@ Springer
Dear Author,

Here are the proofs of your article.

* You can submit your corrections online, via e-mail or by fax.

* For online submission please insert your corrections in the online correction form. Always
indicate the line number to which the correction refers.

*  You can also insert your corrections in the proof PDF and email the annotated PDF.

* For fax submission, please ensure that your corrections are clearly legible. Use a fine black
pen and write the correction in the margin, not too close to the edge of the page.

* Remember to note the journal title, article number, and your name when sending your
response via e-mail or fax.

*  Check the metadata sheet to make sure that the header information, especially author names
and the corresponding affiliations are correctly shown.

*  Check the questions that may have arisen during copy editing and insert your answers/
corrections.

*  Check that the text is complete and that all figures, tables and their legends are included. Also
check the accuracy of special characters, equations, and electronic supplementary material if
applicable. If necessary refer to the Edited manuscript.

* The publication of inaccurate data such as dosages and units can have serious consequences.
Please take particular care that all such details are correct.

* Please do not make changes that involve only matters of style. We have generally introduced
forms that follow the journal’s style.
Substantial changes in content, e.g., new results, corrected values, title and authorship are not
allowed without the approval of the responsible editor. In such a case, please contact the
Editorial Office and return his/her consent together with the proof.

* If we do not receive your corrections within 48 hours, we will send you a reminder.

* Your article will be published Online First approximately one week after receipt of your
corrected proofs. This is the official first publication citable with the DOI. Further changes
are, therefore, not possible.

* The printed version will follow in a forthcoming issue.
Please note

After online publication, subscribers (personal/institutional) to this journal will have access to the
complete article via the DOI using the URL: http://dx.doi.org/[DOI].

If you would like to know when your article has been published online, take advantage of our free
alert service. For registration and further information go to: http://www.link.springer.com.

Due to the electronic nature of the procedure, the manuscript and the original figures will only be
returned to you on special request. When you return your corrections, please inform us if you would
like to have these documents returned.


http://www.link.springer.com

Metadata of the article that will be visualized in

OnlineFirst

Please note: Images will appear in color online but will be printed in black and white.

ArticleTitle

Correlation Between Microstructure and Mechanical Properties Before and After Reversion of Metastable

Austenitic Stainless Steels

Article Sub-Title

Article CopyRight

Journal Name

The Minerals, Metals & Materials Society and ASM International
(This will be the copyright line in the final PDF)

Metallurgical and Materials Transactions A

Corresponding Author Family Name Fargas
Particle
Given Name Gemma
Suffix
Division CIEFMA - Departament de Ciéncia dels Materials i Enginyeria Metalltirgica
Organization Universitat Politécnica de Catalunya (CIEFMA-UPC)
Address Avda. Diagonal 647, 08028, Barcelona, Spain
Email gemma.fargas@upc.edu
Author Family Name Zapata
Particle
Given Name Ana
Suffix
Division CIEFMA - Departament de Ciéncia dels Materials i Enginyeria Metalltrgica
Organization Universitat Politécnica de Catalunya (CIEFMA-UPC)
Address Avda. Diagonal 647, 08028, Barcelona, Spain
Email
Author Family Name Roa
Particle
Given Name Joan Josep
Suffix
Division CIEFMA - Departament de Ciencia dels Materials i Enginyeria Metallurgica
Organization Universitat Politécnica de Catalunya (CIEFMA-UPC)
Address Avda. Diagonal 647, 08028, Barcelona, Spain
Email
Author Family Name Sapezanskaia
Particle
Given Name Ina
Suffix
Division CIEFMA - Departament de Ciéncia dels Materials i Enginyeria Metallurgica
Organization Universitat Politécnica de Catalunya (CIEFMA-UPC)
Address Avda. Diagonal 647, 08028, Barcelona, Spain
Email
Author Family Name Mateo



