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Stainless steel Fe-21Cr-6Ni-9Mn (SS 21-6-9), with ~21% Cr, ~6% Ni, and ~ 9% Mn in weight percentage, has wide
applications in extensive fields. In the present study, SS 21-6-9 is compressed up to 250 GPa, and its crystal structures and
compressive behaviors are investigated simultaneously using the synchrotron angle-dispersive x-ray diffraction technique.
The SS 21-6-9 undergoes a structural phase transition from fcc to hep structure at ~ 12.8 GPa with neglectable volume
collapse within the determination error under the quasi-hydrostatic environment. The hcp structure remains stable up to the
highest pressure of 250 GPa in the present experiments. The antiferromagnetic-to-nonmagnetic state transition of hcp SS
21-6-9 with the changes of inconspicuous density and structure, is discovered at ~50 GPa, and revealed by the significant
change in ¢/a ratio. The hcp SS-21-6-9 is compressive anisotropic: it is more compressive in the c-axis direction than in
the a-axis direction. Both the equations of states (EOSs) of fcc and hep SS 21-6-9, which are in accordance with those of
fee and hep pure irons respectively, are also presented. Furthermore, the ¢/a ratio of hep SS 21-6-9 at infinite compression,
R.., 1s consistent with the values of pure iron and Fe—10Ni alloy.
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1. Introduction

Iron alloys are of fundamental interest in material science,
geophysics, and industrial applications. During the past sev-
eral decades, great efforts have been devoted to studying the
high pressure and high temperature physical properties of pure
iron and its light elements alloys, which are major constituents
of the Earth’s liquid outer core and the solid inner core, in or-
der to shed light on the geophysical and geochemical models
of the Earth interior.[!~!

Stainless steel Fe-21Cr-6Ni-9Mn (SS 21-6-9) with ~
21% Cr, ~ 6% Ni, and ~ 9% Mn in weight percentage, is a
stable austenitic stainless steel alloyed with nitrogen to achieve
higher strength. The content values of Cr and Ni increase the
stacking fault energy of SS 21-6-9 and result in a good resis-
tance to hydrogen embrittlement.!*! Thermo-mechanical pro-
cessing increases the dislocation density of SS 21-6-9, caus-
ing ductility improvement with internal hydrogen.”®! Due to
its high yield strength, excellent anticorrosion, and good resis-
tance to hydrogen embrittlement, SS 21-6-9 is widely used in
various fields, especially in controllable nuclear fusion study,
vehicle design, petrochemical industry, aviation industry, su-
perconducting engineering, etc.

Several studies on the velocity history and shear stress of
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SS 21-6-9 under extreme loading were reported.!®”! Huang et
al. determined the Hugoniot, Hugoniot elastic limit, and shock
velocity of SS 21-6-9 under single-gas-gun loading.®) White-
man and Millett obtained the longitudinal and lateral stress of
SS 21-6-9 under shock loading.”! They discovered that the
shear strength of SS 21-6-9 increased with the augment of
pressure. However, the structural properties and compressive
behaviors of SS 21-6-9 under static pressure loading have still
been limited to date, though they are very important inputting
parameters for industrial design.

In the present study, the SS 21-6-9 is compressed up to
250 GPa by the diamond anvil cell (DAC) and its structure
and compressive behaviors are determined by an in situ syn-
chrotron angle-dispersive x-ray diffraction (ADXRD) tech-
nique. It is discovered that the SS 21-6-9 underwent a struc-
tural phase transition from the face-centered-cubic (fcc) to the
hexagonal-closed-packed (hcp) structure at ~ 12.8 GPa. The
hep structure is stable up to the highest pressure of 250 GPa
in the present study. The magnetic state transition from anti-
ferromagnetic to nonmagnetic state, revealed by the c/a ratio
anomaly at ~ 50 GPa, is discovered in hcp SS 21-6-9. The
equation of state (EOS), and the anisotropic compressive be-
haviors of SS 21-6-9 are also reported.
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2. Experiment details

