J Mater Sci (2008) 43:6214-6222
DOI 10.1007/s10853-008-2919-0

Effect of Al content on stacking fault energy in austenitic

Fe-Mn-Al-C alloys

Xing Tian - Hong Li - Yansheng Zhang

Received: 2 December 2007 / Accepted: 31 July 2008 /Published online: 26 August 2008

© Springer Science+Business Media, LLC 2008

Abstract Effect of Al content on the stacking fault energy
(SFE) was investigated in the austenitic Fe—25Mn—(1.16—
9.77)Al-0.68C (at%) alloys by X-ray diffraction line profile
analysis and thermodynamic estimation, and was discussed
on the basis of anomaly in shear modulus caused by the
antiferromagnetic transition. The experimental results show
that the stacking fault probability decreases with increasing
Al content, the observed SFE increases linearly when Al
content is lower than 6.27 at%, and markedly as it is more
than 6.27 at%. The thermodynamic estimation indicates that
the non-magnetic component of SFE increases faster than
the observed one with increasing Al content in the antifer-
romagnetic state, and both are almost equal in the
paramagnetic state. The magnetic order increases SFE in the
antiferromagnetic state, and the magnetic component of SFE
depends on the average magnetic moment and Néel tem-
perature. The increases in the localized magnetic moment
and the decrease in the Néel temperature are caused by the
addition of Al atoms into the austenitic Fe-Mn alloys and are
accompanied by the anomaly in shear modulus, which
affects SFE in the antiferromagnetic state. The anomalous
drop in shear modulus leads to the inconsistency for the
variations of the observed SFE and non-magnetic component
with Al content in the antiferromagnetic state.

Introduction

Stacking fault energy (SFE) is one of the most important
parameters in materials and is basically affected by
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composition (electron/atom ratio) and temperature. Many
phenomena related to SFE have been widely investigated.
For austenitic stainless steels, as an example, the density
and distribution of crystal defects, strain-induced trans-
formation, work hardening, and fatigue behavior were
explained on the basis of the empirical relationship
between SFE and composition. In order to determine SFE,
several thermodynamic models and experimental methods
were established.

In order to maintain the properties and to decrease the cost
of austenitic steels by replacing chromium and nickel
entirely or partly, the high-manganese austenitic alloys were
widely researched in the past several decades. The effects of
alloying elements on the y — ¢ martensite transformation,
fB-Mn transition, and mechanical properties in the austenitic
Fe—-Mn-based alloys have been investigated, and the high-
manganese austenitic non-magnetic and cryogenic steels
have been successfully developed [1-4]. High-manganese
TRIP and TWIP steels, which are used as structural com-
ponents in automotive vehicle and high power trail of high
safety standard, are recently studied [5, 6].

Some studies [1-13] have indicated that aluminum
decreases the y — ¢ transformation temperature, restrains
e-martensite formation, lowers the work hardening, and
improves the oxidation and corrosion resistances in
austenitic Fe-Mn—-Al-C and Fe-Mn-Al-Cr-C alloys.
Addition of Al into the austenitic Fe—-Mn alloys lowers the
Néel temperature and makes the susceptibility—temperature
curve exhibits a sharp peak [14, 15]. Previous investiga-
tions [16, 17] have pointed out that the antiferromagnetic
transition restrains the formation of the thermally induced
e-martensite in the Fe—-Mn alloys. According to the stack-
ing fault (SF) mechanism of e-martensite formation, this
effect results from that Al increases SFE in the austenitic
Fe—-Mn alloys. Hence, it affects also the twinning-induced
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and y — ¢ transformation-induced plasticity. Therefore, it
is necessary to investigate the effect of Al content and the
antiferromagnetic order on SFE in the austenitic Fe-Mn—
Al alloys. In this respect, the results of thermodynamic
calculations and dislocation node measurement were
reported in the literature [8, 18, 19], but the effect of the
antiferromagnetic transition was not considered.

