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The dependencies of indentation modulus and yielding behavior on the crystallographic orientation in a
high Mn twinning induced plasticity (TWIP) steel were systematically investigated by spherical nanoin-
dentation. A series of nanoindentation experiments revealed that the values of the plane-strain modulus
and maximum shear stress at the pop-in increased with an order of (001), (101), and (111) grains.

Mechanical twins were only observed in the indented (00 1) grains, as was expected from Schmid factor
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1. Introduction

The crystallographic orientation is known to be one of the
most important factors for the mechanical properties and defor-
mation behaviors of crystalline metals and alloys. In a single
crystalline high Mn Hadfield steel with a chemical composition
of Fe-12.34 wt.%Mn-1.03 wt.%C, tension and compression exper-
iments showed that true stress—strain curve and deformation
mechanism significantly depends on the crystallographic orien-
tation parallel to the deformation axis [1]. When the tensile axis
was [111] and the compressive axis was [001], the mechanical
twinning played an important role as a predominant deformation
mechanism at the onset and early stage of plastic flow, whereas the
dislocation slip governed the plastic deformation when the tensile
axis was [001] or [123] and the compressive axis was [111] or
[123].

In high Mn twinning-induced plasticity (TWIP) steel [2], the
orientation-dependent deformation behavior has also been inves-
tigated mainly through tension and compression tests [3,4]. Yang
et al. [3] suggested that mechanical twinning occurred primar-
ily at the [11 1]-oriented grains parallel to the tensile axis in a
polycrystalline Fe-33Mn-3Al-3Si TWIP steel, while Meng et al. [4]
reported that the [001]-oriented grains parallel to the compres-
sive axis exhibited active mechanical twinning. However, despite
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the increased interest in high Mn austenitic steel, little information
is available about the orientation-dependencies of its elasticity and
plastic deformation behavior.

Meanwhile, the crystallographic anisotropy of mechanical prop-
erties in some metallic materials has often been explored through
nanoindentation experiments. For example, the reduced modulus
of (00 1) surface in some fcc metals such as Cu, Al, and 316L stain-
less steel exhibited a large difference from that of (11 1) surface by
about 10% [5,6]. The orientation-dependence of the surface mor-
phology after indentation was systematically reported in a single
crystal sample of fcc Cu by Wang et al. [7] and tetragonal y-TiAl
by Zambaldi et al. [8] in relation to the primary slip system. In
addition, for better understanding of indented microstructure, 3-
dimensional observations below the indent were done in a single
crystal sample of fcc Cu [9,10].

In the present study, a series of nanoindentation and electron
back-scattered diffraction (EBSD) tests were performed to inves-
tigate the orientation-dependent deformation characteristics such
as elasticity, shear yield stress, and the morphology of the indented
surface in a polycrystalline high Mn TWIP steel. The deformation
mode is discussed in terms of competition between dislocation
glide and mechanical twinning.

2. Experimental procedure

The high Mn TWIP steel sheets of 1.2 mm thick, whose chem-
ical composition of Fe-17.5Mn-0.58C-1.5Al in weight percent
were prepared by vacuum induction melting, homogenization, hot
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Fig. 1. Load-displacement curves of (a) (001), (b) (101), and (c) (111) grains in Fe-18Mn-0.6C-1.5A1 TWIP steel using a spherical indenter of 3.3 wm in radius. The

load-displacement curves in small boxes are the elastic deformation region.

rolling, and cold rolling [11]. To obtain fully recrystallized austen-
ite single phase samples, the cold-rolled sheets were annealed at
1100 °C for 10 min using a vacuum tube furnace.

The annealed specimens were mechanically polished using
emery papers, diamond suspension, and finished with colloidal sil-
ica particles. The surface orientations of the grains in the specimen
were observed using an EBSD equipment (Oxford instrument, INCA
Crystal) attached to a field-emission scanning electron microscope
(FE-SEM, JEOL, JSM7001F).

