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Nickel-base single crystal (SX) blades, oriented along the
[0 0 1] crystallographic direction, were introduced for gas
turbine engines in 1980 [1, 2]. Creep resistance of SX
materials is derived from the large volume fraction, about
70%, of ordered cubical γ ′ precipitates in a disordered γ

matrix. Since the γ /γ ′ morphology changes during creep,
considerable attention has been paid to this topic [1, 3].
Because SX materials exhibit high stress sensitivity and
large elongation, the increase in stress, due to the reduc-
tion in the cross-sectional area during creep, must control
the strain rate and the time to rupture for constant load
tests. The objective of this letter is to present our study on
this subject. Both experimental and analytical techniques
presented here are applicable in general to other materials
exhibiting high ductility.

The “third generation” CMSX-10 with a nominal com-
position (wt.%) of 2Cr, 3Co, 0.4Mo, 6Re, 5W, 5.7Al,
0.2Ti, 8Ta, 0.1Nb, 0.03Hf, balance Ni [2] was used. Creep
specimens, with a nominal diameter of 4.0 mm and a uni-
form gauge section of 25 mm, were prepared from fully
heat-treated [0 0 1]-oriented bars. The γ ′ precipitates had
average edge dimensions of about 0.5 µm and there were
rows of spherical pores, up to 25 µm in diameter, aligned
parallel to the growth direction.

Six constant load tests, for an initial stress σ i of
700 MPa, were performed in air at 1073 to 1273 K (800–
1000◦C) ± 1 K using a single lever dead-load system, a
three-zone furnace and an extensometer. Out of these six
tests, two rupture tests were performed first at 1123 K
and 1173 K to determine the fracture times and strains
(19% and 18% at 1123 K and 1173 K respectively). Four
strain relaxation (creep) and recovery tests (SRRT) [4]
for relaxation times, trlx required to reach a total strain of
15% (close to fracture), were then performed at 1073 K,
1148 K, 1223 K and 1273 K. SRRT involves the appli-
cation of the load as rapidly as possible, deforming a
specimen for trlx, and then removing the load fully and
rapidly, but keep monitoring the strain for a long time
until no further strain recovery is noticed. SRRTs allow
determination of elastic, delayed elastic and viscous com-
ponents of strain as functions of trlx. Only the strain relax-

ation results of these tests will be presented and discussed
here.

Fig. 1 shows all the strain relaxation curves. The av-
erage value of the bulk Young’s modulus, E = 110 GPa,
obtained from the initial elastic strain, εe, agreed with the
expected range for the [0 0 1]-orientation at these temper-
atures [3, 5]. This allowed the estimation of creep strain,
εc (= ε − εe), where ε is the total strain. The high stress
of 700 MPa, equivalent to 6.4 × 10−3 E, was chosen to
avoid complexities of γ ′ rafting [6, 7]. The fracture strains
for the two tests bear strong similarities with those of the
“second generation” alloy CMSX-4 for lower stresses,
130 to 400 MPa, at 1273 K [7].

Assuming incompressibility during creep, the actual
stress, σ A was estimated from σ A = σ i (1 + εc). This
gives, for example, the fracture stress, σ Af of 833 MPa
for the test at 1123 K. It would be appropriate to mention
here that the specimen cross-sectional shape after the tests
was found to be slightly elliptical. For example, the major-
and the minor-axis of the specimen tested at 1148 K was
3.76 mm and 3.70 mm respectively near the middle of
the specimen – giving a small but measurable eccentricity
of 0.183. This does not necessarily mean asymmetry in
the load axis and, in fact, is expected due to a number of
active slip systems in cubic materials, as reported for SX
alloy SRR99 in [8].

Fig. 2 shows the strain rate-time, ε̇ − t and σ A − t
curves for the test at 1223 K (950 ◦C). It shows that ε̇

changes with time in a complex manner similar to obser-
vations in CMSX-4 [9, 10]. However, the monotonically
increasing σ A suggests that the conventional approach of
plotting ε̇- εc curves for analytical purposes (assuming
constant stress) violates the basic principles of experi-
mental physics.

The relationship between ε̇ and σ A for the results in Fig.
2 and plotted in Fig. 3 clearly shows that the ‘tertiary’ or
the ’time-wise accelerating’ stage represents a “stress-
wise dynamic steady state” (broken line in Fig. 3). Note
the high regression coefficient, R2 of 0.997. Similar ob-
servations were also made at other temperatures (Fig. 4).
The test at 1173 K shows some inconsistency due to some
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Figure 1 Experimental strain relaxation curves for [0 0 1]-oriented CMSX-10 for constant load tests at initial stress of 700 MPa; tests at 1173 and 1123 K
deformed to fracture.
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Figure 2 Strain rate (left y-axis) and actual stress (right y-axis) for the test
at an initial stress of 700 MPa and 1223 K.

data logging problems, but it is included here to show that
nothing is perfect in experimental life. Fig. 4 shows that
one creep rupture test or a long-term SRRT provides the
σ A − ε̇ relationship over a range of stresses (100 MPa in
the present series) and suggests an economic, time saving
experimental scheme for expensive SX materials.