The purpose of this work is to investigate the influence of
Al content on SFE in the austenitic Fe-25Mn—(1.16-9.77)
Al-0.68C (at%) alloys by the X-ray diffraction (XRD)
profile analysis and thermodynamic estimation, and to dis-
cuss the effect of the antiferromagnetic order. The obtained
information is beneficial to elaborate the mechanism of the
effect of Al content on the y — ¢ transformation, deforma-
tion mode and work hardening in the austenitic Fe-Mn—Al
alloys.

Method for determination
XRD line profile analysis

For the experimental determination of SFE, both direct and
indirect methods are usually used. The direct one is often
the observation of extended dislocation nodes by TEM and
is considered to be especially accurate for the materials
with the low SFE [20, 21]. The indirect one is the com-
bined measurement of SF probability and rms microstrain
by XRD line profile analysis (XRDLPA) [22-24]. Muk-
herjee et al. [25] compared the two methods and pointed
out that only a miniscale volume of the material
(~100 um®) is examined under TEM in a thin foil at a
time, thus, it cannot depict the microstructure of the bulk
materials. In addition, some changes may be produced in
the defect structure during preparation of the thin foils, and
the strain fields related to the dislocations present in the
microstructure may relax in sectioning and polishing.
Therefore, the reliability for measurement of microstruc-
ture parameters depends on whether the thin area is a
representative of microstructure of the entire specimen.
XRDLPA evaluates the microstructure parameters in a
statistical manner, averaged over a volume of 10° um3.
This analysis is much easier, more reliable, and quicker and
has become a powerful technique with improving the
software for the microstructure characterization by the
profile fitting. Thus, this technique is still used to determine
SFE [26, 27].

The residual stresses, intrinsic SF, and change in lattice
parameter lead to the peak shift of diffraction line profile.
The broadening results from the reduction in the size of
coherently diffracting domains, faults on certain planes and
strains produced by dislocations in these domains. How-
ever, the broadening caused by the intrinsic SFs is

symmetrical, while one due to the twin and extrinsic SFs is
asymmetrical. For cold work powder, the effect of residual
stress is very small and can be neglected. If the peak
position is measured near the top of peak, and the effect
due to the change in lattice parameter also is small, then the
peak shift may be only regard as stemming from the
intrinsic SFs. In order to avoid diffractometer zero error,
the relative shifts of neighboring (hkil;) and (hokoly)
reflections from the filed and annealed powders, A20, can
be obtained. The SF probability, ¢, may be determined
from following equation [24]

A20 = (20200 — 201]1)CW - (26200 - 20111)ANN
—45\/§ <tan9200 +;tan9111>0‘7 (1)

2

where 20s are the line position in degree; (20,00 — 26111)cw
and (20599 — 20;111)ann the difference between (200) and
(111) peak positions for the cold-worked powder and
annealed (standard) specimens.

After correction for the instrumental broadening, the
broadened line profile can be expressed as a Fourier series.
According to the Warren and Averbach method of Fourier
analysis of line profile [28], the values of order-dependent
rms microstrain, (¢7),,,, may be obtained

<82> _ [IHAL(hlklll) — IHAL(/’lzkzlz)]ag
I om (R + B+ B) — (B + K+ B))

(2)

where A;(hikily) and A;(hyk,l,) are the coefficients of
cosine term with the first power in the Fourier series,
(h1kyly) and (hokoly) the indices of diffraction planes, L a
length normal to the reflecting planes, and a is the lattice
parameter of the standard.

For the reflections of (111), (200), and (222), o and the
rms microstrain in (111} direction averaged over the length
of 5nm, (¢3));;;, can be obtained from Egs. 1 and 2.
Further, SFE can be calculated according to the following
equation [24]

Y KllleG(lll)a0A70'37 {£30) 11

V T[\/§ o )
where K,;;wo = 6.6 is proportionality constant, G
(=[C44 + C11 — C12]/3) the shear modulus in the (111)
plane, A(=2C44/[C;; — C1»]) Zener anisotropy coefficient,
C11, Co, and Cyy are elastic stiffness coefficients. If the

parameters G111y, A, do, (€2))11;, and o were experimen-
tally measured, SFE can be determined.

