Influence of Phase Transformations on the Mechanical
Properties of High-Strength Austenitic Fe-Mn-Cr Steel
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The influence of Cr and N additions on the mechanical properties of a Fe-Mn-C steel was investigated.
The chemical composition was found to have a pronounced effect on the strain-hardening behavior, due
to the strain-induced sequence of the y — & — o' martensitic transformations. It was found that Cr and
N suppress this transformation sequence. At Cr levels higher than 7.5 mass pct, no «' martensite was
formed, which led to a pronounced improvement of the ductility. The differences in transformation behav-
ior can be attributed to the change in the intrinsic stacking-fault energy (ISFE): in the compositional range
studied, Cr and N additions cause an increase of the ISFE.

I. INTRODUCTION

COMPARED to ferritic steels, austenitic steel grades
have much better strength-ductility properties. Tensile
strengths of over 800 MPa, combined with elongations of
over 50 pct, are readily achieved. The low intrinsic stack-
ing-fault energy (ISFE) of austenitic steels inhibits easy cross
slip, thereby increasing the strain-hardening rate. Moreover,
some austenitic ferrous alloys can transform into martensite,
which further leads to enhanced strain hardening. These
effects delay necking and are very effective in increasing
both the strength and ductility of the material.

For specific applications, e.g., automotive structural parts
that must absorb the impact energy during a crash event, a
combination of high strength and ductility is desirable. The
most important indicators for the way a structural member
can absorb energy are the yield strength and the strain-hard-
ening coefficient of the material it is made of. It is favorable
to have a sustained degree of strain hardening during the defor-
mation. There are several options available to achieve this
type of behavior. A first possibility is standard transforma-
tion-induced plasticity (TRIP), where austenite transforms to
o' martensite during deformation, thus, locally hardening
the material and preventing further deformation and necking
in the deformed region. This type of behavior is observed,
e.g., in the meta-stable stainless austenitic-grade AISI 301 or
low-alloy C-Mn-Si TRIP steels. Another option to achieve a
high strain-hardening rate is through mechanical twinning,
i.e., twinning-induced plasticity. In this case, austenite forms
very thin mechanical twins, which results in smaller-sized
grains by grain segmentation. The present study makes it pos-
sible to compare differences in transformation and twinning
behavior during deformation and relate these differences to
the mechanical properties of the alloys studied.

Most austenitic steels are stainless (Cr > 12 pct) and use
Ni as the main austenite-stabilizing element. The Cr content
can be lowered for the intended application, because the
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forming properties of the steel are more important than its
corrosion resistance. Alternatives for the Ni additions include
Mn, C, and N. In this work, the properties of five different
Fe-18Mn-0.25C alloys with varying amounts of Cr and N
were studied. In binary Fe-Mn austenitic steels containing
less than 30 mass pct of Mn, the microstructure contains
both austenite and martensite. The martensite is mainly o'
martensite (bce/bet) at low Mn contents and & martensite
(hcp) at higher Mn contents. Schumann' studied the marten-
site-start temperatures in the binary Fe-Mn system and found
that austenite and «’ martensite are the phases present at
room temperature for alloys with up to 15 pct Mn. Between
15 and 27 pct Mn, the microstructure consists of &€ marten-
site and austenite, while alloys with over 27 pct Mn are fully
austenitic. Both o’ martensite and & martensite can be ther-
mally induced, stress induced, or strain induced.

The formation of strain-induced & martensite is usually
explained using the model illustrated in the schematic rep-
resentation shown in Figure 1. In fcc metals and alloys with
a low ISFE, an intrinsic stacking fault originates from the
dissociation of a perfect dislocation into two Shockley par-
tials. An example of a possible dislocation reaction is given
in Formula [1].

a

S [110] -2 121] + 2 [211] [1]

6 6

When the first Shockley partial moves through the mater-
ial, the stacking sequence of the close-packed planes in the fcc
structure changes. This can be presented as follows. Consider
the ABCABCABC stacking of close-packed planes in fcc met-
als and the ABABAB stacking in hcp metals. When a Shock-
ley partial dislocation passes through a B plane and a C plane
in the material, the slipped material is shifted in such a way
that a C plane comes into the original A position, an A plane
comes into the original B position, and a B plane comes into
the original C position. This means that a small area with hcp
stacking is formed within the fcc material, which is an intrin-
sic stacking fault. By a suitable pole mechanism, identical par-
tial dislocations on every second {111} lattice plane, with
respect to its neighbors, can move through the fcc mother phase
and generate a thin e-martensite plate.

Putaux and Chevalier” have shown that thermally induced
& martensite always grows in three different variants, each
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Fig. 1—Schematic representation of the stacking fault-based model for the
e-martensite nucleation.

related to another set of Shockley partials on the same close-
packed plane, in order to minimize the transformation strains
in the austenite. Strain-induced & martensite grows by the
multiplication of only one type of Shockley partial on the
close-packed plane, namely, the one which is oriented pref-
erentially with respect to the applied deformation.