Nanoindentation tests were performed on the EBSD-examined
surface using a Nanoindenter-XP (MTS System Corp.) under a peak
load (Pmax) of 3 mN using a conical indenter with a spherical tip
of 3.3 wm in radius instead of a tip-blunted Berkovich indenter. An
array of indents of 15 x 15 matrix was defined with an indent gap of
20 p.m. Subsequently FE-SEM images of the indented surface were
taken. To avoid the grain boundary strengthening effect, the indents
made near grain boundaries were excluded.

The cross-sectional analysis of the indented surface was per-
formed using a transmission electron microscope (TEM, FEI, Tecnai
F20) operated at 200kV. The TEM samples perpendicular to the
indented surface were prepared by a focused ion beam (FIB, FEI,
Helios) milling.

3. Results and discussion

Fig. 1 shows the representative load (P)-displacement (h) curves
recorded during spherical nanoindentation tests of each grain with
a surface orientation of (001), (101), and (111), respectively
in the polycrystalline fcc TWIP steel specimen. Each P-h curve
shows a large displacement excursion (so called ‘pop-in’) during
loading sequence and the displacement was not fully recovered
upon unloading. The loading part before the pop-in matches well

with a fully elastic curve obtained with a lower peak load like
Pmax =0.5mN (see the inset figure where the P-h curves for both
loading and unloading are completely overlapped). This implies
that the deformation prior to the pop-in is fully elastic. The elastic
part of each P-h curve is well described by a Hertzian elastic contact
solution [12]

P gE,\/ha (1)

where R is the radius of a spherical indenter (3.3 wm) and E; is the
reduced modulus affected by the elastic moduli of both indenter
and specimen. From Eq. (1) and the measured P-h curve of the elas-
tic part, E; can be calculated for each orientation; 156.2, 162.6, and
170.8GPa in (001), (101), and (11 1) orientations, respectively.
Subsequently, the plane-strain modulus, Es/(1 — v2), for each ori-
entation is calculated using the E; as follows:

E (1 1-12\" -
171152_ E; E;

where E is the elastic modulus, v is Poisson’s ratio, and subscripts
i and s indicate the indenter and specimen, respectively. With
E;=1141GPa and v; =0.07 for a diamond indenter [13], the average
values of Es /(1 — vZ) for (001),(101), and (11 1) grains were cal-
culated to be 180.8, 189.5, and 200.7 GPa, respectively, as given in
Fig. 2a. These values are reasonably close to the plane-strain mod-
ulus (~185 GPa) of a polycrystalline bulk TWIP steel sample, which
was determined with the known bulk elastic properties of this TWIP
steel; Es=173.8 GPa and vs=0.24 [14].

The increase in Es; with an order of (001),(101),and(111) can
be rationalized by taking into consideration the compliances of a
cubic crystal system [6]. For a grain having [h k []-direction parallel
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Fig. 2. (a) The plane-strain modulus of three different orientations. Dashed line represents the calculated value using the elastic properties of bulk polycrystalline
Fe-18Mn-0.6C-1.5A1 TWIP steel. (b) The maximum shear stresses at the excursion in the three different orientations.

to the loading axis, the dependence of the elastic modulus (Ep ;)
upon an anisotropy factor Ay is

=S11 + (2512 — 2511 + Saa)Anki (3)

Eh ki

where S11,S512,and S44 are three independent compliances of a cubic
system, and Ap; is given as

R 4 KPR 4 12K2

A
h ki 24k )

(4)

and thus,Apo1,A101,andAq11,are0,1/4,and 1/3, respectively. Very
recently, Stinville et al. [6] calculated the elastic modulus of fcc 316L
stainless steel using Si1, S12, and Sy4 of 10.7 x 1073, —4.25 x 1073,
and 8.6 x 1073 GPa~!, and showed that the E;; is much higher
than Eg g1, which is in an agreement with our result.