(3)

Thermodynamic estimation
SF in fcc (y) crystal can be regarded as two layers of hep (e)

phase. On the basis of the Hirth’s review on the thermo-
dynamics of SF [29], SFE is expressed as [30-32]
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where p is the molar surface density in a close packed
plane, AG”° the molar free energy difference between the
7- and &-phases, and ¢””* the interface energy of the y — &
phases. The value of ¢””* is generally taken between 5 and
15 mJ/m? for transition metals [33]. The molar surface
density is given as
4
P=—"=">
\/§Na0

where qy is lattice parameter and N is Avogadro’s number.

On the basis of the regular solution model, the molar-
free energy difference between the - and ¢-phases, AG”°,
can be calculated from the following equation

MG =3 XA 43S X A0y
i ! J

+ AG! 7" 4 AGyey, (6)

(5)

where X; and X; are the molar fractions of pure component i
and j; AG! ™" is the molar-free energy difference between the
y- and e-phases for pure component i, AQ}}HS the interaction
parameter difference for pure components i andj in the y- and
e-phases, AG’~* the molar magnetic-free energy difference
between the y- and e-phases, and AG,, the free energy
change due to the Suzuki effect and is not usually considered
atlow temperature [34]. The sum of first two terms in Eq. 61is
the non-magnetic component of AG”~*.

In the spontaneous magnetization, the order—disorder
transition of magnetic moment and spontaneous volume
magnetostriction will occur, and the magnetic elastic stress
appears, which have contribution to the magnetic-free
energy. Since the macroscopic intensity of magnetization is
zero in the spontaneous magnetic transition, the magnetic-
free energy at the constant pressure, G,,,, can be given as

Gm = —TdS + pAV, (7)

where —T dS = Gy, is the free energy produced by the
change in the magnetic entropy and pAV is the work done
by the spontaneous volume expansion. The investigation of
the austenitic Fe—Mn—Si—C alloys has shown that pAV may
be ignored in comparison with the non-magnetic compo-
nent of AG” ¥, which will be described elsewhere.

According to Hirllert and Jar [35], the magnetic-free
energy caused by the entropy change in ¢-phase is
expressed as

G? = RTIn(f? + 1)f?(z%), (8)
where % is the average atomic magnetic moment (in Bohr
magnetons), 7¢. the critical temperature of magnetic tran-

sition, t” = T/T¢ the scaled temperature, and f(t?) a
polynomial function of 7%.

@ Springer

Experimental

The tested alloys used in this work were melted in an
induction furnace at atmospheric pressure from commer-
cially pure iron, aluminum, and metallic manganese. The
ingots about 25 kg in weight were held at 1,423 K for
1.5 h, and forged into 20 x 20 mm? bars. Their major
chemical composition, lattice parameter, a,, Néel temper-
ature, TKI, and mean electron concentration, e/a, are listed
in Table 1 [14, 36].

Shear modulus for the tested alloys was measured by the
audio resonance method at room temperature and is also
listed in Table 1. The Young’s modulus—temperature curve
was founded with the dynamic method by measuring the
resonance frequency of transverse vibrations excited in a
horizontally suspended specimen with the diameter of
6 mm and length of 160 mm and heated at the rate of
0.5 K/min.

In order to reduce the influence of preferred orientation
caused by coarse grains, cold-worked powder was prepared
by filing the uniformly strained portions of the tensile sam-
ple, which was strained to fracture and solution treated at
1,273 K for 0.5 h. The preparation was carried out at room
temperature, and the over rise of the sample temperature
must be avoided as far as possible. The cold-worked powder
was sifted through a screen of 250 meshes, and the fine
powder (<40 pm) was used for XRD. Standard specimen
was prepared from portion of the fine powder. This portion of
the fine powder was wrapped in nickel foil and was sealed in
fused silica tube filled with pure argon at the pressure of
6.7 x 10* Pa, and homogenized at 1,273 K for 3 h.

