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Abstract

We propose a 2D simulation of the formation of twins, in correlation with their microstructure observed in a Fe—22 wt.% Mn—-0.6 wt.% C
austenitic steel deformed at room temperature. TEM observations show that microtwins of a few tens of nanometer thick develop in between
grain and twin boundaries, and are stored into stacks of a few tenth of micron wide. We first use a model of the emission of an isolated
microtwin, based on the critical stress required to develop successive Shockley dislocation loops along parallel slip planes. As the first loop
drags a stacking fault, while the following ones only thicken it, when the critical stress is reached, several dislocations are emitted until the
backstress shuts down the source at the equilibrium state. After, the twin thickens stably with the increase of the applied stress. The same model
is reproduced to simulate numerically the simultaneous formation of interacting microtwins in a stack. We give a general law correlating the
average thickness of the twins with the stacking fault energy, their length, their number and their distance. The thickness is a key parameter
in our physically based model presented during this congress.

Keywords: TWIP effect; Critical stress; Twin interactions; Stacking fault energy

1. Introduction easy-to-use tool to predict the thickness of the microtwins
derived from the analysis of Friedg].
At room temperature, the stacking fault energy (SFE) of
the studied austenitic Fe—22wt.% Mn-0.6wt.% C steel is
about 20 mJ mot® [1]. This rather low value promotes me- 2. Characterization of the twinning microstructure
chanical twinning along with strain which is in competition
with gliding. Twins are strong obstacles for dislocations as 2.1. Twinning microstructure at the mesoscopic scale
grain boundaries. Since the volume fraction of twins in-
creases with strain, the mean free path of dislocations de- The experimental procedure has already been described
creases rapidly. The resulting high hardening rate delayselsewhere[1]. After etching, optical microscopy observa-
necking during tensile tests. Thus, the studied alloy showstions are carried out at the surface of the samples strained at
simultaneously high elongation to fracture (70%) and ten- different levelsFig. 1shows the evolution of the microstruc-
sile strength (1200 MPa). The aim of this paper is first to ture with strain. Twins appear as thin bands of a few tenths
interpret the organization of mechanical twins at different of micrometer wide. The volume fraction of twins increases
microstructure scales and to qualitatively describe their in- obviously with strain, whereas the average distance between
teractions with dislocations. In the lights of the experimen- them decreases.
tal study, we analyze the twinning process and provide an The main feature is that one or two systems of parallel
twins are observed in each grain. This activation of two sys-
tems is sequential. First, one system is activated at the yield
+ Corresponding author. Tel:33-3-83-58-41-43; point: generated twins Qevelop thr.ough the.whole grain'and
fax: +33-3-83-57-97-94. are blocked by the grain boundaries. Starting from a given
E-mail address: allain@mines.inpl-nancy.fr (S. Allain). strain, a second system is activated. Twins of the second



system developed in the interspaces between the twins of thewith strain. The major gliding activity is located in the not
first system and are blocked by them. This process leads totwinned austenite.

the “ladder-like” pattern of the twin organization observed  The study of all the microtwins in a given grain shows that

in Fig. 1. In some rare grains, both systems are activatedtwins of one system are not only parallel but also produce the
almost simultaneously, leading to an “ear” pattern, twins of same shear. As a consequence, we will be able to discuss the

both systems being blocked by twins of the other one. stress acting for twinning in terms of resolved shear stress
for different twinning systems, by using Schmidt factors
2.2. Twinning microstructure at the microscopic scale calculated for Shockley Burgers’ vectors.

Concerning the role of the dislocation density on the for-
TEM observations show that, at a much smaller scale, mation of twins, it is ambivalent: on one hand, dislocation
the twins previously observed at the mesoscopic scale arepile-ups provide local stress concentration, strong enough
actually stacks of microtwins of a few tens of nanometer to overcome the critical shear stress for nucleation and the
thick, as already reported by Rérf8] and Karaman et al.  dislocation microstructure also provides potential nucleation
[4,5]. Isolated microtwins, probably not observable in op- Sites. On the other hand, forest dislocations introduce obsta-
tical microscopy, revealed by etching are also present in cles for the thickening of twins.
the microstructurefig. 2(a) shows a TEM micrograph of a
sample deformed up to 33%. Only one system is activated
and microtwins are organized into stacks indicated by the 3. Modeling of the twin thickness
white arrows.Fig. 3 sums up our understanding of this
organization of microtwins. One of the most relevant characteristic of twinning is the
TEM also confirms the optical microscopy observations: thickness, which links the volume fraction of twins with their
twins cannot pass through grain boundaries and other twins.average distance. Very few reliable and statistical measure-
Fig. 2(b) shows microtwins of a second system (T2) blocked ments of this parameter in previous study are presented in
by a microtwin stack of a first system (T1). the literature, excefdB-5]. To fill this gap, we here propose
The density of defects, i.e. perfect dislocations plus stack- an easy-to-use formulation which accounts for the most rel-
ing faults bounded by partial dislocations, increases rapidly evant parameters governing twinning in fcc alloys.

