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Abstract

Gas turbines blades are required to operate at high temperatures whilst being subjected to stress and corrosive
environments. These demanding conditions have led to the need to better understand the interactions between
corrosion and loading in order to improve lifing algorithms used for service interval predictions. A new crack growth
measurement technique involving direct current potential difference (PD) has been developed for use in these harsh
conditions. A good correlation between PD signal and crack area has been achieved. Estimations of the crack
depth have been made based on fracture surface imaging, these experimentally measured crack depth propagation
rates have been compared with Paris law predictions. A stress intensity factor (SIF) interaction between multiple
cracks was found, where the SIF is enhanced when cracks become close. It was found that both the fatigue cycle
rate and the crack shape appear to influence the SIF magnitude and the crack depth at which specimens fail, or
initiate into crack propagation which is consistent with fatigue.

Introduction

Due to turbine blades being exposed to a combination of high temperatures, corrosive contaminants and cyclic
loading, both accurate lifing methods and a mechanistic understanding of component degradation are required to
ensure safe operation. Experimental studies have identified a corrosion cracking mechanism in superalloys under hot
corrosion type conditions [1-4]. However, whilst there is a recognized mechanism in gas turbine components,
increased understanding of the susceptibility of material systems to cracking and crack propagation, as well as the
development of new lifing strategies are required. Therefore, experimentally measuring the crack initiation and crack
growth rates (CGR) is fundamental to inform new deterministic blade lifing strategies. Linear elastic fracture
mechanics (LEFM) is a commonly used methodology for the assessment of cracking and fatigue in metallic alloys
[S]. Therefore the LEFM stress intensity factor (SIF) offers a useful parameter to assess cracking under combined
cyclic loading and corrosion [6]. Standard approaches for experimentally measuring CGR and SIF involve testing
defined geometries such as compact tension (CT) and pre-cracked type specimens [7-9]. There are several challenges
with using conventional crack propagation measurement techniques in hot corrosion environments, namely:

- High temperatures and corrosive environments make the accurate use of extensometers for compliance
measurements, and potential difference (PD) measurements more difficult

- The co-existing crack morphologies generated in hot corrosion environments can be complex to monitor and
understand due to interactions between cracks during initiation and propagation

- Using pre-cracked or CT specimens changes the crack morphology and early crack propagation, making the
crack morphologies less consistent with those observed in service components

In order to gain a better understanding of crack growth and interactions for crack initiation, corrosion cracking, and
fatigue crack propagation, an experimental methodology has been developed using pulsed direct current potential
difference to monitor the crack initiation and propagation rates in fatigue specimens. This study presents both
cylindrical plain specimens and notched Kt specimens which were tested under combined hot corrosion and fatigue
loading conditions. Previous FEA studies have found stress intensity factor interaction to be a factor when coexisting
cracks become close in pipes [10-11]. In order to assess whether stress intensity factor interaction is a significant
factor to consider in this work an FEA study was performed on the plain cylindrical specimen geometry. These are
presented along with handbook SIF solution predictions from BS 7910 [5].
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Methodology

Corrosion-Fatigue Testing with PD

The alloys of particular interest in this study are single crystal (SC) superalloys CMSX-10° and TMS-138A with
nominal compositions as shown in Table 1. The specimens were longitudinally polished, cylindrical plain specimens
and Kt = 1.38 notched specimens, both oriented with the <00 1> cube axis, aligned to the loading axis of the
specimen within the tolerance of +12°. The cylindrical gauge length of 12 mm with a 4.5 mm diameter generates a
uniaxial stress state within the specimen, whilst a stress concentration factor (Kt =1.38) is present in the notched Kt
specimens. Each specimen was ultrasonically cleaned in isopropyl alcohol (IPA) and sprayed with sea salt to either
a known high load mass factor of 3 or a low factor of 1. The salt loading was consistent between both specimens for
applied salt mass per unit area (g/m?). These loads were chosen to represent the extremes of expected contaminant
levels in service. All tests were carried out in flowing air + 300 ppm SOx gas at 550 °C. For PD calibration purposes
tests were interrupted at various times in order to produce a crack area calibration curve. Also, due to the test duration,
some specimens were removed and re-salted at intervals throughout the test in order to replenish the corrosive salt
species. The test conditions are summarized in Table 2.

