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The fatigue crack growth rates for nickel-based superalloy Haynes 282 were measured at temperatures of
550, 650, and 750 °C using compact tension specimens with a load ratio of 0.1 and cyclic loading fre-
quencies of 25 Hz and 0.25 Hz. Increasing the temperature from 550 to 750 °C caused the fatigue crack
growth rates to increase from ~20 to 60% depending upon the applied stress intensity level. The effect of
reducing the applied loading frequency increased the fatigue crack growth rates from ~20 to 70%, also
depending upon the applied stress intensity range. The crack path was observed to be transgranular for the
temperatures and frequencies used during fatigue crack growth rate testing. At 750 °C, there were some
indications of limited intergranular cracking excursions at both loading frequencies; however, the extent of
intergranular crack growth was limited and the cause is not understood at this time.

Keywords electron microscopy, fatigue crack growth rate, me-
chanical characterization, nickel-based superalloys

1. Introduction

Current ultra-super critical (USC) steam power plants
operate at temperatures up to 610 °C with main steam inlet
pressures reaching 26 MPa. This combination of temperature
and pressure can yield turbine efficiencies up to 39%. To further
increase steam turbine efficiency, the next generation of coal-
fired advanced ultra-super-critical (A-USC) steam power plants
is envisioned to push the steam inlet temperature and pressure
into the range of 760 °C and 35 MPa with operational
efficiencies reaching 50%. The current alloys used for high-
and intermediate-pressure turbines are 9-12% Cr martensitic
steel (hereafter 9% Cr steel). Other components of the turbine,
including rotor casings, airfoils, and other rotating and
stationary components, are also made from martensitic steel
and as such they have operational temperature limits less than
620 °C (Ref 1). At temperatures above this level, 9% Cr steels
experience excessive creep deformation that is unacceptable
over the life of a power plant (>30 years or 2,50,000 h).

As a consequence, nickel-based superalloys are currently
being investigated to replace 9% Cr steels for the high-pressure
and intermediate-pressure rotors, as well as for other high-
temperature critical components, in A-USC seam turbines.
Haynes 282 is an alloy that possesses a combination of good
high-temperature tensile strength and creep life that makes it
suitable for this purpose. While tensile strength and creep
performance are adequate for A-USC components (Ref 2), it is
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Nomenclature
R Load ratio
Pin Minimum load
Pax Maximum load
AK Stress intensity range
a Crack length
w Specimen width
B Specimen thickness
G Paris constant
m Paris slope constant
c Yield strength
E Young’s modulus
T Temperature
F Frequency
da/dN The crack growth rate per cycle

unclear if the cyclic behavior will be sufficient. Preliminary
testing has shown that low-cycle fatigue at 760 °C meets
minimum requirements for use as a rotor alloy (Ref 2).
However, due to cyclic loads experienced during service over
its lifetime, it is imperative to understand all aspects of fatigue
behavior of Haynes 282 to ensure safe operation and to avoid
possible catastrophic component failures.

Haynes 282 offers a unique chemistry enabling high yield
strength and good creep resistance through the development of a
relatively low volume fraction (~16 to 18%) of y” precipitates.
This is in comparison to Nimonic 105, which, while having
slightly better creep capability, also has a higher volume fraction
of v” at ~36%. The lower volume fraction of Y’ for Haynes 282
provides good ductility and resistance to strain age cracking
while improving fabricability and weldability relative to alloys
with higher " precipitate contents. Also, the aging kinetics of
Haynes 282 is sluggish (Ref 3), i.e., the alloy coarsens slowly,
which provides a relatively stable microstructure suitable for use
at long service intervals (i.e., a creep life of at least 1,00,000 h).
Oxidation resistance is reported to be similar to other low-to-
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medium volume fraction y’-precipitated hardened nickel-based
superalloys with equivalent chromium levels (Ref 4).

