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ABSTRACT

Based on a fourth generation single crystal (SC) superalloy,
TMS-138, we designed new SC alloys that contain higher
Mo, or Re, for

strengthening. The Ru content was also increased to improve

amount of refractory elements, Nb, Ta,

the phase stability. The creep strength and microstructure of
these alloys were examined and compared with those of the
base alloy TMS-138 and a third generation SC superalloy,
CMSX-10K.

As predicted by our alloy design program, TMS-162 (Mo
and Ru addition) and TMS-173 (Re and Ru addition) exhibited
excellent creep properties. Their times to 1%
deformation at 1100°C/137MPa were about 2.5 times as long
as that of TMS-138 and 5 times as long as that of CMSX-10K.

The temperature capability of TMS-162 has reached a project

creep

target of 1100°C under stress at 137MPa and a creep rupture
life as long as 1000 h, which is the highest ever reported.

INTRODUCTION

Since the introduction in early 80°s[1], Ni-base single crystal
superalloys have been widely used as turbine aerofoil materials
in jet engines and industrial gas turbines to increase the turbine
inlet gas temperatures and improve thermal efficiencies. In the
latest civil aeroengines, for instance, so-called third generation
SC superalloy CMSX-10 (RR3000) has been used for
uncooled intermediate-pressure blades [2] whose metal
temperatures can rise above 1000°C at takeoff. This alloy
contains up to 6 wt% rhenium (Re) to improve the creep
strength. However, the total amount of strengthening elements
in 3 rd generation superalloys has been beyond the solubility
limit.

Consequently, after long-term exposure at high

temperatures, significant amounts of detrimental phases,

so-called topologically close-packed (TCP) phases containing
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high Re and other strengthening elements, form to reduce the
creep strengths. This limits the actual durability of the
components. To avoid this problem, new SC superalloys to be
classified as 4 th generation SC alloys are being developed in
the world [3].

In the Japanese government “High
Temperature Materials 217, conducted by NIMS, June 1999 -

March 2008, we have been developing new SC superalloys

funded project,

with superior creep strengths as well as microstructural
stabilities. The target temperature capability is 1100°C under
stress at 137MPa and creep rupture times as long as 1000 h.
We had reached 1083°C with a fourth generation SC alloy,
TMS-138 [4, 5], which is now being tested for use in a new jet
engine to be made in Japan. However, the target had not been
achieved yet.

In this study, we are developing next generation SC
superalloys that meet the target for achieving new aeroengines
and advanced industrial gas turbines with very high thermal

efficiencies.

ALLOY DESIGN

New SC superalloys were designed using our fourth generation
SC superalloy, TMS-138, as a base alloy. According to the
calculations by the NIMS Alloy Design computer Program
(NIMS-ADP) [6], each one of the refractory elements, Nb, Ta,
Mo or Re, was added by 0.7at% to TMS-138. The amount of
addition, 0.7at%, was decided so that the heat treatment
window is larger than 15°C, and the alloy density is smaller
than 9.2. Other materials parameters including phase
compositions, lattice misfit, creep strengths, and so on, were
also calculated and taken into consideration.

The refractory element additions, however, normally
decrease the phase stability, and make the alloy TCP-prone. To

suppress the possible TCP formation, all the platinum group



Table 1 Chemical compositions (wt%,bal.Ni) of single crystal superalloys examined in this study. Heat treatment windows, lattice

misfit values, and creep rupture lives calculated by NIMS Alloy Design Program are also shown.

Heat 1100°C |1100°C,

treatment | Lattice | 137MPa
Alloys Co Cr Mo W Al Ti Nb Ta Hf Re Ir Ru |window™ |misfit* | Creep

(°c) (%) rupture

life*(h)

CMSX-10 30 20 04 50 57 02 01 80 003 60 - - 9 -0.11 220
TMS-T75 120 30 20 6.0 6.0 - 60 01 50 - 60 -0.15 224
TMS-138 59 29 29 59 59 - - 56 01 49 - 20 44 -0.20 399
TMS-139 58 29 29 58 58 - - 55 01 49 30 - 54 -0.19 399
TMS-138NbRu 56 28 28 56 56 - 10 56 01 47 - 5.0 26 -0.09 302
TMS-138TaRu 56 28 28 56 56 - - 79 01 47 - 50 18 -0.04 453
TMS-138ReRu
(TMS-173) 56 28 28 56 56 - - 56 01 69 - 5.0 45 -0.27 1137
TMS-138MoRu
(TMS-162) 58 29 39 58 58 - - 56 01 49 - 6.0 35 -031 959

Table 2 Heat treatment conditions.