Fig. 1. Optical micrographs after etching to reveal grain boundaries and twins at different strain levels: (a) unstrained, (b) 18%, (c) 26% and (d) 34%.
The grain size is about 20m. The tensile direction is horizontal.
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The twinning mechanism can be decomposed into two
stages. First, the applied shear stress reaches the critical
nucleation stress, the first dislocation is emitted from the

source, and several dislocations follow, since their criti-
e cal emission stress is lower. This process stops when the
2 A\ ¥ backstress produced by the dislocations blocked by the
/‘\ 2%.'?32?'. obstacle becomes higher thagop. As a consequence, a nu-

= B merous dislocations are emitted instantaneously,gfiied
Fig. 2. TEM dark field micrographs after 33% of strain: (a) white arrows ., *nucleation This behawor_ explains the rapid (_jevelo_pm_ent
indicate parallel stacks of microtwins. Isolated microtwins of the same Of twins [2,8] and the high level of acoustic emission
system are also present and (b) two systems are activated and each systeiecorded when mechanical twinning occurs during a tensile
blocks the other. test[1].

The equilibrium state of the twin is calculated by shifting
Friedel’s result byrioop:
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3.1. Modeling of the thickening of an isolated microtwin

The formation of a twin is the result of a glide equal to e _2hn
a/6(112, which is produced by Shockley partials, along b
successive paralléll 1 1} planes. FrieddR] has shown that

the thickness of a cylindrical twin must evolve linearly with

the applied shear stresgppiies The shape factdbis given

S 3)

(Tapplied - Tloop)
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Since these dislocations have been emitted f@§piied
= Tnucleation The thickness of the twin is at least equal to

2d
by emin === (£) D (4)
ub \b
e 2d111 _
§= D~ b Tapplied 1) The number of emitted dislocationdyi, during this first
stage is

with e the twin thicknessD the twin radiusd; 11 the dis- g

tance between th¢l11} planes ancb the Burgers’ vec- . “min _ 2 (Z) D )
tor of Shockley partials. This law describes the equilibrium diin wub \b

state of the dislocations in the twin front. _ The second stage of the twinning process consists in a
The twin tip is blocked on strong obstacles such as grain thickening. If Tapplied iNCreases (pplied > Tnucleation), NEW

or twin boundarie45]. D must then be regarded as half of - yjg|ocations are emitted by the nucleus. The equilibrium
the mean free path for a twin. For example, for the first giate is siill defined by the linear law (Eq. (3)). This two-stage

systemD corresponds to half of the grain size. _ process is represented filg. 4. The significant parameters
The weakness of this law is to suppose that even if a low yafined byEgs. (2) and (Sare indicated.

shear stress is applied, twins can nucleate and thicken. We
introduce a critical shear stress which corresponds to the3 5> piscussion
stress required for nucleatiafycieation It can be expressed

as followsl[6,7]: Friedel's model assumes a cylindrical shape of the twin.

But, some of the dislocations in the twin tip do not reach
the obstacle, as observed in Marcinkowski et al. numerical
analysig9,10]. They reach their equilibrium position before

()

with y/b the stress required to extend a stacking faults(y
the SFE) andrqp the critical stress to expand a disloca-
tion loop. This nucleation stress is only undergone by the
very first dislocation of the twin tip since the next ones do
not create any stacking fault but only thicken a perfect fcc
twin. The stress required to emit and move these following
dislocations is only equal tagop.
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Fig. 3. Order of magnitude and understandings of the microtwin organi- Fig. 4. Evolution of the twin shape factor with the stress. The thick line
zation into stacks. shows the equilibrium state of the twin.



