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We report a grain boundary formation mechanism in face-centred cubic metals with low stacking fault energies. Severe plastic deformation pro-
duces primary nano-twins with a twin boundary spacing of several nanometres, followed by secondary twinning through the activation of Shockley
partial dislocations. The partial dislocations interact with primary twin boundaries, resulting in de-twinning of the primary twins and producing very
high densities of sessile dislocations. The accumulation of these dislocations produces new grain boundaries with neighbouring grains having similar
orientations.
� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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In the last decades, extensive efforts have been
devoted to understanding severe plastic deformation
(SPD) induced grain refinement and deformation mecha-
nisms [1–5]. It is well accepted that dislocation activities
[6–9] and deformation twinning [10,11] are the two major
grain refinement mechanisms. For face-centred cubic (fcc)
metals with high SFE, SPD-induced grain refinement occurs
via dislocation activities, including dislocation nucleation
and multiplication, accumulation, interaction, tangling
and spatial rearrangement [6,9,12]. Conversely, for fcc met-
als with relatively low SFE, stacking faults (SFs) and twin
boundaries (TBs) play a key role in the grain refinement pro-
cess [13–17]. Primary SFs and TBs block the motion of dis-
locations, leading to the accumulation of a high density of
dislocations at the SFs and TBs that transforms the original
atomically-flat coherent SFs and TBs into curved incoherent
high-angle grain boundaries (GBs) [11,13,14]. As such, the
finest grain size is largely determined by the smallest TB
spacing or the smallest distance between neighbouring
SFs/TBs [13,14].

Recent investigations on the HPT processing of a duplex
stainless steel with fcc austenite having a very low SFE and
body-centred cubic ferrite show that the average primary
TB spacing in the austenite is�7 nm [17]. Based on the grain
refinement mechanism presented earlier for fcc phases with
low SFE [13], where the interactions between dislocations
and TBs transform coherent TBs into incoherent high-angle
GBs, the smallest average grain size would be �7 nm. How-
ever, the smallest average grain size was�23 nm [17], thereby
indicating that the mechanism is not applicable in the austen-
ite. To understand the grain refinement mechanism operat-
ing in the austenite, detailed microstructural analyses were
conducted on the austenitic phase in a duplex stainless steel
processed by HPT to several strain levels. The present results
reveal a hitherto unknown grain refinement mechanism that
could apply to other fcc metals with low SFEs.

A commercial DP3W duplex stainless steel with a micro-
structure comprising �50% volume fraction of both the fcc
austenite and body-centred cubic ferrite was used in this
research. The material was processed by quasi-constrained
HPT [18] under 6 GPa applied pressure at room tempera-
ture for 1=4, ½, and 1 revolution. The equivalent strain e
imposed by HPT was calculated using the relationship:
e ¼ 2pNr

h
ffiffi

3
p , where N, r and h are the number of revolutions,
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the radial position, and the thickness of the disc sample,
respectively [19]. Specimens for TEM investigation were
carefully prepared using the standard mechanical grinding
and electro-polishing methods described earlier [17]. A
Philips CM12 TEM and a JEOL 3000F TEM were used
for diffraction contrast imaging and high-resolution phase-
contrast imaging, respectively.

The average grain size of the austenitic phase in the as-
received material was �8 lm. The austenite GBs were
smooth and sharp and TBs were observed having spacings
in the micrometre range. The estimated dislocation density
in the as-received material was �5 � 1013 m�2. Depending
on the microstructural features observed in this study, the
deformation process was divided into three stages. At
deformation stage 1, the HPT-imposed shear strain (e)
was smaller than �3. In this stage, a high density of pri-
mary nano-twins with an average TB spacing of �7 nm,
based on TB spacings varying between �1 and �25 nm,
and lengths of several micrometres was formed throughout
all austenite grains, as shown in Figure 1. SFs and second-
ary nano-twins were rarely observed between primary TBs
under detailed HRTEM analysis. The formation of a high
density of primary nano-twins in coarse-grained austenite
is attributed to the low SFE of the material (�26 mJ/m2)
and high external stress [20–24].

