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This study aims at showing the influence of transformation-induced plasticity (TRIP) on the
residual stresses and magnetic permeability of AISI 304 stainless steels and the resulting effect on
its fatigue performance. Samples were pre-strained to different levels of plastic deformation, and
characterised through metallography, hardness, tensile testing, X-ray diffraction (XRD) and with
the MWM®-array electromagnetic method. Fatigue tests were then conducted on these samples to
obtain the S-N curves for each condition, and the resulting fracture surfaces were analysed using
scanning electron microscopy (SEM). Residual stress distributions in martensite and austenite were
significantly affected by the transformation, although in different ways, and this is thought to be the
reason for the improvement in fatigue performance in samples with higher pre-deformation values.
Magnetic permeability measurements corroborated XRD results and proved to be a useful tool for
non-destructively determining martensite transformation distributions in manufactured components.
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1. Introduction

Austenitic steels such as AISI 304 are widely used in
the industry for their mechanical properties and corrosion
resistance'. Due to their relatively low alloying element
concentrations, these steels are metastable, and martensite
formation may occur in processes involving sudden cooling
or plastic deformation. The stability of austenite determines
the rate of formation and the amount of martensite formed
during mechanical forming processes, such as drawing,
and it depends mainly on the steel composition, grain size,
and morphology*°. This transformation of austenite into « -
martensite during deformation, also known as Transformation-
Induced Plasticity, or TRIP effect’, leads to a significant
increase in mechanical strength of the material’. Martensitic
transformation also leads to an increase in residual stresses
due to localized volumetric expansions resulting from the
phenomenon®.

When in operation, structures or components formed from
metastable stainless steels can undergo repetitive and cyclic
stresses, leading to fatigue damage®. There is no consensus
on whether the effects of martensitic transformation are
beneficial or detrimental in terms of fatigue resistance for
these steels'*!".

This study aims at assessing the TRIP effect on the
fatigue performance of AISI 304 austenitic steel, as well as
its influence on the variation of residual stresses and magnetic
permeability. For this purpose, Wohler curves were generated
for samples with different percentages of strain-induced
martensite. Additionally, fatigue failure mechanisms were
assessed through scanning electron microscopy (SEM).

*e-mail: carla.adriana@ufrgs.br

Phase and residual stress distributions in the near-surface
region were analyzed by X-ray diffraction (XRD) to evaluate
their respective influences on fatigue life. A Meandering
Winding Magnetometer array (MWM®-array) was used to
analyze the changes in magnetic properties after martensitic
transformation, along the samples and at different depths; it
is shown to be a promising as a non-destructive method that
allows a rapid scan of the magnetic permeability of formed
parts, indicating regions with different levels of martensitic
transformation.

2. Material and Methods

2.1. Material and pre-strain tests

The material used was AISI 304 austenitic steel, in the form
of a rolled sheet with a thickness of 4.5 mm. The chemical
composition of the sheet used for specimen fabrication is
described in Table 1.

The sheets were cut into standard test specimen
shapes for tensile testing, as shown in Figure 1, using wire
electrical discharge machining (WEDM) cutting, resulting
in a rectangular cross-section specimen. The surfaces of
the specimens were not modified after receiving the raw
material. Tensile tests were conducted on an INSTRON
Electromechanical Testing Machine with a maximum
capacity of 210 kN. Displacement control was performed
using a clip-gauge, while force control was carried out using
the equipment’s load cell. The gauge length considered was
25 mm. A loading rate of 0.5 mm/min was employed for
tensile testing, following ASTM E8/E8M-21" standard. The


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1042-1928
https://orcid.org/0000-0002-3816-4487
https://orcid.org/0000-0001-6975-2911

2 Giordani et al.

Materials Research

R80

Figure 1. Schematic showing geometry and dimensions of the tensile test specimens, and points in which hardness and residual stress

measurements were made. Units in mm.

Table 1. Chemical composition of the material.

C Si  Mn Cr Ni Mo N Fe
Sample 0.06 0.42 1.08 17.46 8.66 0.17 0.0397 Bal.

following pre-strain deformation percentages were selected
based on the stress-strain curve obtained from tensile tests:
5%, 10%, 15%, 20%, 25% and 30%. Vickers hardness testing
was performed with an applied load of 125 kgf on seven
points spaced at intervals of 10 mm along the center-line
of the samples in the longitudinal direction as indicated
in Figure 1. The residual stresses measurement as well as
retained austenite determination were also performed at the
same seven points indicated in Figure 1.