An intrinsic stacking fault can be considered to be a thin,
four-lattice-plane thick, e-martensite crystal. If slip on every
second close-packed plane is considered, a sequence of intrin-
sic stacking faults forms a large hcp region forming the
e-martensite plates. It is clear that the ISFE of the material,
which is proportional to the chemical driving force (AGY~®)
for the (y—e) transformation,® will be an important para-
meter in the probability to form & martensite. A low ISFE
implies that stacking faults can readily be formed in the
austenite, so it can be expected that a low ISFE promotes
the presence of € martensite. As mentioned before, both ther-
mally and strain-induced «' martensite can also be formed
in Fe-Mn-based alloys. Strain-induced &’ martensite can
nucleate at the intersection of deformation bands in austen-
ite. Olson and Cohen described the principle of «'-marten-
site nucleation at intersections of slip bands in austenite,*
based on the model for the transition of an fcc lattice into
a bec lattice, originally proposed by Bogers and Burgers.’
The mechanism is illustrated in Figure 2. According to the
Bogers—Burgers model, the shear needed to transform an fcc
lattice into a bcc lattice can be divided into two invariant-
plane strains, which can take place successively or simul-
taneously. The first component corresponds to one-third of
the twinning shear in an fcc lattice with a displacement of
as../18 <112>. This is denoted as T/3 in Figure 2. This T/3
shear can be achieved by an array of a;,./6 <112> Shockley
partial dislocations, averaging one over every third {111},
glide plane. The second shear component corresponds to
one-half of the twinning shear in an fcc lattice, denoted as
T/2 in Figure 2. The displacement, in this case, can be
described by ag. /12 <112> when referring to the fcc lat-
tice and a,./8 <110> when referring to the bcc lattice.
Similar to the T/3 shear, the T/2 shear can be accomplished
by an array of a;../6 <112> Shockley partial dislocations,
averaging one over every second {111} plane in this
case. It is clear from the model for e-martensite formation
that this T/2 shear is an alternative way to describe the
formation of an hcp structure. It should be noted, how-
ever, that the exact T/2 shear is valid for a hard-spheres
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Fig. 2—Schematic illustration of the nucleation of «’ martensite at the
intersection of deformation bands in austenite.*

model. This implies that a shuffle of the atoms over
ag/12 [112] on every second basal plane of the & marten-
site is needed to form the exact T/2 structure. It can be shown
that this shuffle transforms the (1011)}1Cp plane, on which
the dislocations are most likely to glide in £ martensite, into
a uniformly distorted (111). plane. If the T/3 partial dis-
locations piled up at the interface of the e-martensite lath
pass on these uniformly distorted planes, the result will be
a perfect bee structure. A commonly observed form of «'-
martensite nucleation at intersections is the case with two
intersecting e-martensite laths.* As argued before, this is
easy to fit into the model for the T/2 shear, since only a
small shuffle of atoms is needed to form a perfect T/2 sheared
region from e martensite. This is not so evident for the
T/3-shear case. Olson and Cohen present two possibilities
to solve this problem. The first option is that it can be
assumed that the strain-induced e martensite is heavily
faulted, so that there exist regions where the local average
shear matches the shear of a T/3 partial dislocation array.
The second option is for the case of relatively perfect
e-martensite laths. In such a case, the T/3 shear can be
achieved when one-third of the dislocations trying to pass
into the T/2 sheared region stay behind at the interface. This
mechanism would then provide a semicoherent interface.
The T/3-T/2 shear intersection can also be applied for other
intersections of sheared regions in fcc metals, e.g., the inter-
section of an e-martensite lath intersecting an fcc twin bound-
ary. As the o’ martensite has a larger volume per atom
than austenite, the model implies considerable coherence
strains in the austenite. It can be expected that these
coherency strains will be relaxed through plastic deforma-
tion and possibly a rigid-body rotation. This may influence
the orientation relationship between the different phases.
An important parameter influencing the amount of o’
martensite and & martensite is the ISFE. It has been reported
that e martensite can be formed when the ISFE is lower than
15 to 20 mJm ™23 Allain et al.® have found that the strain-
induced y—e transformation can occur for ISFE values lower
than 18mJm ™2 and that mechanical twinning can occur for
ISFE values between 12 and 35 mJm 2. The influence of
alloying elements on the ISFE is not unambiguous. It depends
on the type and concentration of other alloying elements.
In the binary Fe-Mn system, Mn has been reported to lower
the ISFE at low concentrations. For higher concentrations, Mn
results in an increase of the ISFE, as is shown in Figure 3.
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Fig. 3—Evolution of stacking-fault energy at room temperature according
to Schumann,® Lee et al.,” and Volosevich et al.'® The phase composition
in the binary Fe-Mn system as proposed by Schumann' is also shown.

Schumann found a minimum value of 12 mJm~?2 for a Mn
content of 14 pct,® while Lee et al. found a value of 3 mJm >
for a Mn content of 13 pct.” Volosevich et al. found a mini-
mum value of 15 mJm~2 at 22 pct Mn.!? Lee et al. have ques-
tioned the validity of the data reported by Volosevich.’