Two runs of in situ ADXRD experiments in non- and
quasi-hydrostatic environments were conducted respectively
at the High-Pressure Station, 4W2 beamline at Beijing Syn-
chrotron Radiation Facility (BSRF). In Run A, a pair of
beveled diamond anvils with a culet size of 50 um was
mounted on a symmetric cell to generate high pressures up
to 250 GPa. The SS 21-6-9 sample cut from bulk materials
(20.53% Cr, 8.95% Mn, 7.64% Ni, and 0.29% N in weight
percent), was loaded into a 40-um diameter chamber, which
was drilled into a pre-indented Re gasket. The Mo powder
purchased from Alfa Aesar, USA, with a typical particle size
of 2 um (purity of 99.9%) was loaded together with the sam-
ple in the chamber as the pressure gauge.®! In Run B, the
T301 stainless steel with an initial thickness of 250 pm was
pre-indented to ~ 30 pm by a DAC with 400-um diameter
flat culets used as the gasket. A 120-um diameter sample
chamber was drilled into the center of the pre-indented gas-
ket. The ruby chips were loaded together with the SS21-6-9
piece in the sample chamber as the pressure calibration. ! Sil-
icone oil was also loaded as the pressure transmitting medium
(PTM). The incident x-ray was monochromatized to 20 keV
with a wavelength of 0.6199 A by using double crystals (sili-
con 220) in both runs of experiments. The beam size was fo-
cused to 15 um (vertical) x28 pwm (horizontal) (the full width
at half maximum, FWHM) by Kirkpatrick—Baez mirrors. The
diffraction patterns were collected by an image plate detector
(MAR345) located at 267.67 mm from the sample. The CeO;
standard from the National Institute of Standards and Tech-
nology was used to calibrate the distance from the sample to
the detector and the tilts of the detector. All the measurements

were performed at room temperature. The two-dimensional
(2D) diffraction patterns were integrated by Fit2D!'%! to ob-
tain the 260—intensity curves for further analysis.

3. Results and discussion
3.1. Structural phase transition

The selected diffraction patterns in two runs are illus-
trated in Fig. 1. The peak widths of SS 21-6-9 are obviously
larger than those of Mo, due to the residual stress in the bulk
material of SS 21-6-9 arising from the thermo-mechanical pro-
cessing. The solid circle and diamond symbols indicate the
peaks from the fcc and hep structures, respectively. The unla-
beled peaks in Run A are from the pressure gauge material Mo.
The structural phase transition of SS 21-6-9 from the fcc to hep
structure has been discovered in both runs, though the onset
pressures of the phase transition are different from each other.
The (101) peak of hcp SS 21-6-9 appears first at 10.7 GPa
in Run A, whereas in Run B the (100) peak of hcp SS 21-
6-9 appears first at 12.8 GPa. The discrepancy in the onset
pressure of the structural phase transition is because the non-
hydrostatic stress environment facilitates the fcc—hcp struc-
tural phase transition in Run A. The non-hydrostatic effect
on structural phase transition has been discovered in several
materials: the shear stress facilitates the bec—hcp structural
(11121 and induces the o — o + fB

transformation in Zr;['3 the non-hydrostatic stress environ-
[14]

phase transition in pure iron

ment also had influence on the stable structure of GaSb
and InSb.["3] Consequently, we consider that the onset of the
fcc—hcp structural phase transition is at about 12.8 GPa under
the quasi-hydrostatic stress environment.
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Fig. 1. (color online) Selected diffraction patterns under different pressures in Run A ((a) and (c)) and Run B (b). The solid circles and diamond symbols
indicate the diftraction peaks form the fcc and hep phase of SS 21-6-9 respectively. The unmarked peaks in panels (a) and (c) are from the pressure gauge
Mo. The widths of SS 21-6-9 peaks are larger than that of Mo because of residual stress in the bulk material of SS 21-6-9.
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However, the fcc structure is quite stubborn during the
structural phase transition. The fcc and hep structures coex-
ist in a pressure interval of ~ 8.4 GPa, i.e., from 12.8 GPa
to 21.2 GPa in Run B of the present experiment. This slug-
gish transition from fcc to hep structures is also observed in
pure iron and Fe-rich alloy by Uchida et al.l'®! and Mao et
al."7" Mao et al.l'” considered that the Ni diffusion plays a
significant role in the structure transition. This sluggish struc-
ture transition provides an important clue for the kinetics of
the fcc—hcp transformation. The SS 21-6-9 maintains the hcp
structure up to the highest pressure of 250 GPa in the present
experiments.