Table 1: Nominal Compositions of CMSX-10 and TMS138A (in wt.%)

Material Ni Al Cr Co Mo Ti Nb Ta w Re Ru Hf
CMSX-10 67.8 5.9 1.7 3.1 0.5 0.1 0.1 8.5 5.5 6.8 - -
TMS-138A 61.8 5.7 3.2 5.8 2.8 - - 5.6 5.6 5.8 3.6 0.1

Figure 1 shows a schematic of the corrosion-fatigue (CF) test setup. Firstly, the salted specimen was loaded into the
fatigue rig and then two sets of inert electrodes were spot welded onto the necked region of the specimen. The
specimens are enclosed in a gastight silica glass double walled chamber with an argon shield gas. The load train
passes out of either end with double seal protection to prevent process gas leakage. The chamber is then heated with
an array of halogen lamps around the exterior. Cylindrical specimens were salted over the whole gauge length, whilst
only one of the two notches was salted on the Kt specimens. It is critical that the location of the probes is out of the
gauge so as not to generate damage from the weld that would encourage crack initiation away from the salted region
of interest. The probes are then connected to a feedthrough leading out of the containment chamber and into the
direct current potential difference (DCPD) system. This means that cracking can initiate anywhere along the salted
gauge and thus the impact will be shown in the results. Some specimens were subject to re-salting to replenish the
salts which are used up in the corrosion process. This was done by removing the specimen, re-applying the salt and
then re-loading the specimen. Before re-welding the PD probes, the area of connection was lightly ground to remove
oxidized material and enable a ‘sound’ weld. A summary of the test results presented and discussed in this paper are
given in Table 2.
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Figure 1: Schematic representation of the C-F test setup, (a) Plain cylindrical specimen salt application and attachment of
probes, (b) Notched Kt specimen salt application and attachment of probes

After testing, all specimens that had not failed during the testing period were subjected to high cycle fatigue (HCF)
at room temperature until the failure in order to expose the fracture surface. This enabled a clear distinction on
the fracture surface between the cracking occurring at high temperature, which is monitored with PD, and that
under HCF at room temperature. Each fracture surface was then examined under a 3D microscope, and the total
crack area and maximum crack depths generated at high temperature under corrosion fatigue conditions were
measured.



Table 2: Summary of CF test conditions

Test ID Wave Form | Salt Load | SOx Failure/ Temperature Specimen Peak Elastic Material
[s] factor Interrupted [°C] Type Stress [MPa]
PLAIN-1 1-1-1-1 3 Yes Failure 550 Cylindrical 500 CMSX-10
PLAIN-2 1-1-1-1 1 Yes Failure 550 Cylindrical 500 CMSX-10
PLAIN-3 1-60-1-1 1 Yes | Interrupted 550 Cylindrical 500 CMSX-10
PLAIN-4 1-3600-1-1 1 Yes | Interrupted 550 Cylindrical 500 CMSX-10
PLAIN-5 1-60-1-1 1 Yes | Interrupted 550 Cylindrical 500 CMSX-10
PLAIN-6 1-60-1-1 1 Yes | Interrupted 550 Cylindrical 500 CMSX-10
PLAIN-7 1-60-1-1 1 Yes | Interrupted 550 Cylindrical 500 CMSX-10
PLAIN-8 1-60-1-1 3 Yes | Interrupted 550 Cylindrical 500 CMSX-10
PLAIN-9 1-60-1-1 1 Yes | Interrupted 550 Cylindrical 500 CMSX-10
NOTCHED-1 1-120-1-1 3 Yes Failure 550 Notched 640 TMSI138A
NOTCHED-2 1-1200-1-1 3 Yes Failure 550 Notched 640 TMSI138A
NOTCHED-3 1-1200-1-1 3 Yes Failure 550 Notched 640 TMS138A
NOTCHED-4 1-120-1-1 3 Yes | Interrupted 550 Notched 640 TMSI138A
NOTCHED-5 1-120-1-1 3 Yes | Interrupted 550 Notched 640 TMSI138A
NOTCHED-6 1-120-1-1 3 Yes | Interrupted 550 Notched 640 TMSI138A

Evaluation of Crack Characteristics

The PD approach relies on establishing a mathematical relationship between crack area and measured PD, this
relationship is nonlinear for DCPD testing. When this relationship has been established, the crack depth can be
estimated from the known crack area for a given crack morphology, such as an edge crack or semi elliptical crack

(Figure 2).
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Figure 2: Outline of the method for determining crack depth from PD signal

The form of the area to PD relationship is defined as below in Equation 1, this equation has been found to represent

the asymptotic relationship between resistivity and specimen area quite well.