At the deformation stage 2, the shear strain value was
between �2 and �5 and large numbers of secondary SFs
and nano-twins inclined to the primary TBs were formed
within the primary twin/matrix (T/M) lamellae, as shown
in Figure 2. The long bands spanning across the whole image
from the top-left to bottom-right in Figure 2(a) are primary
T/M lamellae. Note that neither secondary SF nor second-
ary nano-twin were found within narrow lamellae with
widths smaller than 7 nm: some of the narrow lamellae with
no secondary nano-twin are marked with white arrows in
Figure 2(a). A comparison between the primary TB-spacing
(between�1 and�70 nm) at deformation stage 2 (Fig. 2(a))

and the primary TB-spacing (between �1 and �25 nm) at
deformation stage 1 (Fig. 1) reveals an increase in the pri-
mary TB spacing. This gives evidence for the occurrence of
de-twinning of the primary twins via interactions between
partial dislocations and primary TBs, leading to a hierarchi-
cal nano-twined structure with a broadened primary TB-
spacing. This phenomenon was also observed by Wei et al.
[25] although there was no discussion of de-twinning.

Examples of the interactions are provided in Figures 2(b
and c). For example, a high density of SFs (some of which
are indicated by white arrows) were inclined to the primary
TBs (marked with TB1) in Figure 2(b). The region enclosed
by the two TB1 is a primary twin, the region enclosed by
TB2 is a secondary twin, and the surrounding region is
the matrix. A close examination of the primary twin indi-
cates that the TB spacing on the left of TB2 is thinner than
on the right by 7 {111} atomic layers, which is equivalent to
the TB spacing of the secondary twin. At the intersection of
the primary and secondary twins, the atomic arrangement is
distorted by dislocations. The occurrence of dislocation/TB
interactions at the intersection of the secondary and primary
twins produced Shockley partial dislocations on 7 consecu-
tive {111} atomic layers parallel to TB1 that slipped to the
left (Fig. 2(b)), leading to de-twinning of the primary twin
[26,27]. One dislocation at the top of TB1 in Figure 2(b) is
marked by a black “T” and a magnified image of the local
area surrounding the dislocation is shown in Figure 2(c).
A close examination of the local distorted region magnified
in Figure 2(c) reveals that a few consecutive atoms on a
{111} plane are slightly distorted. The Burgers circuit in
Figure 2(c) indicates the existence of the trailing partial dis-
location of a SF (also marked by a black arrow in Fig-
ure 2(b)) immediately next to the dislocation. Therefore,
various reactions may have occurred as the SF was driven
towards the TB [28–30] and it is clear that some of these
reactions can lead to the formation of new dislocations with
Burgers vectors along other directions [29–31].

At deformation stage 3, the shear strain was between �4
and�11. Elongated grains with widths of less than�200 nm
and lengths of up to �2 lm were formed in the austenite, as
shown in Figure 3(a): one fully developed GB is marked with
asterisks and two dislocation walls or low-angle GBs are
indicated by two dashed lines. Detailed analysis of this
microstructure reveals that the elongation direction of these
grains is approximately parallel to the primary TBs, thus
indicating a close relationship between the GBs and the pri-
mary T/M lamellae. Previous research suggested that coher-
ent TBs can lose their coherency and transform into
conventional GBs after trapping a large number of disloca-
tions [13,15,16]. Based on this mechanism, two newly
formed neighbouring grains should have an orientation
relationship that is close to the twin relationship, i.e., a

Figure 1. A typical TEM micrograph of the primary nano-twins
formed in austenite grains at deformation stage 1.

Figure 2. (a) A typical TEM micrograph showing the microstructures of secondary twinning within primary T/M lamellae; (b) a typical HRTEM
image showing the de-twining to the primary twins via the interactions with secondary nano-twins/SFs; (c) a Fourier-filtered image showing the
atomic arrangement around the dislocation marked by a black “T” in (b); a Burgers circle is drawn to help identify the partial dislocation.
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