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Abstract

The effect of size and volume fraction of cuboidal γ’(Ni3(Al,Ti)) precipitates on Vickers
hardness and tensile properties at 950◦C of a single crystal nickel-based superalloy CMSX-4
was studied. Samples with a mean size and volume fraction of the cuboidal γ’ precipitates
ranging from 147 to 487 nm and from 62 to 70 vol.%, respectively, were prepared by heat
treatment consisting of solution annealing, quenching and ageing at a temperature of 950◦C for
various time ranging from 100 to 2000 h. Both the Vickers hardness HV and 0.2 % offset yield
strength σ0.2 linearly decrease with decreasing normalized volume fraction Vp and increasing

normalized mean size a of the γ’ precipitates according to relationships HV ∝
√

Vp/a and

σ0.2 ∝
√

Vp/a, respectively. A linear relationship between the σ0.2 and HV is determined
which allows high-temperature yield strength to be predicted from simple Vickers hardness
measurements at room temperature. Critical resolved shear stress (CRSS) τCRSS is calculated
to increase from 116 to 234 MPa by decreasing a mean width of the γ (Ni-based solid solution)
channels from 71 to 32 nm. The decrease of 0.2 % yield strength with decreasing normalized
volume fraction and increasing normalized size of the γ’ precipitates is controlled by a decrease
of order stress resulting from shearing of the γ’ precipitates at high tensile stresses. The
theoretical calculations validated by experimental results are used to predict ageing time and
mean size of the γ’ precipitates to achieve a peak 0.2 % tensile yield strength of the studied
alloy at 950◦C.

K e y w o r d s: nickel alloys, single crystal superalloy, ageing, microstructure, mechanical
properties

1. Introduction

Single crystal nickel-based superalloys are used in
first-stage turbine blades because of their unusual
ability to retain excellent combination of mechanical
properties and corrosion resistance at high temper-
atures [1–8] comparing with other materials such as
single or multiphase nickel-based intermetallics [9–
12], titanium-based alloys [13–17] and iron-based in-
termetallics [18–21]. The typical microstructure of
single crystal superalloys usually contains L12-ordered
γ’(Ni3(Al,Ti)) precipitates coherently embedded in γ

(Ni-based solid solution) matrix with face-centered cu-
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bic crystal structure. The mechanical properties of
these materials depend on the volume fraction, dis-
tribution, size and morphology of the γ’ precipitates.
During service the initial microstructure of single crys-
tal blades is subjected to degradation by the combined
effect of temperature, mechanical stresses and envir-
onmental conditions. Three types of microstructure
degradation can be observed in nickel-based superal-
loys exposed to high temperatures: (i) growth of γ’
precipitates; (ii) spontaneous rafting formed prefer-
entially within the dendrites during long-term ageing
and (iii) creep rafting [4, 22–24]. The microstructure
degradation resulting from the growth of γ’ precipit-
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ates represents an important contribution to all de-
gradation processes affecting performance and service
life of critical gas turbine components such as first-
-stage turbine blades. Hence, it is important to study
the effect of size and volume fraction of γ’ precipit-
ates on mechanical properties of single crystal superal-
loys at temperatures corresponding to those of turbine
components.
The aim of the present work is to study the effect

of size and volume fraction of cuboidal γ’ precipitates
on mechanical properties of single crystal nickel-based
superalloy CMSX-4. The studied nickel-based superal-
loy is mainly used in manufacturing single crystal first-
-stage turbine blades for aircraft engines and station-
ary gas turbines for power engineering. The growth of
the cuboidal γ’ precipitates is observed in airfoil part
of turbine blade subjected to high stresses and lower
temperatures.

