Development of wrought precipitation
strengthened IN939 superalloy
M. R. Jahangiri*1,2, H. Arabi1,3 and S. M. A. Boutorabi1,3
The potential of cast IN939 superalloy to be converted to wrought alloy has been explored in the
present work. For this objective, bars of cast alloy were rolled under different conditions and then
subjected to various heat treatment cycles. The results indicated that the yield strength, ultimate
tensile strength and ductility of the wrought IN939 alloy are superior to the cast version. The stress
rupture properties of wrought IN939 superalloy are better than those of the widely used
superalloys, such as Nimonic 90 and Waspaloy, and approach the alloy Nimonic 105 properties.
This is very notable because Nimonic 105 contains y45 vol.-% c9 that is much greater than the
volume fraction of those strengthening precipitates in the alloy IN939 (y35%). On the whole, the
wrought form of this alloy has a high potential for manufacturing hot components to be used safely
under aggressive turbine environment.
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Introduction
Wrought and cast nickel base superalloys are frequently
used in hot sections of gas turbines. This is due to their
high strength and corrosion resistance at high temperatures as well as their relatively low manufacturing
cost.1,2
Wrought precipitation strengthened Ni–Cr–Co superalloys combine exceptional oxidation resistance with
mechanical properties at high temperatures.1–3 One of
the most important precipitation strengthened Ni–Cr–
Co superalloys that has been widely used in manufacturing gas turbine hot section parts is Waspaloy. Owing
to the need for alloys with higher creep or corrosion
resistance, superalloys such as Rene 41, Udimet 520,
Udimet 720 and Rene 88 have been later developed by
changing the amounts of some alloying elements such as
Ti, Al and Mo in Waspaloy composition. All these new
alloys are often used in wrought condition.3 The powder
metallurgy and cast/wrought routes are the main
processes for manufacturing turbine components from
Ni–Cr–Co based superalloys. These alloys can be used
in applications such as turbine blades and vanes, discs,
rotors, casings, fasteners, etc.
IN939 is a relatively new precipitation hardened NiCr-Co superalloy which has been developed by modification of Waspaloy. At present, this alloy is used as a
cast alloy in manufacturing gas turbine blades/vanes and
other structural parts such as burner nozzles and turbine
casings.4 It is one of the best alloys among the hot
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corrosion and oxidation resistant alloys having desirable
mechanical properties. Although considerable investigations have been carried out on the microstructure and
mechanical properties of this alloy in the as cast and
heat treated condition,4–7 there are no published data
dealing with the microstructure and mechanical properties of this alloy in wrought form. Therefore, IN939
might not have been used in wrought form so far.
In addition to the high amount of Cr, IN939 has a
large amount of Co. This can prevent g phase formation
during hot working or subsequent heat treatment
cycles.8 The Ti/Al weight ratio for IN939 is y2, and
this enhances the corrosion resistance of the alloy.9
Owing to the high content of Ti in the alloy, the role of
this alloying element to form c9 precipitates is essential,
and this provides higher strength at higher temperatures
for the alloy.10–12
Based on the published data reported for the cast
IN939 superalloy,4,6,7 it could be predicted that the
wrought version of this alloy would have excellent hot
corrosion and oxidation resistance, low tendency to
form topologically closed packed phases such as s and m
due to low Nv factor and absence of Mo in its chemical
composition.12,13
The IN939 superalloy has high amounts of carbide
forming elements, such as Ti, Nb and Ta, but there is no
Mo in its chemical composition. MC carbides, which are
free from Mo, can enhance the fatigue life of the alloy.14
c and c9 phases in the microstructure of the alloy provide
high strength due to the presence of appropriate
amounts of elements W, Ta and Nb,15 and the process
of making wrought alloy provides appropriate yield
strength and creep properties due to the presence of the
elements W and Ta and the absence of Mo in the alloy
composition.16 Finally, one can predict the superior
weldability of this wrought alloy compared to alloys
containing higher contents of Al and Ti and lower
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content of Co according to published data.17 In effect,
reducing the Al and Ti contents of the alloy leads to the
reduction of inter- and intragranular liquation of second
phases such as c9 precipitates, MC carbides and eta
phase, and this can enhance the weldability18 as well as
hot workability of the alloy.
Among the well known wrought Ni–Cr–Co superalloys that have been developed to be used at
temperatures up to 900–950uC are Nimonic 90 and
105.19,20 These alloys are currently used in the manufacturing of gas turbine parts such as blades, discs and
other forged components. Nimonic 105 alloy contains
4?5–5 wt-%Al and 5 wt-%Mo and shows less corrosion
resistance and weldability compared to IN939 alloy.
Inconel alloy 740 is a recently developed Ni–Cr–Co
precipitation strengthened superalloy with a potential to
be used at temperatures up to 800uC. By virtue of its
high Cr content, the alloy demonstrates excellent
corrosion resistance compared to the best existing Ni
base superalloys.21,22
The aim of the present paper is to develop wrought
IN939 superalloy and to compare its tensile strength and
creep rupture properties with other widely used wrought
superalloys such as Waspaloy, Nimonic 90 and Nimonic
105.

