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Abstract

This study presents the fatigue response of 304 stainless steel foil, cold-rolled
to a thickness of 3.2 um with 87 percent cold work at orientations of 0, 45,
and 90 degrees to the direction of rolling. Fatigue specimens were fabricated
by laminating a supportive layer of 20-um polyimide film to one side of the
foil and patterning 242 crack initiation features by photolithographic process.
Progression of fatigue damage was determined through electrical resistance
measurement. The fatigue response was demonstrated to be largely affected
by anisotropy existing between the rolling direction and the off-axis orienta-
tions. Fatigue cracks that traveled in a direction parallel to the elongated
grains (cyclic loads applied at 90-degree orientation to foil rolling direction)
had the most fatigue response (undesirable characteristic). The construction
of the specimens with thin foil supported by a film backing contributed to
high fatigue threshold.
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1. Introduction

Fatigue test results can be sensitive to a number of factors including test method,
surface finish, notch sensitivity, etc. One conservative design rule suggests 304
stainless steel be assigned an endurance limit of about 240 MPa or about 50 per-
cent of the ultimate tensile strength [1]. The cold rolling process can increase the
tensile strength of the material and consequently the fatigue strength has been
reported to be considerably greater than the design rule. One study reported 300
um thick cold-rolled strip had an endurance limit of about 600 MPa [2]. Another
study reported 0.76 mm thick cold-rolled strip with 50 percent cold work had an
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endurance limit of about 500 MPa [3].

Other factors should be considered when assigning a design limit. For exam-
ple, the cold rolling process can impart anisotropy into the material causing the
mechanical properties to vary depending upon the orientation of the specimen
to the rolling direction. The highest strength is generally in the direction of roll-
ing. Regarding fatigue strength, anisotropy can be detrimental, particularly if
tensile stresses are applied in a direction that is nearly perpendicular to the long
dimension of elongated grains [4]. For the case of cold-rolled foil, this unfavora-
ble stress application direction would be at an angle of 90 degrees to the rolling
direction (the transverse direction).

Scale (size) is another consideration and has been shown to have an effect on
fatigue strength. In one study micrometer-scale fatigue specimens 25 pm thick
made of 304 stainless steel demonstrated higher fatigue strength than bulk
properties. The smaller specimens failed at about 20,000 cycles for stresses of
1400 MPa and had an endurance limit of about 250 MPa for fully-reversed
bending stresses (R = —1). Whereas, the bulk material was reported to fail at
about 20,000 cycles for stresses of £210 MPa with an endurance limit of about
150 MPa [5]. Other studies using a variety of specimen shapes and loading me-
thods (cantilever, rotary bending, and tension) with section thicknesses of 1 to
30 mm reported comparable endurance limits of 100 to 250 MPa [6] [7] [8] [9]
[10].

Specimens made with cold-rolled foil present challenges such as how to hold
the specimen and how to apply the cyclic load during the fatigue test. In all of
the studies mentioned above the fatigue specimens were generally thick enough
to be held (gripped) on the ends. One notable experimental method was the
study that used micrometer-scale cantilever fatigue specimens 25 um in thick-
ness [5]. The specimens started in sheet form and the sides of individual speci-
mens were machined away everywhere except for the fixed ends. This enabled
reaction forces to be developed to the applied forces. In addition to gripping the
fatigue specimen made of foil, another consideration is the ability of the speci-
men to withstand an in-plane compressive load without buckling or an
out-of-plane bending load without folding. Our solution was to laminate a thin
polyimide film to the foil to provide support. This is described in detail in the
Experimental Methods section.