3.2. Equation of state

The (100) and (101) diffraction peaks are used to directly
calculate the a and ¢ parameters of hcp SS 21-6-9, then the
atomic volume and the ¢/a ratio. The atomic volume as a func-
tion of pressure of SS 21-6-9 is illustrated in Fig. 2. It is dis-
covered that the volume decreases continuously with increas-
ing the pressure. No obvious volume collapse across the phase
boundary has been observed within the accuracy of present ex-
periments. The volume collapse across the fcc—hcp boundary
in Fe-Ni alloy is approximately 1%—-3% under the condition
of high pressure and high temperature, and the volume col-
lapse becomes larger at higher pressures and temperatures.!”!
Therefore, this volume collapse would be subtle at ambient
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Fig. 2. (color online) Plots of average atomic volume of SS 21-6-9 versus
pressure. The solid line represents our fitting result to Vinet EOS. The EOSs
of pure hcp-iron determined by Mao ef al.!?!l and Dewaele et al.,!*?! Fe-rich
Ni alloy determined by Mao et al.!*!] and Komabayashi er al.!*”) are also illus-
trated together for comparison. The lower panel shows the difference between
the present experimental and fitting results of hcp SS 21-6-9.

Table 1. Comparison of the parameters of EOS of hcp structural SS-21-6-9, pure iron and Fe-rich Ni alloys. The parameters Vy (volume), Ky (bulk
modulus), and K{, (pressure derivative of bulk modulus) are obtained by least-squares fitting of the P—V data points to the 3-order Birch-Murnaghan
(BM) and Vinet EOS formulas, respectively. The bold values are fixed during the fitting procedure. Values in parentheses are the uncertainties.

Reference Vol A3 Ko/GPa, K|, Prange/GPa  Pressure gauge PTM EOS
hep structure

Fe, Jephcoat!?012 11219 (157)  166.6 (279), 4.98 (98) 20-75 ruby Ar BM
Fe, Maol?!] 11.176 (17) 165 (4), 5.33 (90) 35-300 Pt Aror mone (P >80GPa) BM

Fe, Uchidal'6I® 11.350 (150) 135 (19), 6.00 (40) 6-300 MgO None BM
Fe, Dewaele!??] 11.214 (49) 163.4 (79), 5.38 (16) 17-197 ruby or W He Vinet
Fe, Dubrovinsky 2! 11.199 156, 5.81 20-200 Pt none BM
Fe, Boehler?*] 11.23 (2) 160 (6), 5.6 (2) ~20-150 ruby Ar, Xe, KCI, Al,03 BM
Fe, Ono!®l¢ 11.29 (16) 165 (29), 5.0 (7) 17-107 NaCl NaCl Vinet

Fe, Sakai (%% 11.09 (10) 179.6 (22), 4.91 (12) 25-180 NaCl NaCl BM
Fe—20Ni,Maol2!] 11.191 (8) 172 (2), 4.95 (9) 14-255 Pt None BM
Fe-9.7Ni, Komabayashi!?714 11.425 (30) 163.4,5.38 21-100 Au or diamond Si0, Vinet
Fe—10Ni, Sakail?°] 11.09 (7) 195.3 (1.6), 4.37 (5) 27-272 NaCl NaCl BM
SS 21-6-9, this study 11.697 (222)  162.5 (282), 5.61 (42) 34-250 Mo none Vinet
SS 21-6-9, this study 12.319 (36) 126.7 (29), 4.00 19-40 ruby silicone oil Vinet

fee structure
SS 21-6-9, this study 11.920 (75)  135.1 (190), 5.68 (109) 0-14 ruby silicone oil Vinet
Fe, Boehler!!%l® - 127,22 042 ruby ALO;