2. Experimental procedure

The superalloy CMSX-4 with the chemical com-
position Ni-7.0Cr-9.0Co-0.6Mo-6.0W-7.0Ta-3.0Re-
5.6Al-1.0Ti-0.1Hf (wt.%) was provided by Cannon
Muskegon (USA) in the form of a cylindrical ingot
with a diameter of 60 mm and a length of 110mm.
The ingot was cut to smaller pieces using spark
machining and lathe machined to cylindrical rods
with a diameter of 11 mm and a length of 110mm.
Single crystal samples were prepared by seeding us-
ing seeds with [001] crystallographic orientation. Both
the seed and cylindrical rod were put into a high-
-purity (99.95 %) alumina mould with a diameter of
11/15mm (inside/outside diameter) and directionally
solidified (DS) in a modified Bridgman type appar-
atus described elsewhere [25]. All samples were direc-
tionally solidified at a constant growth rate of V =
= 2.78 × 10−5m s−1 and constant temperature gradi-
ent in liquid at the solid-liquid interface of GL =
= 8 × 103 Km−1 under argon atmosphere (purity
99.995 %).
After directional solidification the single crystal

samples were subjected to heat treatments consisting
of solution annealing at 1315◦C for 6 h, fast gas cool-
ing to room temperature and precipitation ageing at
950◦C for various time ranging from 100 to 2000 h.
Vickers hardness measurements were performed

at an applied load of 298 N after each ageing step.
Cylindrical tensile specimens with a gauge diameter
of 5 mm and gauge length of 25mm were prepared
by lathe machining and grinding. The longitudinal
axis of the tensile specimens was parallel or nearly
parallel (maximum deviation of 3 degrees) to [001]
crystallographic direction. Tensile tests were conduc-
ted at a temperature of 950◦C at an initial strain
rate of 1 × 10−4 s−1 using universal testing ma-

chine Zwick in air. The elongation was measured by
high-temperature extensometer Maytec (resolution of
0.1 µm) touching gauge section of the tensile speci-
mens. The offset tensile yield strength was measured
at 0.2 % plastic strain and ductility was evaluated
from the total plastic elongation to fracture.
Crystallographic orientation of each single crys-

tal was determined by a Laue diffraction method.
Microstructural analysis was performed by light op-
tical microscopy (OM), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM).
OM and SEM samples were prepared using standard
metallographic techniques and etched in a reagent of
12.5ml alcohol, 12.5 ml HNO3 and 13.5 ml HCl. TEM
samples (thin carbon replicas) were prepared by de-
position of thin carbon layer on an etched surface,
which was then removed from the surface by electro-
lytic etching in a solution of 9.4 ml H3PO4, 37.5 ml
H2SO4 and 35.6ml HNO3 at a voltage of 7 V. Size
and volume fraction of γ’ precipitates and γ channels
was measured on digitalized micrographs using a com-
puterized image analyser.

3. Results

3.1. E f f e c t o f a g e i n g t i m e o n s i z e a n d
v o l um e f r a c t i o n o f γ ’ p r e c i p i t a t e s

Figure 1 shows the typical morphology of the γ’
precipitates after solution annealing at 1315◦C for 6
h and precipitation ageing at 950◦C for various time
ranging from 100 to 2000 h. Nearly square section
on {001} crystallographic planes indicates that the
cuboidal morphology of the γ’ precipitates is retained
up to ageing time of 2000 h, as shown in Figs. 1a and
1b. Morphological stability of the cuboidal γ’ precipit-
ates can be evaluated from their shape factor F defined
as

F =
4πA

P 2
, (1)

where A and P is the cross sectional area and peri-
meter of the γ’ precipitate on {001} crystallographic
planes, respectively. The shape factor is calculated to
vary between 0.772 and 0.791, which are very close
values to that of 0.785 calculated for an ideal square
and confirm morphological stability of the γ’ precip-
itates during ageing. The measured statistical data
(minimum 1000 precipitates measured at each ageing
time) of size of the cuboidal γ’ precipitates defined
as their edge length am can be fitted by a log-normal
distribution function ϕ(am) in the form

ϕ (am) =
1

σs
√
2π
exp

[

− (ln am − ln a)2

2σ2s

]

, (2)
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Fig. 1. TEM micrographs showing the effect of ageing at
950◦C on morphology and size of the γ’ precipitates on

{001} crystallographic planes: (a) 1030 h, (b) 2000 h.
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Fig. 2. Log-normal distribution curves for size of cuboidal
γ’ precipitates after ageing at 950◦C. The ageing times are

indicated in the figure.
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Fig. 3. Dependence of mean size and volume fraction of
cuboidal γ’ precipitates and mean width of γ channels on
ageing time. Calculated values of the mean size of γ’ pre-
cipitates according to Eq. (4) are indicated in the figure

by a dashed line.

where a is the mean size and σs is the variance of log-
normal distribution. Figure 2 shows log-normal distri-
bution curves resulting from the statistical evaluation
of the size of γ’ precipitates after ageing at 950◦C.
Figure 3 shows dependence of mean size and volume
fraction of the γ’ precipitates and mean width of γ

channels on the ageing time. The mean size a of the
γ’ precipitates, width of γ channels wγ and volume
fractionVp of the γ’ precipitates increase with increas-
ing ageing time.