*Calculated by NIMS Alloy Design Program

Alloys Solution treatment Aging treatment

CMSX-10K 1316°C,1h—1329°C,2h—1335°C,2h—1340°C,2h  1152°C,6hAC ,871°C,24hAC ,760°C,30hAC
—1346°C,2h—1352°C,3h—1357°C,3h
—1360°C,5h—1363°C,10h—1365°C,15hAC

TMS-75 1300°C,1h—1320°C,5hAC 1100°C,4hAC ,870°C,20hAC

TMS-138 1300°C,1h—1340°C,5hAC 1100°C,4hAC ,870°C,20hAC

TMS-139 1300°C,1h—1340°C,5hAC 1150°C,4hAC ,870°C,20hAC

TMS-138NbRu
TMS-138TaRu
TMS-138ReRu
TMS-138MoRu

1280°C,1h—1310°C,5hAC
1300°C,1h—1330°C,5hAC
1300°C,1h—1330°C,5hAC
1300°C,1h—1330°C,5hAC

1100°C,4hAC ,870°C,20hAC
1100°C,4hAC ,870°C,20hAC
1100°C,4hAC ,870°C,20hAC
1100°C,4hAC ,870°C,20hAC

metal additions were found to be effective, and, for the present
work, ruthenium (Ru) was added. The alloy compositions thus
designed are presented in Table 1 with those of alloys
CMSX-10K, TMS-75, TMS-138 and TMS-139. TMS-139 is a
4 th generation SC alloy with Ir addition instead of Ru as a
microstructure stabilizer [4].

As Mo and Re partition more to the y phase rather than the y'
phase independent of Ru addition [7], and the atomic volume
of these elements are larger than that of Ni, the addition of Mo
or Re changes the lattice misfit towards a larger negative, as
shown in the Table 1. On the other hand, Nb and Ta partition
more to y' phase and change the lattice misfit towards positive
direction. Here, the lattice misfit, , is expressed as, & = (ay' -
ay) / ay. A larger negative lattice misfit is known to enhance
rafting and the formation of a finer interfacial misfit

dislocation network; both improve the alloy creep strength [5].

EXPERIMENTAL PROCEDURE

SC bars of 10 mm diameter and 130 mm length of the
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designed alloys, the base alloy (TMS-138), TMS-75, TMS-139,
and CMSX-10K were cast in a NIMS directional solidification
(DS) furnace with 2 kgs of the remeltbars. The mold
withdrawal rate, which corresponds to the solidification rate,
was 200 mm/h for all.

The heat treatment conditions of the newly designed alloys
were selected by microstructure examination after heating
small slices of the SC samples at various temperatures ranging
from 1280 to 1360°C for 2 h. The solution treatment windows
of the designed alloys were found to be as large as the
predictions. For instance, 15°C with TMS-138TaRu is the
smallest; while, 40 °C with TMS-138ReRu(173) is the largest.

The actual heat treatment conditions thus determined are
shown in Table 2. The heat treatment of the creep specimens
was performed in argon (Ar) gas-sealed quartz tubes. After 1 h
heating at 1280 or 1300°C, the samples were heated up and
held at the solution temperatures for 5 h, followed by
air-cooling. Two-step aging treatments were performed, first
1100°C for 4 h, followed by air-cooling, and second at 870°C
for 20 h, followed by air-cooling. The microstructures thus
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Fig. 1. Micrographs of the heat treated samples.

obtained in the newly designed alloys are shown in Fig.1. Very

well aligned y/y' coherent structures were observed in all the 1100°C/137MPa v 1% creep

alloys. TMS-138ReRu TMS-138MoRy
o . (TMS-173)  (TMS-162)
From the fully heat-treated SC bars of longitudinal axes TMS-138NbRu i [«— TMS-139 ]
i

within 10 degrees of the <001> direction, cylindrical creep
specimens of 4 mm in diameter and 20 mm in length as gage TMS-138TaRu
part were machined out and carefully finished by grinding. For -
TMS-138, -139 and CMSX-10K, proper heat treatments were 5-

performed before machining creep specimens to the same

TMS-138

Creep Strain (%)

shape. CMSX-1 0&.\

Creep tests were carried out mainly at 1100°C/137MPa,
1000°C/245MPa and 800°C/735MPa. At 1000 and 1100°C, a H oie: - a0m - ol | este - a6~ adon - adao

non-contact strain-measuring device developed by the authors Time (h)

and their collaborators was used to obtain precise creep curves; Fig. 2. Creep strain vs. time curves at 1100°C/137MPa.

while, at lower temperatures traditional extensometer was used.