Equation 1: Relationship between voltage and specimen area

pL

I Atest piece (4o _Acrack)

Where V is voltage (PD), I is current, p is resitivity, L is effective length between the PD probes, A is the original
cross sectional area of the specimen and A, is the crack area.

In order for the crack depth to then be determined from the crack area, a geometrical relationship between the two
needs to be established, which is a function of the crack morphology. With cylindrical specimens, the crack
morphology can vary significantly (Figure 3), with multiple initiation sites conjoining to form an effective fully
circumferential crack, or initiation sites remaining isolated around the circumference of the specimen. This
variability has a big influence on the prediction of crack depths and SIFs throughout the test in these cylindrical

specimens.

For the notched Kt specimen geometry, it was observed that multiple cracks initiated on the salted notch. Then at
some period during the test these often transitioned to an edge crack such as that presented in Figure 4 for




NOTCHED-1 and NOTCHED-3. In the NOTCHED-2 specimen the crack morphology is different from the other
two, which are comparable to an edge crack.

Figure 3: (a) PLAIN-2, 1-1-1-1, fully circumferential cracking (b) PLAIN-3, 1-60-1-1, isolated initiation points (c) PLAIN-
4, 1-3600-1-1, isolated initiation points

NOTCHED-1 NOTCHED-2 NOTCHED-3

Figure 4: Notched specimen fracture surfaces

Crack SIF interaction analysis in cylindrical specimens

FE models of two semi elliptical cracks within a round bar have been built and run in ANSYS using an elastic
material model and a constant load boundary condition to represent test conditions. This modelling aims to better
understand the interactions of multiple flaws on the same crack plane within a cylindrical specimen, and the effects
of the proximity of co-existing flaws on stress intensity. The dimensions of the models run are provided in Figure
5. The SIF factors were evaluated using the FE software’s internal SIF calculation capability.

Figure 5: Multiple cracked body FE modelling parameters

A number of models were run, and are outlined in Table 3. For this initial study the two cracks had the same crack
depth (a) and crack width (c) as each other, and all maintained an aspect ratio (a/c) of 1. The distance between the
two cracks centres (W) remained the same for all models, meaning as the crack increased the distance between the
cracks tips decreased. The specimen radius (r) remained fixed at 2.25 mm. A reference model of a single crack
was also run in order to calculate the interaction factor, for each crack size.

The SIF interaction models were meshed and run in ANSYS, assuming geometric linearity, with a unit isotropic
elastic stiffness. A pressure load boundary was used to represent the load control test conditions, mesh examples
are given in Figure 6 and Figure 7.



Table 3: Multiple cracked body models matrix, total of 14 models

2 Cracks 1 Crack
a/r d (mm) d (mm)
0.1 2.8 2.8
0.4 1.45 1.45
0.45 1.225 1.225
0.5 1 1
0.55 0.775 0.775
0.6 0.55 0.55
0.63 0.41 0.41

Figure 6: Mesh images of multiple cracked body FE models; (a) a/r = 0.1; (b) a/r = 0.4 (¢); a/r = 0.63

Figure 7: Focused crack tip mesh of cracked body FE models

The interaction between the two cracks was calculated as shown in Equation 2 using SIF geometry factors
normalised against the geometry factor for a single crack.
Equation 2: Crack interaction factor calculation

_ Y2 cracks conjoining side

‘y_

Yl single crack

SIF Prediction for notched specimens using handbook solutions from BS 7910

The SIFs were predicted for notched specimens at the point of failure using a handbook solution for edge cracks
from BS 7910 section Q.7. [5]. This approach assumes an infinite width plate, or plane strain conditions. The
approach accounts for the stress profile across the depth of a double notched specimen as a polynomial function
which was calculated using an FE model. For the NOTCHED-2 specimen the crack geometry does not closely
represent a 1D edge crack and the BS 7910 handbook solution is not valid for this specimen.



Results and Discussion

Crack Area Calibration

For the plain cylindrical specimens, the measured crack area vs measured PD are presented in Figure 8 where the
predicted line is the fitted form of Equation 1 rearranged for crack area, and where pL is the fitted parameter. It
can be observed that the trend is close to linear for the plain cylindrical specimens, due to the small crack area
compared with the cross sectional area of the specimen (Figure 3). This combined with the scatter observed in
these specimens’ means, a linear simplification is a suitable assumption to estimate the crack area to PD
relationship for this specimen geometry. Due to the large variation in crack morphologies present in the plain
cylindrical specimens, accurate prediction of crack depth propagation from the crack area is difficult.