Fe—36Ni, Reaman (28 11.495 140 (1), 5.6 (1) ruby’ Ne BM
Fe—30Ni, Huang!*! - 160 (15), 4.00 1-48 ruby none BM

4The data points determined below 18 GPa are excluded to avoid the interference due to the fcc—hcp phase transition.
The data obtained by Jephcoat?°! and Mao!?! are combined in the EOS fitting procedure.

¢ Annealed by laser heating for 5 min—10 min.

9The bulk modulus and its pressure derivative are fixed at Ko = 163.4 GPa and K}, = 5.38, reported by Dewaele et al.

¢Obtained under high temperature.

fBased on ruby pressure scale corrected for softer medium by Jacobsen. ]

[22]
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temperature, similar to the SS 21-6-9. The SS 21-6-9 is com-
pressed by ~ 36.9% at the highest pressure of 250 GPa in
the present experiment. The P-V data of SS 21-6-9 is least-
squares fit with the Vinet EOS!'®! to obtain the bulk modulus
and its pressure derivative,

roan() ()
ol (1)) o

where V, V,, Koy, and K(’) are the volume at the pressure P,
the volume at atmospheric pressure, the bulk modulus, and
the pressure derivative of bulk modulus, respectively. The
least-squares fitting yields Ko = 135.1 GPa, K, = 5.681, and
Vo =11.920 A3 for the fce structure. The bulk modulus of fec
SS 21-6-9 is a little larger than that of pure iron.!"”! However,
the bulk modulus of fcc iron was determined at high tempera-
ture, which may soften the material. The compressive behav-
ior of fcc SS 21-6-9 resembles that of fcc pure iron taking the
temperature effect into account.
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Fig. 3. (color online) Trade-off diagram of K versus K(’) of SS21-6-9
with hep structure. The solid circle represents our fitting result with-
out any constraint. The results of pure iron determined by Jephcoat et
al.,'?%! Mao et al.,1?!1 Dubrovinsky et al.,181 Uchida er al.,'®) Dewaele
etal.??! Ono et al.,>>! and Sakai ez al.,!*! are presented by empty sym-
bols for comparison. Also plotted are the results of Fe—20Ni alloy?!]
and Fe—10Ni[2%! for comparison with our SS 21-6-9 result.

For the high pressure hcp structure, the parameters Ky =
162.51 GPa, K} = 5.606, and Vp = 11.697 A3 under the
non-hydrostatic environment, and Ky = 126.72 GPa, K(’) =4
(fixed), and Vp = 12.319 A3 under the quasi-hydrostatic en-
vironment, are obtained, respectively. The fitting results of
hep SS 21-6-9 are also shown in Fig. 2 by the solid line.
The EOS parameters of hcp SS 21-6-9 are compared with
those of hcp pure iron and Fe-rich Ni alloys in Table 1. The
trade-offs between Ky and K of hep SS 21-6-9 under quasi-
and non-hydrostatic compressions are shown in Fig. 3, to-
gether with the previous results. The non-hydrostatic bulk
modulus Kj is larger than the quasi-hydrostatic one, owing to
the larger discrepancy between the determined strain and the

real strain under the non-hydrostatic stress compression. 3!
Our non-hydrostatic results are consistent with Mao[?!l and
Dewaele’s??! results, whereas we obtain a larger atomic vol-
ume at ambient pressure. This consistency indicates that the
alloy elements do not change the compressive behavior of pure
iron significantly, just expands the atomic volume. Neverthe-
less, Mao et al. considered that up to 20 wt% Ni did not lead
to an obvious effect on the hep iron unit cell volume.[?!!