2.2. XRD

XRD measurements were taken at the same locations
selected for hardness testing, but on the opposite surface of
the samples. They were conducted using the Seifert Charon
XRD M — Research Edition equipment from GE Inspection
Technologies GmbH (Figure 2). The volume percent of
austenite/martensite was determined by comparing the integrated
XRD peaks intensity of ferrite and austenite phases with
theoretical intensities through the Rayflex Analyze Version
2.503 software with the Austenite module. Measurements
were carried out using Cr K, radiation at an electric tension
of 30 kV and a current of 30 mA, with suppression of the
respective Kg lines through a vanadium film.

2.2.1. Phase Analysis

The relative intensities of the martensite diffraction
peaks ¢ (110), ’(200), and . '(211) were compared with the
diffraction peaks of retained austenite y(111), y(200), and ¢(220).
The use of this number of peaks avoids potential biases due
to crystallographic texture'®. Phase analysis was performed
using a 20 range between 50° and 166° with a step of 0.01°.
Curve fitting of the diffraction peaks was carried out following
the Pseudo Voigt model with background correction, and the
volume percentage of retained austenite was determined by
comparing the integrated intensities of martensite and retained
austenite in accordance with ASTM E975-13',

The volumetric fraction of each phase was determined
through a procedure based on the method presented by
Faninger and Hartmann®. In this procedure, the austenite
fraction, X?, was calculated from the average of the ratios of
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Figure 2. X-ray diffractometer model Seifert Charon XRD M —
Research Edition.

the integrated intensities of each martensite diffraction peak
Iy —a’(110),a(200) and &:(211) —and austenite, 7, —y(100),
7(200) and y(220) — in combination with correction factors
R as in Equation 1. The R factors are presented in Table 2.
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2.2.2. Residual stresses analysis

The residual stresses were determined using the sin*y
method, in iso-inclination mode, on the surface of the samples
and at depths of 50 pm and 100 um. For austenite, the y(220)
peak was measured with 20 ranging from 119° to 137° at
a scan step of 0.1°. For martensite, the a’(211) peak was
obtained with 20 ranging from 146° to 165° using a scan step
of 0.2°. The elastic constants for the y-Fe and a-Fe phases
were %48, = 6.19x10° MPa’!, s, =-1.36x10° MPa*!, and "4s,
=5.81x10°MPa', s, =1.27x10° MPa", respectively. These
elastic constants were used for stress calculations using the
Analyze software. To remove layers for depth analyses,
an electrolytic solution composed of 42% phosphoric acid
(H;PO4), 34% sulfuric acid (H,SO.), and 24% distilled water
was employed. A micrometer was used to control the depth.
Measurements after layer removal were taken at the same
positions as the hardness measurements.
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Table 2. R factors for austenite and martensite with Cr-K, radiation (Faninger and Hartmann's).

Austenite hkl 20 (°) R-Factor (10 cm™) Martensite hkl 20 (°) R-Factor (10 cm™®)
111 66.8 77.2 110 68.8 105.0
200 79.0 36.6 200 106.0 23.4
220 128.7 57.1 211 156.1 237.0

The procedure described above for residual stress
measurements is referred to here as the standard analysis.
The procedure described below is used for residual stress
analysis in a state of triaxial stress. The evaluation of residual
stress measurements using the standard sin*y method is
based on the assumption that a plane stress state with the
normal component, as;, equal to zero is present due to the
low penetration depth of the Cr-K, radiation. In a material
consisting of two or more phases, a35* (the superscript &
refers to martensite, «’, or austenite, y), as well as o,5* and
o, may exist in different phases as pseudo-macrostress
(type I residual stresses). Thus, the evaluation of residual
stresses by XRD in the case of multiphase samples requires
that the value of the lattice parameter under stress-free
conditions, dy*, be determined with great accuracy'®!”. Data
on dy* available in the literature may not always be used since
it cannot be guaranteed that the material of the sample of
interest has undergone exactly the same thermomechanical
processes as the materials from the available publications'®.
Thermomechanical processes can systematically alter the
lattice parameter through variations in chemical composition,
dissolved elements, precipitates, dislocation density, and
stacking faults'®.

According to Fitzpatrick and Lodini'®, there are several
techniques that allow the experimental determination of do*
from the sample itself to be analyzed. One of these techniques
involves the use of stress relief treatments; however, high
temperature activates diffusional processes and may promote
changes in the proportions of phases and dissolved elements
in each of them.

