
JOURNAL OF MATERIALS SCIENCE 33 (1998) 2653 — 2658

Cyclic crack growth behaviour of two nickel base
turbine disc alloys

G. ARSLAN
Department of Ceramics Engineering, Anadolu University, Yunusemre Campus, 26470
Eskis,ehir, Turkey

M. DORUK
Department of Metallurgical and Materials Engineering, Middle East Technical University,
06531 Ankara, Turkey

The high temperature fatigue crack growth behaviour of the nickel base superalloys Alloy
718 and René 95 (specimen thickness\4.1 mm) were investigated and compared with each
other. Fatigue crack propagation (FCP) tests were carried out in laboratory air at room
temperature and 600 °C by using C-T (compact tension) type specimen that were fatigue
precracked at room temperature.

Alloy 718 was found to provide the higher resistance to crack propagation under the
present testing conditions.

At 600 °C, in Alloy 718, the fracture path was of mixed type at low and transgranular at high
*K (stress intensity factor range) values, while it remained intergranular in René 95
throughout the whole *K range tested. The difference in the crack growth rates of Alloy 718
with different thicknesses (4.1 mm and 13.0 mm) was related to their different fracture modes.

The striation spacings, both at room temperature and 600 °C, of Alloy 718 were found to be
proportional to the empirical equation proposed by Bates and Clark [2] but with a constant
of 9.5 instead of 6. However, although the correlation between the microscopic FCP rate
obtained from fatigue striation measurements — and hence the empirical equation — and the
macroscopic FCP rate was pretty good at room temperature, it was found to be poor at
600 °C, indicating that, at 600 °C, striation formation alone did not control the fatigue
resistance of Alloy 718 which is thought to account for the insufficiency of the COD (crack
opening displacement) approach to correctly correlate the macroscopic FCP rates of Alloy
718 at these two test temperatures. 1998 Chapman & Hall

1. Introduction
The fatigue crack growth behaviour of Alloy 718
(specimen thickness"13.0 mm) at 600 °C was investi-
gated previously in the co-operative testing pro-
gramme of the AGARD Structures and Materials
Panel on ‘‘High Temperature Cyclic Behaviour of
Aerospace Materials’’ [1].

The present research was planned to shed light on
the fracture characteristics of the turbine disc materials
Alloy 718 and René 95 (specimen thickness"4.1 mm)
and also to extend the available data about the
high temperature crack growth behaviour of these
alloys.

Alloy 718 and René 95 are two nickel base super-
alloys which were developed for a certain number of
applications in the gas turbine industry such as the
fabrication of turbine discs where the resistance to
low cycle fatigue and fatigue crack growth at elev-
ated temperatures are important properties [3]. The
highest stresses are experienced in the bore of the disc
early in the flight cycle, generally while it is in the

temperature range of 200—300 °C. Stresses in the
rim region are lower but at higher temperatures,
500—600 °C [4].

The damage tolerance approach differs from the
original fail-safe philosophy in that it assumes cracks
to exist in the structure already at the very first load
cycle. It relies on good non-destructive testing and the
accurate prediction of fatigue crack growth lives of
components containing cracks using fracture mechan-
ics data. The economic benefits of such an approach
have been the driving force for the generation of many
of the fatigue crack propagation and threshold data
for nickel base alloys, and for the development of
turbine disc alloys with improved crack propagation
resistance [4].

2. Experimental details
2.1. Testing material and specimen
The materials used for the high temperature fa-
tigue crack propagation (FCP) tests were the wrought
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TABLE I Chemical composition of Alloy 718 and René 95 in wt%

Material Ni Cr Nb Fe Mo W Ti Al Co C

Alloy 718 Bal 18.8 5.1 19.8 3.1 — 1.0 0.5 0.3 0.1
René 95 Bal 14.0 3.8 — 3.5 3.5 2.5 3.5 8.0 0.15

TABLE II Mechanical properties of Alloy 718 and René 95

Material Tempera- E p!
y

UTS Elongation
ture (°C) (GPa) (MPa) (MPa) (%)

Alloy 718 25 200 1100 1350 20
Alloy 718 600 165 975 1160 22
René 95 25 225 1310 1620 15
René 95 650 — 1225 1500 14

! Yield stress.

nickel—iron base superalloy Alloy 718, and the powder
processed nickel base superalloy René 95. All speci-
mens were of C-T type with B (specimen thickness)"
4.1 mm and ¼ (specimen width)"26.0 mm. The che-
mical composition and mechanical properties of the
alloys are presented in Tables I and II, respectively.