Experimental
To prepare the wrought IN939 alloy, the virgin IN939
master alloy was melted in a vacuum induction furnace
under a vacuum of 1023 mbar, and ingots with the
composition of Ni–0?144C–19?25Co–22?38Cr–3?65Ti–
1?99Al–1?97W–1?45Ta–0?99Nb–0?09Zr–0?011B–0?002P–
0?001S (wt-%) were cast. The pouring temperature was
1460uC. The ingot dimensions were 80660624 mm.
After two-stage homogenisation annealing (first 20 h at
1125uC followed by 10 h at 1200uC) for complete
dissolution of g phase, preventing incipient melting and
improving hot workability,23,24 the ingots were hot rolled.
Temperatures and thickness reductions in the hot rolling
procedures were selected based on the results of hot
compression experiments of the alloy (which are not given
in the present paper). At first, the ingots were hot rolled in
total of 40% at 1150uC with five passes, each of which has
,10% reduction in thickness, with a 10 min reheat
between each pass to maintain the temperature at
1150uC. Then, the specimens were hot rolled for 35 and
30% at 1100 and 1050uC respectively with the same
rolling schedule and appropriate pass numbers. The last
pass was followed by air cooling. There was not any
evidence of cracking on the edges or corners of the rolled
strips. The final thickness of the hot rolled strips was
6?5 mm.
The hot rolled strips were then heat treated. For
increasing the grain size of the final strips to obtain
better creep properties as well as improved resistance to
fatigue crack growth,25 the alloy was solution annealed
at a supersolvus temperature. Solution annealing temperature and time were 1145uC and 4 h respectively,
after which the strips were cooled in air and exposed to
two different aging cycles. A series of samples were first
aged at 1000uC for 4 h and then aged at 850uC for 16 h
and finally aged at 760uC for 16 h, all of them followed
by air cooling. This heat treatment is coded as type A
heat treatment in the present research. Another series of
samples were aged at 850uC for 24 h and then aged at
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760uC for 16 h. This heat treatment is coded as type B
heat treatment.
Some of the cast ingots were heat treated after casting
(without hot working) to compare the mechanical
properties as well as the microstructure of the IN939
superalloy in the cast and wrought conditions. For the
cast specimens, the solution temperature and time were
1150uC and 4 h respectively. A series of specimens were
air cooled after solution treatment and aged according
to the four-stage standard heat treatment schedule. This
four-stage treatment includes one solution and three
successive aging cycles.5–7 Aging of such materials was
performed at 1000uC for 6 h followed by air cooling and
subsequent aging at 900uC for 24 h and final aging at
700uC for 16 h. Another series of cast samples were
furnace cooled after solution annealing at the rate of
y20uC min21. These materials were finally aged at
850uC for 16 h and then air cooled.
Tensile and stress rupture test specimens were
machined from hot rolled strips as well as cast bars
after heat treatment. For the hot rolled parts, these
specimens were machined from the middle of the strips
so that the rolling direction was parallel to the tension
axis in all mechanical tests. Tensile tests were performed
according to standards ASTM-E8 and ASTM-E21 in
the range of 25–850uC, and stress rupture tests were
conducted according to ASTM-E139 standard at
temperatures and stresses in ranges of 750–900uC and
170–500 MPa correspondingly. Moreover, the microstructure of materials was analysed by optical and
scanning electron microscopies after the preparation of
metallographic samples.