Previous studies in the literature have investigated selected
aspects of high-temperature mechanical behavior of Haynes
282, including low-cycle fatigue (Ref 1, 5-7), creep (Ref'1, 2, 6,
8), and tensile behavior (Ref 3-6, 9). While some fatigue crack
growth testing has been done on Haynes 282 (Ref 7, 10), the
literature lacks a systematic study of the fatigue crack growth
resistance across the temperature regime of interest for A-USC
operation. Furthermore, different cracking mechanisms may be
active under varying environment and loading combinations.
For example, alloys N18 (Ref 11), IN100 (Ref 12), and U720
(Ref 13) have exhibited a shift in cracking mechanism from
transgranular to intergranular when the loading frequency
decreased at elevated temperature in an oxygen-rich environ-
ment. Thus, it is important to know how Haynes 282 behaves at
various temperatures and for various cyclic loading frequencies
in order to understand the potential for fatigue mechanism
change or acceleration in crack growth rates. Accordingly, the
purpose of this paper is to quantify the fatigue crack growth
rates and identify the crack growth mechanisms at temperatures
of interest for A-USC turbine rotor service.

2. Materials and Methods

Haynes 282 (Ref 2, 6, 9). The plate was peak age heat treated in
the following manner. The plate was first solutionized at
> 1175 °C for one hour before being cooled to near room
temperature. The plate was returned to the furnace for the
precipitation aging sequence starting at 1010 °C. The plate was
held at this temperature for 2 h and then air cooled to below
788 °C, before reheating to 788 °C for an additional 8 h. The
plate was removed from the furnace and allowed to air cool to
room temperature.

The peak-aged microstructure of Haynes 282 has an ASTM
grain size of 4 (~90 pm grain size) as shown in Fig. 1(a)
(Ref 14). The y” precipitates were roughly spheroidal with a
diameter of between ~20 and 50 nm as shown in Fig. 1(b) (Ref
2). No secondary or tertiary y* was seen in the samples tested in
this research. Abundant twins are observed in the peak-aged
microstructure.

The peak-aged tensile properties of Haynes 282 are shown
Table 2 (Ref 2, 9). Haynes 282 has relatively constant yield
strength up to around 800 °C with the yield stress only

Table 2 Typical average tensile properties of peak-aged
Haynes 282 (Ref 2, 9)

Temperature, °C  0.2% Y S, MPa UTS, MPa Elongation, %

24 726 1196 30
3 204 649 1088 20
2.1 Material 427 669 1039 27
A rolled plate of Haynes 282 (actual) was obtained from %g 24313 }8?2 g;
Haynes International in the solution-annealed condition with 750 642 887 24
dimensions 333 mm x 254 mm x 35 mm. Table 1 shows the 316 566 652 50
nominal and actual chemical composition for this plate of
Table 1 Nominal and actual chemical composition (weight percent) of Haynes 282 (Ref 2, 9)
H282 Ni Cr Co Mo Ti Al Fe Mn Si C B
Nominal Bal 19.5 10 8.5 2.1 1.5 1.5 0.3 0.15 0.06 0.005
Actual Bal 19.62 10.36 8.56 2.19 1.45 0.4 0.08 0.05 0.067 0.004

) Twin boundary
J B S N

Fig. 1 (a) Microstructure of Haynes 282 in peak-aged condition with an ASTM grain size of 4. Note the abundant twin formation (Ref 14). (b)
TEM dark-field image of y” also in peak-aged condition, from deformed material (Ref 2). The observed y” precipitates in Haynes 282 were mea-

sured to be between 20 and 50 nm in size
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dropping by about 12% from room temperature through
760 °C.

2.2 Experimental Procedures

Fatigue crack growth experiments were conducted in general
accordance with ASTM Standard E647 (Ref 15). Compact
tension, C(T), specimens were machined from the peak-aged
plate in the short transverse direction with the following nominal
dimensions: width (/) equal to 25.4 mm and thickness (B) equal
to 6.4 mm. The direct current potential drop methodology was
used to monitor crack length. Current leads were attached by
screw connectors at the geometric center of the sample on the top
and bottom faces, while voltage leads were screwed into the front
face above and below the notch. Screws were stainless steel,
while the voltage leads (~0.06 mm diameter) and current leads
(10 gage) were nickel. Ten amps of direct current was passed
through the sample in order to measure crack length change in
real time using a custom crack length calibration.