3.3. ¢/aratio

To study the compressive behaviors of hcp SS 21-6-9
along different directions, the lattice constants of a and ¢ of
hep structure varying with pressure are least-squares fit with
a similar Vinet equation to obtain the modulus of the a and ¢
axis,

po(2) (- DewZn(1i-2) ) o
P:3KC<CCO>_2(1—CCO> exp{i(Ké—l)O—;))}v 3)

where a and c are the values of the crystal parameters at pres-
sure P, ag, and cg are the values of @ and c at ambient pressure,
K, and K, are the bulk moduli along the a-axis and c-axis di-
rections, K/, and K. are the pressure derivatives of bulk mod-
ulus along the a and ¢ directions, respectively. Because of
the large scatter of the results in the non-hydrostatic run, only
results derived from the quasi-hydrostatic experiment are in-
cluded in the fitting procedure. The least-squares fitting yields
K, = 138.6 GPa and K, = 4 (fixed) for a, and K, = 104.9 GPa
and K/ = 4 (fixed) for c. These results indicate that the hcp
SS 21-6-9 is compressive anisotropic: it is more compress-
ible in the c-axis direction than in the g-axis direction. Conse-
quently, the ¢/a ratio of hep SS-21-6-9 decreases with pressure
increasing.

Previous study indicated that the elastic anisotropy of hcp
Fe accounted for the seismic anisotropy in the Earth’s inner
core: experimental study revealed that the c¢/a ratio of hcp
Fe increases with temperature rising, but far below the value
of ideal hcp structure 1.6299, which results in largely elastic
anisotropy in the Earth’s inner core.!!! The ¢/a ratio of hcp
SS 21-6-9 determined in the present study as a function of
pressure is illustrated in Fig. 4 by comparing with the previ-
ous results of hep Fe. An interesting result, i.e., the ¢/a ra-
tio of SS 21-6-9 below ~50 GPa (3.9x10~4/GPa) decreases
with the increase of pressure more than 10 times faster than
that above ~ 50 GPa (3.0x 1073/GPa) (Table 2) without obvi-
ously changing the density and structure, is discovered as illus-
trated in Fig. 4. A similar phenomenon, i.e., the ¢/a ratio de-
creases more rapidly below ~50 GPa (1.6 x 10~4/GPal??!) than
those above ~50 GPa (1.3x1073/GPa,*2! 4.9x107>/GPa,?!!
1.2x107%/GPa,?Y 1.6x 10~6/GPa,!'%) also exists in hcp pure

iron as shown in the results presented by Dewaele et al.,!*?!
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which has been the most accurate result of hcp pure iron to
date. However, they did not pay enough attention to this ¢/a

1.1%1 determined the ¢/a ratio of pure

anomaly. Later, Ono et a
iron with increasing pressures carefully by laser heating an-
nealing to minimize the pressure inhomogeneity and to over-
come any potential kinetics. They also discovered the signif-
icant change of the c¢/a ratio at ~ 55 GPa, which is ascribed
to the antiferromagnetic-to-nonmagnetic state transition. The
spin direction of the antiferromagnetic state is perpendicular
to the ¢ axis, which causes the ¢ axis to be more compressible
than the a axis. Consequently, the transition of the magnetic
state in hep SS 21-6-9 includes a change in the ¢/a ratio re-
sponding to compression.>> Recently, Sakai er al.!*] repli-
cated the ¢/a anomalies in pure iron and Fe—10Ni alloy. Con-
sequently, we consider the antiferromagnetic-to-nonmagnetic
state transition is responsible for the significant change of the
¢/a ratio in hep SS 21-6-9, similar to what was discovered in
pure iron by Ono et al.!>>! The large scatter of the c¢/a ratio
after the magnetic state transition in our and other results(®>]
arises from the influence of differential stress and the transi-
tion hysteresis.[>>! The anomaly of c/a at the initial stage of
the bee—hep phase transition is also discovered, which is due
to the interference of the mixing phases. [20-33-34]