The influence of Cr on the ISFE of austenitic ferrous
alloys is mainly known from studies carried out on the Fe-
Cr-Ni system. Cr lowers the ISFE in this system when its
content is lower than 20 pct.”1%11 According to Rhodes and
Thompson, the following equation is applicable for the ISFE
of Fe-Cr-Ni alloys with Cr levels lower than 20 pct:'?

ISFE (mJm 2) = 17.0 + 2.29Ni — 0.9Cr 2]

For alloys with Cr additions higher than 20 pct, the ISFE
is given by'?

ISFE (mJm %) = —26.6 + 0.73Ni + 2.26Cr  [3]

Schramm and Reed investigated the influence of low quan-
tities of C, N, Si, and Mn on the ISFE in the Fe-Cr-Ni sys-
tem,'* with Cr and Ni contents varying from 8.5 to 30 pct,
resp. 9.43 to 24.7 pct. They report the following ISFE expres-
sions (Egs. [4a] through [4d]):

ISFE (mJm %) = 4 + 1.8Ni — 0.2Cr + 410C

C:0.012 to 0.027 pct [4a]
ISFE (mJm %) = 34 + 1.4Ni — 1.1Cr — 77N
N: 0.004 to 0.044 pct [4b]
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Table I. ISFE for Fe-Cr-Ni with Different Si Additions,
as Presented in Reference 15

Ni Cr Si ISFE
(Mass Pct) (Mass Pct) (Mass Pct) (mJm™?)
14.1 17.8 0.01 50
14.0 17.7 0.90 32
13.55 17.4 1.86 26
13.75 17.2 2.79 22
13.70 17.1 3.66 21

ISFE (mJm™2) = 34 + 2.2Ni — 1.1Cr — 13Si

Si: 0.01 to 0.59 pct [4c]
ISFE (mJm %) = 32 + 2.4Ni — 1.2Cr — 1.2Mn
Mn: 0.001 to 1.56 pct [4d]

Thomas and Henry'® made a study on the effect of Si
additions on the ISFE in the Fe-Cr-Ni system. Their results,
as presented in Table I, show clearly that Si additions lower
the ISFE markedly.

Adding large amounts of Mn to the Fe-Cr-Ni system
changes the influence of Cr on the ISFE: instead of lower-
ing the ISFE with increasing Cr levels, the ISFE increases.
Rhodes and Thompson propose a formula for the ISFE that
is applicable for Fe-18Cr-9Ni-type alloys with considerable
amounts of Mn and Si:"

ISFE (mJm %) = 1.2 + 1.4Ni + 0.6Cr + 17.7Mn — 44.7Si
(5]

In the case of Fe-Ni-Cr alloys with large contents of Mn
and Mo, the ISFE is given by!'®

ISFE (mJm %) = —53 + 6.2Ni + 0.7Cr + 3.2Mn + 9.3Mo
[6]

The element N is also known to have a pronounced influ-
ence on the ISFE. Additions of N higher than ~0.2 pct are
expected to lower the ISFE, according to References 11, 19,
and 20. The ISFE decreases from 53 to 33 mJm 2 when
the N content increases from 0.21 to 0.24 pct in Cr21Ni6Mn9
alloys. Further increasing the N content does not signifi-
cantly influence the ISFE. The ISFE was also reported to
increase for N additions up to 0.4 pct and to decrease for
higher levels.!” Some authors find an increase in ISFE with
N additions, depending on the N content and on the pres-
ence of other alloying elements, like Cr, Ni, Mn, Si, and C.
An example is given by Petrov,?! who reported that increas-
ing the N content from 0.05 to 0.23 pct in an austenitic
Cr13Mn19 steel led to an increase of the ISFE from 320 to
400 mJm~2. Gavriljuk et al. have given an excellent review
of the available data.'?

Jiang et al. added 5.3 pct Cr and 0.05 pct N to an Fe-
30Mn-6Si shape-memory alloy,'® both resulting in an
increased ISFE.

II. EXPERIMENTAL PROCEDURE

The chemical compositions of the five FeMnCr alloys
used for the present work are given in Table II. The main
interest lies in determining the influence of the chemical
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Table II. Chemical Composition (Mass Pct)
of the Studied Alloys

Alloy Mn Cr C N Si
No-Cr 17.7 — 0.25 0.084 0.29
Low-Cr 16.2 5.6 0.25 0.114 0.14

Medium-Cr 19.0 7.7 0.24 0.157 0.23
Medium-Cr

+ Si 19.5 7.4 0.24 0.152 1.73
High-Cr 19.0 9.7 0.24 0.196 0.24

composition on the mechanical properties of these alloys.
Cr and N were added to increase the ISFE. The Si additions
were expected to reduce it.

The Cr-free alloy was cast as a 1-ton slab in a laboratory
continuous caster. The other alloys were prepared in a
laboratory induction furnace and cast into ingots of 30 kg.
After rough rolling to 25 mm, the materials were reheated
to 1523 K and hot rolled on a laboratory strip mill. The hot
rolling was done in five passes to a final thickness of 3 mm.
The finishing temperature was kept higher than 1223 K in
all cases. The hot-rolled strip was cooled from 923 K to
room temperature in 12 hours and annealed at 1323 K for
15 minutes. After the annealing treatment, the recrystallized
material was water quenched.