Particle

Given Name Antonio
Suffix
Division CIEFMA - Departament de Ciéncia dels Materials i Enginyeria Metallurgica
Organization Universitat Politécnica de Catalunya (CIEFMA-UPC)
Address Avda. Diagonal 647, 08028, Barcelona, Spain
Email
Received
Schedule Revised
Accepted
Abstract Reversion treatments are a way to improve the mechanical response of metastable austenitic stainless steels

by means of grain refinement. To effectively apply those treatments, the steel must be previously deformed
to induce a significant amount of martensitic transformation. In this work, the effect of reversion
treatments was studied on a commercial AISI 301LN grade subjected to an industrial cold rolling process,
with thickness reductions not higher than 40 pct. Microstructural changes and evolution of both monotonic
and cyclic mechanical properties were investigated after cold rolling and upon reversion treatments.
Results revealed that the finer austenitic microstructure obtained after reversion leads to an interesting
combination of properties, with strong increments in hardness and yield strength, and also fatigue limit
improvement, as compared to the initial annealed condition.

Footnote Information Manuscript submitted on December 11, 2014.




Journal: 11661
Article: 3178

@ Springer

Author Query Form he language of science

Please ensure you fill out your response to the queries raised below

and return this form along with your corrections

Dear Author

During the process of typesetting your article, the following queries have arisen. Please
check your typeset proof carefully against the queries listed below and mark the
necessary changes either directly on the proof/online grid or in the ‘Author’s response’

area provided below

Query Details required Author’s response

Figure 10 | As per the information provided by
the publisher, Fig. 10 will be black
and white in print; hence, please
confirm whether we can add “colour

figure online” to the caption.

General Please check the edits made
throughout the article and amend as

required.




Author Proof

1
2

3

Correlation Between Microstructure and Mechanical
Properties Before and After Reversion

@ CrossMark

, of Metastable Austenitic Stainless Steels

23

24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

GEMMA FARGAS, ANA ZAPATA, JOAN JOSEP ROA, INA SAPEZANSKAIA,

and ANTONIO MATEO

Reversion treatments are a way to improve the mechanical response of metastable austenitic
stainless steels by means of grain refinement. To effectively apply those treatments, the steel
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I. INTRODUCTION

IN the past years, the demand for lightweight vehicles
in order to reduce fuel consumption and also contam-
inant emissions has created interest in new materials to
replace the classical carbon steel grades.!"! Austenitic
stainless steels are presented as potential candidates for
structural parts due to their excellent formability,
weldability, and work hardening properties together
with high corrosion resistance and high energy absorp-
tion capabilities. The main drawback is their relative low
yield strength. It is well known that the addition of
nitrogen is a way to improve mechanical properties by
solid-solution strengthening.”*! Nevertheless, there is a
limit for nitrogen solubility and problems with hot
ductility may also appear. Strengthening by grain
refining from dynamic recrystallization is another
strengthening path, but severe deformations and high
recrystallization temperatures are required.”

Among the austenitic stainless steels, those with
thermodynamically metastable austenite at room tem-
perature can be strengthening by grain refining applying
thermo-mechanical processes. The procedure involves
cold deformation of austenite to form strain-induced
martensite followed by short annealing to revert the
martensite into austenite. The amount of martensite
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created depends on processing parameters such as
temperature and deformation rate,”) as well as on the
steel composition.'”) Numerous investigations have
shown that ultrafine and even nanograined austenite
microstructures obtained from heavy cold rolling shows
an excellent combination of mechanical strength and
ductility®® '” and also excellent fatigue strength!'"!
together with a higher corrosion resistance as compared
with cold-rolled steel.!'”

AISI 301LN austenitic stainless steel is one of the
commonly used stainless steel grades for light vehicles
due to its excellent combination of formability and
corrosion resistance. Thanks to its capability to trans-
form to martensite under deformation; earlier studies
have demonstrated that grain refinement up to ultra-
fine-grained austenite is feasible by means of reversion
treatments. Those studies applied severe cold rolling
deformation (45 to 77 pct of thickness reduction) to
achieve final improvements in strength, ductility, and
fatigue behavior."> 1% On the other hand, a recent work
carried on by Huang et all'” studied the effect of
annealing temperature and time on the grain size of
reversed austenite from 5 to 70 pct of strain-induced
martensite obtained by advanced thermo-mechanical
process, where cold rolling groceeds at 273 K (0 °C).
Nevertheless, some authors!'®!”! have noticed that the
large amount of plastic deformation necessary for grain
refinement requires special procedures to be efficient and
that the resulting microstructure presents large variation
in morphology which causes significant scatter in
mechanical properties. In this sense, the present work
is focused on conventional industrial process concerning
the effect of cold rolling with a thickness reduction not
higher than 40 pct range where no observations or data
have been published to the authors’ knowledge. Corre-
lation between microstructure and mechanical
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properties before and after reversion has been per-
formed regarding 10, 20, and 40 pct cold-rolled samples.
Microstructural evolution was analyzed by field emis-
sion scanning electron microscopy (FESEM) and elec-
tron back-scattered diffraction (EBSD) and mechanical
properties evaluated by tensile testing, hardness, and
also high-cycle fatigue (HCF) tests.