XRD was carried out on a D/MAX-RA X-ray diffrac-
tometer with a rotating target using monochromated CuKa
radiation at room temperature. A step-scanning rate of
0.02° was selected. The (111), (200), and (222) line profiles
of the powder and standard specimens were recorded at
time interval of 1 s with a 0.3 mm detector slit. Three
powder specimens were examined at least for each tested
alloy. After the recorded diffraction line profile was
smoothed down to seven points and was corrected for

Table 1 Major chemical compositions (at%), lattice parameter, a,
Néel temperature, T}, shear modulus, G, and mean electron/atom
ratio, e/a, for the tested alloys

Alloy Al Mn C Fe ap (nm) T} (K) G (GPa) e/a

FA1 1.16 2559 0.69 7225 0.36101 380 6.472 7.61
FA2 3.16 2475 0.69 71.18 0.36162 372 6.532 7.52
FA3 445 2447 0.67 70.31 0.36175 368 6.535 7.47
FA4 6.27 2480 0.68 68.10 0.36246 353 6.586 7.37
FA5 9.77 2378 0.66 65.64 0.36339 284 6.964 721
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background intensity and Lorentz-polarization factor, the
Koy and Ko, components were separated according to the
imitative functions, and the peak positions were deter-
mined. Using the specified software, the physical profile
was obtained from the Koy component.

Results and discussion
SFE determination

For each powder specimen, the relative peak shift, A20,
can be obtained from the peak positions of (111) and (200)
reflections for the powder and standard specimens, and o
can be calculated according to Eq. 1. The averaged value
for each tested alloy is listed in Table 2. o decreases lin-
early with increasing Al content, as shown in Fig. 1, and is
given as

ax 107 = 38.41 — 3.259(Al at%). 9)

The physical profiles of (111) and (222) reflections were
transferred into the Fourier series by the fast Fourier
transformation program, and the coefficients of cosine term
with the first power in the Fourier series, A;(111) and
A7(222), were obtained. Using A;(111), A;(222) and the
lattice parameter listed in Table 1, the rms microstrain for
each powder specimen, (¢%,),,;, can be calculated by
Eq. 2. The averaged value for each tested alloy is also
listed in Table 2.

The parameters Gy and A in Eq. 3 are usually mea-
sured on single crystal. For the austenitic Fe-Mn—-Al-C
alloys, the elastic stiffness coefficients, C;, C;5, and Cyg,
have not been reported in literature until now. However,
using A = 3.43 for the austenitic stainless steels [24],
/Gy can be calculated from Eq. 3 and may be used to
express the effect of Al content on SFE in the tested alloys.
The averaged value of y/G 111, for each tested alloy is listed
in Table 2 and varies with Al content.

If the tested alloys are considered to be isotropic, and
G111y may be replaced with the macroscopic shear mod-
ulus G, then SFE can be calculated and is named as the
observed SFE, 7., The averaged value of y,, for each

Table 2 XRD parameters for the tested alloys
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Fig. 2 Variations of the observed SFE and non-magnetic component,
Yob and ynm, With Al content

tested alloy is also listed in Table 2, and the variation of 7y,
with Al content is shown in Fig. 2, i.e., y,p increases lin-
early when Al content is lower than 6.27 at% and more
markedly as it is more than 6.27 at%.

Scatter for the SF probability, rms microstrain and
/G111y value are higher, as shown in Table 2. The reason
for the appearance of the scatter includes: (1) the strain-

Alloy Al (at%) A (A20°) ax 1073 ()1, x 107° PGy x 1077 Yob (MI/m?)
FAl 1.16 0.191 (0.018) 36.04 (3.35) 15.45 (1.52) 1.20 (0.24) 7.75 (1.57)
FA2 3.16 0.146 (0.002) 27.65 (0.31) 16.24 (0.84) 1.63 (0.08) 10.67 (0.55)
FA3 4.45 0.114 (0.004) 21.66 (0.81) 18.01 (1.22) 2.31 (0.03) 15.12 (1.58)
FA4 6.27 0.113 (0.011) 21.37 (2.03) 16.85 (0.69) 2.21 (0.32) 14.95 (1.69)
FAS 9.77 0.033 (0.001) 6.35 (0.11) 17.86 (1.84) 7.86 (0.78) 54.74 (5.34)