Finally, our expectation was the cold-rolled 304 stainless steel foil would exhi-
bit a significant amount of anisotropy between the fatigue response of the foil in
the direction of rolling and transverse to the direction of rolling. We expected
the former to have a better fatigue response (more cycles to failure) than the lat-
ter. We also expected the foil in the direction of rolling would demonstrate sim-
ilar and possibly greater fatigue strength than the results reported in the studies
on cold-rolled strip [2] [3] for several reasons. First, there was the issue of scale.
With the cold-rolled foil being thinner than the cold-rolled strip, scale consider-
ations would suggest greater fatigue strength [5]. Second, there was the issue of
higher tensile strength. The cold-rolled foil would have more cold work than the
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cold-rolled strip and consequently higher tensile strength. Finally, the polyimide
film laminated to one side of the foil would help to provide more uniform load-

ing and reduce extraneous forces.

2. Experimental Methods

The following sections describe the foil material, the fatigue specimens, and oth-

er materials used in this study.

2.1. Foil Material

The material used for this study was Grade 304 stainless steel per ASTM specifi-
cation A240. The chemical composition by weight percent is provided in Table
1.

The minimum mechanical properties were yield strength (205 MPa), tensile
strength (515 MPa), elongation (40 percent), and hardness (92 Rockwell B). The
material was sourced in the form of a sheet 127 um thick x 30.5 cm wide x 7.6 m
long in cold-rolled and annealed condition. The sheet was subsequently divided
(slit) into strips 108 mm wide and cold rolled to an intermediate thickness of
25.4 um. At this thickness, an in-process, bright anneal (hydrogen) was per-
formed at a temperature of 1311 K for a duration of 96 s. Cold rolling resumed
to a final thickness of 3.2 um. This corresponded to 87.4 percent cold work from
the prior anneal. A post-rolling, final anneal in inert atmosphere was performed
at a temperature of 644 K for a duration of 90 min.

A view of the grain structure of the finished foil is provided in Figure 1. As
expected with heavily cold-worked foil, the grains were elongated in appearance
with an aspect ratio of approximately 4:1 in the direction of foil rolling. The

grain size was estimated as ASTM No. 8.

Figure 1. Representative grain structure of 3.2 um thick, 87 percent cold-worked, 304
stainless steel foil (modified Kalling’s reagent at 200x magnification).
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Table 1. Chemical composition (Weight percent).

Cr Ni Mn N S C Si P

18-20 8-10.5 2 0.1 0.03 0.08 0.75 0.045

2.2. Fatigue Specimens

Using a photolithographic process, multiple fatigue specimens were produced
simultaneously from pieces of the 3.2-pm thick 304 stainless steel foil. A suppor-
tive backing made of 20-um thick polyimide film was laminated to the foil with
epoxy adhesive. The pattern (image) of the fatigue specimens was formed by ap-
plication of a photoresist liquid to the surface of the 304 stainless steel foil, light
exposure through an optical mask, and development with a solvent. Metal re-
moval was by wet process with metal-chloride spray. The overall thickness of the
fatigue specimens including supportive backing, layer of laminating epoxy, and
304 stainless foil was about 26 pm.

Fatigue specimens were designed for cyclic load application over their entire
surface area by transmission of the surface strain occurring on an actuating
member through the 20-um thick polyimide supportive backing and into the 304
stainless steel foil [11]. A quantity of 242 discrete crack initiation features was
patterned into each fatigue specimen in the form of pairs of active-passive traces
placed in series with each other as shown in Figure 2. The active traces contain-
ing crack initiation features were modeled after the extended compact tension
specimen developed at NASA Langley Research Center [12].

Images of fatigue specimens on the photomask were oriented at 0, 45, and 90
degrees to the direction of foil rolling. The crack initiation features and fatigue
cracks propagating therefrom were thereby oriented at 0, 45, and 90 degrees to
the direction of foil rolling. The sensing area of the fatigue specimen was 34.3
mm?, having a length of 6.6 mm and a width of 5.2 mm. The widths of the active
and passive traces were 75 um and 25 pm, respectively. The depth of the crack
initiation feature was 25 um leaving a 50-um long path for the fatigue crack to
propagate across the active trace.