2.2. Testing equipment
The tests were conducted in laboratory air on a creep
machine frame that was modified to enable FCP tests
to be carried out. A three stage wire wound furnace
was adopted and the specimen temperature was con-
trolled to within $3 °C.

2.3. Testing procedure
The specimens were fatigue precracked at room tem-
perature by applying load shedding as described by
the ASTM standard E 647-83. FCP tests were carried
out at room temperature and 600 °C by subjecting the
samples to constant load amplitude trapezoidal waves
at a cyclic frequency of 0.25 Hz. The load ratio (min-
imum load/maximum load) employed was 0.1. Crack
length was followed on a strip chart recorder by the
potential drop technique. A resolution of a 10 lm
change in crack length was routinely achieved. The
crack growth rate, da/dN, was determined by evaluat-
ing the raw data via the seven-point incremental poly-
nomial method given in ASTM standard E 647-83.

As crack front curvature was observed in all of the
specimens, a crack curvature correction factor was
introduced by averaging five measurements taken at
0, 25, 50, 75, 100% of the specimen width.

3. Results and discussion
Fig. 1 shows the results of the three fatigue crack
growth experiments of Alloy 718 with a specimen
thickness of 13.0 mm [1]. It indicates that except for
the near-threshold region the data of the three experi-
ments coincide with each other. From this figure it is
seen that the K

-#
(plane strain fracture toughness)

value of Alloy 718 under the testing conditions studied
lies around 60MPam1@2.

Figure 1 da/dN versus *K curves of Alloy 718 specimens
(B"13.0 mm) tested at 600°C. Experiments 1(h) , 2(s) and 3(n).

Fig. 2 shows the effect of temperature on the fatigue
crack growth rate curves of Alloy 718 and René 95. It
is seen that in both alloys the crack growth rate at
a given *K is higher at 600 °C than at room temper-
ature except for Alloy 718 in the high *K regime. The
effect of temperature is shown to be most significant at
low *K values and to decrease gradually with increas-
ing *K. As can be deduced from this figure, increasing
the temperature from room temperature to 600 °C
affects the crack growth rate of René 95 much more
than that of Alloy 718.

It also indicates that, at room temperature, Alloy
718 has a slower crack growth rate than René 95 and
that the difference in their resistance to crack propaga-
tion becomes increasingly significant with increasing
*K. The fracture path at room temperature, however,
is seen to be of transgranular type in both alloys
(Figs 3a and 4a). Therefore, the reason for their differ-
ent crack growth behaviour at room temperature can
not be based on the fact that their modes of crack
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Figure 2 Comparative plot of da/dN versus *K curves of Alloy 718
and René 95 specimens (B"4.1 mm) tested at 600 °C and room
temperature. (j) Alloy 718, 600 °C; (h) Alloy 718, room temper-
ature; (d) René 95, 600 °C; (s) René 95, room temperature.

propagation are different. However, because the main
aim of the research was to study the high temperature
behaviour of these alloys no further work was carried
out to shed light on this point.

Fig. 2 also compares the fatigue crack growth
curves of Alloy 718 and René 95 tested at 600 °C. It is
seen that the fatigue crack growth behaviour of René
95 differs significantly from that of Alloy 718. This
difference is manifested in Alloy 718 in terms of
a slower crack growth rate at a given stress intensity
range, and a different mode of fracture path. The crack
propagation mode of Alloy 718 is of mixed type at low
(Fig. 3b) and transgranular (Fig. 3c) at high *K levels
while in René 95 the fracture path is intergranular
throughout the whole *K range tested (Fig. 4b). It
could be possible to relate the intergranular fracture
path of René 95 to its higher content of carbon and
carbide forming alloying elements (Table II) as it is
well known that grain boundary carbides play an
important role in crack initiation by cracking, by
providing sites for void nucleation or by preferential
oxidation [5] and also to its lower ductility (Table II),
confirming the higher crack growth rate in René 95.