II. EXPERIMENTAL PROCESS

The experimental material was a commercial AIST 301
LN austenitic stainless steel (corresponding to standard
EN 1.4318) provided by OCAS NV, Arcelor-Mittal
R&D Industry Gent (Belgium). The chemical composi-
tion achieved by UV-Vis spectroscopy on a sample of
the studied steel randomly selected was (in wt pct):
Fe-0.03C-17.36Cr-7.18Ni-1.68Mn-0.23Mo0-0.55Si-0.14N.
Sheets of 1.5 mm in thickness were supplied in four
different conditions: the steel named AR was subjected
to cold rolling, annealing, and pickling. The cold rolling
was carried out following 12 passes to achieve a
thickness reduction of 75 pct. Then, the steel was
annealed at 1323 K to 1353 K (1050 °C to 1080 °C)
for 10 minutes to recrystallize the deformed microstruc-
ture. All oxide scales were removed by passing the strip
through several consecutively mixed acid pickling baths,
and then finished off with high pressure water rinsing.
The three other conditions had an additional last cold
rolling step performed to achieve different percentages
of martensite. The thickness reductions were 10, 20, and
40 pct, for S1, S2, and S3 condmons respectively.

Con31der1ng prev1ous results,”?” the annealing for the
complete reversion to austenite microstructure was
carried out at 1023 K (750 °C) for 10 minutes. Samples
subjected to this treatment are called RS1, RS2, and
RS3, respectively.

Microstructural characterization was performed on
the rolling plane. For optical microscopy observations,
an Olympus LEXT light optical microscope was used
with confocal laser scanning mode. Samples were
ground and polished up to 1 um and then electro-pol-
ished with 65 pct nitric acid solution at 12 V in order to
remove martensitic transformation induced during sur-
face preparation. Electro-etching at 1.5 V with the same
solution revealed austenitic grains. 15 images of each
studied steel condition were randomly selected and
characterized by image analysis in order to determine
the average grain size.

The phase components were identified by X-ray
diffraction with Copper radiation on a Bruker D8
Advance equipment. Determination of martensite con-
tent was carried out by the method corresponding to
reference intensity ratio (RIR), according to ASTM
E975-03.%! This method allows determlnmg the mass
fractions of austenite and martensite using Eq. [1]

Xy _ RIR«/ Ly, observed
X/ RIRI/ ],, observed

Iy, reference [1]
b}
I of, reference

where X and X, are the mass fractions of o’ -martensite
and y-austenite, respectlvely, RIR, and RIR,, are their

2—XXX

respective RIRS; Iopserved @Nd Lieference are the observed
and the reference intensities.

EBSD scans were performed in a JSM-7001F FESEM
equipped with Channel 5 system (HKL Technology),
operating at 20 kV with samples tilted at 70 degrees.
EBSD measurements were performed at 50 nm of
scanning steps with beam currents of 9 nA.

Vickers hardness was measured with a MKV-HO de
Akashi tester using a 0.1 kg load. Ten indents were
carried out for each steel condition in order to determine
the average hardness value. Nanoindentation tests were
performed by a MTS Nanoindenter XP instrument
equipped with continuous stiffness measurement mod-
ulus. The characterization was performed with a
Berkovich tip indenter and the mechanical integrity, in
terms of hardness and elastic modulus, was analyzed
using the Oliver and Pharr method.” 23 ] The indenter
shape was carefully calibrated with a fused silica
standard sample. Tests were carried out at a constant
deformation rate of 5 x 10 %s~'. The mechanical
response for each specimen was assessed as the average
behavior of 25 indentations, organized in a regularly
spaced 5 by 5 array, at 500 nm penetration depth. A
constant distance between each imprint of 50 um was
kept in order to avoid any overlapping effect.