3.2. E f f e c t o f a g e i n g t i m e o n
m e c h a n i c a l p r o p e r t i e s

Figure 4 shows dependence of Vickers hardness on
ageing time. Continuous decrease of the Vickers hard-
ness with increasing ageing time indicates that even a
mean size of the γ’ precipitates of a = 147 nm after
ageing for 100 h is larger than that required to achieve
peak hardness values, e. g. all studied samples subjec-
ted to evaluation of mechanical properties were over-
aged.
Figure 5 shows examples of the typical tensile

stress-strain curves at 950◦C. All specimens show
smooth increase of the stress with strain to a max-
imum stress at a strain of about 2 % and then smooth
decrease of the stress with the increasing strain up to
fracture. No clear yielding was observed during tensile
testing. Figure 6 shows evolution of 0.2 % offset yield
strength (σ0.2), ultimate tensile strength (UTS) and
plastic elongation to fracture with ageing time. The
yield strength decreases with increasing ageing time,
which is similar behaviour to that of the Vickers hard-
ness with the ageing time (see Fig. 4). On the other
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Fig. 4. Dependence of Vickers hardness on ageing time.
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Fig. 5. Examples of the typical tensile stress-strain curves
for specimens with cuboidal γ’ precipitates at 950◦C. The

ageing times are indicated in the figure.

hand, both UTS and plastic elongation to fracture
first increase and then decrease with increasing ageing
time. It should be noted that the data shown in Fig. 6
represent average values from two tensile specimens
tested at each ageing regime.

4. Discussion

4.1. C o a r s e n i n g o f c u b o i d a l γ ’
p r e c i p i t a t e s d u r i n g a g e i n g a t 9 5 0◦C

As shown recently by Lapin et al. [4], the mean
size a of the cuboidal γ’ precipitates in single crys-
tal superalloy CMSX-4 subjected to isothermal ageing
at temperatures ranging from 850 to 1000◦C can be
calculated according to a standard Lifshitz-Slyozov-
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Fig. 6. Effect of ageing time on 0.2 % offset yield strength
(σ0.2), UTS and plastic elongation to fracture at 950◦C.

-Wagner kinetic equation in the form [26]

a3 − a30 =
64C∞σγ/γ′Ω2Defft

9RT
, (3)

where a0 is the initial size of the cuboidal γ’ precip-
itates at ageing time t = 0 s, C∞ is the molar solid
solubility of controlling solute in the matrix, σγ/γ’ is
the γ/γ’ interfacial energy, Ω is the molar volume of
the γ’ precipitate, t is the ageing time, R is the uni-
versal gas constant, T is the absolute temperature and
Deff is the effective diffusion coefficient. It was shown
that the values of a calculated according to Eq. (3)
at 950◦C are in a very good agreement with experi-
mentally measured ones for the samples with an ini-
tial size of the cuboidal γ’ precipitates of about a0 =
300 nm and taking the effective diffusion coefficient of
Deff = 9.41 × 10−17m2 s−1, molar solubility of Al in
the γmatrix of C∞ = 10447mol m−3 and γ/γ’ interfa-
cial energy of σγ/γ’ = 41.365mJm

−2 [4, 27]. However,
the validity of Eq. (3) and above mentioned physical
data was not verified for the samples subjected to dif-
ferent heat treatments and early stages of coarsening
process.
We will assume that after fast gas cooling of

the samples from solution annealing temperature of
1315◦C the initial size of the γ’ precipitates a0 is very
small and can be neglected in Eq. (3). Hence, the size
of the γ’ precipitates a at ageing time t can be calcu-
lated as follows

a =
3

√
64C∞σγ/γ’Ω

2Defft

9RT
. (4)