200 nm

Now, turning our attention to the yielding, the maximum shear
stress at the onset of the excursion (pop-in), Tmax is calculated by
[12]

1/3
6E2
Tmax = 0.31 (7‘[31£2 P)

The calculated tmax values of different surface orientations,
plotted in Fig. 2b, shows that Tpax is 2.38+0.16, 2.59+0.31, and
2.79+0.30GPafor(001),(101),and (11 1) respectively. The value
is clearly increasing with an order of (001), (101), and (111).
The values are much higher than the expected values (ty ~oy/2)
from macroscopic tension or compression tests, possibly due to
a whisker-like effect: the stressed zone contains few pre-existing
dislocations [15]. Meanwhile, the orientation dependency of Tmax
agrees well with that of compressive yield strength in a high Mn
Hadfield steel whose yield strength is 313 MPa for [00 1] loading
axis and 425 MPa for [11 1] loading axis [1].

The orientation-dependency of uniaxial yield strength has often
been analyzed in terms of the Schmid factor. The higher the Schmid

(5)
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Fig. 3. Scanning electron microscopic (SEM) images of the indented surfaces of (a) (001), (b) (101), and (c) (111) grains and their schematics of (d) (001), (e) (101), and
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Table 1
Maximum Schmid factors for three different orientations of [001],[101],and [11 1]
under compression for dislocation slip and mechanical twinning.

Deformation mode Orientation

[001] [101] [111]
Dislocation slip 0.41 0.41 0.28
Mechanical twinning 0.47 0.25 0.16

factor, the lower the yield strength. Although the stress state under
the indenter is much more complicated than the uniaxial condi-
tion, one may gain a clue for understanding the anisotropic yielding
behavior assuming that the yielding mechanism for the indenta-
tion is similar to that for uniaxial compression if the loading axis of
indentation is in the same direction as that of compression. Note
that in the nanoindentation experiments using a spherical inden-
ter, it was reported that the loading axis of the highly stressed zone
was equal to that of the compression tests [16]. Also in a previous
nanoindentation study, the compressive Schmid factor was used in
each slip system to understand dislocation slip behavior in a single
crystal fcc Cusample indented by a conical indenter [9]. Table 1 lists
the maximum Schmid factors for both dislocation slip and mechan-
ical twinning using a preferred slip system of {111}/(110) and
{111}/(112), respectively, when compressive stress is applied in a
direction perpendicular to each surface of three differently oriented
grains of fcc metals.

From Table 1, it is expected that during the nanoindentation
test, the dislocation slip or mechanical twinning can occur more
easilyin (00 1) grains rather thanin (101)and (11 1) grains. How-
ever, although the maximum Schmid factor for dislocation slip for
[001] is equal to that for [101], the Tmax of (00 1) is smaller than
that of (101). In addition, because the maximum Schmid factor

for mechanical twinning of [00 1] is larger than that of [101], it is
required to investigate the role of mechanical twinning on Tpax.

If one adopts an assumption that the critical resolved shear
stresses for both slip and twinning are approximately the same, as
in a previous study on the effect of grain orientation on deforma-
tion twinning in a high Mn TWIP steel [17], mechanical twinning is
expected to occur before dislocation slip in the (00 1) grains during
the nanoindentation test. In order to investigate the deformation
mechanism (slip or twinning) in each orientation, we attempted
to examine whether or not the mechanical twinning occurs during
the indentation for each surface orientation.

Fig. 3 shows typical SEM images of indented surfaces of (00 1),
(101),and (11 1)grains and their schematics. The indented surface
revealed deformation patterns with fourfold, twofold, and sixfold
symmetries for (001),(101), and (11 1) grains, respectively. This
resultis similar to thatin a Cu single crystal observed by Wang et al.
[7]. However, since they used a self-similar sharp indenter that pro-
duced a much deeper displacement, it was difficult to observe the
detailed morphology of the contact region of the indent. For the
indented surface of (00 1) grain, as shown in Fig. 3a and d, the pri-
mary slip plane {111} intersects the indented surface along the
[110]and[110]directions, implying that the trace of either dislo-
cation slip or mechanical twinning is given as the fourfold in-plane
symmetry along the [110] and [110] on the indented surface of
(001) grain. For the indented (10 1) grain (see Fig. 3b and e), the
primary slip plane {111} crosses the indented surface along the
[121] and [121] orientations, which caused the twofold in-plane
symmetry. Lastly, for the indented surface of (11 1) grain, the pri-
mary slip plane {111} intersects the indented surface along the
[110],[011],and [101] crystallographic lines, as shown in Fig. 3¢
and f. Therefore, it is clear that the deformation patterns on the
indented surfaces greatly depend on crystallographic orientation.