Tensile tests were carried out at room temperature on test
gage bars with a width of 12.5 mm and a length of 50 mm.
The strain rate applied was 16.7 X 103 s~! for deforma-
tion up to 2 pct. At a strain of 2 pct, the strain rate was
increased to 20 X 1072 s~ 1. The tensile machines used were
an Instron 5569 apparatus for the no-Cr and low-Cr alloys
and an Instron 4505 apparatus for the other alloys. All tests
were performed at room temperature.

The fracture surfaces were studied in a Zeiss DSM 962
scanning electron microscope (SEM) operated at 20 kV.

The X-ray diffraction (XRD) measurements were carried
out using a Siemens 5000 diffractometer, using Mo K|, radi-
ation (A = 0.070926 nm) at 50 kV and 50 mA. The scan-
ning speed applied was 0.1333 deg/min, in steps of 0.02 deg.
The quantitative phase determination was done using
the direct comparison method.?*> The lattice parameter of
austenite was determined using the Nelson-Riley method.?

The volume fraction of &’ martensite in the different mate-
rials was determined by magnetic saturation measurements
using a LakeShore 480 fluxmeter, schematically represented
in Figure 4. Introduction of a sample in the measuring coil
will result in magnetization of the sample (J,,) which gives
rise to a tension pulse (U;,q). The induction is then propor-
tional to the integral of this pulse: J,, o« | U;,qdt. The the-

oretical value of the induction if the whole sample were
ferromagnetic (J,;,) is given by Eq. [7]:

Jo = J5* = 2 i (7]

where

J5¢ = intrinsic induction of pure Fe in a saturated condi-
tion (T),

a; = the specific coefficient for alloying the element i
(T), and

A; = the fraction of alloying element i.
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Fig. 4—Schematic representation of a magnetic saturation measurement setup.

The volume fraction of the magnetic fraction is the amount
of o' martensite, since austenite is paramagnetic and &
martensite is anti-ferromagnetic at room temperature. This
fraction is given by Eq. [8]:

re= [8]

Jin
Thin-foil transmission electron microscopy (TEM) analy-
sis was carried out on a PHILIPS* EM420 apparatus, oper-

*PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

ated at 120 kV. High-resolution transmission electron
microscopy (HRTEM) was carried out on a JEOL** F2200

*#*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

apparatus with a CEOS Cs corrector operated at 200 kV.
Samples were prepared through electrolytical polishing with
a solution of 95 pct CH;COOH + 5 pct HCIO, at a tem-
perature of 12.5 °C and a voltage of 50 V.

The sample preparation for the light optical metallography
consisted of mechanical polishing, electrolytic polishing
(solution: 90 mL distilled water, 730 mL ethanol, 100 mL
butylcellosolve, and 78 mL perchloric acid), and etching
(aqueous solution: 1.2 pct K,S,05 and 0.5 pct NH,HF,) to
reveal the microstructural features.

The kinetics of the a'-martensite transformation was
described using the model developed by Olson and Cohen,?*
which permits calculation of the fraction of strain-induced
o' martensite.

F¥=1—exp(—B — exp(—as))" [9]
where

f @ = the fraction of &' martensite,

a = a strain-independent constant representing the rate
of shear-band formation,

B = a coefficient proportional to the probability that an
intersection of shear bands will generate a nucleus,

n = an exponent accounting for the nonlinear relation-
ship between the amount of shear bands formed and
the number of intersections (n accounts for the auto-
catalytic effect),

e = the Von Mises equivalent plastic strain, and
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1 — exp(—ae) = the strain-dependent volume fraction of
shear bands in the austenite. [10]

The Olson and Cohen model can also be used in the spe-
cial case of € martensite, since this type of martensite can
be seen as a specific type of shear band, as is clear from
the model for o’-martensite nucleation presented earlier.

Hecker et al. pointed out that the Von Mises equivalent
strain has to be used in the model to obtain the most reli-
able result.?> The Von Mises equivalent strain for uniaxial
deformation is given by the following expression:

- % 2 2 2
Evm = \/3((811) + (vare)” + (v33€11)7) [11]

where
eyy = the Von Mises equivalent strain,
e the strain in the tensile direction,
vy, = the Poisson coefficient in the transverse direction,
and
v33 = the Poisson coefficient in the normal direction.

III. RESULTS

A. Microstructural Analysis

1. As-produced conditions

Figure 5 shows the microstructures of the five alloys after
hot rolling and annealing. Except for the no-Cr alloy, all
micrographs show a fully recrystallized austenitic microstruc-
ture. In the no-Cr alloy, & martensite can be seen as straight
black lines running across the entire austenite grain. The
presence of & martensite in this alloy was confirmed by XRD
measurements, as shown in Figure 6. These diffractograms
show austenite peaks for all materials, with a small e-marten-
site peak for the no-Cr alloy only.