Microstructures in as heat treated and creep ruptured samples

were examined in a Scanning Electron Microscope (SEM) and 1E-5
a 200kV Transmission Electron Microscope (TEM). '
1E-6 ot . b
RESULTS AND DISCUSSION - .
Creep Property 'Q P E ’-': !
Creep curves obtained at 1100°C/137MPa are presented in 2 e a3 CMSX_10K L
Fig. 2. It is clearly shown that the newly designed alloys, % e _ v ‘.:.f.' g ‘-,".l__r"' : .
TMS-138ReRu(173) and -138MoRu(162), have the longest S 1E-8 i b = TMS'_m ‘_“
creep rupture lives, which are about 3 times as long as that of 3 '--_!._ - :J& e 4
CMSX-10K and 2.5 times as long as that of TMS-138. When a E-od | | CoP e I fd
comparison is made in time to the 1% creep, the advantage is o e A
even more significant; the time is about 5 times as long as that ] h Time (h) o %0
of CMSX-10K and 2.5 times as long as that of TMS-138 and
TMS-139. Fig.3. Creep rate-time curves of three alloys of CMSX-10K,
The corresponding creep rate vs. time curves of the three TMS-138, and TMS-162 at 1100°C/137MPa.
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typical alloys are presented in Fig.3. This figure clearly shows
that the minimum creep rate becomes smaller in the order of
CMSX-10K, TMS-138, and TMS-138MoRu (162), while the
time to reach the minimum creep rate is the shortest with
CMSX-10 (about 3% of creep life) and the longest with
TMS-138MoRu (40%). Also, interestingly, the initial creep
rate is the largest with TMS-138MoRu (162), but the creep rate
decreases with time and reaches the lowest rate, exhibiting the
longest creep life among the three alloys. TMS-138 has the
same tendency, although not as significant as that of
TMS-138MoRu.

This unique change in the creep rate is due to the so-called
rafting of the y/y' structure. The same tendency as we see in
TMS-138 and TMS-138MoRu (162) has been observed in
other SC superalloys, i.e., TMS-82+ (second generation SC
alloy) and TMS-75 (third generation SC alloy) [8], and it
has become clear that rafting is responsible for this. The
rafting process causes an inter-diffusion of alloying elements
around the y' precipitates, which activates the self-diffusion of
alloying elements and vacancy, and encourages the dislocation
motion especially the climbing. Thus during rafting, the creep
rate increases and decreases as the rafted structure is
completed [9]. TMS-138MoRu (162) and TMS-138 seem to
follow the same procedure.

The creep rupture strength of TMS-138MoRu (162) meets
the “High Temperature Materials 21 Project” target, that is,
1000 h of rupture life at 1100°C/137MPa. This is the first
Ni-base SC superalloy that ever reached a temperature
capability of 1100°C under this condition.

Fig.4 shows creep curves under 1000°C/245MPa condition,
which simulates the actual highest metal temperature in the
latest jet engines at takeoff. Similar to the 1100°C/137MPa
TMS-138MoRu (162) exhibits highest creep
strength, followed by TMS-138ReRu (173), TMS-138TaRu,
and TMS-138NbRu, exactly in the same order as under
1100°C/137MPa. It can be seen, however, that the primary

condition,

creep takes longer time compared with those at
1100°C/137MPa, due to the slower rafting kinetics. The
tertiary creep also takes longer time presumably due to the
work hardening effect being more effective in this condition
than under higher temperatures.

Under 800°C/735MPa creep condition which simulates a
blade root part, all the newly designed alloys, especially
TMS-138ReRu (173), have superior creep strengths whereas
the fourth generation SC alloy TMS-138 shows about 10%
initial creep followed by a fast secondary and tertiary creep
deformation to rupture, as shown in Fig.5. This shows that
solid solution strengthening by Ru is very effective at this
lower temperature range.

In Fig.6, creep strengths of TMS-138MoRu (162) and
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Fig. 4. Creep strain vs. time curves at 1000°C/245MPa.
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Fig.5. Creep strain vs. time curves at 800°C/735MPa.

TMS-138ReRu (173) are compared with those of typical SC
superalloys with time to 1% creep strain. It is shown that the
newly designed alloys have superior creep strength over the
commercial alloys in the whole stress and temperature range,
especially at lower-stress/higher-temperature and higher-
stress/lower- temperature conditions.