Tensile testing was carried out at room temperature
using an INSTRON 8562 computerlzed umversal testing
machine accordmg to ASTM E 8-04,*% at a strain rate
of 4 x 107*s7'. Yield strength (o,,), ultimate tensile
strength (GUTS), and ductility were measured for all
studied steel conditions with samples were machine
aligned to rolling direction. Regarding ductility, percent
elongation (A pct) was computed considering the max-
imum elongation of the gage length divided by the
original gage length (25 mm). In order to determine the
amount of martensite formed during tensile tests,
interrupted tests were performed at 30, 60, and 90 pct
of the total elongation, and samples were extracted for
X-ray diffraction determination.

Considering the tensile properties, a fatigue testing
procedure was stated. It consisted of starting the tests by
applying a maximum load (onax) of 50 pct of the
ultimate tensile strength of the corresponding steel
condition and afterwards, if the specimen was able to
reach 10° cycles without fail, 0., was increased 10 pct,
and so on until fracture, following a staircase
method.” The value of the fatigue limit was determined
using the method proposed by Grove and Campean.®

Flat fatigue samples with hour-glass shape (Figure 1)
were laser machined from the steel sheets. As in the case

BE

JeL
Fig. 1—Schematic  representation of the

(e=15mm, G =15mm, L = 95mm,
W = 3.8 mm).

fatigue  specimens
R = 30 mm, and

METALLURGICAL AND MATERIALS TRANSACTIONS A

-
-~

Journal : MMTA
PIPS No. :
MS Code :

Dispatch : 22-9-2015 Pages: 11
3178 O LE O TYPESET
o cpP O DISK

140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189



Author Proof

190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

205

206

207
208
209
210
211
212
213
214
215
216
217
218
219

of tensile samples, load axis coincided with the rolling
direction. Tests were conducted under load control in a
resonant testing machine Rumul Mikroton, working at
frequencies around 150 Hz. The imposed stress ratio
(R = 0min/omax) Was 0.1. Before tests, samples were
grinded and polished at the sides and corners up to the
same roughness of the sheet surface
(R, = 0.18 £ 0.02 um) in order to avoid premature
fracture due to laser cutting defects as demonstrated by
the authors in a previous study.’”) It was shown that
laser beam produces a significant increase of edge
roughness due to overlapping of molten steel which
causes a strong reduction of fatigue limit. On the other
hand, microstructural changes due to laser heat were not
discerned.

III. RESULTS AND DISCUSSION

A. Microstructural Analysis

Figure 2 shows the X-ray diffraction patterns of the
studied samples. It can be seen that no peaks related to
e-martensite were detected even for the minor reduction.
The fact that e-martensite consists of overlapping
stacking faults!'”?* implies very low intensities so that
it was not identified by this technique. On the other
hand, at increasing cold rolling reduction, austenite
peaks gradually decreased due to the transformation to
o-martensite, whose volume fraction is given in Table 1.
It has to be mentioned that martensite volume content
may differ depending on the technique used,””*” in the
case of X-ray diffraction, measurements are affected by
texture.
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Fig. 2—X-ray diffraction patterns of the studied samples.

Stacking fault energy (SFE) plays a very important
role in the deformation mechanisms. In general, a lower
SFE makes dislocation cross-slip more difficult, result-
ing in less dislocation mobility and promoting marten-
sitic phase transformation. Using the equation suggested
by Schramm and Reed®" (Eq. [2]), the SFE of this steel
results equal to 11.2 mJ/m?. SFE values for the most
common austenitic stainless steels series AISI 300P% are
in the range from 9.2 to 80.3. Therefore, the studied
301LN displays a low value, and as a consequence
deformation of induced martensite increases signifi-
cantly with cold rolling reduction.

