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The fatigue crack growth of the nickel-based superalloy Haynes 230 was investigated at
room temperature and 900 °C using digital image correlation (DIC). As expected, the crack
growth rates at high temperature were much faster than at room temperature. However,
the crack closure levels, which were determined using digital image correlation analysis
techniques, were found to be similar for the two cases studied. DIC strain fields and the
corresponding plastic zone sizes were compared between the two cases. From these strain
fields, the slip irreversibility, the difference between forward and reversed strains at the crack
tip, was quantitatively measured. The high temperature case had an order of magnitude
higher amount of slip irreversibility. Slip irreversibility measurements were determined to be
an effective method to compare fatigue crack growth of cases with differing temperatures.
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1. Introduction

With the worldwide demand for energy rapidly accelerating,
sustainable energy is imperative to economic development.
One solution is to accelerate integration of next generation
energy systems such as very high temperature reactors (VHTR).
The VHTR requires elevated temperatures, up to 1000 °C, to
boost efficiency [1]. These conditions are extremely demanding
on the materials and are within a regime where our under-
standing of degradation processes is limited. This research will
focus on the high temperature fatigue crack growth of the
nickel-based superalloy Haynes 230.

Fatigue crack growth is extremely detrimental to the life
of engineering components and has been the focal point of
much research. Traditionally, there have been two distinct
areas of concern when studying fatigue cracks: the crack wake
and the crack tip. Crack closure is a phenomenon which
occurs in the wake of the fatigue crack and has been used to
describe the reduction of load seen by a crack during a fatigue
loading cycle [2]. Plasticity-induced crack closure is shown
in Fig. 1. A variety of methods to measure the level of crack

closure have been employed historically including displace-
ment gages, lasers, and potential drop measurements [3]. The
advent of digital image correlation (DIC) provided a method
to assess crack closure locally at the crack tip using digital
(virtual) extensometers and globally using full field displace-
ments [4–6]. The reduction of the stress intensity factor range
due to crack closure provides a more general relationship
to describe crack growth rates by removing the influence of
loading factors such as the load ratio, R [7]. Although this
modification has been very beneficial to describing fatigue
crack growth behavior, it does not provide a complete ex-
planation to crack growth rate variations. Alternatively, other
studies of fatigue crack growth have focused on the fatigue
crack tip, the plastic zone, and the dislocation interactions
with the microstructure.

Models which describe fatigue crack growth rates as a crack
tip phenomenon have been continually refined to smaller scales
asnewdevelopmentsweremade. Tomkinswas the first to relate
crack tip plasticity to the crack growth rate using Dugdale's
plastic cohesive stress model [8]. During the unloading portion
of a fatigue cycle, reverse plasticity occurs due to the reversal of
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loading. This creates a reversed (or cyclic) plastic zone ahead of
the crack tip within the monotonic plastic zone [9,10]. Further
works relating the fatigue crack growth rate to plastic zones
relied on using this ideology of a reversed plastic zone [11,12]. It
was determined that a larger reversed plastic zone size would
cause an increase in the fatigue crack growth rate. Using a finite
element analysis, McClung and Sehitoglu were able to demon-
strate that crack closure can affect the reversed plastic zone size
[13].

With evolution of crack tip plasticity being the major
driving force in fatigue crack growth in ductile materials, light
had to be shed on the role played by dislocations. Early
discoveries included the finding that cross slip had a direct
influence on the rate of crack propagation [14]. Forsyth ex-
plored crack initiation and observed that as dislocations cross
slipped, extrusions formed. As the cross slipping of disloca-
tions occurred at the extruded material, a crack formed [15].
Building upon this observation, Fong and Tromans developed
a model of restricted slip reversal to describe crack growth in
terms of dislocations emitted from the crack tip during cyclic
loading [16]. This concept introduced slip irreversibility and
is shown in Fig. 1. Pippan studied the force required to emit
dislocations at the crack tip and related the quantity of emit-
ted dislocations that do not fully reverse to the crack growth
rate [17,18]. Wu et al. related the plastic strain ahead of the
crack tip, due to slip irreversibility, to the fatigue crack growth
rate [19]. A technique using DIC has been developed to deter-
mine the quantity of residual crack tip plastic strain and has
been demonstrated for several materials at room temperature
[7,20].