Figure 3 shows the calculated size of cuboidal γ’
precipitates a (in m) according to Eq. (4) and taking
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C∞ = 10447mol m−3, σγ/γ’ = 4.1365 × 10−2 J m−2,
Ω = 2.734 × 10−5m3 mol−1, Deff = 9.41 × 10−17
m2 s−1, R = 8.314 J K−1 mol−1, T = 1223K and
applied ageing time t ranging from 3.6 × 105 to
7.2 × 106 s. It is clear that experimentally measured
mean values of size of the γ’ precipitates a cluster
around the calculated ones indicated by a dash line.
Such excellent agreement between measured and cal-
culated values extends the validity of coarsening kin-
etic equation for cuboidal γ’ precipitates in CMSX-4
superalloy defined by Lapin et al. [4] and confirms
validity of the effective diffusion coefficients Deff and
γ/γ’ interfacial energy σγ/γ’ estimated recently by the
authors.

4.2. E f f e c t o f s i z e a n d v o l u m e
f r a c t i o n o f c u b o i d a l γ ’ p r e c i p i t a t e s
o n h i g h - t e m p e r a t u r e y i e l d s t r e n g t h
a n d r o om - t e m p e r a t u r e h a r d n e s s

Figure 7 shows a detail of the tensile stress-strain
curve of the specimen with a mean size of cuboidal
γ’ precipitates of a = 420 nm, which will be used
as the typical example to estimate contribution of
each strengthening mechanism to 0.2 % offset yield
strength. The tensile curve shows an apparently elastic
region up to a stress of about 502MPa, which is fol-
lowed by the first region of plastic deformation up to
a stress of about 615MPa and the second region of
the plastic deformation up to the 0.2 % offset yield
strength of 760MPa.
It has been convincingly demonstrated that the

tensile deformation of single crystal superalloys at
high temperatures is essentially confined in the γ

channels on {111} slip planes and <110> slip dir-

ections [27–30]. Before the dislocation can be moved
through the γ phase, the applied stress must be high
enough to overcome the local Orowan resistance, solid
solution resistance and dislocation resistance of the γ

matrix [28–30].

4.2.1. Orowan resistance to dislocation motion

Pollock et al. [28] and Ma et al. [29] estimated
Orowan stress τor from a simplified relationship in the
form

τor =
Gγbγ

λ
, (5)

where Gγ is the shear modulus of the γ matrix, bγ
is the length of Burgers vector and λ is the width of
γ channel in the slip plane. More complex analysis of
Orowan stress based on line tension of edge and screw
dislocations was performed by Benyoucef et al. [30].
Lapin and Delannay [31] calculated Orowan stress tak-
ing into account line tension of edge and screw dislo-
cations and assumption that the overall passing stress
is the geometrical mean of the critical bowing stresses
for edge and screw dislocations according to relation-
ship

τor =
Gγbγ

2πλ
√
1− ν

ln
λ

2r
, (6)

where ν is the Poisson’s ratio and r is the inner cut-
-off radius of dislocation. Assuming Eq. (6) and tak-
ing Gγ = 36.1GPa [26], ν = 0.422 [32], λ values cal-
culated from the width of the γ channels wγ shown
in Fig. 3 and inner cut of radius of dislocation of
r = 2.54 × 10−10 m [31], one can calculate that the
Orowan stress decreases from 214 to 96MPa by in-
creasing mean size of width of the γ channels from
32 to 71 nm. For the tensile specimen with the mean
size of the precipitates of a = 420 nm, one can cal-
culate τor = 108MPa. Figure 8 shows dependence of
Orowan stress τor calculated according to Eq. (6) on
normalized volume fraction and size of the cuboidal
γ’ precipitates. The reason of selecting x-axis in the
form (Vp/a)0.5 and not in the form of the width of
the γ channels will be explained later in this chapter.
The Orowan stress increases with increasing normal-
ized volume fraction and decreasing normalized size of
the precipitates.