Heating the C(T) specimen was accomplished via an induc-
tion furnace coil that surrounded the C(T) specimen. Testing was
performed in laboratory air. A K-type thermocouple was attached
to the rear face of the C(T) specimen far away from stress zones to
monitor temperature during the test. Trial tests using a sample
instrumented with multiple thermocouples were used to ensure
that the induction coil design provided even sample heating.
Fatigue testing was performed at 550, 650, and 750 °C with
temperature maintained within the C(T) specimen to £3 °C.

A 250 kN capacity servo-hydraulic load frame was used with
a25 kN load cell. Fatigue crack growth rate tests were operated in
load control. Fatigue crack growth rate testing was conducted
using 25 Hz sine wave loading and 0.25 Hz triangle wave
loading with aratio of minimum to maximum load, i.e., R = Py.;n/
P ax, €qual to 0.1. The triangular waveform gives constant stain
rates which is the more desirable loading waveform. However,
the triangle waveform is unachievable at 25 Hz; therefore, the
sinusoidal waveform was selected for high-frequency testing.

The C(T) specimens were first notched with a 0.6-mm-thick
blade and then fatigue precracked at room temperature at a stress
intensity range (AK = Kpax-Kmin) of 18 MPavVm for a minimum
of 1 mm crack extension at 25 Hz. Prior to high-temperature
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testing, samples were held at the testing temperature for 24 h.
During this 24-h hold period, the C(T) specimens were cycled
below the threshold crack growth rate (AK of ~2 to 3 MPaVm).
This step was performed to stabilize the system and thus minimize
voltage drift, thermocouple effects, and temperature fluctuations.
Fatigue crack growth rate, da/dN, data were gathered in two steps.
First, load shedding tests were performed using a load shedding
constant of —0.24 mm ™' from ~16 MPa\m > AK > 6 MPaVm
for crack lengths in the range of ~9 mm < a < 14 mm. Afterload
shedding experiments were completed, constant load tests were
performed with an initial AK; = 10 MPavVm until the crack length
reached an a/W ratio of 0.8 (@ ~ 20 mm).

Experiments were performed using a load shedding constant
according to the ASTM Standard E647 of —0.08 mm ™" at both 550
and 650 °C from 8 MPaVm < AK < 16 MPaVm to compare with
the more aggressive load shedding constant. Data showed overlap-
ping fatigue crack growth rates between the two load shedding
constants. Load shedding experiments were not done at 750 °C due
to concerns about clevis and loading pin creep during long-term
experiments. To precrack the specimen intended for constant load
amplitude testing at 750 °C, the load shedding procedure previously
described was also used, but with a temperature of 650 °C.
Subsequent constant load testing commenced with an initial
AK; = 10 MPaVm until crack length reached an a/W ratio of 0.8
(a ~ 20 mm) with testing temperature at 750 °C.

The fracture surfaces were investigated using a scanning electron
microscope (FEI, Inspect F) in secondary electron imaging mode. In
order to estimate the applied stress intensity range representative of
the image, the crack length location of each image was recorded and
correlated to an applied AK from the measured data.

3. Results and Discussion

3.1 Fatigue Crack Growth Rates

Figure 2 shows the measured da/dN values as a function of
the applied AK for Haynes 282 at 550, 650, and 750 °C.
Figure 2(a) shows the crack growth rate curves at a loading
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Fig. 2 Fatigue crack growth rates of Haynes 282 with a load ratio of 0.1. Temperature indicated on plot. (a) At 0.25 Hz with triangular wave-

form and (b) at 25 Hz with sinusoidal waveform
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frequency of 0.25 Hz, while Fig. 2(b) shows them at a loading
frequency of 25 Hz. The effect of increasing temperature on
fatigue crack growth rate was to increase da/dN at a given
applied AK. The effect of lowering the cycle frequency was to
increase the da/dN at a given applied AK as well. The
frequency effect was larger at 650 and 750 °C.