A second possibility is powder analysis made with
the sample itself, which is genuinely free of macroscopic
stresses. However, powder production processes typically
involve thermomechanical processes that are not the same
as those of the sample of interest, making the use of powders
for determining d,* inappropriate.

In this work, stress-free samples were obtained by
producing coupons from the samples of interest, reducing
their size until they are small enough to relieve a significant
portion of the residual stresses and especially to ensure that
the entire volume is illuminated by the X-ray beams. Since
abody devoid of external loads and at rest is in equilibrium,
the integral of residual stresses over the sample volume
results in a zero resultant force. Therefore, by analyzing the
20 position of the diffraction peaks and, using Bragg’s Law,
calculating the lattice parameter, an approximate value of dy*
is obtained. The coupons were produced to determine dy*’
and dy’ for the martensite and austenite phases, respectively,
from samples with 0%, 15%, and 30% deformation, which
were chemically etched to achieve samples with lateral
dimensions of | mm x 1 mm and a thickness of 20 um. The
layer removal method identical to that used for measuring
subsurface residual stresses was employed. Spinning and

tilting y up to 60° of the diffractometer were used to obtain
the approximation of dy* through its average for various
directions. The measurement uncertainty associated with
the analysis of dy¥, dd, was calculated from the Goodness
of Fit of the curve fitting of the diffraction peaks and using
uncertainty propagation from Equation 2.

od

5d =L <520 2)
220

where 026 is the measurement uncertainty of the 26 position
of the diffraction peak. The quantity of calibration samples
was limited by the difficulty of obtaining them and covered
the surface of the sheet used as raw material. These data were
used for calculating residual stresses both on the surface and
in the core of the samples, and linear interpolations were
performed to estimate d* for samples with pre-deformation
of 5%, 10%, 20%, and 25%.

The penetration of the X-ray beams into the sample
varies from 25.0 um to 12.5 um while y varies from 0° to
60°. Therefore, the value of dif obtained by the procedure
described above is considered an approximation of the true
value, and thus an iterative method, as indicated by Hauk'">*,
had to be performed to minimize the value of o3;. After the
refinement of dy, o3;* for each phase was calculated using
Equation 3!, once macroscopic stress is calculated as a
weighted average of the pseudo-macrostresses over each
phase, with the proportion of each phase’s content serving
as the weight in the average calculation'. The values of o7
and a,," for each phase can be calculated using Equation 4,
where (61 — 035*) and (02" — 035") are the residual stress
values obtained with the standard sin*y method in the 11
and 22 directions, respectively. The macroscopic stresses
o™ and 0, were calculated using Equation 5. The
macroscopic residual stresses in the 33 direction, calculated
using Equation 6, should be zero.

k_ ok
k 1 dy —d, k(_ & k
73 =T XH +d - J—2S1 (011 -033 )} 3)
S1 +AS2 0
k k k k. _ k k k k
o11 :(011 —033 )+CT33 5022 :(022 —033 )+033 “)

o lmacro _ Z (O_iik ><Xk)’o_zzmacro _ Z (0_22k % Xk) (5)

O_33macro _ Z (0_33k < Xk) -0 (6)

it is the residual stress in a direction ii, s, and S, are the
elastic constants of the considered phase, k represents the
austenite or martensite phases, X* is the fraction of the
considered phase, d. and d, are the interplanar spacings of
the stressed and stress-free samples, respectively.
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2.3. Fatigue testing

Fatigue tests were conducted on as-received material
specimens (0% pre-deformation) and on specimens deformed
by 5%, 15%, and 25%. At least three samples per condition
were used. The axial tension-tension fatigue tests were
conducted on an MTS Model 810 universal servo-hydraulic
testing machine. The standard followed for the tests was
ASTM E466-21%. A frequency of 35 Hz was used, the R
ratio was 0.1, and the number of cycles considered as run-
out was determined to be 1 million cycles.

For the analysis of fractures in the samples broken during
the fatigue test, the samples were sectioned and examined
with a scanning electron microscope (SEM). For this purpose,
the surface containing the fracture was sectioned from the
rest of the sample. This surface underwent initial cleaning
with water, liquid detergent, and a soft brush. Subsequently,
the fractured section underwent ultrasonic bath in acetone
and subsequent drying.

