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ABSTRACT

Corrosion fatigue (CF) and stress corrosion cracking (SCC) of stainless steel
components can lead to reduced availability of steam turbines (ST). Significant
operation and maintenance (O&M) costs are associated with CF and SCC prevention in
both aging and new higher efficiency ST systems. Shot peening has been used to
reduce the overall operating tensile stresses however corrosion pits and other damage
can penetrate the relatively shallow residual compression providing initiation sites for
SCC and CF. A means of reliably introducing a deep layer of compressive residual
stresses in critical ST components will greatly reduce O&M costs by extending the
service life of components. Low plasticity burnishing (LPB) is an advanced surface
enhancement process providing a means of introducing compressive residual stresses
into metallic components for enhanced fatigue, damage tolerance, and SCC
performance.

High cycle fatigue tests were conducted on Type 410 stainless steel, a common alloy
used in critical ST components, to compare the corrosion fatigue benefits of LPB to shot
peening. Samples were tested in an active corrosion medium of 3.5% weight NaCl
solution. Mechanical or accelerated corrosion damage was placed in test samples to
simulate foreign object damage, pitting damage and water droplet erosion prior to
testing. High cycle fatigue and residual stress results are shown. Residual compression
from LPB was deeper than the damage in the samples providing a nominal 100X
improvement in fatigue life compared to the shallow compression from SP. Polarization
testing conducted on LPB and SP test samples are shown. The polarization results
reveal a nominal 20X higher corrosion rate in the highly cold worked SP condition as
compared to the lower cold worked LPB condition. Life extension from LPB offers
significant O&M cost savings, improved reliability, and reduced outages for ST power
generators.
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INTRODUCTION

Corrosion fatigue (CF), stress corrosion cracking (SCC), and fatigue initiation from
erosion damage are the primary degradation mechanisms that affect low pressure (LP)
steam turbine (ST) components [1-8]. These degradation mechanisms result in reduced
hardware reliability, increased inspection, and significant costs to the plant.

A surface layer of beneficial residual compressive stresses in metallic components has
long been recognized [9-12] to enhance fatigue strength. Shot peening is widely used in
the automotive and aerospace industries, including gas and steam turbines. Other
surface treatments including low plasticity burnishing (LPB) [13], laser shock peening
(LSP) [14] and ultrasonic peening [15] can produce deeper compression with less cold
working of the surface than shot peening. Reduced cold working improves the thermal
and mechanical stability of the beneficial compression in service [16]. Studies have also
demonstrated that reduced cold working reduces the likelihood and rate of corrosion
[17-20].

Low plasticity burnishing (LPB) has been shown to provide a deep surface layer of high
magnitude compression in aluminum, titanium, nickel alloys and steels to mitigate
fatigue damage mechanisms including foreign object damage (FOD), [21-23] fretting,
[24, 25] and corrosion fatigue [26-29]. The LPB process is performed on conventional
CNC machine tools and robots at costs and speeds comparable to conventional
machining. Application of LPB to mitigate gas turbine compressor blade FOD [30] and
dovetail fretting [31] has been described in previous publications.

Corrosion fatigue and SCC research has typically focused on alloy chemistry,
microstructure control, and chemical modification or coating of the surface. The current
study investigates the use of compressive residual stress imparted by LPB to mechanically
suppress localized stress concentrations and the cyclic SCC component of corrosion
fatigue to improve the fatigue performance of Type 410 stainless steel (410 SS). 410 SS is
an alloy widely used in ST applications where high strength, superior wear resistance, and
corrosion resistance is required.

EXPERIMENTAL TECHNIQUE
Material and Heat Treatment

410 SS was procured in the form of a 1.0 in. (~25.4 mm) thick plate in an annealed
condition per AMS 5504M. The plate was heat treated as detailed in Table |. Test samples
of nominal dimensions of 0.375 x 1.25 x 8 in. (~10 x 32 x 203 mm) were machined from the
plate following heat treat. Chemistry and material properties were verified after hardening
and tempering. The chemistry and mechanical properties are listed in Tables Il and I,
respectively.



TABLE I: MATERIAL HEAT TREATMENT.

410 Stainless Steel Heat Treatment
Process Temperature Time
Preheat 1450°F (788°C) 1 hour
Harden 1760°F (960°C) 1 hour
Quench in Oil - -
Temper 1085°F (585°C) 4 hours
Subcritical Quench -120°F (-84°C) -

TABLE II: MATERIAL CHEMISTRY.