Data in brackets express the maximum deviation
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induced y — ¢ transformation caused in filing powder of
alloy FA1 relaxes the strain state in austenite because the
e-phase volume is smaller than the y-phase; (2) the larger
grain size (3040 pm) can cause the inhomogeneous strain
in the filed powder; (3) temperature of cold-worked powder
can rise during filing, the positive magnetostriction caused
by the antiferromagnetic transition appears on cooling and
overlaps over microstrain due to filing. Therefore, the rel-
ative error is about 20% for alloy FA1, and is lower than
11.3% for the others.

Thermodynamic estimation

In the tested alloys, the y and e-phases undergo the anti-
ferromagnetic transition and have the respective Néel
temperature. For the estimation of SFE, in addition to the
lattice parameter and Néel temperature, the correlative
phase stability and magnetic parameters must be know for
the y- and e-phases.

Non-magnetic component

Let us select first the parameters in the non-magnetic
component, i.e., the first two terms in Eq. 6. The values of
parameters AG}, *, AGy,,", and AG{“ at 300 K are taken
from Refs. [37-39], ie., AG}F:’ = —266.8, AGy, =
3,458.6, and AG). “ = —2,467J/mol. AG/,;"* can be esti-
mated from the temperature dependence of SFE in pure
aluminum and molar volume (10 cm®/mol) [40]. Accord-
ing to Ericsson’s analysis [41], SFE in pure metal may be
considered to be almost the same as the free energy dif-
ference between y- and ¢-phases with one atomic layer

AG—*

_—, 10
Né/3V2/3 (10)

’)) =
where Ny is Avogadro’s number, and V the molar volume
of pure metals. AG’,” is derived from this equation to be
6,502 J/mol at 300 K.

Lee and Choi [32] examined AQj ., = —10,837 +
22, 887Xy J/mol given by Ishida and Nishizawa [42] and
found that the calculated T, “(=[Ms + Ag]/2) is higher in
the Fe—(13-28)Mn alloys. AGj, has been corrected to be
—9,135.5 + 15,282.1Xn\,. The parameters AGI’:;‘SI and
AGL. are estimated from the appropriate equations [42]

dAGL " (1 — Xy — Xx)AT] ™"

AGX/sFe ~ AG}‘?L _ o o 7

(11)
(12)

where AG}/ ¢ is the effect of component X on the relative
stability between y-Fe and &-Fe, and AT * the change in
T,° temperature of the Fe-Mn alloys produced by

y/€F —
AGY™e = AGL™* + AQLE,
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component X. - (AG}.®) is estimated from AG.“ in
Ref. [37] to be about 3.264 T mol™ " K™! at 300 K. Usmg
the change in the T, " of the Fe-Mn alloys caused by Al
and C (28 and 48 K/at%) [42], AG!!™ and AG!/™ derived
from Eq. 11 are —9,109 and —15,639 J/mol in the Fe—
25(at%)Mn at 300 K, then AQ/_\, = 2,598 and AGj =
3,990)/mol. The contributions of AQy ", AQy %, and
AQ}¢ and the interactions along three components, such
as AQl e and AQy -, are so small that it can be
neglected [8]. The non-magnetic component of AG"™*,
AGI ¢, can be calculated from the above parameters. The
calculated non-magnetic component of SFE, y,,, is shown
in Fig. 2 and is given as

Yam(MI/mM?) = 5.18 4+ 5.124(A1 at%). (13)

Magnetic component

Since the y- and &-phases undergo the antiferromagnetic
transition, AGJ" is

AG 7P =G -G, (14)

where G/, G, is the magnetic-free energy of the y- and
e-phases, respectively. Since pAV is so small that it may be
ignored in comparison with AG! ¢, G! and G can be

approximately expressed by Eq. 8. According to Hirllert
and Jar [35], f®(z?)in Eq. 8 is given as

1 ‘L'3 T9 1.15
Z 1 4
} {6 +135%00”
(15)

| ==,

79t 474
?(9) =1 — — =
fo) {140p * 397

(c=1/12 > 1),

1 T75 T715 ,L.725
P (P — | _
fo) {10+315+1500

518 11692 (1 !