Buckson and Ojo examined the fatigue crack growth
properties of Haynes 282 at 600 °C using both 0.05 and
15 Hz sine waveforms. Their data at 0.05 Hz fell in well with
the data for the present study at 0.25 Hz shown in Fig. 2(b).
Buckson and Ojo’s 15 Hz data and the present 25 Hz data also
correlate well over most of their reported AK values; however,
at low AK they reported a fatigue threshold at around
10 MPaVm that was not observed in the present study.
However, it is important to note that their microstructure
contained large primary y” precipitates that may contribute to
mechanical property differences (Ref 14). Ismonov et al. (Ref
10) reported some crack growth data at 649 and 760 °C;
however, they did not report the loading frequency nor
provided many experimental details. Their results show con-
siderable overlap with the present results at 0.25 Hz suggesting
that they used a relatively low loading frequency.

Paris and Erdogan (Ref 16) observed a power law relation-
ship between applied AK and da/dN. This relationship is

Table 3 Paris constants for each test temperature and
frequency

Temperature, °C Frequency, Hz AK, MPa\ym G m

550 25 10-29 142 x 10712 3.50
650 25 10-18 438x1071° 1.58
650 25 16-24 9.01 x 10713 3.78
750 25 10-18 251%1071° 1.94
750 25 16-25 737%x 10712 3.19
550 0.25 12-39 1.97 x 107! 2.87
650 0.25 1034  2.60x 10710 2.28
750 0.25 13-41 250 % 10710 2.41

Paris constants for 650 and 750 °C split at AK = 17 MPaVm

empirical and generally assumed true over decades of fatigue
crack growth rate data for most alloys and materials. The power
law relationship is typically referred to as the ‘Paris law’ and is
formulated in Eq 1:

da/dN = C,AK™, (Eq 1)

where da/dN is the crack growth rate per cycle, C, is the
Paris coefficient, m is the Paris exponent, and AK is the stress
intensity range.

The scaling constants for the Paris law (C and m) are
dependent on the microstructure, environment, temperature,
and load ratio, R. Fitting fatigue crack growth data to the Paris
law allows quantification of changes in the fatigue crack growth
data due to temperature or cyclic loading frequency changes.

The fatigue data in Fig. 2 were subsequently fit to the Paris law.
This information is presented in Table 3. For 25 Hz loading
frequency, the crack growth rate curves at 650 and 750 °C showed
a change in slope in the Paris region around AK = 17 MPaVm
(Fig. 2b). This slope change is also consistent with the results of
other researchers (Ref 10). Accordingly, the Paris constants were
determined separately for AK above and below 17 MPa\m for 750
and 650 °C with 2 MPaVm overlap. Increasing the temperature
had minor effects on the Paris exponent (m) and did not show a
clear monotonic trend. In contrast, by reducing the loading
frequency, the Paris exponent always decreased at the high stress
intensity ranges (AK > 17 MPa\/m), by 18, 40, and 24% for 550,
650, and 750 °C, respectively.

3.2 Fractography

Typical polycrystalline metallic fracture surfaces exhibit
either transgranular or intergranular growth. Intergranular crack
growth occurs when the crack grows along grain boundaries,
revealing grain facets on the fracture surface. Transgranular
crack growth occurs through the grains, leaving a more planar
fracture surface.

Transgranular crack growth occurs in two distinct stages
(Ref 17). During the first stage, only one dislocation slip system
is active, leaving a zigzag-like pattern on the fracture surface.
During stage two, multiple dislocation slip systems are active,

Fig. 3 Fracture surfaces of Haynes 282 at various temperatures and stress intensity ranges. Crack growth direction is from bottom to top for all
images (a and b). Both images are scaled equivalently. (a) Typical zigzag-type stage-one crack growth with experimental conditions: AK ~ 14
MPaVm, T= 550 °C, and f=0.25 Hz. (b) Typical fatigue striation stage-two crack growth with experimental conditions: AK ~ 41 MPaVm,

T=550°C, and f'= 0.25 Hz
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and the crack grows by a blunting and re-sharpening mecha-
nism. Distinct fractographic features of stage-two growth
include fatigue striations and the absence of the stage-one
zigzag-like pattern.