410 Stainless Steel Chemistry
Element (Weight Percent)
C Cr Cu Mn Mo
0.13 12.16 0.16 0.59 0.10

Ni P S Si Fe
0.53 0.025 | 0.001 0.40 | Balance

TABLE Ill: MATERIAL MECHANICAL PROPERTIES.

410 Stainless Steel Mechanical Properties
After Heat Treatment

Yield Strength UTS Elongation | Reduction of
Area
113.8 ksi 134.6 ksi 18.5% 55.0%
(785 MPa) (928 MPa)

Fatigue Specimen Processing

Fatigue specimens were finish machined by low stress grinding (LSG). Specimens were
either LPB treated or shot peened (SP) following LSG.

LPB process parameters were developed to impart a depth and magnitude of
compression sufficient to mitigate the simulated FOD with minimal cold work. Figure 1
shows fatigue specimens in the process of being LPB treated in the four-axis manipulator
on the CNC milling machine.



FIGURE 1: A SET OF 8 FATIGUE SPECIMENS BEING
LPB PROCESSED IN A CNC MILLING MACHINE.

SP was performed using a conventional air blast peening system equipped with a rotating
table with the following process parameters: 6-8A intensity, 200% coverage, and CCW14
shot. Specimens were examined optically under low magnification to confirm coverage.

To simulate surface damage from any source (handling, FOD, corrosion pitting or erosion),
a surface notch with a depth of 0.01 in. (0.25 mm) was introduced by electrical discharge
machining (EDM) following the LPB or SP process. Figure 2 shows an EDM notch in the
gage of a fatigue sample. For a portion of the LPB treated samples a deeper notch depth
of 0.02 in. (0.51 mm) was also investigated. EDM introduces a precracked recast layer in
residual tension at the bottom of the notch, producing a large fatigue debit. EDM notching
is widely used for reproducible laboratory simulation of high ks damage.

FIGURE 2: EDM NOTCH IN ACTIVE GAGE
REGION OF FATIGUE SAMPLE.

High Cycle Fatigue Testing

High cycle fatigue (HCF) tests were performed under constant amplitude loading on a
Sonntag SF-1U fatigue machine. A photo of the fatigue setup is shown in Figure 3.



Fatigue testing was conducted at ambient temperature (~72°F / 22°C) in four-point
bending. The cyclic frequency and stress ratio, R (Omin/Omax), were 30 Hz and 0.1
respectively. Tests were conducted to specimen fracture or until "run-out" at 1 x 107
cycles. Specimens were subsequently broken open for optical and SEM fractographic
analysis.

FIGURE 3: HIGH CYCLE FATIGUE TEST SET UP
FOR TESTING A COMPONENT.

Fatigue samples were tested with prior exposure to SCC damage to determine the effect
on the subsequent fatigue life of each material. SCC exposure tests were conducted
according to ASTM Standard G39-99 and G44-99. All exposed specimens were loaded in
tension to 90% of the yield strength in 4-point bending. Load was monitored continuously to
detect any change in compliance. Specimens were exposed to 3.5% NaCl solution by
alternate immersion (10 minutes exposed and 50 minutes unexposed per hourly cycle) for
100 hrs. Samples were then removed, cleaned with water, and tested in HCF.

Active corrosion (AC) fatigue testing was performed in a neutral 3.5% weight NaCl solution
prepared with de-ionized water. Filter papers were soaked with the solution, wrapped
around the gage section of the fatigue test specimens, and sealed with a plastic film to
avoid evaporation.



Residual Stress Evaluation

X-ray diffraction residual stress measurements were made at the surface and below the
surface to determine the depth and magnitude of residual stress distributions produced by
the surface treatments. Measurements were made in the longitudinal direction of fatigue
loading in the gage region employing a sin’y technique and the diffraction of chromium
Ka1 radiation from the (211) planes of 410 SS. The lattice spacing was first verified to be a
linear function of Sin2L|J as required for the plane stress linear elastic residual stress model.
[32-35]

Material was removed electrolytically for subsurface measurement in order to minimize
possible alteration of the subsurface residual stress distribution as a result of material
removal. The residual stress measurements were corrected for both the penetration of
the radiation into the subsurface stress gradient [36] and for stress relaxation caused by
layer removal [37]. The value of the x-ray elastic constants required to calculate the
macroscopic residual stress from the strain normal to the (211) planes were determined
in accordance with ASTM E1426-98. Systematic errors were monitored per ASTM
E915-96.

