Plastic strain due to twinning in austenitic

TWIP steels

B. Qin and H. K. D. H. Bhadeshia*

Twinning induced plasticity steels are austenitic alloys in which mechanical twinning is a
prominent deformation mode, and which exhibit exceptional combinations of ductility, work
hardening and ultimate strength. The authors develop in the present paper a crystallographic
theory to enable the quantitative investigation of the role of mechanical twinning in enhancing the
properties of these alloys. It is found that the twinning strain itself makes a significant though small
contribution to the total elongation and that other mechanisms must therefore be at play in

determining the overall deformation behaviour.
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Introduction

Mechanical twinning is a plastic deformation mode that
is rarely exploited in engineering applications in the
context of steels, largely because the vast majority of
practical alloys deform by slip at ordinary strain rates
and temperatures. Twinning can, however, form a
substantial component of plasticity in steels which are
heavily alloyed, for example the Hadfield alloys'? and
the modern twinning induced plasticity (TWIP) steels.*”
The TWIP alloys typically contain a large amount of
manganese, some aluminium and silicon (e.g. Fe-25Mn—
3Si-3Al (Wt-%)), and exhibit extraordinary uniform
elongation, typically in the range 60-95% (Fig. 1).
Twinning induced plasticity steels are somewhat
analogous to transformation induced plasticity (TRIP)
steels in which phase transformation enhances plasticity,
except that the symmetry of the lattice is preserved by
the twinning operation, and the shape deformation due
to twinning is a shear strain s=1/,/2 which is much
larger than the deformation associated with martensitic
transformation. The alloys are austenitic and remain so
throughout plastic deformation, with the permanent
strain being accommodated both via mechanical twin-
ning and slip. The aim of the present work was to
examine the contribution of twinning to the overall
plastic strain using crystallographic theory alone.
Twinning does of course have other effects; the work
hardening rate is believed to be enhanced by subdividing
the original austenite into twinned and untwinned
regions. Although this latter issue is not modelled here,
the identification of the contribution of twinning strain
to elongation fixes the amount that remains to be
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explained in terms of phenomena such as the geometric
partitioning of austenite by twins.

Crystallography

The vector and matrix notation used is due to Bowles
and MacKenzie because it is particularly good at
avoiding confusion between frames of reference.®'”
The axes of a polycrystalline sample are defined by an
orthonormal set of basis vectors [S;a;], [S;a,] and
[S;a3], collectively identified using a basis symbol S,
where «; are the basis vectors. The crystallographic axes
of the ith austenite grain are similarly identified using
the basis symbol y; and its corresponding reciprocal
basis by the symbol ;.

Mechanical twinning causes a shear deformation
which can be represented by a 3 x 3 deformation matrix
P such that® °

(yPy)=I1+s[y;d(p;y") (1)

where s=1/2""? is the magnitude of the shear, [y;d] is a
unit vector in the direction of displacement and (p; y*) is
the unit normal to the twin plane.

Austenite twins on {111} <112> system, of which
there are 12 variants possible in any one austenite grain.
Each of these is represented by a crystallographic set, as
illustrated below for the first variant listed in Table 1
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2 Orientation dependence of plastic strain due to twinning of single crystal of austenite (red curves in ¢ and d represent
compression)
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The method for deriving (y J «) given the twinning plane
and direction is fully described in Ref. 9.

Consider an arbitrary vector u traversing a grain of
austenite before transformation. This vector makes an
intercept Au with a domain of austenite that eventually
becomes a twin. As a consequence of the twinning, the
vector u becomes v given by v=PAu+ (u— Au). When
considering the formation of large numbers of twins in
many austenite grains, u traverses a polycrystalline
sample of austenite so this equation must be generalised
as follows'!

n

12 n 12
v= Z P}‘Au}‘—l— <u Z Aujk) 2)

k=1j=1 k=1j=1

where j=1...12 represents the 12 crystallographic
variants possible in each austenite grain, and k=1...n
represents the n austenite grains traversed by the vector
u. In this scenario of a large number of twin plates, the
intercepts Au}‘ can be approximated by ]gku where ]?k is
the fraction of sample transformed by variant j in
austenite grain k. It can also be demonstrated that over a
large number of austenite grains, v becomes almost
parallel to u so that the true strain due to all the
twinning becomes &= In{|v|/|u|}.

The deformation caused by a particular twin j in
austenite grain k, ie. (y Pjp)=P; can then be
expressed in the reference frame of the sample using a
similarity transformation as follows'"

(s P}( $)=(S Ry )« P v)( R S) 3)

where (S R y,) is the rotation matrix relating the basis
vectors of the kth austenite grain to the sample axes, and
(yx R S) is the inverse of that rotation matrix. In this
way, the calculations can all be referred to the sample
frame of reference.

The application of a stress system will favour the
formation of particular twin variants which are suitably
oriented, i.e. for which the interaction energy U given by
the product of the resolved shear stress t and shear
strain is positive.

The applied system of stresses can be described by a
3 x 3 stress tensor gy, which when multiplied by the unit
normal to the twin plane gives the traction ¢ describing
the state of stress on that plane. The traction can then be
resolved into 7 in the normal manner'?

t=t| cos{p} cos{¢} 4)

where |¢| is the magnitude of ¢, § is the angle between ¢
and the direction of the maximum resolved shear stress,
and ¢ the angle between the latter and the twinning
direction. A positive U means that the strain caused by
the twin variant is consistent with the applied stress and
vice versa (Table 1).