The current studywill provide further experimental insight
into fatigue crack growth at elevated temperatures. Haynes
230 was studied due to its good corrosion resistance and prop-
erties at elevated temperatures making it a viable candidate
for structures under extreme conditions. The analysis encom-
passes both the previously discussed phenomena of crack
closure and of slip irreversibility. Using novel techniques to
employDIC at 900 °C, it will be shown that slip irreversibility at

the crack tip is the key damage mechanism driving fatigue
crack growth.

2. Materials and Experimental Procedure

2.1. Materials

The experiments in this study were performed on the com-
mercially available nickel-based superalloy Haynes 230. The
chemical composition for the sheet used is shown in Table 1.
Haynes 230 is a solid-solution strengthened alloy, and the
additions of chromium, tungsten, and molybdenum contrib-
ute to the high temperature properties of the alloy. The typical
microstructurehas awide range of grain sizes and is displayed in
the optical photomicrograph in Fig. 2. Using the linear intercept
method, as outlined in ASTM E-112, the average grain size was
found to be about 50 m. A large amount of annealing twins
was observed in thematerial, so electron back-scatter diffraction
(EBSD) was performed on an area of approximately 0.39 mm2

to obtain statistical information. A portion of the EBSD data is
shown in Fig. 3a. Fig. 3b has a histogram of the coincident lattice
notation, CSL, grain boundary types for the entire area scanned.
573 out of the 1249 grain boundaries were described using the
CSL criterion and almost two-thirds were 3 boundaries.

The sheet receivedwas 2.38 mm (3/32) thick, and single-edge
notch “dogbone” specimens were electrical discharge machined
(EDM) with a gauge length of 25.00 mm and width of 4.00 mm.

Fig. 1 – A schematic of a fatigue crackwith plasticity-induced crack closure in the crack wake and slip irreversibility at the crack

tip. The shaded grey region in the inset provides a measure of the irreversible slip strain (or irreversible displacements).

Table 1 – Chemical composition (wt%) of Haynes 230

studied.

Al B C Co Cr Cu Fe La Mn

0.35 0.005 0.1 0.16 22.14 0.04 1.14 0.015 0.5

Mo Ni P S Si Ti W Zr

1.25 bal 0.005 0.002 0.49 0.01 14.25 0.01
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A 0.5 mm deep notch was EDM in the center of the gauge
length to facilitate pre-cracking during the fatigue crack
growth experiments.

2.2. Experimental Procedure

In order to prepare the specimens for DIC, two separate pro-
cedures were required depending on the temperature condi-
tion. For the room temperature (RT) experiment, the specimens
were mechanically polished to a mirror finish using abrasive
paper up to P2400 grit size. Black paintwas thenairbrushedonto
the specimen surface to create a speckled pattern. The high
temperature (HT) experiment required a different preparation
since at 900 °C the sample glowed. The front of the sample was
painted white with a thin layer of very high temperature paint.
The paint was then cured using a three-step process, exposing

it to a maximum temperature of 315 °C. A layer of black paint
was then airbrushed onto the specimen as was done with the
room temperature experiment. The white paint was required
for the HT sample to reduce the brightness that comeswith the
glowing and to prevent the speckle pattern from changing due
to oxidation.

A servo-hydraulic load frame was used during the exper-
iments. The HT specimenwas heated using induction heating.
A type-K thermocouple was spot welded on the middle of the
back of the specimen approximately 2 mm above the notch
plane. While at zero load, the specimen was heated at a rate
of 75 °C per minute until the sample reached 900 °C. The
temperature was kept within ±3 °C for the entirety of the
experiment. An IMI 202FT digital camera was used to capture
images during the fatigue crack growth experiments. The
camera resolution was 1600 pixels by 1200 pixels, the maxi-
mum frame rate was 15 fps, and an adjustable lens with a 12
magnification range and 2 adapter was used to achieve
different magnifications. A magnification of 2.5 was used to
capture the images. The specimens were loaded in fatigue at
a load ratio, R, of 0.05 at a frequency of 3 Hz. The RT specimens
were fatigue loaded with a stress range of 270 MPa. The stress
range had to be reduced due to the lower yield stress at 900 °C,
and the HT specimen was fatigue loaded with a stress range
of 104.5 MPa. A computer program controlled the servo-
hydraulic load frame and captured images and their corre-
sponding loads measured by a 7.5 kN load cell during the test.
Once a crackwas visually identified,measurement cycleswere
periodically run at a frequency of 0.25 Hz in order to capture a
greater number of images per cycle to provide an in-depth
analysis into the fatigue cycles.