4.2.2. Solid solution and dislocation resistance

The additional factor that increases resistance to
dislocation motion in the γ channels is the friction
stress τ ss resulting from solid solution strengthening of
the γ phase. We can refer to a value of about 20MPa,
which was derived by Pollock and Argon [28] and also
used by Ma et al. [29].
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The stress resulting from the dislocation resistance
τd = 10–12MPa was estimated by Pollock and Argon
[28] during steady-state creep at 850◦C of CMSX-3
superalloy. However, Lukáš et al. [33] showed that the
dislocation density in heat-treated CMSX-4 superal-
loy was very small before testing. Hence, the stress
resulting from the dislocation resistance τd must be
significantly lower than that of 10–12MPa resulting
from the analysis of Pollock and Argon [28] and its
contribution to CRSS can be neglected.

4.2.3. Misfit stress

The additional parameter affecting movement of
dislocations through the γ channels is misfit stress
σm. The misfit stress results from the lattice misfit
δ defined as

δ =
2

(
aγ’ − aγ

)

aγ’ + aγ
, (7)

where aγ’ and aγ are the lattice parameters of the γ’
and γ phases, respectively. Ma et al. [29] proposed for
calculation of average misfit stress in the γ’ precipit-
ates relationship in the form

〈σm〉γ′ = − (1− Vp)
2Eγ’

3
(
1− νγ’

)∆α∆T, (8)

where Eγ’ is the Young’s modulus of the γ’ phase in
[001] crystallographic direction, νγ’ is the Poisson’s
ratio of the γ’ phase, ∆α = αγ’ − αγ is the difference
between the coefficient of the thermal expansion of
the γ’ (αγ’) and γ (αγ) phases and ∆T = T − T0 is
the difference between the test temperature T and the
reference temperature T0. For the γ phase, an average
misfit stress can be calculated as follows:

〈σm〉γ = Vp
2Eγ

3 (1− νγ)
∆α∆T, (9)

where Eγ is the Young’s modulus of the γ phase in
[001] crystal direction and νγ is the Poisson’s ratio of
the γ phase. Unconstrained thermal misfit ∆α∆T can
be related to the constrained lattice misfit δ as follows
[29]:

δ =
1 + ν

3 (1− ν)
∆α∆T. (10)

Using the method of Ma et al. [29] and tak-
ing a constrained misfit for CMSX-4 superalloy of
δ = −0.0028 between RT and 950◦C [34], Poisson’s ra-
tio νγ = 0.422 [32], Young’s modulus of Eγ = 80GPa
[32], one can calculate an average compression stress
parallel to the planes of interface in the γ channels
of σm = −220MPa. For the γ’ precipitates, an av-
erage tensile stress of σm = 100MPa parallel to the

interface can be calculated by taking νγ’ = 0.434 and
Eγ’ = 85GPa [30]. It should be noted that Ma et
al. [29] calculated an average misfit compressive stress
of −93MPa and tensile stress of 50 MPa for the γ

channels and γ’ precipitates, respectively, in PWA
1422 superalloy at 900◦C. For CMSX-3 superalloy,
Pollock and Argon [28] calculated compressive stress
of −433MPa and tensile stress of 50MPa for the γ

channels and γ’ precipitates, respectively. While the
misfit stresses are highly non-uniform in the γ chan-
nels, they are quite uniform in the bulk γ’ precipitates
[29]. In the case of a superalloy with a negative misfit
(e.g. CMSX-4), the misfit induced compression stress
σm in the horizontal γ channels (the channels per-
pendicular to load direction) complements the applied
tensile stress σa and increases resolved shear stress
(RSS) τHRSS according to relationship in the form [29]:

τHRSS = (σa + σm) cos 45 cos54.74. (11)

On the other hand, RSS τVRSS in the vertical γ chan-
nels (parallel to load direction) depends completely on
the applied load according to relationship in the form
[29]:

τVRSS = {(σa − σm) + σm} cos 45 cos 54.74. (12)

4.2.4. Critical resolved shear stress

Critical resolved shear stress (CRSS) τCRSS can be
expressed in the form

τCRSS = τor + τss + τd. (13)

From the above-mentioned estimates, one can cal-
culate increase of τCRSS from 116 to 234MPa by de-
creasing width of the γ channels from 71 to 32 nm.
Assuming the specimens with a mean size of the