2.4. MWM

The Meandering Winding Magnetometer (MWM)
technique was used to measure the relative magnetic
permeability of the specimens. The JET system (JENTEK®
Eddy Current Tester) was employed; it was equipped with
a 7-channel MWM-array sensor FA316 and an integrated
encoder for displacement recording. Scans were performed
on the surface and subsurface in the longitudinal direction
of each specimen. The jJET system is shown in Figure 3.

3. Results

3.1. Mechanical-metallurgical characterisation

Table 3 presents the mean values of mechanical properties
and the standard deviations obtained through tensile testing
at room temperature for three samples. This material
does not exhibit a yield plateau, and the yield strength is

E NTEK Eddy Current Tes'

Figure 3. JENTEK Eddy Current hand-held jET Tester.

Table 3. Mean values of mechanical properties of the material.
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determined using the offset method with the start of the line
at a deformation of 0.2%.

The stress-strain curve of the material is shown in Figure 4.
The levels of deformation applied to the specimens were
defined based on the linear region of the stress-strain curve.
The unstable flow (“serrations”) present in the region near
the maximum stress of the tensile graph is caused by the
formation of deformation-induced martensite. Dislocation slip
in austenite and the formation of martensite by deformation
are considered competitive modes of plastic deformation?!.
The drop is due to constriction, which creates a geometric
instability and a stress concentrator, which in turn generates
the triaxial state.

The measurement error for the clip gauge used in the
tensile tests is 1% or 0.2 mm, whichever is greater. The
measurement uncertainty of the load cell is at most 0.78%
or 0.009 kN.

Furthermore, micrographs of the as-received samples
and with 30% deformation were obtained, as shown in
Figure 5a and b respectively. In the micrographs, the
white region corresponds to austenite, and the dark region
corresponds to martensite. It can be visually observed in the
micrograph of the sample with 30% deformation shown in
Figure 5b that the darker region increases compared to the
as-received sample shown in Figure 5a.

Figure 6 shows the Vickers hardness profile measured
at seven points on the surface of each sample. It is observed
that there is an increase in hardness with the formation of
strain-induced a -martensite. The hardness value of the as-
received material was 217 HV, while the difference between
the as-received material and the sample with 30% deformation
was 130 HV in the central region of the sample. Regarding
the hardness measurements, the measurement uncertainty
associated with the equipment used is 1.3% or 5.8 HV.

3.2. XRD Analysis

Figure 7 shows the XRD diffractogram of AISI 304
steel with different levels of deformation. After analysis,
it was found that the surface of the as-received (AR) sheet

800 -

600 -

400 -

Stress (MPa)

200

S5 0 5

10 15 20 25 30 35 40 45 50 55
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Figure 4. Example of stress - strain curve of a AISI 304 sample.

Mechanical Properties  Yield Strength (MPa)  Ultimate Strength (MPa) Stress at Fracture (MPa) Elongation at Fracture (%)
AISI 304 326.9 810.8 612.3 53.2
Standard Deviation 14.54 15.58 41.43 0.03
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Figure 5. Micrographs of the (a) as received and (b) 30% deformation
samples. Magnification 200x, electrolytic etching with oxalic acid,
8V, 12 minutes.
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Figure 6. Vickers hardness results on the surface of each pre-strained
sample, relative to the center of the sample.

contains more martensite than the material core (WR),
where two peaks o'(110) and «’(211) were observed in
the AR sample, indicating the presence of a pre-existing
surface modification in the raw material, possibly caused
by the final rolling stage. The profile of the as-received
material exhibits prominent austenite peaks y(111), »(200),
and y(220). The non-ferromagnetic HCP e-martensite phase
is not easily detected by diffraction analysis. According to
Zeng et al.”2, the y—¢ transformation occurs before the y—a’
transformation, and generally, the transformation sequence
is y—e—a ?*2, In diffraction pattern analyses, a phase is
identified through three peaks, and in the samples of this
study, the presence of the e-martensite peaks could not be
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Figure 7. XRD diffractograms obtained for each pre-strained
sample of AISI 304 (AR means as received and WR means with
layer removal).
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Figure 8. (a) o -martensite volume content for samples with different
pre-strain deformation values, measured by XRD; and (b) correlation
between hardness and o -martensite volume content.

observed. On the other hand, the formation of « -martensite
can be observed from the first level of deformation by the
presence of peaks o ’(110), ¢ ’(200), and & ’(211).