A commercially available image correlation program was
used to perform DIC analysis. For a description of the digital
image correlation technique, see [21,22]. For the crack closure
analysis, the first image of each measurement cycle, captured
at minimum load, was used as the reference image for that

Fig. 2 –Microstructure of the as-received Haynes 230material

showing annealing twins and a wide range of grain sizes.

Fig. 3 – a) A section of the grain orientation map from EBSD of Haynes 230. b) The CSL boundary frequency for the 0.39 mm
2

area scanned showing a high percentage of 3 boundaries.
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cycle. When studying slip irreversibility, the first image of
the experiment, again captured at minimum load, was used
as the reference image since strains due to the crack were
not present yet. The full field of displacements, both behind
and ahead of the crack tip, was used for correlations. The
displacements were used in the least-squares regression,
as briefly described in the Appendix, in order to determine
the effective stress intensity factor ranges and crack closure
levels. At each correlated point, the horizontal ( x) and vertical
( y) displacements were calculated and differentiated to obtain
the strains assuming a small strain approximation.

For transmission electron microscopy (TEM) 1 mm thick
discs were sectioned with a low-speed diamond saw parallel
to the loading axis from the failed specimens, and then me-
chanically ground and polished down to 0.15 mm foil thick-
ness. Large electron transparent areas were obtained in these
foils by conventional twin jet polishing using a solution con-
sisting of 5pct perchloric acid in ethanol at 20 °C and 15 V.
The TEM was operated at a nominal voltage of 200 kV and a
double-tilt specimen holder was employed for imaging under
two-beam conditions.

3. Results

3.1. Tensile Tests

To determine themechanical properties of Haynes 230 at both
RT and HT (900 °C), a simple uniaxial tension test was per-
formed at each temperature as shown in Fig. 4. Using DIC, the
0.2% offset yield stress was determined to be 415 MPa for the
RT sample and 123 MPa for the HT sample. Another difference
between the two stress–strain responses is the continual
hardening in the RT experiment and the almost immediate
softening in the HT experiment.

Observing the DIC strain fields, labeled a) and b) in Fig. 4, for
about 15% strain, theHT result shows farmore localization than
the RT result. The image of the HT specimen surface near
fracture, labeled c), shows significant damage along the section
that fails. Necking and large voids are observed in the entire
area shown. The fracture strain of the two specimens is quite
different and the lack of damage in the RT sample would be a
reasonable explanation for this result.

3.2. Fatigue Crack Growth

Images were continuously taken during the fatigue crack
growth tests to use digital image correlation to capture the full
field displacements. Crack growth rates were determined by
using these images to follow the crack tip advancement. As
indicated in Fig. 5, both RT and HT fatigue crack growth tests
were run. The solid symbols in Fig. 5 represent the isotropic
stress intensity factor range calculation

K a
p

f a=w 1

where  is the stress range, a is the current crack length, and
f a=w is the geometric correction factor which can be found in
[23]. Eq. (1) does not account for crack closure though. The
least-squares regression code explained in [4] and the Appendix
was used to extract the effective stress intensity factor range
from the experiments by considering the full field crack tip
displacements which inherently are effected by crack closure
during a fatigue cycle. The effective stress intensity factor results
which consider crack closure are shown as hollow symbols in
Fig. 5. The insets included in this figure show the experimental
and regressed vertical displacement contours corresponding to

Fig. 4 – The stress–strain response of Haynes 230 at room

temperature and 900 °C with fracture strains of 50% and 32%

respectively. The DIC strain plots at 15% global strain show

the greater localization at 900 °C.