ﬁﬁﬁ@%&)
where p is only dependent on crystal structure. For fcc and
hep crystals, p = 0.28 [43]. In the present case, ¢ repre-
sents the y- and e-phases, and T the Néel temperature of
both phases, Ty and T§. AG?.”* in Eq. 6 implies the change
in the magnetic-free energy caused by the antiferromag-
netic transition. In order to determine AG?, ¢, T, and T§,
p’and B° must be known.

Concerning G, Ishida [34] and Petrov and Yakubtsov
[44] considered that the e-phase is non-magnetic in most
metals and G%, = 0. However, the ¢-phase undergoes the
antiferromagnetic transition in the Fe-Mn alloys. Ohno and
Mekata [45] showed that the antiferromagnetic transition
occurs at 230 K for the ¢-phase in the Fe—(17.8-28.6)Mn
alloys, and the magnetic moment f° is ~0.25 ug. They

(16)
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of SFE for the tested alloys FAl 1.16 0.789 —017660 440487 In(f' + 1) 2,502 In(f" + 1)
FA2 3.16 0806  —0.15953  397.911 In(§" + 1) 2334 In(f" + 1)
FA3 445 0.815 —0.15120 377138 In(f’ + 1) 2211 In(f + 1)
FA4 6.27 0850  —0.12138 302769 In(§" + 1) 1768 In(f + 1)
FAS 9.77 1056 —0.03313  82.625 In(f" + 1) 0.499 In(f" + 1)

considered that the Néel temperature of the ¢-phase is
composition-independent in the Fe—(17.8-28.6)Mn alloys.
T% and f° will be affected by the Al content in the Fe-Mn-—
Al alloys, and the relative results have been not reported in
literature. Considering that the magnetic order cannot dis-
appear completely above T, the free energy caused by the
change in the magnetic entropy, G, , should be estimated.
G¢, calculated from 7§ = 230K and f° = 0.25 p is only
—6.306 J/mol at 300 K and can be ignored in comparison
with AGI %, that it, AGI* = —G?.

The Néel temperature decreases with increasing Al
content in the tested alloys, and f7(t”) calculated from
Egs. 15 and 16 are smaller than zero and increase with
increasing Al content, as shown in Table 3. The average
magnetic moment is usually measured by means of Neu-
tron diffraction, but the quantitative effect of Al content on
/" in the austenitic Fe-Mn—Al alloys is not available in
literature. Al and Si belong to non-transition elements and
are possessed of the analogous electronic structure of outer
shell (3s*3p" and 3s3p?), and the austenitic Fe~Mn-Al-C
and Fe-Mn-Si-C alloys exhibit the analogous suscepti-
bility—temperature curves [15, 46]. The Mossbauer spectra
study on the austenitic Fe—Mn-Si—C alloys shows that the
addition of Si increases the localized magnetic moment on
Fe atom sites and the hyperfine field below T} [47]. It is
expected from these that the localized magnetic moment at
Fe atom sites increases with increasing Al content. The
decrease in mean electron concentration (e/a) with
increasing Al content also indicates that the addition of Al
into the austenitic Fe-Mn alloys increases the atomic
magnetic moment. Although the relationship between f”
and Al content is not available, the dependence of AG **
on 8 has been obtained at 300 K and is listed in Table 3.
Since In (f” 4 1) and —f7(1") are larger than zero, AG!,** is
positive. Therefore, the magnetic component of SFE
depends on the product of In (4 1) and —f?(z?) at the
given temperature and increases SFE in the antiferromag-
netic state. The relationship between 7y, and 8 has been
obtained at 300 K and is listed in Table 3. For alloy FAS,
since it is in paramagnetic state at 300 K, the magnetic
component of SFE, y,,, is 4.99 x 1073 In B +1) mJ/m?>
and may be neglected, and 7y, is approximately equal to
Yam- If the quantitative dependence of 7 on Al content

could be obtained, the influence of Al on the magnetic
component will be quantitatively established in the tested
alloys.