The measured crack areas for the notched specimens are plotted against the final PD in Figure 8, where the
predicted line is the fitted form of Equation 1. It can be observed that this specimen geometry exhibits more non-
linearity in its calibration response and therefore the calibration form given in Equation 1 provides a good
representation of the behavior. The notched specimens also transition to an edge type crack relatively early on in
the tests, and as such a good prediction of the crack depth propagation can be made.
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Figure 8: (a) Plain specimen’s area calibration, (b) Notched specimen’s area calibration
Crack Propagation Test Results
Plots of crack area against cycles and time for all the plain cylindrical specimens are presented in Figure 9 using the

linear calibration simplification previously discussed. The following observations can be made from the cylindrical
specimen results:

- The longer 3600 s dwell PLAIN-3 specimen propagated to a larger crack area than the two failed 1 s dwell
specimens (PLAIN-1 and PLAIN-2).

- The 3600 s dwell test exhibited a relatively constant and time dependent rate of propagation, where a
resalting at 100 cycles initiated a more rapid rate of propagation.

- Thetwo 1 s dwell tests reach a crack size after which the propagation behavior changes, this occurs after a
resalt at 60,000 cycles.



- The final part of the propagation curve on the two 1 s dwell tests is more in line with Paris mechanical
fatigue behavior, where the rate of propagation increases as the crack grows.

- The initial period of crack growth in the PLAIN-1 specimen is greater than that measured in the PLAIN-2
specimen. These specimens test conditions were identical, other than PLAIN-1 was subject to the high salt
load factor of 3 and PLAIN-2 was subjected to the low salt load factor of 1.
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Figure 9: Crack area plots for plain cylindrical tests using linear calibration simplification

Plots of crack depth against cycles and time for the three failed notched specimens are presented in Figure 10, these
are generated from the non-linear calibration, assuming an edge crack morphology. This means that the crack depths
are likely be under-predicted at the start of the test when the cracks are likely to be of a semi-elliptical morphology.
There is a strong correlation between resalting, and a subsequent period of increased crack propagation rate in the
PD trace. This increased rate then tails off into a period of constant propagation. These resalting induced jumps in
crack growth are more visible earlier on in the test of the three specimens presented below.
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Figure 10: Notched crack depth propagation curves for failed specimens

SIF Interactions

FE results for the far edge (side of the crack furthest from the second crack), near edge (side of the crack nearest
the second crack) and a single crack are presented in Table 4, where (r) is the specimen radius and (d) is the
distance between the closest points of the crack tips (Figure 5). A good indicator of the accuracy and suitability
of the mesh of a cracked-body FE models is the convergence of the calculated SIFs for each resolved contour
region. The SIFs presented were extracted from the outer most contour region, however the outer four contour
regions had all converged well. The interaction between the cracks was calculated as defined in Equation 2. This
is plotted against the angle around the crack tip for various d/r ratios and is presented in Figure 11.



Table 4: geometry factors from FE and BS 7910 (Y)

Surface
a/r a/d d (mm) d/r 2 Cracks Far Edge (Y) 2 Cracks Near Edge (Y) 1 Crack Surface (Y)
0.1 0.080 2.8 1.244 0.6849 0.6831 0.6832
0.4 0.621 1.45 0.644 0.7879 0.8177 0.8008
0.45 0.827 1.225 0.544 0.8151 0.8697 0.8300
0.5 1.125 1 0.444 0.8500 0.9480 0.8667
0.55 1.597 0.775 0.344 0.8913 1.0572 0.9100
0.6 2.455 0.55 0.244 0.9485 1.2613 0.9605
0.63 3.459 0.41 0.182 0.9940 1.5155 0.9962
Deepest Point

a/r a/d d (mm) d/r 2 Cracks Deepest Point (Y) 1 Crack Deepest Point (Y)
0.1 0.080 2.8 1.244 0.6442 0.6461
0.4 0.621 1.45 0.644 0.7322 0.7246
0.45 0.827 1.225 0.544 0.7644 0.7473
0.5 1.125 1 0.444 0.8013 0.7735
0.55 1.597 0.775 0.344 0.8555 0.8047
0.6 2.455 0.55 0.244 0.9302 0.8323
0.63 3.459 0.41 0.182 1.0019 0.8558
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Figure 11: FE predicted SIF interaction between two cracks in cylindrical specimen

There is a SIF interaction effect captured in the FE study, where the SIF is increased when two co-existing cracks
propagate to within close proximity of one another. A maximum factor of 1.55 times the SIF geometry factor was
calculated for cracks which were 0.41 mm apart. However, this trend would presumably continue to increase as
the cracks propagate to within closer proximity to one another. Until the crack depth (a) becomes similar to the
distance between the cracks (d), the interaction effect is relatively small. The SIF interaction study demonstrates
the complications of accurately interpreting crack growth and SIF in the cylindrical specimen geometry.