Fig. 5 – The crack growth rate as a function of the stress

intensity factor range for room temperature (RT) and 900 °C

experiments. The inserts are displacement contour plots

showing the experimental (blue) and regression (red) vertical

displacements in increments of 1 micron with the black dot

indicating the crack tip location.
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the RT and HT specimens. The Paris law coefficients and ex-
ponents for both tests are shown in Table 2. The Paris law
exponent is about 2 for both test results which is in the common
range of 2 to 4 formetals [24]. The following form of the Paris law
was used to find the effective results which considered crack
closure

da
dN C Keff

m 2

where

Keff eff a
p

f a=w 3

C andm are the Paris coefficient and exponent respectively,  eff

is the effective stress range (the portion of the loading cycle the
crack is open), and a is the crack length.

The crack growth rate for the HT experiment was over an
order of magnitude higher than in the RT experiment, being in
the range of 10 3 to 10 2 mm/cycle. This is an extremely high
rate of fatigue crack growth and could lead to failure in a
component before the crack is initially detected. Comparing
the isotropic and effective stress intensity factor values, the
crack closure level for both experiments was an average of
30% of the load. To show the effectiveness of the regression
technique in determining the closure level, two-point digital
extensometers, whichmeasure local crack opening levels, were
used to find closure values along the crack length for both the
RT and HT specimens. The comparison results are provided in
Fig. 6. The regression technique, also referred to as the full-field
method, proved to be efficient in mainly estimating the overall
crack closure levels, while the two-point digital extensometers
provided insight into the precise crack closure levels at the
crack tip. The similarity in the closure levels between the two
specimens is a surprising result and provides no conclusion
about the faster crack growth rate at HT, thus, slip irreversibility
was investigated.

3.3. Slip Irreversibility

With the stress intensity factors known, a plane stress as-
sumption was used to approximate the plastic zone size [25].
Shown in Fig. 7a is the plastic zone for the RT specimen
at crack length of 0.994 mm at maximum load. The blue
contours represent the experimental displacement contours
in micrometers, and the red contours are the displacement
contours in micrometers found using the values from the
least-squares regression. Using the effective stress intensity
factor of 16.55 MPa m, the plastic zone radius was deter-
mined to be 0.337 mm. Strains found from digital image cor-
relation were inserted into the plastic zone and high values of
strain are found throughout the plastic zone. To compare, an

HT specimen cycle at a crack length of 0.964 mm was used as
shown in Fig. 7b. The effective stress intensity factor for this
crack length was 9.39 MPa m and the corresponding plastic
zone radius was found to be 0.664 mm. The strains in the
plastic zone show a concentration around the crack tip. Even
though the HT specimen had a much smaller effective stress
intensity factor range, the lower yield stress caused the plastic
zone size to be approximately twice that of the RT specimen
at the same crack length.

Although these plastic zone approximations give much
insight into the plasticity caused by the fatigue crack growth,
the crack tip slip irreversibility was of great interest due to its
correlation with the crack growth rate. As dislocations are
emitted from the crack tip during a fatigue cycle and do not
fully reverse to the crack tip, strain is accumulated. In order to
capture this behavior, measurements of the strain were made
at the beginning and end of the cycle. Thus, the difference
between points A and B, shown in the bottom right of Fig. 8,
can be considered the slip irreversibility for one cycle. To
quantitatively measure this at the meso-scale, DIC has been
utilized. The DIC strain plots in Fig. 8 are used as an example
of this technique. The two strain plots are one cycle apart,
with the image labeled “A” being recorded at the beginning
of the cycle and the image labeled “B” being at the end. The
isotropic and effective stress intensity factor ranges were
24.6 MPa m and 15.4 MPa m respectively with a crack closure
level of 37% for the RT example and 13.86 MPa m and
9.39 MPa m respectively with a crack closure level of 32%
for the HT example. The strain plots show strain at the crack
tips before the cycle for point “A” (referring to Fig. 8) and then
after the cycle for point “B” which shows residual strains at
the crack tip. Taking advantage of the digital image correla-
tion resolution, strain measurements in front of the crack
at points “A” and “B” were compared and irreversible strains

Table 2 – Paris law coefficients for Haynes 230 at RT and

900 °C (da/dN in mm/cycle and K in MPam).

