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Abstract: Fatigue crack propagation behavior of K40S cobalt-base superalloy under ambient atmosphere at 700 ‘C and 900 C

was investigated. The detailed fatigue crack propagation and fracture mechanism under the alternating loads were studied. The re-

1/2

sults show that, there is a defined threshold for K40S alloy at elevated temperatures. The fatigue threshold is 23. 9 MPa*m "~ at

700 C and 12 MPa*m"? at 900 ‘C. The significant decrease of the threshold with increasing temperature is associated with the

oxidation induced embrittlement at crack tip. Observation on the fatigue fracture surfaces indicates a ductile fracture mechanism re-

lated to the fatigue crack growth.
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1 INTRODUCTION

Due to a good combination of high temperature rup-
ture stress and excellent hot corrosion resistance after pro-
longed exposure, cast cobalt-base superalloys are widely
used in many military and commercial engines as high
temperature structural Components[ b 8

K40S alloy is a cobalt-base superalloy developed
from the conventional X-40 cobalt-base alloy by adding B
element and modifying the contents of Si, Mn, etc. Com-
pared with X-40 alloy, it shows superior high-temperature
strength, elongation and corrosion resistancel ™ *! .

In many cases of failure analysis of aero-engines, the
mechanical fatigue fracture is very common. Fracture me-
chanics has been used to describe the fatigue behavior of
metallic materials for a long time and a considerable
amount of literature can be found in this field >

The related fatigue damage mechanism proposed by
Soboyejo et al'® is that the accumulation of microplasticity
in the form of coarse slip bands is the major mechanism in
the initiation stage. While unzipping of microcracks along
some preferential slip bands contributes to the main crack
propagation.

In order to correlate the crack growth rate, da/dN,
with the crack driving force, i. e., the stress intensity

factor range, AK, the Paris equation is commonly

used ' :
da/dN= c¢( AK)™ (1)
where ¢ and m are material parameters, and AK=
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K max — K mine
For the compact-tension ( CI') specimens used in
this study, the stress intensity factor range take the form

as follows! ¥ :

—Mp(2+ a)
AK = e Ol)3/2(0. 886+ 4. 64 a—

13. 320+ 14. 720’= 5. 6a) (2)
Ap is the load range; B is the sample thickness;
a= a/ W, here a is the crack length, W is the sample
width.

In the mid-growth rate regime, namely the commonly

where

observed linear range of the fatigue crack propagation in
materials, the Paris law can closely describe the fatigue

(71 and the exponent, m, can be determined

kinetics
experimentally. At both low and high crack growth
ranges, there are nonlinear behavior of lg(da/dN) ver
sus the stress intensity factor range ( AK). Other fatigue
models based on the modification of Eqn. (1) have the
same applicability in the nearthreshold stage for design

purposes[ 2.8

Much attention has been paid on fatigue crack prop-
agation behavior of nickelbase and iron-base superalloys.
But for cobalt-base superalloy, it is only a little. The aim
of this study is to investigate the fatigue crack propagation
(FCP) behavior of K40S cobalt-base superalloy and to e
valuate the fatigue crack growth resistance to guide the

engine design and material selection.

2 EXPERIMENTAL
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K40S alloy was prepared in a conventional vacuum
induction furnace. The nominal composition of the alloy is
25.5Cr, 10.5Ni, 7.5W, 0.5C, 0.8Si, 0.8Mn and 0.
004B ( mass fraction, %), with the balanced cobalt.
Compact-tension ( CT') configuration for the samples was
selected for this study. All samples were cut from the cast
plates and machined into the geometry, according to
ASTM standards. The thickness of the CT specimens is
3.5 mm. In order to facilitate precracking, the radius of
the notch root section is no more than 0. 08 mm. Surface
finishing ( the arithmetical average deviation from the
mean plane is better than 0. 8 Pm) was done, including
the two loading holes. FCP tests were performed using a
810 electro-servohydraulic materials testing system ( MTS)
equipped with a 100 kN load cell and a furnace, in which
the temperature was controlled with three platinunr rhodi-
um thermocouples. Tests were conducted under constant
cyclic loading at a frequency of 30 Hz at room temperature
and at elevated temperature, 700 ‘C and 900 C, in amr
bient atmosphere. The stress ratio R was 0. 1. A sinu-
soidal waveform was used.

Specimens were precracked at room temperature
(RT). The crack was initiated at AK = 37. 95 MPa*
m"?. The stress intensity was progressively reduced in
steps in such a way that AK was never less than 80% of
the previous AK. Finally, about 0.5 mnrlong crack were
grown under a AK= 7.8 MPa*m"? to provide a common
starting point. This resulted in a final precrack length,
excluding the machined notch, of approximately 2. 5 mm.
This process was rapid and provided a final AK ( and
plastic zone size) at which the actual test could commence
without causing crack growth retardation or acceleration.
The initial crack length, ao, was taken as the mean of
the precrack lengths as measured on both specimen faces.