Discussion

It is seen from Fig. 2 that, in the range of Al content lower
than 6.27 at%, the observed SFE is lower and increases
with increasing Al content slower than the non-magnetic
component because alloys FA1-FA4 are in the antiferro-
magnetic state at 300 K. If the magnetic component is
added in, the difference between the observed and the
thermodynamically estimated SFEs will increase. How-
ever, the observed SFE and non-magnetic component are
almost equal in alloy FAS that is in the paramagnetic state
at 300 K. These facts show that the antiferromagnetic
transition affects markedly SFE in the tested alloys.

Effect of shear modulus on SFE

Equation 3 shows that the observed SFE depends on the
parameters ao, G, (¢3,),;, and o since K;; ;o and A were
selected as constants, and G, is replaced by the mac-
roscopic shear modulus G in the present work.

For the tested alloys, the shear modulus is affected by
the Al content and antiferromagnetic transition. The elastic
modulus—temperature curve for the tested alloys is shown
in Fig. 3. The elastic modulus decreases with increasing Al
content in the paramagnetic state, however, the anomalous
drop in the elastic modulus, called as the “AE” effect,
appears below the Néel temperature. The “AE” effect
originates from the lattice expansion and the decrease in
atom band energy caused by the antiferromagnetic transi-
tion and reduces with increasing Al content in the tested
alloys. It may be expected that the shear modulus G and
G111y also exhibit the same character. The macroscopic
shear modulus for the tested alloys, G, increases with
increasing Al content at room temperature, as shown in
Fig. 4. Because alloy FAS is in the paramagnetic state at
300 K, its macroscopic shear modulus is markedly higher
than that for the other alloys. Although the changes in ag
and (e2,),,, are small, the variation of shear modulus with

@ Springer
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Fig. 4 Shear modulus of the tested alloys at room temperature

Al content makes o decrease linearly. Therefore, the
anomaly of shear modulus caused by the antiferromagnetic
transition is the reason why the observed SFE is lower than
the non-magnetic component and increases slowly with
increasing Al content in the range of Al content lower than
6.27 at%, however, this effect is not considered in the
thermodynamic estimation. For alloy FAS, the observed
SFE is close to the non-magnetic component of SFE
because it is in the paramagnetic state at 300 K and there is
not the effect of the anomalous drop in the shear modulus.

In order to verify the variation of the observed SFE with
Al content in the tested alloys, the tensile specimens were
prepared from the bars treated at 1,273 K for 1 h and air-
cooled and then were strained to fracture at room temper-
ature. The deformation structure in the uniformly strained
portions of fractured tensile specimens was examined by
XRD. The result indicates that the strain-induced e-mar-
tensite appears only in alloy FA1, as shown in Fig. 5, and
was not detected in the others. The deformation structure in
the tested alloys has been also observed by TEM [13]. The
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Fig. 5 XRD patterns of the uniform portions for Alloy FA1 and FA2
after tensile test at room temperature

deformation structure shifts from the strain-induced
e-martensite and strain-induced twins to the strain-induced
twins and dislocation cell structure with increasing Al
content, and the size of dislocation cell structure reduces
correspondingly. The strain-induced e¢-martensite was
detected also in alloy FA2 under TEM. Thus, the strain-
induced y — ¢ transformation occurs at SFE lower than
12 mJ/m?, and the strain-induced twinning at SFE higher
than 10 mJ/m?. These results conform to the dependence of
deformation structure on SFE [48] and also verify that the
addition of Al increases SFE in the tested alloys.