The volume percentage of o -martensite obtained by
the Austenite module of the Analyze software is shown in
Figure 8a. An increase in the percentage of o -martensite is
observed, reaching 88% in the sample with 30% deformation
compared to the sample with 0% deformation, where the
martensite percentage is 6%. The reduction in the percentage
of a’-martensite at positions -30 mm and +30 mm is due
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to a lower level of deformation at these points, which, it is
worth noting, are outside the analysis area considered in
tensile test. Figure 8b demonstrates the expected increase in
hardness values with the increase in the volume percentage
of martensite®. According to ASTM E975' standard, the
measurement uncertainty due to random errors related to
retained austenite measurements was estimated at 4% with
a confidence level of 95%. Regarding systematic errors
related to the determination of retained austenite, there
is no estimation of measurement uncertainties because
there is no independent method to determine an acceptable
reference value.

Figure 9a presents the values of dy* measured from
samples with 0%, 15%, and 30% pre-deformation (filled
markers). It is possible to observe that the measurement
uncertainty of the lattice spacing varies with pre-deformation.
This occurs because the proportion of martensite increases
with plastic deformation, as can be seen in the diffraction
patterns in Figure 7, and consequently, the signal of its
diffraction peak intensifies, increasing the signal-to-noise
ratio. In Figure 7, the peaks corresponding to the martensite
phase in the sample without pre-deformation are not visually
evident due to its low concentration of 6%. Conversely,
with the austenite phase, the effect is opposite; the signal-
to-noise ratio worsens with increasing pre-deformation, as
its presence diminishes. The initial estimates for dy* from
samples with 5%, 10%, 20%, and 25% pre-deformation,
interpolated from the data of samples with 0%, 15%, and
30% pre-deformation, are shown in Figure 9a (unfilled
markers). The data in Figure 9a were refined according to
the procedure described in subsection 2.2.

The interplanar spacings in samples under stress (d.*)
and stress-free (do") of the austenite phase y(220) and the
martensite phase o (211) are shown in Figure 9b, where the
two phases are compared. It is a common practice to use d.*
as an approximation of dyf; however, the data in Figure 9b
show differences of up to 0.0015 A between d,* and d,* and
0.0012 A between d.” and dy, indicating that this practice may
result in gross errors in the analysis of residual stresses in
AISI 304 steel. A significant difference in the values of dy* and
d.* in both phases can be observed from the sample without
pre-deformation compared to the pre-deformed samples. This
difference may be due to the thermomechanical processes
that the samples underwent. Since the raw material is a sheet,
the stress state in the as-received (AR) sample is presumably
due to the rolling process. There is not enough information
to infer the rolling temperature of the raw material, but,
considering that there is presence of martensite phase only
on the surface (Figure 7), one can conjecture assuming that
the rolling was done at high temperature, but the surface lost
heat between the heating stages and the final rolling pass.
On the other hand, the pre-deformed samples experienced
cold tensile deformation without any input of heat, which
can significantly alter the microstructure compared to a
sample deformed at high temperature.

The standard residual stress analysis in the longitudinal
direction (01,* — 035*) and transverse direction (o1,* — 633"),
macroscopic residual stresses ¢1,"*"° and 6,,"*"°, and
pseudo-macrostress o11* and o2 are shown in Figure 10a
and Figure 10D, respectively.
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Figure 9. Interplanar spacing of austenite y(220) and martensite
a’(211) as a function of pre-strain deformation. a) measured data
and interpolations and b) refined values of do* and d.*.
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Figure 10. Surface residual stresses evolution in the (a) longitudinal
and (b) transversal directions, as a function of pre-strain deformation.

The value of standard surface residual stresses (61, —0633%),
shown in Figure 10a for the as-received sample (0% pre-

deformation) was -377 MPa, while upon applying loading,
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the values became tensile, reaching a maximum of 577 MPa
if the a’(211) phase is analyzed. Upon analyzing the values
of 01,*, changes in stress value can be observed from
-720 MPa compressive in the unloaded sample to 590 MPa
tensile in the sample deformed by 5%. The residual stresses
in the y(220) phase exhibited the same behavior as those
obtained in the a’(211) phase, but to a lesser extent. The
(o1 — 037) stresses ranged from a minimum of -82 MPa in
the 0% pre-load sample to a maximum of 428 MPa in the
30% pre-load sample. The ;" stresses ranged from -64 MPa
to 504 MPa, similar to the values of ¢y,"*", which ranged
from -103 MPa to 482 MPa. The values of residual stress
in the longitudinal direction, from the 5% pre-deformation
onwards, did not show significant changes with increasing
applied load.