γ’ precipitates of a = 420 nm, the CRSS is τCRSS
= 128MPa, which corresponds to an applied tensile
stress of 314MPa. According to Eq. (11) and taking
calculated CRSS of τCRSS = 128MPa and for the sim-
plicity only average misfit stress of 220MPa, an ap-
plied stress of σa = 94MPa is required to move the
dislocations through the horizontal γ channels. How-
ever, to achieve measurable plastic strain in the ten-
sion test, the dislocations must glide on both chan-
nels. Hence the applied stress must achieve a value
of σa = 314MPa, which is significantly lower than
the observable limit of elasticity of about 502MPa
observed on the stress-strain curve shown in Fig. 7.
Similar discrepancy between the CRSS and satura-
tion of an elastic limit on stress-strain curve was ob-
served also by Ma et al. [29] in PWA 1422 superalloy
at 900◦C. However, using neutron diffraction, these
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authors demonstrated that the elastic strain in the γ

phase saturates at a stress of about 350MPa, which
is well below the observable elastic limit (of about
500 MPa) resulting from the tensile stress-strain curve
and this elastic limit corresponds very well to the
CRSS.
The CRSS, which is dominated by the Orowan

stress, is extremely important parameter in analysis
of creep behaviour of the superalloys. The fact that
the γ’ precipitates remain largely elastic during creep
reduce significantly the RSS in the vertical channels.
The dislocation gliding is limited to the horizontal
channels because of the negative misfit at low and
moderate applied stresses. Such anisotropic character
of dislocation distribution formed during primary and
secondary creep affects creep behaviour as well as mi-
crostructural stability of the superalloys.

4.2.5. Order strengthening

Strengthening by the ordered coherent γ’ precip-
itates occurs when a matrix dislocation shears an
ordered precipitate and creates an antiphase bound-
ary on the slip plane of the precipitate. The anti-
phase boundary energy γAPB represents the force op-
posing the motion of the dislocation as it penetrates
the particle. Figure 7 indicates that the slope of the
stress-strain curve changes at about 615MPa, which
might be associated with the load transfer from the γ

phase to the γ’ phase. The CRSS that is required to
insert a pair of γ dislocations into the γ’ precipitates
τCRSSγ’ is defined as

τCRSSγ’ =
γAPB
2b

. (14)

The antiphase boundary energy for the γ’ phase
in the CMSX-4 superalloy was measured to be γAPB
= (150 ± 15)mJ m−2 [35]. We thus arrive to τCRSSγ’
= 295 ± 30MPa. Assuming crystallographic orienta-
tion of the tensile specimen, the corresponding tensile
stress required to shear cuboidal γ’ precipitates is
614 ± 63MPa, which corresponds very well to the
value of 615MPa shown in Fig. 7. After achieving
a stress necessary to shear the γ’ precipitates, the
CMSX-4 behaves as the typical overaged alloy. The
contribution of the order strengthening to RSS τ s for
an overaged alloy can be calculated according to equa-
tion in the form [36]

τs = 0.7

√
wTLVpγAPB

b2a
, (15)

where w is the parameter, which accounts for the re-
pulsion of the dislocation within the precipitates, and
TL is the line tension of dislocation. The parameter
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Fig. 8. Dependence of Orowan shear stress τ or and RSS
stress resulting from shearing of the γ’ precipitates τ s on
normalized volume fraction Vp and size a of the cuboidal

γ’ precipitates.

w is essentially an adjustable parameter, which is re-
quired to produce agreement between theory and ex-
periment. The line tension of dislocation is defined as
[36]:

TL =
Gγb2γ
4π

(
1 + ν − 3ν sin2 ξ

1− ν

)
ln

(
λ

r

)
, (16)

where ξ is the angle between the dislocation line and
its Burgers vector. Figure 8 shows dependence of RSS
τ s calculated according to Eq. (15) and taking w = 3
on normalized volume fraction and size of cuboidal γ’
precipitates. Linear regression analysis of data shown
in Fig. 8 yields an equation for τ s in the form

τs = −3.41 + 7.61× 10−2
√

Vp
a

. (17)

Correlation coefficient of this fit is r2 = 0.99.
Assuming weak dependence of line tension of dis-

location on microstructural parameters, Eq. (15) can
be rewritten in a simplified form