A comparison in the rupture life is presented in Fig.7.
TMS-138MoRu (162) and TMS-138ReRu (173) again have
excellent strength though the strength is close to CMSX-10K
e.g.,
392MPa/900-950°C. In this temperature range, some TCP

formation is observed in the dendritic core area in the creep

at intermediate-stress/intermediate-temperature range,

ruptured samples.



Stress(MPa)

Stress(MPa)

]000_ I I * I L 1 ' 1 ' ] . 1 ¥ I ¥ | ¥ I L I B
. Time to 1% creep strain| 1
\ TMS-138ReRu |
TMS-173)
g //’_ ( g
500 TMS-138MoRu
(TMS-162) 1
CMSX- 10——-*‘“ \
CMSX—4 —~ "\
* *
CMSX-10K —7
100 TMS-138 *
I ¥ I ¥ I ) I v I ' ] i 1 ¥ 1 L | L I L I
22 23 24 25 26 27 28 29 30 31 32
LMP=T(20+log(1% creep time)) X 10~
Fig. 6. Larson-Miller curves in time to 1% creep strain.
1000_ T ¥ T L] T L] T ¥ T ¥ T T T L) T L] T ]
] Rupture life
* w
TMS-138ReRu
500 - (TMS-173)
\. / TMS-138MoRu
(TMS-162)
CMSX-10
OMSX-4—
. CMSX—IOK/’/ |
| TMS-138 :
I L | * I L I L ] L I " I Y I . I
23 24 25 26 27 28 29 30 31 32

LMP=T(20+og(tr)) x 107°

Fig. 7. Larson-Miller curves in rupture life.

39




Microstructure analysis

SEM micrographs observed in the specimens ruptured at
1100°C/137MPa In all the

microstructures, rafted structures are visible but more or less

are presented in Fig.8.
deformed by dislocation cutting during the tertiary creep. The
microstructures were thermodynamically very stable at this
temperature and TCP phases were rather difficult to find.

TEM micrographs of CMSX-10K, TMS-138,
TMS-138MoRu (162) samples creep-ruptured at 1100°C/

137MPa are shown in Fig.9. The observations were made at

and

about 6 mm distance from the fractured surface, where little
effect of necking caused by tertiary creep deformation is
expected and, consequently, the rafted structure built up during
secondary creep is well preserved.

By the observation, we found dislocation network generated
on the rafted y/y' interface perpendicular to the stress axis near
<001>. The dislocation network is also preserved during
cooling after the creep rupture because of its nature; the
dislocations restrain each other and also require climbing to
move. The dislocation network becomes finer in the order of
CMSX-10K, TMS-138, and TMS-138MoRu (162), where
TMS-162 is the finest. When the lattice misfit becomes larger
in the negative, the interfacial dislocation network becomes
finer to relieve the coherency strain. The difference in the
dislocation spacing observed in Fig.9 is attributed to the
difference in the lattice misfit mainly due to the difference in
the Mo content as designed.

The minimum creep rate at 1100°C/137MPa is plotted
against the mean dislocation spacing in Fig.10. There is a

linear relationship between the minimum creep rate and the

MS-138ReRu

Stress

dislocation spacing. As the Mo amount increases and the y/y'
interfacial dislocation network becomes finer, the minimum
creep rate decreases greatly. The same relationship has been
reported in previous papers by some of the authors of the
present paper and their coworkers.

During creep at a higher temperature and a lower stress
condition such as 1100°C/137MPa, the rafted structure is
ideally built up, and the y channel parallel to the stress axis
almost disappears; as a result, dislocation climbing along the
longitudinal direction becomes very difficult. This is the
reason why the creep rate decreases when the rafted structure
is building up. In this situation, as an alternative way for the
gliding dislocations to move, they start cutting into the y' phase
as superdislocations [10]. Here, the y/y' interfacial dislocation
network effectively prevents the dislocation cutting into y'
because the gliding dislocations must pass through the
dislocation network. The stress, T, needed for a dislocation to
bow out of the network is expressed as, T = aGb/R, where a is
a constant value, G is the shear stress, b is the Burger’s vector,
and R is the radius of the dislocation bowing out [11]. As the
network becomes finer, the R becomes smaller, and t becomes
larger. This means that a higher shear stress is needed for the
dislocation to pass through a finer dislocation network, which
resulted in the relationship shown in Fig. 10. The remarkable
creep strength of TMS-138MoRu (162) and TMS-138ReRu
(173) is thus attributed to this fine dislocation network
generated on the rafted y/y' interfaces. Creep deformation

mechanisms described above are discussed more in details by

Zhang, et. al,[12] in this same volume.

| TMS-138MoRu |

Fig.8. SEM micrographs of creep ruptured samples at 1100°C/137MPa.
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Fig.9. Transmission electron micrographs of the creep ruptured alloy of CMSX-10(a), TMS-138(b) and TMS-162(c),showing the

difference in the interface dislocation networks among three ruptured alloys.
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Fig. 10 Minimum creep rates of CMSX-10K, TMS-138, and
TMS-162 as a function of their interfacial dislocation

spacing.