Crack lengths at elevated temperatures were mea
sured using the electrical potential difference technique! ™
with build- in temperature compensation by automatic com-
puter- controlled reversal of the electrical poles. Four Ni/
Cr wires acting as electrical leads were attached to each
CT specimen by electrowelding. At room temperature, a
video camera with a zoom lens was used to view the crack
tip region and measure the crack length. The crack length
and the electrical potential at various intervals of number
of cycles were recorded during the test. While at elevated
temperature, it was difficult to measure the crack length
directly, so only the electrical potentials were recorded for
determining crack length by electric potential difference
(EPD) measurement. The crack length was calculated
from EPD using the Hick and Pickard relationship, which
has been demonstrated to have high resolution and accura-

¢y for standard fatigue crack length applications'"'. The

relationship between EPD and crack length for the CT
sample geometry in this study was as follows:

a/ W= 0.263 99- 0.030 9( ¥ %)+

0. 147 94( ¥/ %)= 0.031 18( ¢/ %)°

(3)

where  ®is the measured eleciric potential and % is the
initial electric potential corresponding to a/ W= 0. 35.

In order to find the threshold, an initial load was
applied and maintained for a minimum of 8 000 cycles. If
there was no crack growth, reflected by change of EPD,
after this number of cycle, the load was then increased by

1/2 .
. This process

an increment not exceeding 2 MPa*m
was repeated until the crack started advancing. Crack
growth rates (CGR) were calculated using 7-point method
and plotted as function of AK.

In addition, interrupted fatigue crack propagation
tests were also performed for microscopic examination of
the active zone adjacent to the main crack. The side zone
was examined using optical microscope and scanning elec-
tron microscope. The fracture surface was also examined

using the same procedure.
3 RESULTS AND DISCUSSION

Plots of the crack length, a, versus the number of
cycles, N, for K40S alloy examined at 700 ‘C and 900 'C
are shown in Fig. 1. Tt can be seen that, at 700 C, the
total fatigue lifetime is approximately 3 % 10° cycles, while
that is 1. 5% 10° cycles at 900 C. The initiation lifetime is
approximately 2 x 10" cycles at 700 “C and 1x 10" cycles at
900 C, respectively. The main propagation lifetime is
about 2. 8% 10° cycles and 1. 2% 10° cycles at 700 C and
900 C, respectively. The crack grew up to 12 Pm after
initiation. Both cracks propagated very fast in the last sev-
eral thousand cycles and the final crack lengths were about
22 mm. The relationship between the crack growth rate,
da/dN, and the crack length, a, are shown in Fig. 2.

Both curves demonstrate crack growth kinetics of
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Fig. 1 Plots of fatigue crack length vs
number of cycles for K40S alloy
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sigmoidal feature, which can be divided into three distinct
stages: the crack iitiation stage, the stable crack propa-
gation stage and the critical stage. In these stages, the
crack growth rate varies appreciably.

The crack growth rate, da/dN, versus the stress
intensity factor range, AK, for K40S alloy examined at
700 'C and 900 C are plotted in Fig. 3. It can be seen
that the da/ dN —AK curves are also sigmoidal. That is
to say that at both the low and high AK regions, the
crack growth rates increase markedly. At the low AK re-
gion, the curves approach a vertical asymptote. A fatigue
threshold, AK, at each temperature can be operationally
defined as AK at which the crack growth is presumed dor
mant. It is a critical parameter because components oper-
ate close to the fatigue threshold regime for the majority of
their lifetime! ' . Below the threshold, the existing cracks
in the components would not grow. Therefore, fatigue
damage is unlikely. It can be seen from Fig. 3 that K40S
alloy shows a well-defined fatigue threshold, i. e. the fa-
tigue thresholds are 23.9 MPa*m"? and 12 MPa*m"? at
700 C and 900 C, respectively.

A linear region at an intermediate stress intensity
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Fig. 2 Plots offatigue crack growth rate
vs crack length for K40S alloy
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Fig. 3 Plots of fatigue crack growth rate

as function of stress intensity range

for K40S cobalt-base superalloy ( R= 0. 1)

factor range represents stable fatigue crack growth. The
relationship between da/dN and AK follows the Paris
Erdagan power-law (Eqn. (1)) in such region. Least
squares analysis yielded the two material constants, ¢ and
m, which are listed along with the coefficient of determi-
nation ( R*) in Table 1. These calculations were per
formed only with the data having Aa increments of 0. 25
mm. The points in the near threshold regime were not in-
cluded in this analysis. It can be seen that the R” is 0. 94
and 0. 98 respectively, which indicates that it fits the
Paris-Erdagan power law well.