Strain surface

Given all the crystallographic characteristics of mechan-
ical twinning and the volume fractions of any twins that
form, it is possible to predict the anisotropy of strain
when a stress is applied to a single crystal of austenite as
a function of the crystallographic orientation of the
applied system of stresses.

Figure 2a illustrates how the strain varies with
orientation when an entire single crystal of austenite is
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3 Predicted strain along sample axes, as function of
number of top ranking variants participating in defor-
mation process: sample consists of 10 000 randomly
oriented austenite grains which are stressed in tension
along [1 0 0]s and which are assumed to be 100%
twinned; triangles are for strain along [0 0 1]s

allowed to twin to the most energetically favoured
variant, as a function of the orientation of the uniaxial
applied tensile stress. The radius at any point corre-
sponds to ¢ and the radius vector to the orientation of
the tensile axis. It should be pointed out that in some
orientations with high symmetry, multiple variants have
identical interaction energies; there are 8, 3, 2 and 2
‘equivalent’ variants for the <100>, <111>, <112>,
< 110> directions respectively, but it is only necessary
in each case to consider one system as operating.

There is a huge change in the nature of the strain
surface when considering compression (Fig. 2b). It is
expected that the strain in uniaxial compression should
be large where it is small in uniaxial tension, (Fig. 2¢ and
d). It is, however, surprising that the strain is finite in all
tensile directions but is zero during compression along
<110>. This is because during compression, the [110]
vector is rotated to [0-2357 0-9428 0-2357] but is not
distorted. Indeed, it has been reported in the litera-
ture that the <110> direction resists twinning in
compression. '

It is interesting to examine the characteristic strains in
a polycrystalline sample consisting of 10 000 austenite
grains randomly oriented relative to the sample axis,
under the influence of a tensile stress. To generate a
random set of austenite grains, the Euler angles o, and
0, (ranging from 0 to 27) and the value of cos o (between
+1) are selected using a random number generator.'*
To simulate a polycrystalline state, a number of
austenite grains were assembled in this way, each
identified by a rotation matrix relating it to the sample
frame. The unknowns in the exercise are:

(i) how many of the variants with a positive U

should be considered
(i) how to assign the volume fractions of each of the
variants allowed to grow.

Since the only driving force available for twinning is
mechanical, it is reasonable to assume that those
variants with U>0 will operate. This is unlike phase
transformations where even variants not favoured by the
applied stress may form if the chemical driving force is
sufficiently large.'>™'® However, the relationship between
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a random; b cube; ¢ copper textures
4 Computer generated stereograms showing distribution of <1 0 0> poles: stereograms are centred on [0 0 1] and
vertical direction corresponds to [0 1 0],

U and the volume fraction of a particular twin that can
form is not clear. For the present purposes, it is assumed
that each austenite grain is equally twinned by each of
the variants permitted to grow.

Figure 3 illustrates the three strains along the sample
axes, due to twinning. The horizontal axis represents the
number of top ranking variants (in terms of U)
permitted to form per austenite grain. Note also that
the interaction energies for these variants will be
different for each grain given the distribution of
orientations. It is not surprising that the strain along
the tensile axis accommodates the applied stress whereas
the other two strains along the axes normal to the stress
are, as expected, negative. The latter is consistent with
the fact that shear does not involve a volume change.
The observed strains are clearly sensitive to variant
selection, with large changes in both the magnitude and
anisotropy of the observed changes.

Textured austenite

It is possible to generate crystallographically textured
austenite before its twinning by placing a limit of the
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rotation angle 0 allowed in the axis angle pair describing
the grain orientation relative to the sample. Some
examples of the resulting <100>. pole figures are
illustrated in Fig. 4.%° Extensive calculations have been
carried out for a variety of starting textures as illustrated
in Figs. 4 and 5. Twin variant selection must depend on
the austenite orientation, so it is not surprising that the
observed strains are sensitive to texture, and can be
greater or less than that expected from a random
distribution of austenite grains. Figures 4 and 5 also
show the maximum value (0-35) of elongation to be
expected if an entire single crystal of austenite is pulled
in tension in an optimum orientation.

Summary

Grassel et al. listed the observed uniform tensile strains
in a variety of Fe-Mn-Si—~Al austenitic TWIP steels to
be in the range 0-45-0-59, values which are much greater
than expected from the strain associated with mechan-
ical twinning. The largest plastic strain (0-35) occurs
when a single crystal in an optimum orientation becomes
completely twinned. The corresponding value for a
completely twinned random polycrystal is <0-3 (Fig. 2).
The twin fraction is in practice bound to be much less
than 1, typically at 0-4 at the point of failure in a tensile
test, thus reducing the calculated elongation to <0-12.
Crystallographic texture effects could reduce this further
as seen in Figs. 4 and 5.

As pointed out in the introduction, the contribution
of mechanical twinning to elongation has been qualita-
tively understood thus far.>”” The present work demon-
strates quantitatively that the impressive elongations
characteristic of TWIP steels have a rather small
contribution from the mechanical strain of twinning,
strengthening the case that the increased work hard-
ening attributed to the partitioning of the austenite
grains is the major contributing factor to overall
elongation. It is interesting that a similar conclusion
has been reached in the context of TRIP steels where the
martensitic transformation strain makes only a minor
direct contribution to the observed plasticity.*!
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