Figs 3h and 4c show the fracture surfaces of Alloy
718 and René 95, respectively, in the fast fracture

region. Fracture has advanced by the mechanism of
ductile fracture in both alloys. Fig. 3h shows the typi-
cal structure of dimples and inclusions in the fast
fracture region (Stage 3) of Alloy 718.

To verify whether or not the effect of temperature
on crack growth rate of Alloy 718 is the result of the
temperature dependence of yield strength and
modulus [6] the stress intensity range was normalized
with respect to these mechanical properties as is
shown in Fig. 5. Because the crack growth rates at
different temperatures still differ significantly it fol-
lows that the effect of temperature is not at least solely
caused by the change in yield strength and modulus
with temperature. The change in modulus and yield
strength with temperature is less in René 95 than in
Alloy 718 ([4], Table II) but the relative increase in
crack growth rate larger (Fig. 2). Therefore, the same
argument holds for René 95. In fact, if the change in
mechanical properties were responsible for the tem-
perature effect, the fracture path should not change
upon increasing the temperature, which is in disagree-
ment with Figs 3 and 4 (crack propagation is from
bottom to top).

Alternatively, creep and environmentally assisted
cracking are both time dependent processes that are
thermally activated and may account for the increase
in crack growth rate with temperature. To determine
whether creep or environment is the dominant time
dependent process, crack growth tests in an inert
environment must be performed. Such tests could not
be accomplished in this research. However, based on
the results of Webster [7] and Clavel and Pineau (3),
it is concluded that, in Alloy 718, environment is the
dominant time-dependent process. The diminishing
effect of temperature on crack growth rate of Alloy
718 with increasing *K could then be related to
the depression of the deleterious effect of the environ-
ment which is expected to be most pronounced at
low *K values [8, 9]. The decreasing contribution of
intergranular fracture to crack growth of Alloy 718
with increasing *K (compare Fig. 3b and c) and the
shift in transition *K to unstable fast fracture to
higher *K values with temperature (Fig. 2) support
this view.

In Alloy 718 specimens that were fatigue cracked at
600 °C second phase particles were occassionally
found which were identified to be (Ti, Nb) carbo-
nitrides (Fig. 6) and cubic in shape. It is observed that
these particles have not fractured at low-to-medium
(Fig. 3d) but at high *K levels (Fig. 3e). These fracto-
graphs also indicate that the incoming particles ob-
struct the path and force the crack to deflect, thus
retarding growth.

Flatter, often striated fracture surfaces are produced
when the plastic zone encompasses many grains and
several slip systems must be activated within each
grain for compatible deformation [4]. These kinds of
fatigue striations were easily identified and frequently
observed in Alloy 718 both at room temperature and
600 °C (Fig. 3a, f and g) while in René 95 they were
observed only at room temperature (Fig. 4a).

James and Mills [10] found striation spacings in
Alloy 718 to be in good agreement with the empirical
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Figure 3 Scanning electron micrographs of Alloy 718 specimens
(B"4.1 mm) : (a) ¹"room temperature, *K"35MPam1@2; (b)
¹"600 °C, *K"35MPa m1@2; (c) ¹"600 °C, *K"50 MPam1@2;
(d) ¹"600 °C, NbC particle, *K"30MPa m1@2; (e) ¹"600 °C,
NbC particle, *K"50 MPam1@2; (f) ¹"room temperature,
*K"35 MPam1@2, macroscopic FCP rate"0.28lm, microscopic
FCP rate"0.30lm, FCP rate calculated from the empirical equa-
tion"0.29lm; (g) ¹"600 °C, *K"40MPam1@2, macroscopic
FCP rate"0.93 lm, microscopic FCP rate"0.55lm, FCP rate
calculated from the empirical equation"0.56 lm; (h) ¹"room
temperature, *K"60MPam1@2, (i) ¹"600 °C, *K"30 MPam1@2,
B"13.0mm.
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Figure 4 SEM micrographs of René 95 specimens (B"4.1 mm):
(a) ¹"room temperature, *K"20 MPam1@2; (b) ¹"600 °C,
*K"30MPa m1@2; (c) ¹"room temperature, *K"55 MPam1@2.

