Characterisation of severely deformed
austenitic stainless steel wire

H. S. Wang?, J. R. Yang* and H. K. D. H. Bhadeshia*?

The microstructure of 8 um diameter wire produced by the severe deformation of 316L austenitic
stainless steel has been examined using TEM and X-ray diffraction. The deformation imparted
amounts to a true strain of 6-3. Data from previous studies on strain induced transformation of this
steel have been combined with new results to show that true strains >2 are required in order to
observe mechanical stabilisation, i.e. the cessation of martensitic transformation when the
martensite/austenite interfaces are unable to propagate through the dislocation debris created in

the austenite.
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Introduction
Textiles woven using stainless steel threads have
applications requiring softness, flexibility, abrasion

resistance and the ability to serve at temperatures as
high as 650°C. The woven fabrics are generally made
using 316L austenitic stainless steel threads and used, for
example, to make mould covers for automotive wind-
shield manufacture and generally in glass manufacturing
processes. Conveyor belts used in the glass industries
sometimes have to be heated in order to avoid thermally
shocking hot components, whereas those made using
stainless steel fabrics can be used without preheat.

The stainless steel thread is made by drawing 190 um
fully annealed stock to a final diameter of 8§ um, without
any intermediate heat treatment. A bundle of thread
together with an image of a single, slender fibre are
illustrated in Fig. 1.

Previous studies of deformed 316L have indicated that
rolling deformation induces the transformation of the
austenite into o' martensite, with the quantity of
martensite increasing disproportionately with plastic
strain."”> However, the level of plastic strain utilised in
the previous work is dwarfed by that used for producing
the stainless steel thread, where the true strain amounts
to about 6-3. This is interesting from the metallurgical
point of view, because theory indicates that whereas the
defects created by deformation increase the number
density of nucleation sites and therefore promoting
nucleation, the movement of the martensite/austenite
(a'fy) interface is obstructed by the defects. When the
strain becomes sufficiently large, it becomes impossible
for the interfaces to move, causing the transformation to
halt. The phenomenon known as mechanical stabilisa-
tion arises because the o'/y interface must be glissile.” '
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The purpose of the present work was therefore to
understand the structure of the 316L wire in its heavily
deformed state and to interpret the results to see whether
mechanical stabilisation sets in at the extraordinarily
large strains involved.

Experimental procedure

Stainless steel (316L) wires with 190 um diameter in the
annealed state are used as the starting material in the
manufacturing process. The chemical composition is
given in Table 1. The actual annealing temperature is
proprietary information but it is in excess of 8§00°C.

The diameter of the starting 190 um wires is reduced
to 8 um by cold drawing without any intermediate
annealing. Therefore, the true strain is 6:3 and results in
the partial transformation of the austenite into ferro-
magnetic martensite.

The method by which specimens were prepared from
this fine wire for transmission electron microscopy
(TEM) analysis is illustrated in Fig. 2. The wire was
stretched and mounted between silicon chips using an
epoxy adhesive (Epoxy bond 110, Allied High Tech.
Products, Inc.) and the assembly cured at 150°C for
15 min before cooling to ambient temperature. The
bonded assembly was then affixed to a glass plate using
wax (Crystal bond 590, Aremco), heated to 150°C and
then cooled to ambient temperature. The specimen—glass
set was then thinned by abrasion on silicon carbide
paper with 800 and 4000 grit (Fig. 2b and ¢), to produce
the section illustrated in Fig. 2d. The transmitted colour
of the silicon ranges from deep red to red, corresponding
to thickness ranging from 5 to 10 um, permitting the
thickness to be monitored.'* After the wire emerges
from the thinned wafer, polishing is continued using
diamond with particle sizes of 1, 0-5 and 0-1 um,
finishing with 0-06 um silica wheel.

Interference fringes become visible when the thickness
is <2um with a yellow transmission colour. The
observation of fringes marks the perforation of the foil
which is then mounted onto a copper grid (Fig. 2), and
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1 a lllustration of stainless steel thread bundle in its final form and b scanning electron micrograph of individual fibre

showing rough surface resulting from drawing operation
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2 lllustration of process for preparation of thin foil from 8 um diameter stainless steel wire

moved into a plasma cleaner for drying and cleaning for
TEM analysis. Ion milling was not used in order to
avoid the damage of ion bombardment. The foils were
examined using JEM 100CX and 2000EX TEM operat-
ing at 100 and 200 kV, respectively.