the obstacle, due to the backstress of the previously emit-of microtwins into stacks previously discussed, unless they
ted dislocations and form a pile-up leading to a lenticular are created simultaneously.

shape. We also observe this experimentally. This is taken

into account in our modeling by dislocations presented in the 3.4. Interacting microtwins

next section, contrary to Millner’s interpretation of twinning

[11]. The stack is modeled by introducing n co-planar mi-

In our alloy, the lattice is highly deformed by dislocation crotwin sources separated by a constant distandgach
gliding which leads to a high density of forest obstacles. twin nucleus is placed at the same distaride from
In such conditions, the first stage of the formation of a mi- an obstacle and all the nuclei are activated simultane-
crotwin, where numerous partials act collectively to glide ously. After compiling numerous simulation results for
through the forest, can occur. On the other hand, the reg-different sets of (n,A), we obtain that the mean shape
ular growth along with an increase of the applied stress in factor of the microtwins in a stack still follows a lin-
the second stage, involving individual dislocations, may be ear law and that the slope fits the following empirical
hindered and probably inhibitdd2]. Consequently, model-  |aw:
ing twinning in our alloy may be done with little error, by
considering microtwins of the minimal thickness given by  Jcan(r, n, D) = Jisolated<
Eq. (4).

As previously described, two twinning systems are acti-
vated sequentially. When the first twinning system is acti-
vated, twins develop through the whole grain. The distance
D is then equal to the grain size. We assume that twins nu-
cleate at the grain boundary by heterogeneous nucleation’
[1,6]. Since twin boundaries are strong obstacles, twins of
the second system develop from one twin boundary of the With Jisolated= 7.1 x 10> MPa~! according to the simula-
first system to another. The distanDeis then the distance  tion for our alloy.
between twins of the first system, much smaller than the The measured mean thickness of the microtwins in our
grain size. Consequently, in agreement vity. (4), twins steel is about 30-60nm. This measure is problematical
of the second system must be much thinner than the twinsin our material in so far as the density of dislocations

1t/ ) ©
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Assuming that no thickening stage occugsis. (4) and
(6) give the twin thickness:

1— e *D ) y

1_en/D ]} )

mean= JisolatedD < b

of the first one. and stacking faults is very high near the twin boundaries.
In our case,D = 15.6pum, b =1.47A, y =20mJnr?2
3.3. 2D simulation which leads toe =90nm for an isolated twin ane

=20nm for a stack containing five microtwins sepa-

The linear law equation (3) is easy-to-use for an isolated rated by 50 nm. This simulation result is consistent with
twin, but cannot be used to describe complex interactions our measurements and previous studies in the literature
between multiple microtwins in a stack. We develop a simu- [4,5].
lation which first model the equilibrium of the tip of a single
twin under an applied stress, at the scale of 2D elastic in-
teractions between straight dislocations, as done by Jin and4. Conclusions
Bieler [13]. The nucleus emits free partial dislocations as
previously discussed. The multiscale study of the deformation microstructure

The results show a good agreement with the previous an-of an austenitic Fe—22 wt.% Mn-0.6 wt.% C steel at room
alytical modeling. The evolution of the shape factor follows temperature shows that:
a linear law but the slopésojatedis reassessed numerically
(Jisolated = 7.1 x 10 °MPa ! instead ofJisplated = 4.4 X
10->MPa ! given by (3)). The dislocations of the twin tip
show the same behavior as proposed by Mitchell and Hirth
[9]. The formation of a pile-up instead of a cylindrical wall
explains the discrepancy between the analytical and the sim-
ulated slop&lisolated

We calculate the stress field around such a spread pile-up
and define the zone where the backstress is higherrihgn
The width of this zone is of the order of a few tenths of the ~ We model the development of interacting microtwins at
twin length (grain size), and does not depend on the twin the scale of the elastic interactions between dislocations. By
thickness. This means that once a microtwin is formed, oth- reflecting our understanding of microtwinning, our modeling
ers of the same system may develop over this distance fromis able to predict some characteristics of the microstructure
the first one. This is not in agreement with the organization such as the twin thickness and the stress field around twins.

mechanical twinning and dislocation gliding enter in com-
petition and closely interact in each grain,

two twinning systems are sequentially activated in most
grains,

twin and grain boundaries are strong obstacles for twins,

microtwins of a few tens of nanometers thick are gener-
ally gathered into stacks of a few tenths of micrometer
thick.
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