SFE (mJ/m?*) = —53 + 6.2(pctNi)
+ 0.7(pctCr) + 3.2(pctMn) + 9.3(pctMo) 2]

The microstructure of the AR condition shows
equiaxial austenitic grains (average grain size of
11.7 £ 4.1 yum) randomly oriented with twins created
during annealing treatment (Figure 3). For cold-rolled
samples, progressive formation of slip bands can be
observed in addition to martensitic transformation
(Figure 4). o/-martensite nucleates mainly at shear
bands intersections and grain boundaries for S1 sam-
ples, even though it extends rapidly across the entire
grain at increasing cold rolling reductions (S2 and S3),
Figure 5. There was no evidence of the presence of
e-martensite even for the minor cold rolling reduction. It
has to be considered that the analyzed microstructures
were not completely resolved by EBSD. As it is well
known, highly deformed grains cannot be reliably
indexed using this technique as Roa er. al.*® observed
for TWIP steels, and in some areas it was not possible to
distinguish between slip bands in austenite and
martensite.

After reversion treatments no peaks of o’-martensite
were detected, even for the samples coming from the
steel condition with the highest percentage of this phase,
i.e., RS3. Microstructural characteristics after reversion
depend on the prior percentage of cold rolling reduction.

m

Fig. 3—EBSD orientation map of annealed sample (AR).

Table I. Volume Fraction of Strain-Induced Martensite as a Function of Cold Rolling Reduction
AR S1 S2 S3
Cold rolling Reduction (pct) 0 10 20 40
Volume fraction of martensite (pct) 0 9+3 28+ 7 38+ 5
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Fig. 4—Microstructure of the studied steel in annealed condition (@) and after cold rolling reductions of: (b) 10 pct, (¢) 30 pct, and (d) 40 pct.

Martensite phase identification by EBSD is enclosed in white dotted lines.

o~ martensite at
shear bands

o’- martensite
grain

Fig. 5—EBSD orientation map of 20 pct cold-rolled sample (S2).

Small amounts of pre-existing martensite (9 & 3 pct),
led to a slight reduction on the average grain size, up to
8.8 £ 2.9 um, compared to 3.8 £ 1.9 and 2.3 £+ 1.5 um
achieved for martensite contents of 28 and 38 pct,
respectively. In this regard, conventional industrial cold
rolling process does not allow reducing grain size such as
severe cold rolling and advanced thermo-mechanical

process, where microstructure becomes ultrafine-
grained (<100 nm) and even nanocrystallined
(<50 nm) [8,10,13-15,1

The wide grain size distribution observed for samples
RS2 and RS3 (Figure 6) points out that austenite
recrystallization takes place in various types of nucle-
ation sites, as demonstrated by Rajasekhara es al.l'”
This feature is typical of diffusion-type reversion mech-
anisms, in contrast with shear-type reversion mechanism
where nucleation is time-independent and no austenite
grain growth is observed.

4—XxxX

B. Monotonic Mechanical Properties

It is well known that mechanically induced martensite
can enhance mechanical properties.****1 As demon-
strated by the data in Figure 7, the higher the percentage
of martensite, the higher the values of yield stress,
ultimate strength, and hardness. It is important to point
out that even for low amounts of pre-existing marten-
site, a relevant yield stress increase was observed. This
becomes clear when yield stress values of AR and Sl
samples are compared, the presence of 9 pct of pre-ex-
isting martensite leads to an increase from 360 to 650
MPa. On the other hand, the gap between yield stress
and ultimate tensile strength becomes narrower as the
cold rolling reduction rises, i.e., the as-received steel
condition displayed a ratio of 0.42 which increased up to
0.97 at cold reduction of 40 pct.