The volume fractions of martensite and austenite were
determined using a Brucker AXS Type B8 Advance X-ray
diffractometer with the X-ray source of Cu K,=1-541 A
operating at 30 kV and 20 mA. The phase fractions were
determined taking into account the integrated intensities
of (111), (200) and (220) austenite peaks, and of (110),
(200), (211) martensite peaks in order to mitigate the
effects of crystallographic texture.'*

Table 1 Chemical composition of steel used, wt-%

C Si Cr Ni Mn Mo P S N Fe

001 075 17-1 1197 0583 199 0006 0001 0046 Bal.
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Microscopy

The initial microstructure of 190 um diameter wire is
presented in Fig. 3. There are equiaxed austenite grains
with size of ~2 um peppered with annealing twins.
Although the grains are equiaxed in this annealed
sample, Fig. 3 reveals a high dislocation density. It is
believed that this is an artifact of the foil preparation
technique, which involves grinding and polishing until
perforation is achieved.

Figure 4 shows TEM images taken from the trans-
verse and longitudinal sections of the 8 um diameter
wire. The transverse section actually has a very fine
grained structure (Fig. 4a). The longitudinal section
naturally shows extremely elongated grains owing to the
deformation. The combination of micrographs shows
that the grains are roughly in the form of prisms
elongated in the drawing direction but equiaxed in the
cross-section.
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a longitudinal section illustrating equiaxed grain structure; b longitudinal section transmission electron micrograph of

grain structure
3 190 um diameter wire

Both the electron diffraction patterns in Fig. 4 are
taken using a 2 um diameter selected area aperture in
order to enclose many grains. The electron diffraction
pattern from the transverse section (normal to the
drawing direction) shows clearly that the material is a
mixture of austenite and martensite (Fig. 4¢). The pattern
is in the form of a ring, consistent with many crystal-
lographic orientations generated by rotation about the
longitudinal axis. Not surprisingly, the pattern taken
from the longitudinal section, which contains the drawing
direction, shows strong crystallographic texture.

Because of the severity of deformation, it is not easy
to deduce the individual morphologies of austenite and
martensite from the micrographs in Fig. 5. As will be
seen later, the martensite appears to form at the early

stages of straining and therefore becomes deformed as the
drawing operation continues. Therefore, it is not surpris-
ing that both the austenite and martensite appear as if they
consist of classical dislocation cells. The austenite, being
the matrix phase, shows greater continuity, whereas the
martensite presumably forms in many variants and
therefore appears to be in the form of discrete islands.

Phase fractions

Consistent with the TEM, X-ray analysis of the 190 pm
wire indicated that it is fully austenitic (Fig. 6a). The
cold reduction by a true strain of 6:3 to the 8 um thread
resulted in the formation of about 57% of «' martensite
in the microstructure (Fig. 6b).

4 8 um diameter wire
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a bright field image; b dark field image of austenite using 200, reflection; ¢ dark field image of martensite using 200,

reflection

5 Montage of transmission electron micrographs of longitudinal section of wire
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It is well known that stainless steels such as 316L are
in a metastable state when they are fully austenitic.
Equilibrium requires the presence of ferrite at all
temperatures. This is illustrated in Fig. 7, where
calculated equilibrium data are presented for a variety
of states. The -calculations were conducted using
MTDATA,"> which is software capable of accessing
thermodynamic data and estimating the equilibrium
phase fractions and their chemical compositions as a
function of a specified steel composition, set of possible
phases, temperature, pressure, etc.; the SGTE database
was used in the present work.

It is also possible to do calculations involving
constrained equilibria. Paraequilibrium is a state in

paraequilibrium
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7 Calculated ferrite phase fractions for a+y paraequili-
brium, a+y equilibrium and o+ y+ carbides equilibrium



which the substitutional atoms are cofigurationally
frozen; the transformation of austenite to ferrite in
these circumstances constrains the substitutional solute
to iron atom ratio to be constant everywhere, while
carbon partitions to achieve a uniform chemical
potential subject to this constraint. It is often the case
in steels that paraequilibrium prevails because the
mobility of interstitial solute such as carbon is much
greater than that of atoms in substitutional sites.
Figure 7 shows that 316L steel can become fully
austenitic at temperatures >863 K when only paraequi-
librium transformation is allowed.

Two further cases are illustrated in Fig. 7, the first
case for equilibrium in which only ferrite and austenite
are allowed to exist, and the second where cementite and
M,;3Cs are also allowed to exist. It is clear that neither of
the cases can explain the fully austenitic state of the
190 um wire. Indeed, equilibrium involving the carbides
requires that the ferrite contains huge chromium
concentrations at low temperatures, e.g. in excess of
80 wt-% at <863 K. Because this Cr rich ferrite is not
found in practice, it is safe to assume that an equilibrium
state based on ferrite, austenite and carbides is not
representative of commercial 316L.

The corresponding o+ equilibrium calculations can
also be dismissed on the ground that they suggest an
excessive quantity of ferrite in the microstructure before
deformation (Fig. 7).