The initial state of residual stresses in the as-received
sample can be attributed to the thermo-mechanical rolling
process, which is known to result in residual stresses in AISI
304 sheets® and is generally employed in the manufacturing
of metallic sheets. After tensile deformation, the tensile
residual stresses can be attributed to the minor plastic
deformations suffered by the surface compared to the core.
Since the thermo-mechanical processes are not uniform in
the manufacturing of the raw material sheet, the surface
presumably has a higher yield strength than the core. An
indication of this is the presence of martensite on the surface,
which is absent in the core, as can be seen in the diffraction
patterns in Figure 7. Having a higher yield strength, the
surface will experience less plastic deformation than the
core, and thus, the elastic recovery of the surface will be
greater. However, the elastic recovery of the surface will be
hindered by the core, generating tensile residual stresses,
as those observed in Figure 10a. Another indication that
supports this hypothesis can be found in Figure 11a, where
the residual stresses at 0.05 mm and 0.1 mm are considerably
lower than the residual stresses at the surface, considering
the samples with pre-deformation.

On the other hand, the residual stresses in the transverse
direction in Figure 10b exhibited a compressive state in all
analyzed samples, tending to zero with increasing loading.
The unloaded sample showed standard residual stresses
(02," — 033") with compressive values of -543 MPa and
-259 MPain the . '(211) and y(220) phases, respectively. The
stresses o," and 6, for the unloaded sample showed values
of -887 MPa and -240 MPa, respectively. The stresses in the
loaded samples, on the other hand, ranged from -310 MPa
(5% pre-load) to 0 MPa (30% pre-load). It is expected that
uniform plastic deformations relieve the residual stresses of
a given component, especially in the direction transverse to
the loading. The results of residual stresses in the transverse
direction indicate that the plastic deformations, up to the
25% pre-deformation, imposed on the components were
not sufficient to achieve complete relief of residual stresses.

The subsurface residual stresses a* shown in Figure 11a
also do not change with increasing loads beyond 5%. However,
there is a significant reduction of over 400 MPa in the value
of subsurface stresses compared to surface stresses. On the
other hand, the subsurface residual stresses ,,* showed
surface values around -300 MPa, while at a depth of 0.1 mm,
the stresses remained between -100 MPa and 0 MPa, as can
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Figure 11. Residual stress evolution in martensite (211) and austenite
(220) phases, as a function of pre-strain deformation, at different
depths in the (a) 11 direction and (b) 22 direction.

be seen in Figure 11b. It was not possible to calculate oy,*
and 0" ata depth of 0.1 mm in the as-received and 5% pre-
deformed samples because the martensite fraction in these
samples is not sufficient for the identification of the respective
diffraction peaks. The results found at depth of 0.1 mm can
be compared with the predictions of Msolli et al.', taking
into account the measurements uncertainties, which found
low compressive residual stress in austenite and significant
tensile residual stress in martensite.

In relation to residual stress measurements by X-ray
diffraction, the measurement uncertainty due to random errors
is 20 MPa. The measurement uncertainty due to the fitting of
the 20 curve by intensity, which is based on the signal-to-noise
ratio, was defined as a maximum of 10% of the measured value.
According to ASTM 2860%" standard, there is no estimation
of measurement uncertainties for systematic errors in residual
stress measurements because there is no independent method
to determine an acceptable reference value.

3.3. MWM

Figure 12a shows the variation of magnetic permeability
relative to air, measured on the surface and at 50 um depth,
and 100 um depth using the MWM-array system. Subsurface
measurements were conducted after removing a layer from
the samples. The equipment performs measurements using
three different frequencies. It can be observed that there is
no significant variation in magnetic permeability between
the sample with 0% and 5% applied deformation. However,
the relative magnetic permeability increases with applied
deformation due to the evolution of ferromagnetic martensite
during the induced transformation. The permeability is
reduced with the removal of the layer regardless of the
analyzed frequency. The penetration depth achieved by the
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Figure 12. Permeability variation in different depth and frequencies
as a function of (a) pre-strain deformation and (b) o 'Martensite.