Significant discrepancy still exists in explaining the
strengthening mechanisms of metastable austenitic stain-
less steels and, in concrete, the effect of the strain-in-
duced o'-martensite phase. Since the highly dislocated
o’-phase is much harder than the austenite, some
authors***! consider austenite-martensite mixtures as
composites of soft austenitic matrix with hard martensite
dispersion. Spencer et al**! demonstrated that marten-
site sustains a clearly higher stress than austenite,
concluding that o'-martensite acts as the reinforcing
phase. In that sense, studies developed by Narutani
et al™ for an AISI 301 steel concluded that for high
martensite contents (>20 pct), the strengthening was
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(a

Fig. 6—Microstructure of (¢) RS2 and (b) RS3 samples.
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Fig. 7—Mechanical properties of steel after cold rolling: (a) yield strength, () ultimate strength, (c) hardness, and (d) ductility.

related to the hardening effect of the martensite by itself,
while below this content, the formation of o’-martensite
strengthens the steel by accelerating the dislocation
generation in austenite. This effect was attributed to
the accommodation of the volume expansion related to
the transformation. Moreover, not only the influence of
o-martensite, but also the austenite strengthening, plays
an important role on mechanical properties. As shown in
Figure 8, nanoindentation measurements performed on
austenitic grains revealed the effect of strain-hardening
as increasing cold rolling reduction. The average hard-
ness value displayed for the annealed condition (AR) was
almost 50 pct lower than for cold-rolled sample S3.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Combined contribution of rising martensite transfor-
mation and austenite hardening causes a reduction of
plastic deformation. As it can be observed in
Figure 7(d), the ductility is inversely proportional to
the initial amount of martensite. Numerous studies have
focused on understanding the TRIP effect. The most
widely accepted interpretation* #"! is that not only the
total amount of induced martensite is significant, but
also the rate of transformation for a given plastic strain
and at which point it takes place, are the factors that
govern the ductility. The evolution of martensite trans-
formation shown in Figure 9 demonstrates the validity
of this interpretation. In this sense, for sample S2, whose
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Fig. 9—Stress—strain curves for AR and S3 steel conditions indicat-
ing the percentage of o/-martensite at 30, 60, and 90 pct of their
respective total elongation values.

initial martensite content was 28 pct, transformation
occurs rapidly in comparison with AR, resulting in
abrupt work hardening and, consequently, premature
fracture.

Significant differences can be observed concerning
fracture surfaces of tensile tested specimens. AR showed
high density of dimples, generally associated with high
plastic strain typical of ductile fracture (Figure 10(a)).
For increasing pre-existing o/-martensite, fracture aspect
is progressively shifting towards brittle (Figure 10(b) to
(d)), with faceted areas and microcracks clearly distin-
guished. Assuming that the inclusions volume fraction is
constant and at a very low level, the main embrittlement
mechanisms are expected to be decohesioned at the
austenite-martensite interface or separation of adjacent
islands and localized deformation of martensite.

Figure 11 shows the effect of reversion treatments on
the mechanical properties. It is important to point out
that even small amount of pre-existing martensite (RS1)
influences mechanical properties in such a way that yield
strength achieves values higher than 40 pct comparing
with untreated samples (AR) and with similar ductility.

6—XxXX

In this sense, it is clear that the smaller the grain size
(corresponding to the steel conditions with high per-
centage of pre-existing martensite, RS2 and RS3) the
higher the strength and the hardness. However, the
ductility of the RS3 condition still displays at least
50 pet less ductility than AR samples. Detailed analysis
of fracture surfaces reveals that, although RS3 presented
large number of small dimples compared to AR
(Figure 12), which it is known to increase ductility,
microcracks and cracks randomly distributed on surface
fracture were identified (Figure 13). These microcracks
were also observed in cold-rolled samples S3. In this
regard, it was assumed that contents of pre-existing
martensite from cold rolling were still present in RS3
samples, i.e., incomplete o' — 7 transformation phase
took place during reversion treatments. Thus, for
samples cold rolled at 40 pct thickness reduction (S3),
it is necessary to apply higher temperatures or extend
holding time to achieve fully austenitic microstructure.

It is well known that yield stress and hardness of a
metallic material increase with decreasing grain size. In
particular, the empirical Hall-Petch equation has been
found to express this grain-size dependence.*s*"!
Figure 14 clearly shows this inverse relationship, i.e.,
both yield strength and hardness increase linearly when
d~'? goes from 11.7 um, corresponding to the untreated
steel (AR), up to 2.3 um, value achieved after reversion
treatments (RS3). These results are consistent and
complement those shown by Huang er al®® which
demonstrated that the Hall-Petch relationship for AISI
301LN held well down to 0.74 um of mean austenitic
grain size, while measurements on AISI 301 displayed
deviation at about 3 um grain size..