2. Strain-induced martensitic transformation

During tensile deformation, the alloys partially transformed
from austenite to & martensite and to ' martensite. The lat-
tice parameters of the austenite in the as-produced condition
and the ones of the & martensite after tensile testing are pre-
sented in Table III. From these data, it is also clear that a
contraction along the c-axis takes place, since the interplanar

(e)

Fig. 5—Light optical micrographs after hot rolling and annealing: (a) the
no-Cr alloy, (b) the low-Cr alloy, (¢) the medium-Cr alloy, (d) the high-
Cr alloy, and (e) the medium-Cr + Si alloy (etchant: aqueous solution of
1.2 pet K,S,05, 0.5 pct NH HF,).
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distance (dyg;) between the close-packed planes in the &
martensite is smaller than the interpanar distance (d;,) for the
close-packed planes in the austenite. Figure 7 shows a HRTEM
image of & martensite and twinned austenite in the low-Cr
alloy after 5 pct tensile deformation. This image illustrates that
the & martensite grows coherently on the close-packed {111}
planes of austenite, which is in agreement with the earlier-
described orientation relationships. An example of &’ martensite
in the no-Cr alloy is shown in Figure 8. The ' martensite
has nucleated at the intersection of two e-martensite laths and
has not grown outside of the area restricted by the e-martensite
laths. The observed orientation relationship obeys both the
expected Bogers—Burgers relationship between o’ martensite

1.0 — {1071!8
4 {111]}, {‘21:!4:!}?J
2.5
s {220j}_. {311},.{2223;;
L
3 - J highcr
2 l medCr+Si
3 40
= 1 medCr
e L —J lower
0.0 : : JL—, T —JL T J ﬁ, necr
2 25 30 ] e

20}

Fig. 6—XRD diffractograms in the hot-rolled and annealed condition.

Table III. Lattice Parameters for Austenite (As-Produced
Condition) and e-Martensite (after Tensile Testing)

dii 2 Ce dooor
Alloy a,(nm) (nm)  (nm) (nm) (nm)  c./a,
No-Cr 0.3599 0.2078 0.2578 0.4141 0.2070 1.6062

Low-Cr 0.3606 0.2082 0.2544 0.4118 0.2059 1.6182
Medium-Cr 0.3607 0.2083 0.2544 0.4136 0.2068 1.6252
Medium-Cr

+ Si 0.3609 0.2084 0.2553 0.4152 0.2076 1.6264
High-Cr 0.3607 0.2083 — — — —

11 02
171
austenite twin 17+ 000
(171)-planes = 200
~twin plane 972
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nE e

Fig. 7—HRTEM micrograph of twinned austenite and e-martensite in the
low-Cr alloy after 5 pct tensile strain. Electron beam // [011], // [1120],.
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Fig. 8—TEM bright-field micrograph of the no-Cr alloy after 5 pct tensile
deformation: «'-martensite on the intersection of two e-martensite bands.
Electron beam // [011],,// [2110], .

ucnE ;411'1'1

|l1. .111
0F2, - 02 F0 . . *2 70

. ¢ : -~ (d
111 ELE Toi1 " & 1701 | ~7

091 ] austenite

-
200 0112 )
- = |12 51) e martensite

Fig. 9—TEM bright-field micrograph of the high-Cr alloy after 10 pct ten-
sile deformation: nucleation of e-martensite on the intersection of two defor-
mation bands in the austenite. Electron beam // [011],.

and & martensite and the Kurdjumov—Sachs relationship
between o' martensite and austenite:

{111},//{110},//{0001},,
<110>,, // <111 >, // <2110 >, [12]

It is important to note that these «'-martensite islands
were never observed to grow outside the area determined
by the intersection region of the e-martensite laths.

The & martensite can be formed by the sequence of intrin-
sic stacking faults, as mentioned earlier, and at the inter-
section of two deformation bands in austenite. This is shown
in Figure 9 for the high-Cr alloy after 10 pct tensile defor-
mation. In this case, the electron beam is parallel to [011],,.
The hep reflections of & martensite can be clearly observed.
The & martensite was formed on the intersection of two shear
bands in the austenite, which consisted of overlapping stack-
ing faults associated with a high density of dislocations.
Although the nucleation mechanism for & martensite is dif-
ferent, Relationship [12], mentioned before, again describes
the orientation relationship between the two phases. In this
case, however, the close packed planes that belong to the
zone axis shown in the micrograph are not the planes on
which the & martensite has nucleated. A rotation of 90 deg
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Fig. 10—XRD diffractograms after tensile testing to fracture.
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Fig. 11—Phase composition (in volume fraction) after tensile testing to
fracture.

around the [100], direction is needed to see the & marten-
site edge-on.