Post failure analysis of the fatigue fracture surfaces reveals
typical transgranular features under all experimental conditions
(550 °C < T <750 °C; 0.25 Hz <f <25 Hz). Stage-one
crack growth produced the zigzag-like pattern (Fig. 3a) and
was observed independent of loading frequency or test
temperature. Stage-one crack growth persisted until a AK of
14 MPaVm was reached for 7 < 650 °C and was independent
of loading frequency. After a AK of 14 MPaVm, typical stage-
two crack growth was observed. During this stage of crack
growth fatigue striations (Fig. 3b) appeared. At 750 °C, the
appearance of fatigue striations was delayed until a AK of
20 MPaVm and was also independent of loading frequency.

100 um

|

Fig. 4 Transverse orientation of C(T) specimen showing transgran-
ular crack path for this fatigue crack growth rate test. Oxidation re-
veals grain boundaries. Experimental conditions: AK ~ 10 MPaVm,
T =650 °C, and =25 Hz

Orienting the C(T) specimen on its side, the crack profile
may be observed. The crack profile was very smooth (Fig. 4)
indicating that crack closure and bridging are not anticipated to
be significant in this alloy. Oxidation in air during the fatigue
crack growth test revealed the grain boundaries. The crack path
is observed to traverse through grains (rather than follow the
grain boundaries), thereby providing additional evidence of
transgranular crack growth.

Other notable features observed from fractographic inspec-
tion include randomly oriented secondary cracking observed
throughout the entirety of test temperatures and loading frequen-
cies suggesting the occasional bifurcation of the crack front.
Unique to the fracture surface at 750 °C, intergranular fracture
surface features were dispersed and isolated. At 25 Hz, these
intergranular crack path excursions were limited to a single grain.
Typical observations included pull-out of the corners of a single
grain (not shown) or grain boundary cavitation between adjacent
grains (Fig. 5a). The intergranular features at 25 Hz loading
frequency ceased for AK > 11 MPaVm.

At 0.25 Hz loading frequency, the occasional intergranular
features were present at all applied AK values. At the lower AK
values, the area of the intergranular features was sometimes
larger including clusters of multiple grains (Fig. 5b). In
contrast, at higher AK values the intergranular feature effects
were observed to be isolated to single grains.

While an increase in testing temperature increased the crack
growth rate, da/dN, no significant fractographic changes were
noted, suggesting a change in the deformation mechanism or
mode of fracture at, or below, 650 °C. While some intergran-
ular features could be found at 750 °C, these features were rare
and isolated and did not suggest a wholesale change in cracking
mechanism. This observation is consistent with the very modest
increase in crack growth rates observed between 650 and
750 °C at both cyclic loading frequencies.

4. Conclusion

In summary, this study has evaluated the fatigue crack
growth rates of Haynes 282 at 550, 650, and 750 °C for cyclic

Fig. 5 SEM micrographs showing observed intergranular features dispersed on fracture surface tested at 750 °C. Crack growth direction is
from bottom to top of both images. (a) Example of grain boundary (GB) cavitation with experimental conditions of 7'= 750 °C, f'= 25 Hz, and
AK ~9 MPaVm. (b) Example of a limited intergranular (IG) cluster with experimental conditions of 7'= 750 °C, f'= 0.25 Hz, and AK ~ 14

MPaVm
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frequencies of 25 and 0.25 Hz. Based on those results, the
following conclusions are made:

¢ Increasing the testing temperature showed a corresponding
increase in fatigue crack growth rates.

e Decreasing the testing frequency showed a corresponding
increase in fatigue crack growth rates.

¢ Fractography revealed that failure occurred transgranularly
at all temperatures with very little intergranular fracture
even at 750 °C.

With no observed change in fracture mode either due to
increasing temperatures or decreasing frequencies, it is
expected that the fatigue performance of Haynes 282 will be
robust and predictable up to the target peak temperature for A-
USC steam turbines. However, problems may arise with hold
times and creep fatigue loading; thus, further investigation is
strongly suggested before use of Haynes 282 in critical
components at elevated temperatures.
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