Table 1 Parameters of Paris-Erdagan power law
relationship for K40S alloy

Temperature/ 5 AK w/
P ¢ m R 12
C (MPa*m ")

700 6.36x10° Y7  7.23 0.94 23.9

900 7.53x10°Y  6.72  0.98 12.0

As it is known that, just like the fatigue strength,
the fatigue threshold is an important fatigue property for
structural materials. It is also reported that, the higher
the strength, the lower the fatigue threshold is, and the
higher the ductility, the higher the fatigue threshold
is 18 The strength and ductility of K408 alloy are list-
ed in Table 2. It can be seen that the ductility of K40S
alloy at 900 C is superior. In regards to the ductility and
tensile strength points, it seemed that the threshold of
K40S alloy at 900 C should be higher than that at 700
C. But the result was reverse. Just as mentioned above,
the increasing temperature would cause an increase in
CGR at a given AK under a symmetric sinusoidal loading
waveform. In general, the effect of temperature on CGR
was attributed to the oxygen environment effect. Due to
oxidation layer within the cracks, oxide-induced closure
should be more pronounced, thereby reducing the CGR,
compared with these of lower temperature!'” !, The
crack tips are also blunt at higher temperature, which
would reduce the crack drive force and impede fatigue
crack growth. This behavior plays an important role in re-
tarding fatigue crack growth at low stress ratio R val-
ues'?! or near the threshold regime! . There is, howev-
er, more degradation of the material due to oxygen embrit-
tlement, which may significantly reduce the AK required
to propagate a crack. A brittle oxide layer at crack tip is
formed more easily through enhanced diffusion at elevated
temperature and is subsequently fractured by the cyclic
stress. The deleterious effects of oxygen at high tempera-

ture on fatigue crack propagation were reported in previous

studies on DZ40M and MAR-MS509 cobalt-base superal-
oyl 2
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Table 2 Tensile properties of K40S alloy

Temperature/ 9.2/ 0,/ & o Reduction of
C MPa MPa i area/ %
700 259 583.5 15.8 17.8
900 204 248.6 30 41

At 700 C, the initial stage contains the fatigue
damage features associated with the nearthreshold crack
propagation, dimples and limited microcracks, micro-
voids, as shown in Fig. 4(a). These features indicate a
ductile fracture mechanism related to the initial stage of
crack growth. With an increase of temperature from 700
C 10900 C, the appearance on fractograph is identical

except for heavier oxidation, as shown in Fie. 4(b).

Fig. 4 SEM micrographs of K40S alloy

at crack initiation stage
(a) —700 C; (b) —900 C

The mid-stage region is the stable crack propagation
region. At 700 C, this region is characterized by cleav-
age, interdendritic separation, tearing ridges and microc
racks. Such features can be found in Fig. 5(a). The brit-
tle nature of primary carbide and its poor combination with
the substrate weaken the microstructure continuation,
which results in its separation from the matrix under the
alternating load. While at 900 C, the primary carbide is
oxidized preferentially ( as shown in Fig. 5(b)), which
results in accelerating the crack propagation. These fea
tures shown in Fig. 5 reflect the crack deceleration and in-
dicate that a considerably high energy consuming process
is associated with crack propagation.

The final stage is characterized by fast crack prop—

Fig.5 SEM micrographs of K40S alloy at

stable crack gropagation stage
(a) —700 C; (b) —900 C

agation features, such as interdendritic separation ( as
shown in Fig. 6(a) and (b)).

factor range, microvoids are visible on the fracture sur-

In high stress intensity

faces of the samples, which indicates a high ductility of

the microstructure under such test condition.

| 20um |

Fig. 6 SEM micrographs of K40S alloy

at critical final stage
(a) —700 C; (b) —900 C
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4 CONCLUSIONS

1) Under ambient atmosphere, there is a well de-
fined threshold for K40S alloy at elevated temperatures.
The fatigue threshold is 23. 9 MPa*m"? at 700 ‘C and 12
MPasm"? at 900 C.

2) The significant decreasing AK with the increasing
temperature is associated with the oxidation induced emr
brittlement at crack tip.

3) The fracture surface morphology shows dimples
indicating the ductile failure mechanism in the near
threshold or initiation stage. The stable crack growth re-
gion displays intensive tearing ridges, microcracks and
cleavages indicating a high energy dissipation process.
The unstable growth region displays interdendritic separa-

tion.
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