Anodic Polarization Testing

Anodic potentiodynamic polarization curves were generated to characterize the effect of
the SP and LPB treatments on the corrosion properties of 410 SS. A custom
electrochemical cell was used to conduct the tests. The cell is based on the Avesta Cell
design to prevent crevice corrosion of the specimen during testing. The open circuit
potential (OCP) was recorded for each sample. Tafel slope extrapolations of the curves
were used to estimate the corrosion rate for each condition. Three replicate tests were
conducted for both SP and LPB conditions. All testing was performed in a neutral
solution of 3.5% weight sodium chloride and distilled water according to the guidelines
of ASTM G5-94. A saturated calomel electrode (SCE) was used as the reference
electrode and platinum was used as the counter electrode. Testing was performed
under both aerated and nitrogen purged conditions. All specimens were tested at 25° C
and were pickled for 1 hour prior to measurement.

Fractography

Following fatigue testing, each specimen fracture face was examined optically at
magnifications up to 60x to identify fatigue origins relative to the specimen geometry.
Digital photographs were taken at 15x. A representative photograph of a typical failure
for each specimen group was obtained. A few selected specimens were also examined
via SEM.



Surface Roughness

The surface roughness was measured for an LPB, SP and Baseline fatigue sample. The
arithmetic mean surface roughness, Ra, was determined over a 0.5 in. evaluation length
parallel to the specimen axis. All reported values are the average of three measurements.

EXPERIMENTAL RESULTS
Residual Stress

The residual stress distributions are presented in Figure 4. Compressive stresses are
shown as negative values, tensile as positive, in units of ksi (103 psi) and MPa (106
N/m2). Machining produces a shallow layer of residual stress with low magnitude tension
at the surface. SP produces higher surface compression of nominally -80 ksi (~ -550
MPa) at the surface. Maximum compression of -85 ksi (~ -590 MPa) occurs at a depth of
approximately 0.001 in. (~0.025 mm), declining rapidly to nearly zero residual stress at a
nominal depth of 0.010 in. (~0.25 mm). LPB produces surface compression of -110 ksi (~
-760 MPa), and gradually decreases to zero at a depth of approximately 0.030 in. (~0.76
mm). LPB produces a depth of compression 3X greater than SP with nominally 20%
greater compressive magnitude.
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FIGURE 4. RESIDUAL STRESS PROFILES.
Damage Tolerance and Corrosion Fatigue

Figure 5 shows stress vs. life (S-N) curves for samples with an EDM notch. The baseline
LSG samples with a 0.01 in. (0.25 mm) deep notch have a fatigue strength at 10’ cycles of
approximately 25 ksi (~170 MPa). Shot peened samples containing a 0.01 in. (0.25 mm)
notch had a slightly higher fatigue strength, on the order of 40 ksi (~275 MPa). As is



revealed by the residual stress distributions, the 0.01 in. (0.25 mm) notch completely
penetrates the compressive layer introduced by shot peening, and as a result minimizes
any fatigue life benefit resulting from the shallow compression. LPB samples containing a
0.01 in. (0.25 mm) deep notch have a fatigue strength of approximately 105 ksi (~725
MPa) at 10’ cycles, nominally 2.5X the fatigue strength of the SP samples. Tests
conducted on LPB treated samples containing 0.02 in. (0.5 mm) notches reveal a fatigue
strength on the order of 75 ksi (~520 MPa), nominally 2X the strength of the SP condition
with a shallower 0.01 in. (0.25 mm) deep notch. LPB provides an increase in life of over
100X when compared to the SP and Baseline conditions.

Figure 6 shows the S-N curves for samples subject to prior SCC damage and fatigue
tested in active corrosion. Baseline and SP samples have similar fatigue performance with
maximum fatigue strengths on the order of 50 ksi (~340MPa). The results indicate a
significant debit due to the pre-fatigue SCC damage and active corrosion exposure. The
debit from corrosion was nearly as high as that resulting from the 0.01 in. (0.25 mm) deep
notch. LPB treated samples have nominally twice the fatigue strength of the Baseline and
SP samples with a fatigue strength on the order of 100 ksi (~700 MPa). LPB provides an
increase in life on the order of 50X that of the SP or Baseline condition.