The results in Fig. 4 were used to make a master curve in
the form of a normalized power-law with a shift function,
S1,2, originally developed for directionally solidified (DS)
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Figure 4 ‘Tertiary-stage’ stress (actual) dependence of strain rate for [0 0 1]-
oriented CMSX-10 obtained from constant load tests with initial stress of
700 MPa.

transversely isotropic polycrystalline ice at temperatures
> 0.9Tm where Tm is the melting point in Kelvin [11]:

ε̇ = ε̇A(1)(σA/σ1)n(A)S1,2 (1a)

S1,2 = exp{(Q/R)(1/T2 − 1/T1)} (1b)
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Figure 3 Dependence of strain rate on actual stress for the results in Fig. 2.
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where σ 1 is the unit stress (=1 MPa) and n(A) is the
stress exponents. ‘A’ implies actual stress and T1, T2 are
temperatures in Kelvin. The coefficient ε̇A(1) is interpreted
as the equivalent creep rate for unit stress at T1. Q is the
apparent creep activation energy (in J mole−1) and R is
the universal gas constant (= 8.32 J mole−1K−1).

If ε̇ (Tref) and ε̇(T) are the strain rates, for a given
stress σ A, at a reference temperature Tref and another
temperature T respectively, then Equation 1a and b give
Sref,T for σ A as:

Sref,T = ε̇ (Tref)/ε̇ (T ) = exp{Q/R(1/T −1/Tref)} (2)

Equation 2 was used to determine Q. It was found to
be independent of stress in the 700–800 MPa range. No
systematic variations in Q were noticed between 1073 K
and 1223 K; the average value was 430 kJ mole−1. This

is comparable to 495 kJ mole−1 reported for a “first
generation” alloy, CMSX-3 [12] and 435 kJ mole−1 for
a “second generation” alloy, CMSX-4 [10]. However, we
noticed a sharp increase to 590 kJ mole−1 between 1223 K
and 1273 K. A change in n(A), from 17.4 at 1273 K to
21.4 at 1073 K, was noticed, but ε̇A(1) also varied. They
may reflect the scatter in the material and/or data. High
n(A) value for minimum creep rate (ε̇min) of 13, 17 and
16 respectively for [0 0 1]-, [011]- and [111]-orientation
has been reported for CMSX-10 at 1123 K [13]. It is not
certain at this stage whether high n(A) values reflect creep
damage enhancement arising from the growth and elonga-
tion of the pores and the cracks associated with these pores
(Fig. 5). Microstructural observations were and are being
made using optical and scanning electron microscope.

Since the primary stages of creep (increasing and de-
creasing rates in Fig. 2) are complex [3, 9, 10] and involve

Figure 5 Optical image (a) of a section normal to the fracture surface (at left) for the test at 1173 K and Scanning Electron Micrograph (b) showing cubic
γ ′ precipitates and the wing-cracks associated with a pore elongated during creep in the direction of the stress axis.
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Figure 6 Theoretical results for CMSX-10 for constant-load test, σ i =
700 MPa.

small strains, an elasto-viscous (nonlinear) model, based
on Equations 1 and 2 will be applicable for the tertiary
stage:

ε = εe+εc = σA/E + t Sref, T
{
ε̇A(1)(σA/σ1)n(A)

}
(3)

For an isothermal constant load test, σ A = σ i at t = 0.
The creep strain for t > 0, accumulates with each incre-
ment of time, �t and increases the stress to σ A= σ i (1
+ �εc), which enhances the creep rate. A numerical pro-
gram was developed and calculations were made, using E
= 110 GPa, n(A) = 18.5 and ε̇A(1) = 1.712 × 10−58 (ob-
tained for Tref = 1223 K in Fig. 3). The results are shown in
Fig. 6 for σ i = 700 MPa. This ‘reference’ curve was then
shifted along the time axis [11] to produce the results for
other temperatures, using Sref, T with Q = 430 kJ mole−1

for T < Tref and Q = 590 kJ mole−1 for T > Tref (1273
K). As expected the results in Fig. 6 differ from those in
Fig. 1 during the primary creep, giving rise to a require-
ment for an additional term (to be discussed elsewhere) in
Equation 3. However, theoretical results compare ex-
tremely well with the experimental results at larger strains
or longer times relevant to the ‘so-called’ tertiary stages
of creep. These close agreements tend to give indirect in-
dications that crack-damage enhanced effects must con-
trol creep during the final stages of necking and frac-

ture. Space does not allow detailed discussions here, but
it should be mentioned here that cracks associated with
the pores, as shown in Fig. 5, were seen mainly in the
necked-down section in the failed specimens and within
a few mm of the fracture surface. Although it is irrele-
vant to the current analysis, it is interesting to note the
close agreement between the experimental results and the
corresponding prediction on the increase in the ‘incuba-
tion time’ during early primary creep with the decrease in
temperature.
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