C. Fatigue Tests

Studies on the fatigue response of metastable stainless
steels report different behaviors depending on the testing
conditions.’® 3" The formation of martensite during
deformation is known to be harmful in the low cycle
fatigue regime, i.e., under strain-control, while a small
amount of martensite can be beneficial in the HCF
regime.

A previous paper presented by the authors?® demon-
strated the possibility of improving the fatigue life of a
metastable austenitic stainless steel by inducing marten-
sitic transformation via torsion deformation previously
to the HCF tests. In the present study, a similar trend
was observed for cold-rolled samples S2 and S3. As
shown in Table II, fatigue limits corresponding to those
steel conditions are significantly higher in comparison
with fully austenite microstructure (AR). After fatigue
tests, X-ray diffraction patterns (Figure 15) revealed
that o-martensite increased up to 44 pct when the initial
microstructure is fully austenitic (AR), while the amount
created for the steel condition with a 28 pct of pre-ex-
isting martensite (S2) grew up 50 pct. As a result,
significant differences were found regarding surface
roughness associated with y — o transformation, i.e.,
0.325 + 0.018 um and 0.198 + 0.021 ym for AR and
S2, respectively, compared with values lower than
0.1 yum Dbefore fatigue tests. These results are in
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Fig. 10—SEM images of the fracture surfaces of tensile samples of: (a) AR, (b) S1, (¢) S2, and (d) S3, yellow arrows indicate the presence of
microcracks and white arrows point to faceted areas.
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Fig. 11-—Mechanical properties of steel after reversion: (a) yield strength, (b) ultimate strength, (c¢) hardness, and (d) ductility.
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Fig. 13—SEM images of the fracture surfaces of tensile samples of: (¢) Annealed steel (AR), and (b) Reverted condition (RS3), (¢, d) Magnifica-

tions of cracks observed in figure b.
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agreement with several studies which have pointed out
that volume expansion associated with the martensitic
transformation lead to the components distortion,
dimensional changes, and even failure under extreme
working conditions.’*>” Moreover, authors demon-
strated in a previous study carried out on the same steel
[58] . .
grade,” that the amount of martensite formed during
the first cycles of fatigue tests remains almost stable and
martensite plates grow in height but neither in width nor
in length. In this sense, it is assumed that higher
roughness induces fatigue nucleation sites which dra-
matically influence fatigue behavior. In this regard, AR
samples display higher “‘fatigue sensitivity”” compared to
S2 and S3. This parameter introduced by Fleck ez al.,*”!
is defined as the ratio between the maximum stress that

the specimen is able to reach after 10° cycles without fail
and the ultimate tensile strength [l — (0max/0uTs)]-
Fatigue sensitivity ranges from 0 to 1, so values closer
to 0 indicate less sensitivity to fatigue. In that sense,
results shown that at increasing percentage of pre-exist-
ing martensite, i.e., S1 to S3, fatigue sensitivity progres-
sively decreases becoming half of the value displayed for
the fully austenitic steel (AR).

Grain size refinement achieved by reversion treat-
ments led to fatigue limits clearly higher than the value
corresponding to AR condition, Table III. This effect
was more pronounced for samples RS2 and RS3, but
even for the steel condition with the lowest percentage of
pre-existing o’-martensite (RS1) an increase of 12 pct on
fatigue limit was measured. This is consistent and

1000+
A 340- %
320+
800 ) -
o E
% . o 300
T . >
o 600 T 2804
i ] 260+ %
400{ . %
i 240 -
03 04 05 06 07 03 04 05 06 07
d-1/2 (um) d>1/2 (Hm)
(a) (b)
Fig. 14—Dependence of the grain size on: (@) yield strength and () hardness.
Table II. Fatigue Limit and Fatigue Sensitivity for Studied Table III. Fatigue Limit and Fatigue Sensitivity After
Steel Conditions Reversion Treatments
Steel Conditions AR S1 S2 S3 Steel Conditions AR RS1 RS2 RS3
Omax (MPa) 570 £ 56 680 £ 49 895 + 71 956 + 88 Omax (MPa) 570 £ 56 640 + 44 795 £ 58 880 £ 43
Fatigue sensitivity 0.37 0.30 0.20 0.18 1 — (6max/outs) 0.37 0.30 0.22 0.15

oL (110)
oL (200)