Long term stability and environmental properties
Microstructure  stability of TMS-138MoRu (162) and

TMS-138ReRu (173) was examined at temperatures ranging
from 900°C to 1200°C for up to 1000h. It was found that the
microstructures of the alloys are stable at higher temperatures;
no TCP phases were observed at 1200°C and very few
observed at 1100°C. However, at 1000°C and 900°C, TCP
phase started to precipitate in the dendritic core area at times
less than 100h. The amount of TCP phase was larger in
TMS-138ReRu  (173) with 6.9wt%
TMS-138MoRu (162) with 4.9wt% Re. A longer solution

treatment, instead of the S5h simple solution treatment

Re compared with
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performed in this study, will minimize the solidification
segregation of Re and, consequently, the TCP formation, and
further improve the creep strengths in the 900-1000°C
temperature range.

Oxidation resistance of TMS-138MoRu (162) and
TMS-138ReRu (173) was studied under isothermal heating
condition for up to 1000h. It has been shown that these alloys,
especially TMS-138MoRu (162) containing the highest Ru
content, 6.0wt%, are less oxidation resistant compared with the
base alloy TMS-138. Although it depended on the temperature,
the weight gain or loss is about twice as large as those with 2
nd, 3 rd and 4 th generation SC alloys including TMS-82+,
TMS-75 and TMS-138. For practical use of TMS-138MoRu
(162) and TMS-138ReRu (173), oxidation protection by

reliable coating systems is essential.

Possibilities for future developments

Fig.11 shows a very good agreement between calculated and
experimental creep rupture lives. The prediction equation does
not include the effect of Ru, and yet a good agreement is
obtained. This confirms that Ru is not a strengthening element
at this condition, but a phase stabilizing element.

Fig.12 summarizes the alloy design in this paper. Based on
TMS-138, Mo and Re additions change lattice misfit toward
larger in negative, which improves creep strength. Nb and Ta
additions, on the other hand, tend to bring lattice misfit closer
to zero. In this case, although y' phase is solid solution
strengthened, this benefit is almost canceled out by the lattice
misfit shift in the wrong direction. If the lattice misfit becomes
smaller in negative, dislocation network becomes coarser and

creep deformation by dislocation cutting becomes easier.
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Fig.13 presents a history of the improvement in the
temperature capability of Ni-base superalloys. TMS-138MoRu
(162) is plotted at 1105°C, which is the highest temperature
capability ever reported with SC superalloys. The alloy density
was measured to be 9.04, which is similar to that of CMSX-10.
In the last 24 years since the introduction of SC superalloys,
e.g., PWA1480 in 1980, the temperature capability of SC
superalloys has been improved by 100°C. Further improve-
ments beyond TMS-138MoRu(162) and TMS-138ReRu (173)
theoretically possible with the

are same methodology

established in this work.

CONCLUSIONS

Based on a fourth generation SC superalloy TMS-138, we
designed new alloys containing higher amount of refractory
elements for strengthening. The Ru content was also increased
to improve the phase stability. The creep strength and
microstructure of the alloys were examined, and the following
conclusions were reached.

(1) The TMS-162(138MoRu)
TMS-173(138ReRu) have times to 1% creep deformation
at 1100°C/137MPa, about 2.5 times as long as that of
TMS-138 and 5 times as long as that of CMSX-10K,

which is the third generation SC superalloy used in

developed alloy and

practice.

(2) There is a clear relationship between the y/y' interfacial
dislocation network spacing and the minimum creep rate.
As the spacing becomes finer, the creep rate drastically
decreases.

(3) TMS-162(138MoRu) with a highest Mo content, which
creates a large negative lattice misfit, has the finest
interfacial dislocation network; this resulted in the longest
creep life.

(4) All the high Ru (5-6wt%) containing alloys showed very
high creep strength at 800°C/735MPa, showing that solid
solution strengthening by Ru is very effective at the lower
temperature range.

(5) The temperature capability of TMS-162 (138MoRu) has
reached the “High Temperature Materials 21 Project”
target of a temperature capability of 1100°C under stress
at 137MPa and a creep rupture life as long as 1000 h.
This temperature capability is the highest ever reported.
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