HIGH CYCLE FATIGUE DATA
410 SS Thick Section Specimens
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FIGURE 5: HIGH CYCLE FATIGUE RESULTS FOR
SPECIMENS WITH NOTCHES.



HIGH CYCLE FATIGUE DATA
410 SS Thick Section Specimens
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FIGURE 6: HIGH CYCLE FATIGUE RESULTS FOR
SPECIMENS WITH SCC + ACTIVE CORROSION.

Anodic Polarization Testing

The results of the anodic potentiodynamic polarization tests are shown in Figure 7.
Polarization curves are shown for three replicate tests on both the SP and LPB treated
samples. The average open circuit potential (OCP) for the SP condition is —0.38 V, SCE
and for the LPB condition it is —0.21 V, SCE. The shift in OCP indicates greater
electrochemical activity and susceptibility to corrosion at the surface of the highly cold
worked SP surface. Tafel slope extrapolations of the curves indicate a corrosion rate of
0.58 mils per year (14.67 microns per year) for the SP condition and 0.03 mils per year
(0.79 microns per year) for the LPB condition. These data reveal the corrosion rate of
the SP condition is nearly 20X higher than the LPB condition.



ANODIC POLARIZATION 410 SS
25°C, 3.5% NaCl, N, Purge
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FIGURE 7: ANODIC POLARIZATION CURVES FOR SP AND
LPB TREATED 410 SS. LPB TREATED MATERIAL
IS MORE NOBLE AND HAS A LOWER CORROSION RATE THAN SP.

Fractography

Optical and SEM fractography indicate fatigue initiation from the bottom of the EDM notch
on all of the notched samples tested. An example of a fracture face of notched samples
and samples tested with prior SCC and Active Corrosion are shown in Figures 8 through
13. The location of crack initiation was similar for the various surface treatments.

FIGURE 8: FRACTURE FACE OF BASELINE (AS-GROUND)
+ 0.010 IN. NOTCH SAMPLE.
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Initiation Near

Corner

FIGURE 9: FRACTURE FACE OF BASELINE + SCC
+ ACTIVE CORROSION SAMPLE.

Initiation from
Notch Bottom

FIGURE 10: FRACTURE FACE OF
SHOT PEENED + 0.010 IN. NOTCH SAMPLE.

Surface
Initiaf]

FIGURE 11: FRACTURE FACE OF
SHOT PEENED + SCC + ACTIVE CORROSION SAMPLE.
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Initiation from
Notch Bottom

FIGURE 12: FRACTURE FACE OF
LPB + 0.010 IN. NOTCH SAMPLE.
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FIGRE 13: FRACTURE FACE OF
LPB + SCC + ACTIVE CORROSION SAMPLE.

Surface Roughness

Results of the surface roughness measurements indicate roughness values of 19.5,
157.1, and 4.5 pin for the Baseline LSG, SP and LPB conditions, respectively. The
roughness value for the SP condition is nominally 35X higher than that of LPB. Shot
peening dimples produce a rough surface that can adversly impact fluid flow at the
blade surface, and may require remachining or polishing to restore the surface. LPB
produces a smooth work piece while avoiding the highly cold worked roughened surface
of shot peening.

CONCLUSIONS
The depth of compression achievable with LPB in 410 SS exceeds that of conventional SP.
For both Baseline LSG and SP specimens, the depth of compression is less than 0.010 in.

(~0.25 mm), and damage with depth on that same order produces a fatigue strength of
about 1/3 that of LPB treatment. The 0.030 in. (~0.8 mm) depth of LPB compression
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retards initiation and growth from both 0.01 and 0.02 in. deep damage. LPB mitigates the
stress corrosion effects during cyclic loading, effectively producing a fatigue strength of
twice that of SP or Baseline conditions.

Anodic potentiodynamic polarization results reveal a significant shift in the OCP between
LPB and SP treatments. A shift of nominally 0.17 V, SCE was observed and is a result of
the difference in surface cold working between the two treatments. The highly cold worked
SP condition is in a more active state leading to a corrosion rate 20X higher than that of the
low cold worked LPB condition. This dramatic reduction in corrosion rate for the LPB
treatment can lead to significant savings in cost and time associated with repair and
replacement of ST components.

Surface roughness results show a much smoother surface for LPB treatement over SP
with a 35X difference in roughness values. Shot peening dimples produce a rough surface
that can adversly impact fluid flow at the blade surface.
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