Results and discussion
Figure 1 shows the alloy microstructure in the as cast
condition. The alloy has a dendritic microstructure. The
microstructure of the cast parts includes the matrix c
together with other precipitated phases such as c9
particles, MC carbides and some g phases. MC carbides,
c/c9 eutectics and platelets of g phase have been generally
formed in the interdendritic regions of the microstructure. c9 particles have a variety of sizes and shapes in the
dendrite cores or interdendritic regions. Some rose-like
c9 precipitates can be seen in the interdendritic regions
with sizes in the range of 0?5–1 mm.
Figure 2 shows the microstructure of the cast parts
after heat treatments. Although the homogeneity of the
cast alloy has been increased to some extent, there is still
a considerable amount of inhomogeneity in the microstructure. The dendritic form of the microstructure has
remained, and there is a large amount of g phase in the
microstructure. c9 particles have larger size in the
samples that were furnace cooled after solution annealing. Quantitative metallography showed that the volume
fraction of c9 precipitates is around 32–36%.
Figure 3 shows the alloy microstructure after homogenisation annealing and final hot rolling. Figure 4
shows the final microstructure of the wrought alloy after
heat treatments with two different aging cycles. These
figures indicate that the grain size of the hot rolled
specimens is much finer than those of the cast and
homogenised samples. This indicates that the recrystallisation has occurred during hot rolling or reheating
cycles. The IN939 superalloy has large amounts of Co
and Cr. This can decrease the stacking fault energy of
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1 Microstructures of cast specimens: a dendritic appearance of microstructure and presence of b g phase and MC carbides, c c/c9 eutectics and d rose-like c9 particles in interdendritic regions

the alloy.26 At elevated temperatures, alloys having low
SFE can easily undergo dynamic recrystallisation during
thermomechanical processing.
The final hot rolled samples have pancake and
elongated grains in the rolling direction. This shows that
recrystallisation has not been completed during final hot
rolling at 1050uC or subsequent air cooling. As a result,
during final hot rolling procedure at 1050uC, dynamic
recovery and/or work hardening are the main microstructural change micromechanisms, and these can lead
to an increase in dislocation density and hardness of the
alloy along with the formation of subgrain boundaries.27

After solution annealing at 1145uC and two different
types of aging, the wrought alloy microstructure has
been statically recrystallised, and the grain size was
obtained in the range of 80–100 mm. No residual coarse
primary c9 particle within the microstructures was
observed. This is due to the use of high temperature
homogenisation annealing cycle before hot rolling and
utilising supersolvus solution cycle after hot rolling
procedure. In addition, no residual g phase was
observed in the microstructure of homogenised cast
bars or final heat treated wrought alloys. This indicates
that unlike the standard solution annealing used for cast