C m

RT theoretical 1.34E-08 2.38
RT effective 7.54E-08 2.08
900 °C theoretical 1.81E-06 1.82
900 °C effective 4.20E-06 1.74

Fig. 6 – A comparison between the local (digital

extensometer) and full-field (regression) crack opening levels

for the RT specimen at a crack length of 0.994 mmand the HT

specimen at a crack length of 0.964 mm. Symbols represent

the digital extensometer values at various points along the

crackwhile lines represent the regression found value for the

full-field. The schematic depicts the digital extensometer

technique and placement along the crack flanks.
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of 6.3510 4 for the RT sample and 5.3610 3 for the HT
specimen were measured. This technique was applied for
multiple crack lengths of the RT and HT specimens. As with
the two examples provided, the trend of the HT specimen
having irreversible strain an order of magnitude higher than
the RT specimen was consistent throughout as shown in
Fig. 8.

3.4. Scanning Electron Microscope and Transmission

Electron Microscopy Analysis

In order to further understand the microstructural response
of the Haynes 230 sample fatigued at 900 °C, images of the
fracture surface were taken with a scanning electron micro-
scope (SEM) and the dislocation arrangements were observed
with transmission electron microscopy (TEM). The first SEM
micrograph, shown in Fig. 9a, shows the classic striations
attributed to cyclic fatigue crack growth. This verifies that the
external loading was responsible for the propagation of the
crack and ultimately the failure of the material. Also evident
in this micrograph is the effects of the high temperature
damage as it was taken in a region that experienced a high K.
Fig. 9b provides an example of the smoothness of the surface
signifying the low amount of oxidation present. This is con-
sistent with the Haynes International, Inc. data and previously
completed research [26,27].

A TEM analysis was then performed to observe the dis-
locations and any other phenomena present. As shown in
Fig. 10, planar slip was observed. This is consistent with other
solid-solution hardened fcc alloys [28] and other nickel-based
superalloys fatigued at high frequencies at high temperatures
[29]. Also of particular interest was the formation of subgrains
with several being present in the image. This was seen
throughout the specimen with another example being given
in Fig. 11. Obvious from this TEM image is a large heteroge-
neity in the microstructure. On the left, dislocations are
present with nothing to impede their motion. Dividing the
image in half is a stacking fault. On the right half of the image,
intense dislocation–carbide interactions are observed provid-
ing for substantial resistance to dislocation motion. There
are two types of carbides present in this image which are
assumed to be M6C and M23C6. The larger of the two found

Fig. 7 – Plots of vertical displacement contours and plastic zones for a selected a) room temperature and b) 900 °C fatigue crack

cycle. Blue contours represent the experimental DIC displacements and red contours represent the regression found

displacement contours. a) At a crack length of 0.994 mm, the room temperature specimen had a K value of 22.64 MPam, a

regression found Keff value of 16.55 MPam, and a plastic zone radius of 0.337 mm. b) At a crack length 0.964 mm, the 900 °C

specimen had a K value of 14.08 MPam, a regression found Keff value of 9.39 MPam, and a plastic zone radius of 0.666 mm.

Fig. 8 – Strain irreversibility as a function of the maximum

stress intensity factor during the fatigue crack growth

experiments. The schematic shows the two minimum load

points (A and B) where the strain measurements were taken.

DIC strain plots for both the room temperature and 900 °C

experiments are shown and the higher strains in the B plots

compared to the A plots indicated irreversible strains during

the fatigue cycle.
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along the stacking fault is believed to be of the M6C type
and has far less interaction with dislocations than the M23C6

carbides.

4. Discussion

4.1. Crack Closure Effects

As reported in Section 3.2, crack closure was present for both
cases. Crack closure phenomena have been extensively studied
beginningwith Christensenwhodiscovered roughness induced
crack closure in 1963 [30]. Due to the pure mode I loading on
the specimens tested in this study, roughness induced crack
closure was concluded not to be the main crack closure

phenomenon. Mode II loading is typically necessary to see
roughness effects. By observing the crack faces on the failed
specimens, very little deviations and asperities were seen sup-
porting the previous conclusion. Thus, other forms of crack
closure had to be considered.