Because the 190 um wire is found to be fully
austenitic, it must be concluded that the paraequilibrium
calculations best represent the initial state of the wire.
This in turn implies that the processing during manu-
facture is sufficiently rapid to prevent the diffusion of
substitutional solutes, therefore allowing the material to
be essentially austenitic in its undeformed state. The
initial wire is certainly not at equilibrium, because
considerable quantities of ferrite are then expected in the
microstructure but not found in practice.

Evidence for mechanical stabilisation

Martensitic transformation occurs without diffusion,
and given the very low carbon concentration in the steel,
this is, from a composition point of view, equivalent to
saying that it occurs with paraequilibrium. It follows
from paraequilibrium that only ferrite is the stable phase
at ambient temperature. Therefore it should be possible
in principle to completely transform the austenite into
martensite.

The fact that only 57% martensite is obtained
following severe deformation is proof of the onset of
mechanical stabilisation. As explained in the introduc-
tion, the o'fy interface contains glissile dislocations
whose motion is hindered or prevented by the presence
of defects in the austenite. The retardation of martensitic
transformation from plastically deformed austenite has
been observed in many systems.> !> On the other hand,
as shown in Table 2, the data for 316L contradict this
statement because an ever increasing martensite content
is obtained up to true strains of ~ 1, with the rate of

Table 2 Amount of martensite as function of true strain
in 316L (data from Refs. 1 and 2), vol.-%

Strain 0148 0195 0278 0420 0470
Martensite 4:0 4:2 4-5 80 100

0-995
14:0
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martensite formation rising with strain. This contrasts
with mechanical stabilisation reported in 410 stainless
steel after a strain of just 0-4."!

The present work provides an additional point in the
experimental database for 316L, that the amount of
martensite for a true strain of 6-:3 is 57%. This assumes
that the published data,'?> which are for rolling
deformation, can be compared with our data which
are for wire drawing. This may be justified because it is
the operation of multiple slip systems and their
intersections which stimulate martensite,> and multiple
slip is inherent in both rolling and drawing.

A neural network technique'®'” has been used in
order to treat the combined dataset and discover the
relationship between the martensite fraction and true
strain. This method has considerable advantages over
normal curve fitting, summarised as follows, with the
details described in:

(1) the fitting function is not a prior assumption as in
normal regression analysis but is an outcome of
the method

(i1) the method also provides a modelling uncertainty
which indicates the ability of the model to
generalise, that is, to make predictions outside
of the range of experimental data. The error bar
associated with this depends on the position in
the input domain where calculations are done. If
the calculations are done using inputs where
knowledge is sparse, then the indicated uncer-
tainty is large.'®!”

Figure 8 shows the predicted behaviour alongside the
experimental data. It is important to know that the
central curve is deduced by the network using proce-
dures which avoid over fitting (fitting to noise in the
data); it is not imposed on the data as in normal
regression analysis. The two bounding curves represent
the modelling uncertainty. It is interesting that the
modelling uncertainty is not excessive even in the region
where there are no experimental data. This means that
the form of the curve is reasonable. Furthermore, the
shape is as expected from mechanical stabilisation.
There is a region at low strains where martensitic
transformation is clearly accelerated by plastic deforma-
tion. It is predicted that the austenite becomes mechani-
cally stabilised at a true strain of ~2. This explains why
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only 57% martensite is observed with the drawing strain
of 63, even though the thermodynamic analysis
indicates that it should be possible to obtain fully
martensitic samples at ambient temperature in principle.

A further implication of mechanical stabilisation at a
true strain ¢=2 is that any strain beyond 2 will simply
deform existing martensite and austenite. This is why the
observed morphology of martensite is like austenite,
consistent with the deformed state.

Finally, it is worth considering whether the material
undergoes dynamic recrystallisation during the course of
deformation. The drawing operation is carried out at
room temperature and with very high speeds. Therefore,
it is unlikely that recrystallisation, which requires
diffusion, features in the process. The fact that the
material is a two phase mixture also would interfere with
any recrystallisation process.

Conclusions

1. Stainless steel (316L) thread reduced by drawing to
8 um diameter has a microstructure consisting of strain
induced martensite and austenite. The grain structure is
strongly textured and is approximated by space filling
prisms elongated along the drawing direction in three
dimensions.

2. It has been demonstrated that although the
austenite can transform completely into martensite
under paraequilibrium conditions, it is unable to do so
in spite of huge strains, because of the onset of
mechanical stabilisation. The stabilisation probably
occurs at a strain of 2, so that the subsequent drawing
simply deforms the existing mixture of martensite and
austenite.

3. The work suggests further experiments, in which
the evolution of martensite is studied in the range é=1-5
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to 3. It would also be interesting to study the evolution
of microstructure when the deformation is carried out at
a lower temperature where the driving force for
transformation is greater; the onset of mechanical
stabilisation should then occur at a greater strain.
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