τs ≈ A

√
Vp
a

, (18)

where A is a constant. Figure 9 shows dependence
of experimentally measured RSS τ0.2 corresponding
to the offset 0.2 % yield strength, yield strength σ0.2
and Vickers hardness on normalized size and volume
fraction of the cuboidal γ’ precipitates. The RSS τ0.2
increases proportionally with decreasing size and in-
creasing volume fraction of the γ’ precipitates. Linear



136 J. Lapin et al. / Kovove Mater. 47 2009 129–138

(Vp/a)
0.5

(m
-0.5

)

1000 1200 1400 1600 1800 2000 2200

S
tr

e
s
s

(M
P

a
)

300

400

500

600

700

800

900

1000

V
ic

k
e

rs
h

a
rd

n
e

s
s

(G
P

a
)

3.8

3.9

4.0

4.1

4.2

4.3

4.4
τ

0.2

σ0.2

HV

Fig. 9. Dependence of RSS τ 0.2, 0.2 % offset yield strength
σ0.2 and Vickers hardness HV on normalized volume frac-
tion Vp and size a of the cuboidal γ’ precipitates.
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of the cuboidal γ’ precipitates.

regression analysis of data shown in Fig. 9 yields an
equation for τ0.2 in the form

τ0.2 = 271 + 7.2× 10−2
√

Vp
a

, (19)

for the 0.2 % offset tensile yield strength σ0.2 in the
form

σ0.2 = 564 + 0.15

√
Vp
a

, (20)

and for Vickers hardness HV we can write

HV = 3.38 + 4.3

√
Vp
a

. (21)

The correlation coefficients of these fits are better
than r2 = 0.98.
Figure 10 shows dependence of a decrease of 0.2 %

offset yield strength defined as ∆σ0.2 = σ0.2max−σ0.2,
decrease of the stress resulting from order strengthen-
ing by the γ’ precipitates defined as ∆σs = σsmax−σs,
and decrease of Orowan stress defined as ∆σor =
σormax − σor on normalized volume fraction and size
of the cuboidal γ’ precipitates. It is clear that the de-
crease of the offset yield strength ∆σ0.2 can be very
well related to the decrease of the stress resulting
from order strengthening ∆σs. On the other hand, de-
crease of the Orowan stress ∆σor with the normalized
volume fraction and size of the γ’ precipitates devi-
ates significantly from that of ∆σ0.2. Hence, the high-
-temperature 0.2 % offset yield strength of the stud-
ied alloy is largely controlled by stress contribution
resulting from the order strengthening and not from
Orowan bowing mechanism.

4.2.6. Estimation of peak yield strength

It is demonstrated that the studied CMSX-4 su-
peralloy behaves as the typical overaged material
strengthened by ordered precipitates characterized by
a continuous decrease of the yield strength σ0.2 with
increasing size and decreasing volume fraction of the
γ’ precipitates. It is of interest to estimate optimal
parameters required to achieve peak values of the yield
strength. As suggested by Ardell [37], the stress con-
tribution from shearing of peak aged precipitates τ sp
to RSS can be calculated as

τsp = 0.81
γAPB
2b

√
3πVp
8

. (22)

Taking volume fraction of the γ’ precipitates Vp
ranging from 0.62 to 0.70, one can calculate a peak
stress τ sp resulting from the order strengthening to
vary between 204 and 217MPa. Taking these values
and assuming validity of extrapolated values from Eq.
(17), one can calculate a mean size of cuboidal γ’
precipitates of a = 84 nm for a peak aged superal-
loy CMSX-4. In order to achieve such mean size of
the γ’ precipitates, the alloy should be aged for t =
7.6 h at 950◦C according to Eq. (4). Such theoretical
estimates were experimentally verified by additional
ageing experiments at 950◦C for different time ranging
from 2 to 36 h. Figure 11 shows dependence of Vick-
ers hardness on ageing time. It is clear that the peak
hardness values are achieved after ageing for about
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6 h, which is a comparable value with that of 7.6 h
resulting from the calculations. In addition, the mean
size of the cuboidal γ’ precipitates was measured to be
a = 82 nm in the sample aged at 950◦C for 6 h, which
is also in a good agreement with a predicted value of
84 nm calculated according to Eq. (4).
Both the yield strength σ0.2 and Vickers hardness

show linear dependence on normalized volume fraction
and size of the γ’ precipitates, as seen in Fig. 9. Fig-
ure 12 shows dependence of the offset yield strength
σ0.2 measured at 950◦C on room-temperature Vickers
hardnessHV. The yield strength σ0.2 increases linearly
with Vickers hardness HV according to equation