Progression of fatigue damage was determined through resistive sensing. The
electrical resistance of the patterned 304 stainless steel foil was nominally 700
ohms prior to crack formation. As cracks formed at the tips of the crack initia-
tion features and propagated across the width of the active traces, the electrical
resistance of the active-passive trace pairs increased. The final (terminal) resis-
tance of each active-passive trace pair approached the resistance of the passive
trace when the fatigue crack propagated completely across to the opposite edge
of the active trace. The electrical resistance of the entire fatigue specimen
represented the sum of the active-passive trace pairs. The higher the electrical
resistance of the fatigue specimen, the greater the number and/or the length of
fatigue cracks. The large number of crack initiation features (242) was intended
to self-normalize the fatigue response of the 304 stainless steel foil. Undoubtedly,

there would be a distribution of crack behaviors ranging from crack initiation to
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Figure 2. Fatigue specimen (304 stainless steel foil) including 242 pairs of active-passive
traces and crack initiation features.

crack propagation. The total electrical resistance of the summed active-passive

pairs evened out these variations.

2.3. Other Materials

Fatigue specimens were bonded to cantilever beams with cyanoacrylate adhesive
and oscillating loads were applied using a solenoid coil as shown in Figure 3.
The surface strain on the cantilever beam was transmitted upwards through the
cyanoacrylate bonding adhesive and through the polyimide film base layer of the
fatigue specimen and finally to the 3.2 um thick 304 stainless steel foil. Four fa-
tigue specimens were bonded to the top surface of the beams, arranged as two
pairs of specimens side-by-side, with a reference strain gage in between each
pair. There were five cantilever beams for each orientation to the direction of foil
rolling (0, 45, and 90 degrees) for a total of 60 fatigue specimens (20 for each foil
orientation). The applied strains were fully-reversed (R = —1) and constant for
each beam ranging from about +1800 pE to 2600 UE in steps of £200 pE per
beam.

The cantilever beams were made of 3.6 mm thick fiberglass with a flexural
modulus of 38.6 GPa. The sides of the cantilever beams were tapered to reduce
the strain gradient along the length of the beam to a difference of about 300 puE
between the near pair of fatigue specimens to the distant pair. Loading was ap-
plied to the ends of the cantilever beams through a screw made of steel aligned
with the vertical axis of a 30 W solenoid coil operating between 20 and 28 V de-
pending upon the strain level desired. The frequency of oscillation was about 95
Hz and was adjusted with a square wave frequency generator to be near the re-

sonant frequency for the beam.
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Figure 3. Fatigue specimens (304 stainless steel foil) and reference strain gages bonded to
fiberglass beam with cyclic loads applied by solenoid coil.

The resistance of each fatigue specimen was recorded using a Keithley model
2750 multimeter before applying loads and subsequently while the beams were
stopped after each of eight time intervals of 1, 2, 4, and 8 min duration. The total
elapsed time was 120 min and the total number of load cycles was about 700,000
depending upon the frequency of oscillation of each beam. To facilitate compar-
ison between the test conditions (foil orientation and applied strain level), frac-
tional resistance was calculated by subtracting the initial resistance reading from
each subsequent resistance reading and dividing the difference by the initial re-

sistance reading.

3. Results

Plots of fractional resistance (AR/R) versus number of applied strain cycles for
the three orientations to the direction of foil rolling (0, 45, and 90 degrees) are
provided in Figure 4. For ease of presentation, the data provided were limited to
those cases where the terminal fractional resistance achieved at least 5 percent.
There were five test cases that met these criteria: all of the orientations for an
applied strain level of £2600 uE and the 45 and 90 degree orientations for ap-
plied strain levels of £2390 and +£2290 pE, respectively.

All of the plots had a characteristic shape with three distinct regions: in the
first region between 0 and about 50,000 strain cycles, there was negligible change
in fractional resistance. This region was followed by a second region of rapidly
increasing fractional resistance between about 50,000 and 200,000 strain cycles.
Finally, the third region was represented by slower increase in fractional resis-
tance to an asymptote in the range of 200,000 to 400,000 strain cycles.