2 Microstructures of cast specimens after a–c four-stage standard heat treatment and d furnace cooling after solution
annealing and aging at 850uC for 16 h
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a cast and homogenised; b hot rolled
3 Microstructures of specimens

ingots, the selected two-stage homogenisation annealing
was able to dissolve the g phase completely.
A significant point is the presence of numerous twins
in the microstructures of wrought materials. These
twins, which have been produced during hot rolling
and heat treatments, indicate that twinning is a major
deformation mechanism of this alloy at high temperatures. These twins can play a significant role in
enhancing the alloy strength,28,29 while they can affect
the dynamic recrystallisation of the alloy30 as well as the
precipitation of c9 and carbide particles.
Figure 5 shows the tensile properties of wrought and
cast IN939 alloys after final heat treatments. Wrought
samples heat treated according to type A heat treatment
had a bimodal c9 size distribution (Fig. 6a) with average

sizes of 50 and 130 nm respectively. Since c9 is the major
strengthening phase in IN939 superalloy, the strengthening effects of these c9 particles can be significantly
reduced by particle coarsening during first step aging at
1000uC. This explains why the type A heat treated
samples with a bimodal distribution of c9 had lower
yield and tensile strength than those heat treated
according to the type B heat treatment having fine (in
the range of 50–75 nm) c9 particles (Fig. 6b). The
volume fraction of c9 precipitates was calculated to be
,35% for the wrought samples.
As shown in Fig. 5, the yield strength, ultimate tensile
strength and ductility of wrought IN939 material are
superior to the cast version. These conditions are almost
true for all temperatures except for those cast samples,

a type A heat treated; b type B heat treated
4 Microstructures of wrought specimens
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5 Comparison of tensile properties of IN939 superalloy in cast and wrought conditions

which were furnace cooled after solution annealing.
These samples showed, to some extent, better ductility
with respect to the wrought alloys heat treated according
to the type B heat treatment.
Since the overall chemical composition of the alloy is
the same for both cast and wrought samples, the
superior tensile properties of the wrought IN939 alloy
can be attributed to its more homogeneity and finer
microstructure relative to the cast sample. Grain

boundaries act as dislocation barriers, and decreasing
the grain size can increase the tensile strength of the
wrought alloy. On the other hand, a reduction in grain
size can improve ductility by activation of multiple slip
systems. As multiple slip is almost common in the
vicinity of grain boundaries,31,32 the smaller the grain
size, the more uniform the deformation, and this leads to
better ductility during deformation. These observations
have been also reported for other superalloys.10,15,33

6 Microstructures of c9 precipitates in a type A heat treated wrought IN939 alloy and b type B heat treated wrought
IN939 alloy
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7 Comparison of tensile properties of wrought IN939 alloy with other selected wrought precipitation strengthened superalloys

Moreover, complete dissolution of the g phase during
two-stage homogenisation annealing has resulted in
better tensile properties. It has been shown that g phase
has a detrimental effect on the mechanical properties of
IN939 superalloy, especially its ductility.4,34
Comparison of the tensile properties of wrought
IN939 alloy obtained in the present research with those
of the other conventional wrought superalloys reported
in various references10,12,17,19–22,33,35,36 is illustrated in
Fig. 7. This figure shows that the yield and ultimate
tensile strengths of type B heat treated wrought IN939
alloy are more than that of the selected widely used
superalloys at all temperatures. The yield strength of
type A heat treated wrought IN939 alloy is somewhat
less than that of Nimonic 105 up to 750uC, but this

property approaches Nimonic 105 and Waspaloy at
higher temperatures.
The higher yield strength of the type B heat treated
wrought IN939 superalloy compared to Waspaloy,
Nimonic 90 and IN740 superalloys seems to have
resulted from its chemical composition, as it contains
more Ti, Al, Nb and Ta relative to the other mentioned
alloys. These alloying elements produce more c9 particles
and improve the yield strength of the alloy.15,16,37
Table 1 compares the chemical composition and volume
fractions of c9 particles for the selected superalloys. The
superior yield strength of the type B heat treated
wrought IN939 superalloy compared to the Nimonic
105 superalloy can be attributed to its more Ti and Co
contents and higher Ti/Al ratio according to Xu et al.,11

Table 1 Typical chemical composition and volume fractions of c9 particles for different superalloys (wt-%)
Alloy

Ni

C

Co

Cr

Ti

Al

W

Ta

Nb

Zr

B

c9/vol.-% (reference)