(b) (001) DF

Fig. 4. (a) Transmission electron microscopic (TEM) image of the cross-sectional areas of the grains of (00 1) oriented surfaces, and (b) its dark field image alongside a
diffraction pattern of twins. Those TEM images of (101) and (11 1) oriented surfaces are also given in (c) and (d).



504 S. Kang et al. / Materials Science and Engineering A 532 (2012) 500-504

The symmetric deformation patterns on the indented surfaces
have also been reported in some previous studies on fcc Cu single
crystals [9,10] and a tetragonal «y-TiAl alloy [8]. From crystal plas-
ticity finite element method (CP-FEM), Zambaldi et al. [8] predicted
a pile-up inverse pole figure (IPF) in a tetragonal y-TiAl alloy that
fourfold in-plane symmetryin[00 1], twofoldin[1 1 1],and twofold
in [110]. Although diverse investigations such as 3-dimensional
observation of the texture and microstructure below the indent
were done in a single crystal (11 1) fcc Cu by Zaafarani et al. [9,10],
pile-up IPF was not reported in fcc alloys.

TEM observations of cross-sectional specimens were addi-
tionally performed (see Fig. 4) because of unclear evidence of
mechanical twinning on the SEM images of the indented surfaces.
For a (001) grain, straight deformation patterns with many dis-
locations were observed in the bright-field TEM image (Fig. 4a).
The selected area diffraction pattern (SADP) and dark field image
of the deformation patterns of the (0 0 1) grain (Fig. 4b) clarified the
existence of the mechanical twins. However, in (101) and (111)
grains (see Fig. 4c and d), no evidence related to the mechanical
twinning was found. This result is very similar to the compressive
test result of high Mn austenitic steels in which mechanical twins
were only observed in the [00 1]-oriented sample [1]. Therefore,
the Schmid factor of compression can be one of the useful indi-
cators for mechanical twinning occurring during nanoindentation
tests.

However, it is still unclear when the mechanical twinning took
placein (00 1) grains during the nanoindentation, because the TEM
images of the mechanical twins were taken after the nanoindenta-
tion and the P-h curve of the (00 1) grain exhibits only one pop-in.
Therefore, it is still difficult to judge whether the yielding of the
(001) grain corresponding to the pop-in was caused by mechani-
cal twinning or dislocation glide. Further studies are desirable on
the yielding mechanism of the (00 1) grain, including the validity
of the assumption that the critical resolved shear stresses for both
slip and twinning are approximately the same.

4. Conclusions

In summary, the orientation-dependent yielding and indenta-
tion modulus in Fe-18Mn-0.6C-1.5A1 TWIP steel were investigated

through nanoindentation and EBSD experiments. The plane-strain
modulus and maximum shear stress at the pop-in (probably corre-
sponding to shear yield strength) increased with an order of (00 1),
(101), and (111). The anisotropy of the plane-strain modulus
depends on the anisotropy of Young’s modulus. The anisotropy of
maximum shear stress at the onset of the pop-in was explained by
the change in Schmid factor. Deformation patterns on the indented
surfaces having different orientations were found to be a good indi-
cator for estimating the primary slip system. As expected from the
Schmid factor, TEM observations confirmed that mechanical twins
formed only under the indents of (00 1) grains, showing a similar
orientation dependency to the uniaxial compression test results.
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