σ0.2 = HV0 + kHVHV, (23)

where HV0 is a constant (in MPa), kHV is a dimension-

less material constant and HV is the Vickers hardness
(in MPa). Linear regression analysis of data shown in
Fig. 12 yields an equation for σ0.2 in the form

σ0.2 = −607.4 + 0.347HV. (24)

The correlation coefficient of this fit is r2 = 0.97.
According to Eq. (24) and taking HV = 4610 MPa
measured for the peak aged samples, one can calcu-
late 0.2 % peak yield strength of σ0.2 = 991MPa.
Hence, Eq. (24) can be considered as a simple tool to
estimate high temperature yield strength from room-
-temperature measurements of Vickers hardness.

5. Conclusions

The investigation of the effect of size and volume
fraction of cuboidal γ’ precipitates on mechanical
properties of single crystal nickel-based superalloy
CMSX-4 suggests the following conclusions:
1. Heat treatments of single crystal samples con-

sisting of solution annealing, quenching and ageing
at 950◦C for various time from 100 to 2000 h lead
to formation of cuboidal γ’ (Ni3(Al,Ti)) precipitates
with a mean size and volume fraction ranging from
147 to 487 nm and from 62 to 70 vol.%, respectively.
The mean size of the γ’ precipitates can be very well
predicted from a modified coarsening kinetic equation.
2. Both room-temperature Vickers hardness HV

and 0.2 % tensile yield strength σ0.2 at 950◦C decrease
with decreasing volume fraction Vp and increasing
mean size a of the γ’ precipitates according to relation-
ships HV ∝ (Vp/a)0.5 and σ0.2 ∝ (Vp/a)0.5, respect-
ively. A linear relationship between the σ0.2 and HV
was determined, which allows high-temperature yield
strength to be predicted from simple Vickers hardness
measurements at room temperature.
3. The critical resolved shear stress (CRSS) τCRSS

of the γ matrix is calculated to increase from 116 to
234MPa by decreasing mean size of the γ channels
from 71 to 32 nm. The CRSS is largely dominated by
Orowan bowing of dislocation through the γ channels.
While the CRSS is an important parameter in a creep
regime of the studied alloy, decrease of 0.2 % tensile
yield strength with decreasing volume fraction and in-
creasing size of the γ’ precipitates is controlled by a
decrease of the order stress resulting from shearing of
the γ’ precipitates at high tensile stresses.
4. Mean size of the γ’ precipitates and ageing time

to achieve peak values of the yield strength are the-
oretically predicted and verified by additional ageing
experiments at 950◦C and Vickers hardness measure-
ments. It is found that a peak hardness values are
achieved after ageing for about 6 h at 950◦C, which
corresponds to a mean size of the γ’ precipitates of
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82 nm. These experimental values are in a good agree-
ment with those predicted by calculations. The peak
tensile yield strength σ0.2 is estimated to achieve of
about 991MPa after a peak ageing of the studied al-
loy.
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[32] SIEBÖRGER, D.—KNAKE, H.—GLATZEL, U.: Ma-
ter. Sci. Eng. A, 298, 2001, p. 26.

[33] LUKÁŠ, P.—ČADEK, J.—KUNZ, L.—SVOBODA,
M.—KLUSÁK, J.: Kovove Mater., 43, 2005, p. 5.

[34] GLATZEL, U.: Scripta Metall. Mater., 31, 1994, p.
291.

[35] LAPIN, J.—DUBIEL, B.—NAZMY, M.—GEBURA,
M.: (in preparation).

[36] CAHN, R. W.—HAASEN, P.—KRAMER, E. J.: Ma-
terials Science and Technology. Volume 6 – Plastic De-
formation and Fracture of Materials. Vol. Ed.: Mughr-
abi, H. D-6940 Weinheim, VCH Verlagsgesellschaft
mbH 1993, p. 311.

[37] ARDELL, A. J.: Metall. Trans. A, 16A, 1985, p. 2131.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