Fatigue specimens with 90-degree orientation to the direction of foil rolling
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Figure 4. Fatigue testing results for specimens (304 stainless steel foil) oriented at 0, 45,
and 90 degrees to the direction of rolling.

had the highest rate of fractional resistance increase in the second region and the
highest magnitude fractional resistance (asymptote) in the third region. For a
strain level of +2600 UE, the 90-degree orientation had a terminal fractional re-
sistance of about 80 percent. The next highest fractional resistance in the second
and third regions was for the 45-degree orientation to the direction of foil roll-
ing. For a strain level of £2630 UE, the 45-degree orientation had a terminal frac-
tional resistance of about 58 percent. Finally, the third highest fractional resis-
tance response was for the 0-degree orientation, which demonstrated a terminal
fractional resistance of about 31 percent for a strain level of £2600 uE.

A photograph of the patterned 304 stainless steel foil oriented at 90 degrees to
the direction of foil rolling after 690,000 load cycles of £2600 pE is provided in
Figure 5. Two pairs of active-passive traces are shown. Fatigue cracks are visible
and have propagated from the crack initiation features completely across the
width of the active traces, which is a distance of 50 um. The grain structure is
also visible and the cracks have travelled in directions that are parallel to the

elongated grains (the direction of rolling).

4. Discussion

The characteristic shape of the fractional resistance plots with three regions of
response corresponded to the summation of crack initiation and propagation
behavior in the 242 active-passive trace pairs. In the first region, crack initiation
and propagation resulted in negligible increase in fractional resistance. This is
not to say that cracks had not formed, rather this might have been because few
of the active traces had been severed. Whereas, in the second region of rapid in-

crease in fractional resistance, this was probably the result of an increasing
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Figure 5. Two pairs of active-passive traces after 690,000 load application cycles of +2600
UE at 90-degree orientation to foil rolling direction (200x magnification).

number of cracks having traveled completely across the width of the active trac-
es. Finally, in the third region the rate of increase in fractional resistance was
reduced as an asymptote was approached, which probably signified an end to fa-
tigue cracks severing the active traces.

It was expected there would be some difference in fatigue response between
the three orientations to the direction of foil rolling (0, 45, and 90 degrees) be-
cause of the amount of cold work in the rolled foil (87 percent). The magnitude
of the difference was not expected with the off-axis orientations (45 and 90 de-
gree) demonstrating significantly higher responses compared to the direction of
rolling (0 degree). For the strain level of £2600 uE, the terminal fractional resis-
tances for the 90 and 45-degree orientations were about 260 and 190 percent of
the 0-degree orientation, respectively.

Finally, the data for test cases not meeting a criterion of 5 percent terminal
fractional resistance represented the majority of the test cases. Specifically, this
included applied strain levels of +1800, +2000, and +2200 pE. The applied
stresses corresponding to these strain levels were about 340, 380, and 420 MPa,
respectively. All of these stress levels would likely have produced fatigue damage
in thicker specimens. Possible explanations for the negligible response of the fa-
tigue specimens used herein could be the diminutive thickness (3.2 um) of the
304 stainless steel foil and, perhaps the interaction with the supportive layer of
polyimide film (20 um) under the foil. This is in contrast to conventional fatigue
specimens, which are typically held (gripped) at the ends and are unsupported in

the area of the notches (crack initiation features).

5. Conclusion

The fatigue response of cold-rolled 304 stainless steel foil was demonstrated to
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be largely affected by anisotropy existing between the rolling direction (0 degree)
and off-axis orientations (45 and 90 degrees). Fatigue cracks which traveled in a
direction parallel to the elongated grains (cyclic loads applied at 90-degree
orientation to foil rolling direction) of the heavily cold-worked foil (87 percent)
had the most fatigue response (undesirable characteristic). Whereas, fatigue
cracks which traveled in a direction perpendicular to the elongated grains (cyclic
loads applied in rolling direction) had the least fatigue response. Furthermore,
the construction of the specimens with thin foil (3.2 pm) supported by a 20-um
thick polyimide film backing contributed to a high fatigue threshold.
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