By first taking into account the RT and HT cases together,
plasticity induced crack closure was the most likely form of
crack closure present in this study. Elber first discovered this
phenomenon and found that the residual plasticity stretching
from the crack tip across the entire crack face provided a
shielding mechanism from the remote loading [31,32]. The
DIC strain fields showed residual plasticity behind the crack
tip and in shear bands extending from the crack tip. From
this result it can be gleaned that plasticity induced crack
closure is present and is the dominating form of crack closure.
Previously, studies have concluded that load ratio, R, effects
are minimized when considering the effective stress intensity
factor range [33]. Other studies have looked at the crystallog-
raphy of single crystals and found that the effective stress
intensity factor range can also be used to eliminate scatter in
fatigue crack growth data [7]. The usefulness of taking into
account crack closure is evident for removing the dependence
on the loading conditions, but does not account for the dif-
ferences in RT and HT fatigue crack growth rates seen in this
investigation.

At high temperatures, the propagation rate of cracks can be
several orders of magnitude higher than that at room temper-
ature. This has also been shown in previous fatigue crack
growth studies of Haynes 230 [34,35]. Under these conditions,
the crack tipmight experience creep and environmental attack.
Oxidation and hold times have been shown to increase the
crack growth rate of Haynes 230 at highly elevated tempera-
tures [26,27,35]. In order to determine the effects of these high
temperature phenomena, oxide-induced crack closure must be
considered in the HT case.

Although this nickel-based superalloy has excellent oxida-
tion resistance and a high frequencywas chosen in an effort to
minimize environmental effects, the freshly exposedmaterial
due to the crack growth is still oxidized. Investigations were
performed in the 1980s to determine the effect that oxides

Fig. 9 – a) A high magnification SEM micrograph showing the fatigue striations on the 900 °C specimen. b) The post-fracture

surface of the 900 °C specimen showing a low level of oxidation and a smooth surface indicative of intragranular fatigue crack

growth.

Fig. 10 – Planar slip in the Haynes 230 material.
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have on fatigue crack growth in steels [36], copper [37], and
nickel-based superalloys [38]. Ritchie, Suresh, and Moss com-
mented that the oxide films forming at the crack tip and any
fretting of this film due to the roughness induced crack closure
will increase the closure and decrease K [39]. Although this
information sheds light onto the role of crack closure on the
fatigue crack growth in this study, both specimens in this
current study show the same level of crack closure of about
30%. Also, an important finding in the literature is that oxide
thickness needs to exceed or equal the crack tip opening
displacement (CTOD) to have an effect. This is not the case
for the crack growth condition studied here. Therefore, crack
closure provides no explanation for the much faster crack
growth rates in the HT case.

4.2. Slip Irreversibility

As discussed in the Introduction, the crack tip is the other
area of interest for understanding the mechanics of fatigue
crack growth. Dislocation interactions with the microstruc-
ture features, whether these are grain/twin boundaries or
defects, control the slip irreversibility during a fatigue cycle.
This occurs when dislocations interact with boundaries and a
residual dislocation is left within that boundary [40]. Certain
types of boundaries can play a significant role in increasing
the resistance to fatigue crack growth and have been the focus
of “grain boundary engineering”. These boundaries are typically
described as low sigma numbered, as defined in terms of
coincidence site lattice theory [41]. Of particular interest have
been annealing twins or3 boundaries and studies have shown
that a greater number of 3 boundaries leads to increased
fatigue crack growth resistance. The twin boundary acts as a

barrier to slip leading to a dislocation pile-up and a stress field
that prevents dislocations frombeing emitted from the crack tip
[20]. The microstructure of the Haynes 230 used in this study
was described in Section 2.1 and the very high amount of 3
boundaries found in this nickel-based alloy contributes to its
good fatigue crack growth resistance (Paris exponent of m~2).

As seen in Fig. 10, Haynes 230 demonstrated planar slip.
Planar slip is commonly associated with solid solution hard-
ened nickel-based superalloys and is encouraged by the
inclusion of tungsten which reduces the stacking fault energy.
This characteristic of the alloy leads to decreased slip irre-
versibility which reduces the fatigue crack growth rate [42].
Mughrabi quantified the cyclic slip irreversibility as the ratio
between the irreversible plastic shear slip and the total
cumulative plastic shear slip [43]. This idea was the basis of
the measurements made in Section 3.3. The results concurred
with Mughrabi and showed increasing fatigue crack growth
rates with increasing slip irreversibility.