“ After
fatigue

After Il
s fatigue
= BB 8 ~ = g
=z S & < = = <
= = = = = =1z =
I l L AR ° LJES__J‘:'-___ S2
40 60 80 100 40 60 80 100
20 20
(a) (b)
Fig. 15—X-ray diffraction patterns of the annealed (AR) and cold-rolled (S2) samples after 10° fatigue cycles.
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Fig. 16—Effect of grain size on fatigue sensitivity.

Strain-induced
martensite

Fig. 17—Slip bands and strain-induced martensite after fatigue tests
on annealed steel (AR).

complements earlier investigations!'®®” carried on
reverted AISI 301LN steel with higher percentages of
pre-existing o’-martensite (>80 pct) than those studied
in this work. It was also observed that y — &’ phase
transformation was significantly reduced at decreasing
grain size. After fatigue tests, the amount of strain-in-
duced martensite was close to 44 pct for the AR, while
reverted samples (RS3) showed values not higher than
23 pet. As some authors have demonstrated,'®’ ¥ basi-
cally two reasons can explain this behavior: the higher
strength of fine-grained austenite which slows up the
strain-induced martensite formation and the increasing
of SFE due to grain refinement, taking into account that
higher SFE means higher austenite stability.

Another important feature achieved by reverted
austenite microstructure is the progressive reduction of
fatigue sensitivity as grain size decreases (Figure 16).
SEM analysis performed in plain view areas close to the
fracture surface revealed the formation of intensive slip
bands crossing the grains for the condition with bigger
grain size (AR), Figure 17, compared to RS3 samples
where less density of slip bands was observed. This trait,
even observed for ultrafine-grained and nanocrystalline
microstructures,!>'® together with lower fatigue-in-
duced martensite content at the samples surface and
its Corresé?onding volume expansion (as much as
4 pct)4%° was assumed to be critical to reduce crack
nucleation sites and as a consequence fatigue sensitivity.

10—xxx

IV. CONCLUSIONS

The effect on microstructural characteristics and
mechanical properties, both monotonic and cyclic, of
the martensite induced by industrial cold rolling pro-
cesses, with a thickness reduction up to 40 pct, was
analyzed. Moreover, the influence of reversion heat
treatments, that remove martensite and lead to a smaller
austenitic grain size, was studied too. The following
conclusions can be extracted concerning the influence of
strain-induced martensite:

— No evidence of e-martensite was detected on the
studied cold-rolled samples. The formation of
o/-martensite develops mainly at shear bands and
increases progressively with the cold rolling reduc-
tion, but not linearly.

— Small amounts of o’-martensite, formed after 10 pct
of cold rolling, increase more than 50 pct the yield
stress, as compared with AR, whereas after 40 pct of
cold working yield stress triplicates the initial one.

— Cold rolling has a positive effect on the fatigue limit
too. o'-martensite formed by 10-pct cold rolling
enhanced fatigue limit around 20 pct compared to
AR. Higher cold working levels allowed values 60 pct
higher.

With regard to the effect of reversion treatments, it
can be stated that:

— Reversion treatments demonstrated to be a feasible
way to obtain grain refinement, simultaneously
avoiding the presence of martensite. The average
austenitic grain size decreased by 25 pct for samples
with 10 pct of cold working reduction, whereas
80 pct of grain refinement was reached after 40 pct
of cold rolling.

— Hall-Petch relationship between austenite grain size,
yield strength, and hardness works well for reversed
microstructures ranging from 0.29 to 0.66 um.

— Even for small amounts (less than 10 pct) of pre-ex-
isting martensite reversion treatments provided a
significant increment (40 pct) on yield stress over the
AR.

— Upon reversion, enhanced fatigue limit, as compared
to AR, was measured for specimens previously
subjected to 20 pct and 40 pct of cold rolling
reduction. On the other hand, less intensively rolled
samples (only 10 pct of reduction) did not display a
higher fatigue limit.
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