1.67

L @ this study, silicone oil
- (a) ® this study, no PTM
N O Mao, 1990
1.65 —-= Mao, 1990
SN - - - Jephcoat, 1986
F R, 000000 - Uchida, 2001
1.63 % Ma, 2004
L o - - linear fit of this study, silicone oil
s L o studyj no PTM
i61p Y O
T B 0 & 0,00
1.59 b e E)G """"
C “OQ
157
1.55 0 100 200 300
Pressure/ GPa
1.604+ VT + — X 4+ X Dewaele (5 runs)
60 SO fitting results (<50 GPa)
1.602 *%:K X fitting results (>50 GPa)
+& X +
3
> 1.600 — Y
> x
1.598
X+ 7
Lsosf (P n . xt+
0 50 100 150 200
Pressure/ GPa

Fig. 4. (color online) (a) Variations of ¢/a ratio of SS 21-6-9 with pres-
sure. The dash and solid lines represent the linear fitting results of our
quasi- and non-hydrostatic results, respectively (c¢/a = 1.644 — 3.9 x
107*P (GPa) (quasi-hydrostatic), ¢/a = 1.602 — 0.3 x 107*P (GPa)
(non-hydrostatic)). The results of pure iron determined by Mao et
al. (c/a = 1.604—4.9 x 107°P (GPa)),[?! Jephcoat et al. (c/a =
1.606 — 1.2 x 107*P (GPa)),[??! Uchida et al. (c/a = 1.613 — 1.6 x
1076P (GPa)),!'®! and Ma et al. (c/a = 1.585+6.3 x 107> P (GPa))3!1
are also shown for comparison. (b) The ¢/a ratio of pure iron deter-
mined by Dewaele ef al.,/??! where the dash and solid lines represent
the linear fitting results below and above 50 GPa respectively.

Table 2. Parameters of linear fitting to the ¢/a ratio (c/a =A — B X P)
of pure iron and Fe-rich alloys.

Reference Intercept, A Slop, B
SS 21-6-9, this study, (< 50 GPa) 1.644 3.9%10*
Fe, Dewaele, (< 50 GPa)[??] 1.606 1.6x10~*
Fe, Mao!?!] 1.604 49%x1073
Fe, Jephcoat 2! 1.606 1.2x107*
Fe, Uchidal'®! 1.613 1.6x107°
Fe, Mal3!l 1.585 —6.3%x1073
SS 21-6-9, this study, (> 50 GPa) 1.602 3.0x107°
Fe, Dewaele, (> 50 GPa)!??] 1.600 1.3x1073

Fitting the ¢/a data to the Bolzmann sigmoidal function
(c/a=Ro+A/(1+exp((P—B)/C)),1> where A, B, C are fit-
ting constants), we obtain the ¢/a ratio at infinite compression
R.. = 1.597. This result agrees well with those of pure iron
(1.5981%61) and Fe—10Ni alloy (1.603[%%1). Sakai et al. consid-
ered that the R.. value of Fe—10Ni alloy is slightly larger than
that of pure iron,*%! whereas we consider the difference is due
to the scatter of the experimental data points. The R., value, an
important parameter for understanding the anisotropy of the
Earth’s inner solid core, needs to be carefully determined in
future study.

4. Conclusions

The SS 21-6-9 is compressed up to 250 GPa by DAC
and its structure and EOS are determined. Structural trans-
formation from the fcc to hep structure is discovered at about
12.8 GPa under the quasi-hydrostatic environment. The fcc
structure remains stable up to the highest pressure in the
present experiments. The bulk modulus of the SS 21-6-9 in
the fcc phase is a little larger than that of fcc iron, whereas the
bulk modulus of the SS 21-6-9 in the hcp phase agrees well
with that of hcp iron. For the hcp phase, the ¢ axis is more
compressive than the a axis. The compressive behavior of the
SS 21-6-9 is similar to that of pure iron. The magnetic state
transition from antiferromagnetic to nonmagnetic state is dis-
covered in hep SS 21-6-9 at ~50 GPa.
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