The amount of martensitic phases after tensile testing to
fracture was determined by XRD (Figure 10) for the &
martensite and by magnetic saturation measurements for the
o' martensite. The results are shown in Figure 11. The pre-
cise amount of &£ martensite present in the material is diffi-
cult to determine exactly by means of XRD, because many
diffraction peaks of austenite, o' martensite, and & marten-
site overlap and must be deconvoluted. The deconvolution
is made difficult due to the strong texturing resulting from
the deformation. Therefore, the volume fractions of £ marten-
site may, therefore, not be very precise, but the tendencies
certainly are, as the same peak-analysis procedure was used
for all the samples. The no-Cr and low-Cr alloys show a
high fraction of & martensite and o’ martensite. The medium-
Cr and medium-Cr + Si alloys only exhibit e-martensite
formation. No o’ martensite was observed. The TEM micro-
graph in Figure 12 shows the presence of microtwins in the
medium-Cr alloy after tensile testing. The high-Cr alloy con-
tains no & martensite after fracture, but up to 10 vol pct of
& martensite was found at intermediate deformation stages.
The high-Cr alloy contained microtwins after tensile test-
ing, as is shown in Figure 13.

The evolution of the fractions of both & martensite and
o' martensite as a function of increasing strain is presented

METALLURGICAL AND MATERIALS TRANSACTIONS A



in Figure 14 for the no-Cr and low-Cr alloys. From this
graph, it is clear that increasing strain induces the formation
of martensite. At low strains, the rate of e-martensite for-
mation is high. At higher strains, the transformation rate
decreases. The decreasing rate of e-martensite formation with

i ) S

Fig. 12—TEM bright-field field micrograph of the medium-Cr alloy after
tensile testing: the formation of microtwins. Electron beam // [011],.
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strain may be caused by two phenomena. First, the amount
of austenite that can transform decreases, as part of the
austenite was transformed into martensite, and the remain-
ing austenite between the martensite laths will have a smaller
size. As such, the austenite is gradually stabilized against
further transformation.*?®! The second effect that reduces
the rate of e-martensite formation is the formation of «’
martensite at the intersections of & martensite.

B. Mechanical Properties

The main mechanical properties of the alloys are sum-
marized in Table IV. From these data, it is clear that Cr
and N influence the mechanical properties of these alloys.
The uniform elongation values for the no-Cr and the low-
Cr alloys are equal to the total elongation, i.e., there is no
postuniform elongation. This is an indication of a more brit-
tle fracture than in the case of the medium-Cr, high-Cr and
medium-Cr + Si alloys. In the latter alloys, the total elon-
gation exceeds the uniform elongation and the fracture is
very ductile. This is confirmed by the study of the fracture
surfaces shown in Figure 15. The medium-Cr + Si alloy
clearly presents a dimpled, ductile fracture surface, whereas
the no-Cr alloy presents features characteristic for a cleaved
(i.e., brittle) fracture surface, together with a certain amount
of dimples. The low-Cr alloy is similar to the no-Cr alloy,
and the medium-Cr and high-Cr alloys are similar to the
medium-Cr + Si alloy.

In Figure 16, the data for the incremental strain-harden-
ing coefficient (n;) are presented. From these curves, it is

Dark field

022 022 i i
11 .
“11 + . ° B
200 « M
“200 = "
m 022

Fig. 13—TEM bright-field and dark-field micrographs of the high-Cr alloy after tensile testing: the formation of microtwins, no & martensite observed.

Electron beam // [011],.
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clear that the no-Cr and low-Cr alloys show a very high
strain-hardening rate, while the high-Cr and medium-Cr +
Si alloys have a much less pronounced strain-hardening
behavior. The medium-Cr alloy has an intermediate strain-
hardening value. The more gradual increase in strain hard-
ening of the high-Cr and medium-Cr + Si alloys, in
particular, should be beneficial in relation to their use as

0.5 -
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0.4 W clowCr
O «'lowCr
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Fig. 14—Martensite volume fractions with increasing tensile strain for the
no-Cr alloy and the low-Cr alloy. Data points are fitted to the Olson and
Cohen equation.

Table IV. Mechanical Properties of the Alloys
in the Hot-Rolled and Annealed Condition

Rp0,2 Rm Au Atot Rm X Atot
Alloy (MPa) (MPa) (Pct) (Pct) (MJm 3)*
no-Cr 205 691 17 17 120.47
low-Cr 254 829 33 33 274.09
Medium-Cr 317 779 47 51 397.29
medium-Cr + Si 285 793 45 52 412.36
high-Cr 323 767 55 59 452.54

*In this product, A is expressed as a fraction of the original gage length
and not as a percentage.