IN939
Ni-105
Ni-90
Waspaloy
IN740

Balance
Balance
Balance
Balance
Balance

0.14
0.14
0.1
0.06
0.03

19.5
20
17.5
13.5
20

22.5
15
19.5
20
25

3.7
1.3
2.5
3
1.8

1.9
4.7
1.5
1.4
0.9

2
–(Mo:5)
…
–(Mo:4)
–(Mo:0.5)

1.5
…
…
…
…

1
…
…
…
2

0.1
0.1
0.1
0.1
…

0.01
0.01
0.01
0.008
…

35 (the present work)
45 (Refs. 42 and 43)
19.6 (Ref. 53)
25–30 (Ref. 54)
20–25 (Ref. 55)
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8 Comparison of stress rupture properties of wrought
IN939 alloy with other selected wrought precipitation
strengthened superalloys

Sims et al.12 and Cui et al.37 and probably finer c9
particles in the former alloy.38 As mentioned earlier,
increasing the temperature of the first step of aging cycle
lowered the yield strength of the type A heat treated
wrought IN939 alloy due to the coarsening effect that
the duration of this step had on c9 precipitates.
The ultimate tensile strength of Waspaloy is somewhat superior to the type A heat treated wrought IN939
alloy up to 650uC. This is because of the finer c9 particles
presented in the Waspaloy microstructure. Because
Waspaloy is aged at 850 and 760uC respectively, these
temperatures would result in finer c9 particles compared
to higher aging temperatures used for type A heat
treated wrought IN939 alloy. These fine particles can
enhance the tensile strength of superalloys at low and
moderate temperatures.12,15,33,39 At higher temperatures, the ultimate tensile strength of the type A heat
treated alloy is nearly the same as that of Nimonic 105
alloy but more than those of the other selected wrought
superalloys such as Waspaloy, Nimonic 90 and IN740.
Comparison of alloy ductilities at various temperatures illustrated in Fig. 7 shows that this property is
steadier for the two types of heat treated wrought IN939
superalloys at all temperatures with respect to the other
alloys. Although the type A heat treated material has
better ductility than type B, both types have desirable
ductilities (i.e. >6%) at all temperatures.
Figure 8 compares the stress rupture properties of the
two-type heat treated wrought IN939 superalloys with
the other selected conventional superalloys.
It is well known that during creep of superalloys, three
essential interactions occur between dislocations and c9
particles: shearing of c9 by dislocations, looping of
dislocations around c9 particles and dislocation climb
around c9.1,10,15 At low temperatures and high stresses,
shearing and looping mechanisms are prevalent, while at
high temperatures and low stresses, looping and climb
are dominant.40,41
Type B heat treatment for wrought IN939 alloy yields
appropriate high stress and short time rupture properties
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but did not stabilise the microstructure sufficiently to
produce optimised rupture properties for long time high
temperature services. Owing to the instability of fine c9
particles that existed in type B wrought alloy at high
temperatures, dislocations can easily climb around these
particles. The use of a higher temperature in the first step
of aging cycle (i.e. 1000uC for 4 h) for the type A heat
treated alloy can lead to the stabilisation of microstructure and better long term, low stress, high
temperature rupture properties. The positive effect of
an intermediate aging cycle on the long time creep
properties of other wrought superalloys has been
documented previously in Refs. 10, 12 and 17.
As shown in Fig. 8, the stress rupture properties of
wrought IN939 superalloy are better than those of most
of the selected superalloys (Waspaloy, Nimonic 90 and
IN740) and approach the alloy Nimonic 105 properties.
Since the IN939 superalloy contains higher c9 volume
fraction compared to Waspaloy, Nimonic 90 and IN740
superalloys (Table 1), the superiority of its creep
resistance was predictable. However, the equality of
creep properties of Nomonic 105 and wrought IN939 is
very notable because Nimonic 105 contains y45 vol.-%
c942,43 that is much greater than the volume fraction of
those precipitates in the alloy IN939 (y35%).
The creep resistance of precipitation strengthened
superalloys is controlled by various parameters, including volume fraction, chemical composition and size of c9
precipitates along with the grain size of the
alloy.10,12,15,17,33 Because Nimonic 105 and wrought
IN939 superalloys have been solution annealed at
supersolvus conditions, the grain size of two alloys is
identical in the range of 80–100 mm.35,42,43 Comparison
of the chemical composition of the two alloys shows that
IN939 alloy has more strengthening elements, such as
Ti, Ta, Nb, W and Cr in its composition except the
elements Al and Mo, which are less than those existing
in Nimonic 105 alloy. Both of these alloys have the same
contents of Co, C, B and Zr. The results show that
although the existence of more Al content in the
Nimonic 105 alloy composition can lead to the formation of more c9 particles (i.e. higher volume fraction of
c9), the potential of the Al enriched particles to enhance
the creep properties of the alloy is less than that of the
particles having elements such as Ti, Nb, Ta and W, as
reported by other researchers.10,11,44–46 Moreover, it has
been reported that the coarsening (ripening) rate of c9
particles during creep of superalloys decreases as the
Cr and Co contents of the alloy increased.11,12,47
Consequently, these elements, which have high concentration in IN939 superalloy, reduce the solubility of Al
and Ti in c phase and hence decrease the c9 particles’
growth rate. This stabilises the microstructure of IN939
alloy compared to Nimonic 105. It has been also shown
that the presence of Ta, W and Nb elements in
superalloys can decrease the coarsening rate of c9 particles
due to their low diffusivity in the c matrix.44,48,49 Because
IN939 superalloy has high amounts of these slow
diffusing elements, the coarsening rate of c9 particles in
the IN939 superalloy is lower than that in the Nimonic
105 alloy. This can also enhance the creep resistance of
wrought IN939 superalloy at high temperatures and long
times.
Figure 9 shows the microstructure of type A and B
heat treated wrought IN939 superalloys after 1500 h