equation proposed by Bates and Clark:

striation spacing" 6(*K/E)2

where *K is in MPam1@2 and E (Young’s modulus) in
GPa, thus giving the striation spacing in lm. In this
research the striation spacings in Alloy 718, both at
room temperature and 600 °C, were also found to be
in agreement with the form of the above equation but
with a constant of 9.5 instead of 6. Fig. 5 correlates the
crack opening displacement (COD) to the macro-
scopic FCP rate as the horizontal axis in that figure is
effectively proportional to the COD. It indicates that
the correlation between the COD approach and the
macroscopic FCP rate is poor. A comparison of the
microscopic crack growth rates obtained from fatigue
striation measurements with the macroscopic FCP
rates indicated that, at room temperature, they are in
agreement in regime II of the crack growth curve. At
600 °C and in the same *K regime, however, the

Figure 5 Comparative plot of da/dN versus *K/JEp
ys

curves of
Alloy 718 specimens tested at 600 °C (h) and room temperature (j)
(B"4.1 mm).

Figure 6 Energy dispersive analysis of particle shown in Fig. 3d.

striation spacings were found to be approximately
a factor of two lower than the macroscopic FCP rates.
Hence, the empirical equation underestimates the
macroscopic FCP rate. Therefore, one can conclude
that striation formation alone does not control the
fatigue resistance in the *K regime under considera-
tion. In the foregoing discussion it was reasoned that it
is the environmental interaction which enhances the
FCP rate — especially at the lower end of the *K
spectrum, where in addition to striation forma-
tion, intergranular cracking is observed — and thus
produces larger increases in FCP rate than the COD
approach would indicate.
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Thus, although empirical equations might predict
striation spacings well, this does not necessarily mean
that they also correctly estimate the macroscopic
crack growth rate.

Because the material at the surfaces is less con-
strained from deformation and thus deforms much
more readily than that at the centre of the specimen
thickness, the crack growth process is slower at the
sides. Sadananda and Shahinian [6], who studied the
subcritical crack growth behaviour in Alloy 718 under
creep conditions, observed somewhat lower crack
growth rates at 538 °C on decreasing the thickness
which they attributed to either the thickness effect or
the fact that the specimens belonged to different heats.
At first sight the results of this investigation (Fig. 7)
seem to be contrary to the results of Sadananda and
Shahinian, as the crack growth rate of the thinner
specimen (4.1mm) is larger at lower *K values than
that of the thicker one (13mm). This difference is
shown to be significant at the lower end of the *K
spectrum and to decrease with increasing *K (Fig. 7).
Both of these findings, however, can be understood if
one considers the fact that the fracture path of the
thinner specimen is of mixed type (transgranular plus
intergranular) at lower *K (Fig. 3b) values and trans-
granular at larger *K values (Fig. 3c) in regime II of
the crack growth curve. The fracture path of the
thicker specimen, on the other hand, is seen to remain
transgranular throughout the whole *K range

Figure 7 Comparative plot of da/dN versus *K curves of Alloy 718
specimens with different thicknesses (B"4.1mm (h) and B"

13.0mm (s)) tested at 600 °C.

(Fig. 3i) in regime II of the crack growth curve. Hence,
the crack growth rate of the thinner specimen should
be expected to be larger than that of the thicker
specimen at the lower end of the *K spectrum until
a transition in the fracture mode occurs in the former
one which is thought to be the result of the decreasing
contribution of the environmental effect to crack
growth with increasing *K.

4. Conclusions
The following conclusions can be drawn from the
results of this investigation:

1. Alloy 718 when compared with René 95 provides
higher resistance to crack propagation under the pre-
sent testing conditions.

2. At 600 °C, in Alloy 718, the fracture path is of
mixed type at low and transgranular at high *K
values, while it is intergranular in René 95 throughout
the whole *K range tested. The difference in the crack
growth rate of Alloy 718 with different thicknesses is
related to their different fracture modes.

3. The striation spacings, both at room temper-
ature and 600 °C, of Alloy 718 (specimen thick-
ness"4.1mm) are found to fit to the empirical
equation proposed by Bates and Clark, but with
a constant of 9.5 instead of 6. However, although the
correlation between the microscopic FCP rate — and
hence the empirical equation — and the macroscopic
FCP rate is good at room temperature, it is found to
be poor at 600 °C, indicating that, at 600 °C, striation
formation alone does not control the fatigue resistance
of Alloy 718 which is thought to account for the
insufficiency of the COD approach to correctly corre-
late the macroscopic FCP rates of Alloy 718 at these
two test temperatures.
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