Dhwm v
14 A

crash-resistant alloys in automotive applications. A high
value of the strain-hardening coefficient can be linked to the
transformation of austenite to & martensite and/or to o'
martensite. From the study of the strain-hardening curves,
it is expected that the no-Cr alloy and the low-Cr alloy trans-
form much more than the other alloys. This is confirmed by
the phase analysis discussed in Section III-A-2. The high
amount of martensite also reduces the ductility, as can be
seen clearly in Figure 17. This behavior is very different
from what is commonly observed in alloys in the meta-sta-
ble Fe-Cr-Ni system, which are characterized by a very pro-
nounced TRIP effect. Figure 18 compares the behavior of
the alloys with the commercially available AISI 301LN stain-
less austenitic steel grade. The no-Cr alloy shows a similar
behavior to the low-Cr alloy. The medium-Cr + Si alloy
shows a behavior in between that of the medium-Cr and the
high-Cr alloys. The no-Cr and medium-Cr + Si alloys are
not shown in Figure 18, to keep the graph clear. The AISI
301LN grade shows the well-known TRIP effect. At an engi-
neering strain of ~0.15, the strain-induced y — o’ trans-
formation starts. At that point, there is a clear increase in
the strength. Due to the transformation, local necking is pre-
vented, enhancing ductility. The TRIP effect results in a high
ductility, combined with a high strength. In the case of the
low-Cr alloy, the transformation to & martensite and o’
martensite immediately starts and at a high rate. In this case,
the strain-induced transformation apparently reduces the duc-
tility. The high-Cr alloy does not show strain-induced trans-
formation. Instead, deformation twinning is observed. The
result is a higher ductility, but a low strength when com-
pared to the AISI 301LN case. The medium-Cr alloy par-
tially transforms into & martensite during deformation. This
increases the strength of the material slightly, but it also
clearly reduces the elongation. From Figures 17 and 18, it
is clear that the strain-induced y — & — «' transformation
sequence does not result in a beneficial TRIP effect.

C. Transformation Kinetics and Modeling

The amount of martensite as a function of strain was stud-
ied in detail for the no-Cr and low-Cr alloys. The results of

Fig. 15—Fracture surfaces after tensile testing: (a) the no-Cr alloy and (b) the medium-Cr + Si alloy.
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Fig. 16—Incremental strain-hardening coefficient in the hot-rolled and
annealed condition.
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Fig. 17—Total and uniform elongation vs the total amount of strain-induced
martensite.
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Fig. 18—Engineering stress-strain curves for the low-Cr and the high-Cr
alloys not showing a TRIP effect, compared to an industrial AISI 301LN
steel showing a TRIP effect.

the quantitative analysis were already presented in Figure 14.
Considering that the shear bands in the Olson and Cohen
model are e-martensite laths in the case of the alloys stud-
ied, the o parameter from this model can be determined by
fitting the measured amount of & martensite to Eq. [10].
The o parameter is a measure for the rate of shear-band
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formation. The fitted values are o = 3.97 for the no-Cr alloy
and a = 1.76 for the low-Cr alloy. The exponent n in Eq. [9]
was set equal to 1. This exponent was introduced into the
model to account for the autocatalytic effect for o’-marten-
site nucleation, but since it was observed that the «’-marten-
site islands formed did not extend beyond the e-martensite
laths, it can be expected that these «'-martensite islands
will not influence the formation of new nuclei. With n = 1,
the fitted « parameter, and the data for the volume fractions
of ' martensite fitted to Eq. [9], the B value was determined.
For the no-Cr alloy, 8 = 0.24 was found, and for the low-
Cr alloy, B8 = 0.23. The 3 factor is proportional to the prob-
ability that an intersection of shear bands will generate an
o'-martensite nucleus. The fact that the 8 factors for both
alloys do not differ significantly suggests that the amount of
& martensite formed does not influence the probability that
an intersection will lead to a nucleus.

IV. DISCUSSION

In the Fe-Mn-Cr-C-N alloys studied, the strain-induced
transformation did not lead to an improved ductility (TRIP
effect). Comparison of the transformation behavior of the
present alloys with the well-documented transformation
behavior of AISI 301LN may help to explain this. In the case
of the no-Cr and the low-Cr alloys, the y — & transforma-
tion is initiated at low strains, as is clear from Figure 14,
while at comparable strains in AISI 301LN, the flow
stress remains relatively low due to the absence of transfor-
mation. The formation of & martensite involves a smaller
spacing of the close-packed planes as compared to that of
the {111} planes of austenite. So, it cannot be expected
that plastic instability is suppressed due to the strain-induced
v — ¢ transformation, contrary to the case of vy — o’
transformation. In the latter, the local expansion of the lattice
introduces internal stresses in the austenite that operate against
the applied stresses responsible for necking of the material.
As such, these stresses are partially compensated at a local
level, preventing the plastic instability of that area. The
o' martensite is also expected to be harder than the
surrounding y phase due to the higher solid-solution hard-
ening of C in o' martensite, as compared to in the vy phase.
This further stabilizes the area where o’ martensite is formed
against deformation and necking. In the no-Cr and low-Cr
alloys, o’ martensite is formed as well, but in areas where
these o’-martensite islands do not result in a TRIP effect,
because the islands are restricted to the e-martensite
intersection where they originated. In the case of the medium-
Cr and the medium-Cr + Si alloys, only the strain-induced
v — ¢ transformation takes place. Since in these cases no
expansion of the lattice is present, no TRIP effect can be
expected. This is confirmed by the gradual increase of the
flow stress and the strain hardening, as is illustrated in the
curves in Figures 16 and 18. It should be noted, however,
that the strain hardening is still more pronounced than in
the case of the high-Cr alloy, which does not transform. This
implies that the y — & transformation contributes to the strain
hardening, but not to an increase in ductility. This is likely
due to the limited extent to which the hcp phase can deform
(i.e., a high critical resolved shear stress) and to the fact
that dislocations that glide in the austenite cannot cross the
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e-martensite plates easily due to the limited availability of
slip systems.