Jahangiri et al.

Wrought precipitation strengthened IN939 superalloy

9 Microstructures of c9 precipitates after 1500 h aging at 800uC for a type A wrought IN939 alloy and b type B wrought
IN939 alloy

aging at 800uC. It can be seen that the type A heat
treated alloy has a more stable microstructure, as the
coarser c9 particles formed during the first stage of aging
cycle are almost unchanging even after long times. Some
twin planes decorated with M23C6 carbides are also
observed in Fig. 9b.
Finally, it can be considered that the higher volume
fraction of MC carbides in the IN939 alloy microstructure (see Figs. 3 and 4) due to the presence of more
MC carbide forming elements such as Ti, Ta and Nb
relative to the Nimonic 105 alloy can lead to the
improvement of creep properties. The beneficial effect of
these MC carbides on the creep and tensile properties of
superalloys has been established in other works.50–52

Conclusions
In the present work, the wrought version of the cast
IN939 superalloy was developed. Through microstructural and mechanical property experiments on cast and
wrought IN939 superalloys with two different types of
heat treatments, the following conclusions can be drawn.
1. The yield strength, ultimate tensile strength and
ductility of the wrought IN939 superalloy are better
than that of the cast version.
2. The stress rupture properties of wrought IN939
superalloy are superior to those of the widely used
superalloys such as Nimonic 90 and Waspaloy and
approach the alloy Nimonic 105 properties. This is very
important because the c9 volume fraction of the IN939
alloy is much less than the c9 volume fraction of the
Nimonic 105 alloy.
3. The wrought IN939 superalloy has a stable
microstructure at high temperatures. Type A heat
treated alloy is more stable because of using a higher
temperature for the first stage of the aging cycle.
4. Considering the excellent corrosion resistance of the
IN939 alloy together with the good weldability and
mechanical properties, the wrought version of this alloy
would have a high potential to be used at high temperatures.
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