A relationship exists between the slip irreversibilites, crack
growth rates, and temperature as the irreversibilities and
growth rates were an order of magnitude higher for the HT
case compared to the RT case. Since the cyclic frequency was
high enough to minimize creep effects, the high temperature
effects on dislocation motion must be elucidated. Increased
temperature increases the cross-slip of screw dislocations
and reduces the reversible slip since they will no longer return
on that glide plane [43]. Dislocation climb, vacancies, and the
annihilation of dislocations all prevent the return of dis-
locations to the crack tip [44,45]. The addition of this high
temperature plastic flow has a direct influence on the slip
irreversibility and therefore directly impacts the fatigue crack
growth rate. It has also been well established that subgrain

Fig. 11 – A TEM micrograph showing the heterogeneity in Haynes 230. A stacking fault separates areas of low carbide density

and high carbide density. The cutout shows a dense area of carbide-dislocation interactions.
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formation occurs at high temperatures since the first observa-
tions in 1935 [46]. Since subgrains have a slightly different
orientation compared to the surrounding material, the slip
planeswill be realigned. This creates a discontinuity of slip [47].
Previous research has indicated that the presence of barriers
which prohibit the reverse of slip during the unloading portion
of a fatigue cycle will increase the amount of slip irreversibility
[20]. Due to the increased amount of subgrains present at HT
compared to RT, it is expected that a much higher amount of
slip irreversibility would be found. These effects are evident by
the much higher fatigue crack growth rate of the HT specimen
compared to the RT specimen as shown in Fig. 5. This study
provided quantitative, experimental evidence that slip irrevers-
ibility is able to describe the fatigue crack growth rate dif-
ferences between experiments with differing temperatures.

5. Conclusions

The fatigue crack growth of Haynes 230 was studied at room
temperature (RT) and high temperature (HT). Analysis focused
on the significance of any crack closure and the crack tip slip
irreversibility and how these two phenomena are related to
the crack growth rates.

1. The material showed good fatigue crack growth resistance
both in the RT and HT tests (m~2) although the HT fatigue
crack grew at an appreciably faster rate. The role of micro-
structure is manifested through the irreversibility of slip at
the crack tip.

2. Crack closure levels of approximately 30% of the load were
determined at both test temperatures. Plasticity-induced
crack closure was the main form of crack closure present
and oxide-induced crack closure was not a significant factor
in the HT case.

3. Slip irreversibility was quantitatively measured as the dif-
ference in accumulated strain per cycle at the crack tip,
and it was over an order of magnitude higher in the HT
case compared to the RT case.

4. Dislocations emitted at the crack tipwere influenced by high
temperature effects as reflected in the slip irreversibility
measurements. Quantitative measurements of slip irrevers-
ibility were found to be an accurate method to distinguish
thedifferences between thedifferences of crack growth rates
at HT and RT.
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Appendix. Least Squares Anisotropic Regression

The least squares anisotropic regression used during this study
utilized the vertical DIC displacements to find the effective

stress intensity factors. This is an ideal analysis technique since
it is directly based on the experimental data. Crack closure
effects were inherently included in the analysis since the crack
opening displacements were influenced by any crack closure
phenomenapresent. Only the vertical displacementswere used
since the crack only opened in the tensile , mode I manner.

The vertical displacements as a function of the mode I
stress intensity factor, KI, T-stress, and rigid body motion for
plane stress are

v KI r
2 sin 2

1
2

3
1 1 cos 2

1
2 1 Tr sin

Ar cos B
A:1

where A is the rigid body rotation coefficient, B is the rigid
body translation coefficient, T is the T-stress term, r is the
distance from the crack tip, is the angle from the crack line
ahead of the tip, v is Poisson's ratio, and is the shearmodulus.
Thousands of vertical displacements, v, for each level of the
load were known from the DIC correlations at their specific
locations given by r and . The shear modulus and Poisson's
ratiowere obtained for thematerial at each temperature. A least
squares regression was then employed to find the four un-
knowns (KI, T, A, and B). Details of a similar least squares
approach are given in McNeill et al. [48].
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