The transformation behavior of the steels studied is influ-
enced by several parameters. The most important are the
ISFE and the strength of the austenite matrix. A low ISFE
implies the easy formation of intrinsic stacking faults, so the
strain-induced transformation is more likely to occur, as is
clear from the transformation mechanisms explained earlier.
A low-strength austenite matrix implies that the strain-
induced transformation will be easier, since, for the same
stress level in the material, a higher strain is achieved. The
grain size also plays an important role in the transformation.
A smaller grain size geometrically restricts the possibilities
for the transformation to occur. Since the steels studied have
comparable grain sizes, there was no influence of the ini-
tial grain size on the results.

The no-Cr and the low-Cr alloys clearly have a lower
yield strength than the other alloys. As the € and ' marten-
sites are strain-induced, the yield strength can be considered
a measure for the strength of the y matrix. Taking into
account this and the fact that a lower strength of the y matrix
results in easier strain-induced transformation, it is expected
that the alloys with a low yield strength will transform more
readily. This is confirmed by the results for the no-Cr and
the low-Cr alloys. Note that the medium-Cr + Si alloy has
a lower yield strength than the medium-Cr alloy, although
the medium-Cr + Si alloy transforms less. The differences
in yield strength alone cannot, therefore, explain the differ-
ent transformation behaviors, and other factors, e.g., the
ISFE, will have an important influence.

The influence of Cr and N on the ISFE can be evaluated
best by comparing the medium-Cr and the high-Cr alloys.
According to Allain et al.® increasing the ISFE leads to a
transition from e-martensite formation to microtwinning dur-
ing deformation. Their results indicate that strain-induced
& martensite can be formed when the ISFE is lower than
18 mJm 2, while twinning can occur for ISFE values between
12 and 35 mJm 2, which confirms earlier results by
Schumann.?” In the medium-Cr alloy, a considerable fraction
of & martensite was observed in combination with microtwins,
while in the high-Cr alloy, microtwinning was observed with-
out the presence of & martensite. This indicates that the ISFE
of the medium-Cr alloy can be estimated to lay between 12
and 18mJm 2, while the ISFE for the high-Cr alloy has to
be between 18 and 35mJm 2. Since the only differences
between the medium-Cr and the high-Cr alloys are the Cr
and N content, it can be concluded that the combination of
both elements increases the ISFE in this composition range.

Fitting the transformation kinetics to the Olson and Cohen
model leads to a significantly different o parameter in the
case of the no-Cr and low-Cr alloys: the no-Cr alloy has a
much higher value than the low-Cr alloy. This indicates an
easier formation of shear bands, considered to be laths of ¢
martensite in these alloys. Taking into account that « is
inversely proportional to the ISFE,**?8! it can be concluded
that the no-Cr alloy has a lower ISFE than the low-Cr alloy.
These two alloys differ from each other in Mn, Cr, and N
content. The low-Cr alloy has 1.5 pct less Mn, 5.6 pct more
Cr, and 0.03 pct more N. Mn is expected to lower rather
than increase the ISFE, as is clear from Egs. [5] and [6] and
Figure 3, so the higher Cr and N levels have increased the
ISFE.
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The element Si is expected to significantly lower the ISFE
in Fe-Mn-based alloys. So, more strain-induced & marten-
site would be expected, e.g., Reference 29. That is not in
agreement with the results in the present work, since the
medium-Cr + Si alloy transforms to a lower degree than
the medium-Cr alloy. The lower amount of & martensite after
fracture in tensile testing in the medium-Cr + Si alloy is
confirmed by the lower strain hardening during the defor-
mation, as can be seen in Figure 16. Further investigation
including measurement of the ISFE will be needed to explain
this unexpected phenomenon.

V. CONCLUSIONS

The main conclusions of the present contribution are as
follows.

1. Additions of Cr and N to an Fe-18Mn-0.25C austenitic
steel result in a higher ductility and a more gradual strain-
hardening behavior, which is beneficial for the defor-
mation and gives an indication of the potential of the
crash behavior of this type of steel.

2. The difference in strain-hardening behavior is due to the
amount of strain-induced y — & (— «') martensitic trans-
formation. The larger the amount of transformed austenite,
the more strain hardening is observed. The no-Cr and low-
Cr alloys show a very pronounced strain hardening due to
the y— & — o' transformation sequence. These steels show
a relatively low ductility. In the high-Cr alloy, slip of dis-
locations is not hindered by the presence of & martensite
or o' martensite, so less strengthening and increased forma-
bility is observed. In contrast to the beneficial effect of trans-
formation, e.g., in the AISI 301LN, the alloys of the present
study did not present beneficial TRIP behavior. This is
due to the fact that the «'-martensite nuclei do not grow
beyond the intersection of the e-martensite laths where they
are formed.

3. The main reason for the different transformation behav-
ior is the influence of Cr and N on the stacking-fault
energy: Cr and N additions result in an increase in stack-
ing-fault energy. An increase in the stacking-fault energy
limits the possibilities for intrinsic stacking faults to form,
so e- and a'-martensite formation is limited.

4. The addition of Si resulted in lower amounts of strain-
induced & martensite.
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