed difference in kinetics between alloys C, C- 
276, and C-22 (about 16% Mo + W) and alloy 
X (about 9.5% Mo + W). However, in the case of 
alloy B containing a high molybdenum concentration, 
the sluggish precipitation kinetics could possibly be 

demonstrated above, could be related to its high hard- 
ness and brittleness [-6, 7]. This could be associated 
with the complex crystal structure of g-phase and 
possibly atomic order. Also, the characteristic defect 
structure of g-phase described earlier could act as an 
effective barrier to dislocation motion, and an easy 
path for crack propagation [7]. Because the reducing 
corrosion test in boiling 10% HC1 detects Molyb- 
denum-depleted zones, the observed increase in cor- 
rosion rate of alloy C-276 (Fig. 9a) could be caused by 
the localized depletion of molybdenum in the vicinity 
of g-phase particles (Figs 2 and 3). Likewise, the 
oxidizing corrosion test in 50% H2SO 4 4- 42 g 1- 1 fer- 
ric sulphate detects molybdenum-rich phase such as 
the g-phase explaining the observed increase in cor- 
rosion rate (Fig. 9b). 

3.4. Ro le  o f  a l l o y  c h e m i s t r y  
It is evident from the above observations that the 
susceptibility to precipitation of g-phase is a sensitive 
function of alloy chemistry. Although a g-phase of the 
type Mo6Ni7 is not thermodynamically stable, the 
results of this study suggested that it could be stabil- 
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Figure 10 Susceptibility to precipitation of ~t-phase in the alloys 
studied as a function of the Ni/Fe + Co ratio and Mo + W concen- 
tration (see Table II). (O) g-phase, (O) no g-phase. 
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related to the lower temperature range over which 
g-phase was stable. 

4. Conclusion 
It could be concluded from the results of this 
study that a g-phase of the type Mo6Ni7 in nickel- 
base alloys containing molybdenum and/or tungsten 
could be stabilized by the presence of critical con- 
centrations of iron in excess of about 3%. In general, 
the g-phase was distinguished by a characteristic 
defect structure consisting of twins and stacking 
faults, and it exhibited a preferential tendency for 
precipitation at pre-existing molybdenum-rich car- 
bides both within the alloy matrix and at grain bound- 
aries. Although the precipitation of ~t-phase had pro- 
duced a moderate loss of room-temperature tensile 
ductility, it caused a considerable degradation of im- 
pact toughness and corrosion resistance in both re- 
ducing and oxidizing media. However, it had no 
significant effect on elevated temperature tensile 
strength. A correlation was found to exist between the 
susceptibility to precipitation of g-phase and the 
Ni/Fe + Co ratio as well as the Mo + W concentra- 
tion. For a given Mo + W concentration, the forma- 
tion of g-phase could be suppressed by increasing the 
Ni/Fe + Co ratio. 
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