Crack propagation rates and SIF predictions for notched specimens

The crack propagation rates for notched specimens were calculated from the crack depth against cycles data
presented in Figure 10. This data has been combined with the SIF predictions which were calculated using the
handbook SIF solution for an edge crack from BS 7910, to give a Paris type plot presented in Figure 12. The SIF
predictions were calculated for the final fracture surface and the geometry factor was assumed as the constant for
plotting the Paris curves in Figure 12. For the NOTCHED-2 specimen a SIF solution could not be calculated due
to the final fracture surface not representing an edge crack. For this specimen, the SIF was assumed to be the same
as NOTCHED-3, which was tested under the same conditions.

It can be seen that at the end of the test, the crack propagation curve starts to conform to the exponential Paris
law, forming a relatively straight line on a log-log plot, this behavior can be observed in all three specimens
presented. Before this exponential behavior is observed, there is still a significant rate of crack propagation




occurring, however shows little correlation to AK and more to resalt and corrosive factors, suggesting that the
early crack growth is more a function of the corrosive environment.

The point at which the crack propagation switches to conform to the exponential Paris crack growth law can be
considered a threshold referred to here as the pure fatigue threshold. In the results presented in Figure 12, it is
observed that the dwell time influences the SIF at which this pure fatigue threshold occurs. Vertical lines
signifying the region where this threshold occurs have been visually placed on the graph to highlight this trend.

The pure fatigue threshold for the faster fatigue cycle with a smaller 120 s dwell time, occurs at a lower SIF than
the longer 1200 s dwell time. Additionally the subsequent Paris curve which takes effect at SIFs higher than the
threshold, sits at a higher rate of propagation (da/dN) for the 120 s dwell than it does for the longer 1200 s dwell
curves. As there is an increased amount of corrosion accrued per cycle in the longer dwell tests, these observations
support a hypothesis of corrosion suppressing the SIF at which the pure fatigue threshold is overcome, and slowing
the subsequent cycle dependent crack propagation rate. This could be the result of corrosion dependent phenomena
such as crack closure reducing the effective AK [12] or crack tip blunting where similar effects have been observed
in SC superalloys between air and vacuum tests [13].
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Figure 12: Paris curve for three failed notched specimens, where the threshold lines have been placed by eye

Conclusions

Both the plain cylindrical specimens and the notched Kt specimens tested follow the non-linear PD to crack area
calibration relationship. This calibrated PD technique offers a good approach to measure crack area propagation in
high temperature corrosion environments. Determining the change in crack depth throughout the tests for cylindrical
specimens was difficult due to the variability in crack morphologies present. As such, cylindrical specimens were
good for recreating multiple crack initiation features and corrosion driven crack growth, but were not best suited for
detailed crack propagation measurement. However, for notched specimens the PD methodology offers good
predictions for crack depth and propagation rates using the edge crack morphology. Therefore, this specimen
geometry was better suited for more detailed crack propagation analysis. Further testing exploring the crossover from
semi-elliptical to edge crack would help to understand and better predict short crack growth using the PD
methodology.

Increasing corrosion per cycle through increased dwell time and salt load lead to accelerated or increased rates of
early corrosion driven crack propagation. However, it was observed in the three notched specimens analyzed, that
corrosion did influence the fatigue propagation, by increasing the crack size and predicted SIF at which propagation
became consistent with Paris law, and reducing the subsequent rate of fatigue crack propagation. This suggests a
mechanism of corrosion suppressing cycle dependent crack propagation or fatigue. Ultimately, however, the
corrosion mechanism studied dominated both the crack initiation, and the shorter crack propagation and as such had
a net negative impact on the overall specimen life.



FE studies were performed in order to predict the SIF interactions between co-existing cracks within close proximity
to one another in cylindrical specimens. It was found that there was a notable SIF interaction effect, where a factor
of 1.55 times the SIF was found for given crack aspects. This interaction between cracks could therefore be an
important consideration when interpreting and analyzing detailed fatigue crack growth of co-existing cracks in
cylindrical specimens.
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