Effect of Al content on the magnetic component of SFE

Now let us discuss the effect of Al content on the magnetic
component of SFE. The increase in the non-magnetic
component of SFE with increasing Al content is due to the
increases in the configurational entropy caused by the
addition of Al into the austenitic Fe—Mn alloys. However,
the effect of Al content on SFE is also shown by its
influence on the shear modulus, average magnetic moment
per atom, and Néel temperature for the tested alloys. This
has been testified by the fact that the observed SFE is lower
than the non-magnetic component of SFE in the antifer-
romagnetic state since it reflects the synthesized effect of
Al content. Therefore, the effect of Al content on the
antiferromagnetic transition is the main reason why the
inconsistency for the variation of the observed SFE and
non-magnetic component with Al content in the antiferro-
magnetic state.

In the austenitic Fe—Mn alloys, the magnetic suscepti-
bility does not obey the Curie-Weiss law above Ty and is
independent of temperature, the hyperfine field is not
affected by the surroundings, and there is no localized
magnetic moment on the Fe atom site [49]. In the austenitic
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Fe-Mn-AIl-C alloys, the magnetic susceptibility exhibits
the stronger temperature and composition dependence [14,
15]. Although the Mdssbauer spectra study on the austen-
itic Fe—-Mn-Al alloys is not reported in the literature yet, it
may be expected from the comparison with the austenitic
Fe—Mn-Si—C alloys that the hyperfine field is affected by
surroundings, and there is the localized magnetic moment
[47, 48]. Since Al is a non-transition element with 3523p1
outer electron configuration, only the localized magnetic
moment develops on the Fe atom sites, that is, the addition
of Al atoms into the austenitic Fe-Mn alloys induces the
localized magnetic moment on the Fe atom sites. Qin and
Zhang [47] attributed this phenomenon to that the valence
electronic band of Al overlaps over the d band of the
matrix. The energy required by the order—disorder transi-
tion of magnetic moment is offered by decreasing
temperature. In order to achieve the complete order of
magnetic moment, temperature must be decreased more
lowly. Therefore, the Néel temperature decreases with
increasing Al content in the tested alloys.

The variation of the observed SFE with Al content
originates from the increases in the localized magnetic
moment on the Fe atom sites and the anomaly in shear
modulus caused by the addition of Al atoms. With
increasing Al content, the average magnetic moment per
atom increases, the anomaly in shear modulus appears, and
the “AE” effect reduces in the tested alloys, therefore, the
observed SFE increases slowly at 300 K. Once the Al
content in austenitic Fe-Mn-Al alloy makes its Néel
temperature decrease so lower that it is in the paramagnetic
state at 300 K, then the observed SFE will be close to the
non-magnetic component, such as alloy FAS.

As mentioned above, the decrease in the Néel temper-
ature causes —f7(7") to reduce with increasing Al content
at 300 K, and the average magnetic moment per atom
always increases. Since the magnetic component of SFE
depends on the product of In(f” + 1) and —f7 ("), it shows
a minimum value at a certain Al content, however, the
magnetic component will continuously increases once Al
content is more than this value.

Conclusions

1. The results obtained by the XRD profile analysis show
that the SF probability decreases with increasing Al
content, and the observed SFE increases linearly in the
range of Al content lower than 6.27 at%, and markedly
as it is more than 6.27 at%.

2. The thermodynamic estimation indicates that with
increasing Al content the non-magnetic component of
SFE increases faster than the observed SFE in the
antiferromagnetic state, and the magnetic component

depends on the average magnetic moment and Néel
temperature at 300 K.

3. The inconsistency for the variations of the observed
SFE and non-magnetic component with Al content
results from the anomaly in shear modulus caused by
the antiferromagnetic transition, and this anomaly is
not considered in the thermodynamic estimation.

4. The increases in the localized magnetic moment on the
Fe atom sites and the decrease in the Néel temperature
are caused by the addition of Al and are accompanied
by the anomaly in shear modulus, which is the reason
for the effect of Al content on the SFE in the Fe-
25Mn—(1.19-9.77)A1-0.68C (at%) alloys.
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