MWNM-array sensor, according to Washabaugh et al.?, varies
with frequency, spatial wavelength of the winding 4, and the
material being evaluated. For stainless steel with a spatial
wavelength of 0.5 inches, the penetration depth is about 2
mm at /=1 kHz and decreases to 0.5 mm at f=1 MHz.

Figure 12b shows the correlation between magnetic
permeability and martensite percentage. It can be observed
that the magnetic permeability does not undergo significant
changes for an o -martensite percentage below 30%, equivalent
to a pre-load of 10%. However, there is a considerable
increase in permeability for percentages greater than 50%
of o-martensite.

According to Cao and Iwamoto®, magnetic permeability
is related to the amount of martensite. As observed in
Figure 8a, the deformation-induced martensite content
measured by XRD on the surface of the specimens increases
with applied load. The same trend is observed in Figure 12,
where magnetic permeability on the surface also increases
with the increasing load in the samples, reaching its maximum
value in the sample with 30% deformation.

Figure 13a, b, ¢, d, and e show the magnetic permeability
C-scan along the surface of the samples with 30%, 25%, 20%,
15%, and 10% deformation, respectively. In Figure 13f, the
profile of relative magnetic permeability is observed by the
sensor position acquired by 3 channels on the surface of all
samples. The frequency used in Figure 13 was 1.31 MHz.
An increase in magnetic permeability with applied load
on the samples is noticeable, and no significant variations
between the channels of the sensor can be observed. The
unloaded sample showed values close to zero of relative
magnetic permeability, with no significant increase with
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Figure 13. C-scan magnetic permeability of the sample with pre-
strain deformation of (a) 30%, (b) 25%, (c) 20%, (d) 15% and (e)
10% deformation. Additionally, (f) the magnetic permeability along
the central line, as measured by encoder position, from channels 3,
4, and 5 for each pre-strain deformation sample.

the application of 5% pre-loading. However, after 10%
deformation, a significant increase in relative magnetic
permeability can be observed.

3.4. Fatigue testing

Figure 14 displays the S-N curve of samples with no
deformation, 5%, 15%, and 25% deformation. It is possible
to observe an increase in maximum stress with the increase
in loading or the percentage of martensite, with the samples
at 25% deformation exhibiting a longer fatigue life than those
with lower deformations. Samples with 25% deformation
showed an ultimate tensile strength of 478 MPa at 10° cycles,
followed by samples with 15% (418 MPa), samples with 5%
(398 MPa), and finally, samples with 0% showing the lowest
ultimate tensile strength of 339 MPa. These results indicate
that increasing the level of pre-strain in metastable AISI
304 austenitic steel samples enhances the ultimate tensile
strength?*!. This is attributed to the increase in dislocation
density caused by the applied deformation?!.

The specimens were subjected to axial tension-tension
fatigue loading, with crack propagation and final fracture
perpendicular to the loading axis, promoting crack initiation
on the surface in most samples. This initiation typically occurs
at the corner of the samples, as shown in Figure 15a, due to
the highest stress concentration at that point. The surface
fatigue crack initiation is facilitated by the tensile stresses that
occur on the surface of samples with induced deformation®*2,
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Figure 15. Fracture SEM image of (a) crack initiation region (5%
pre-strain) and (b) region of stable crack propagation end (15%
pre-strain).

In Figure 15b (green arrow), the presence of striations
indicating fatigue failure can be observed®. However, these
striations are not present in the stable crack propagation
region but rather in the region preceding the final fracture
zone. In this region, the loading is higher, and the material is
already in the final phase of fatigue life. Associated with the
striations, it is also possible to observe dimples (red arrow in
Figure 15b), which are linked to the microvoid coalescence
that occurs in the final fracture of the fatigue-tested specimen.
This phenomenon is attributed to the remaining section
exhibiting high ductility®34.

4. Conclusions

*  Asexpected, the increase in tensile load led to an
increase in the percentage of martensite in the AISI
304 austenitic steel specimens.

e There is a significant increase in residual stress
values between samples with 0% deformation and
5% deformation.

e There are no significant changes in residual stress
values with the increase in the percentage of
martensite.

e The samples with higher fatigue resistance were
those with 25% deformation or a higher percentage
of martensite.

e Theincrease in magnetic permeability with percentual
applied deformation is captured adequately by
the MWM-Array method, which proves to be an
interesting non-destructive technique for rapid
scanning of components. The method generates
an indicative map of martensitic transformation
in different regions of AISI 304 steel-formed parts.
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