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We present evidence that the level of the applied stress plays a critical role in deformation twinning

in face-centred cubic alloys. While conventional cold rolling of a face-centred cubic structure

produces a microstructure with a high-density of extended dislocations, increasing the applied

stress using high-pressure torsion gives a nano-twinned coarse-grained structure. This suggests the

existence of a critical stress for deformation twinning which thereby delineates an approach for the

production of nano-twinned microstructures in coarse-grained materials with superior mechanical

properties. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4769216]

Nano-twins in metallic materials have been reported to

significantly improve strength and ductility1–5 while retain-

ing good corrosion resistance6,7 and electrical conductivity.1

The simultaneous improvement of strength and ductility is

possible because high densities of twin boundaries serve to

block and trap gliding dislocations.8 The corrosion resistance

and the electrical conductivity are preserved by the low

energy nature of the twin boundaries.1,6,7 Nano-twins can be

produced via many methods, including materials synthesis

using electro-deposition1,9 and materials processing using

plastic deformation.10–12 Electro-deposition is a bottom-up

slow synthesis method that produces grain sizes usually lim-

ited to the sub-micrometer range. While a slow synthesis

process is a serious problem for large-scale production of

materials, small grain sizes introduce an excess of high-

energy grain boundaries that lower the electrical conductiv-

ity of materials.1,6,7 The lack of the flexibility of grain size

control also limits the number of options available to manip-

ulate the mechanical properties of materials.13 By contrast,

producing nano-twins via plastic deformation has proved to

be a rapid, effective approach for materials with low stacking

fault energies, and can be used to produce nano-twinned

materials with quite large grain sizes (>1 lm).10,12

Deformation twinning can be affected by many fac-

tors,14–17 including stacking fault energy,18,19 grain size,20–23

grain orientation,24,25 strain,12 strain rate,19,26 and tempera-

ture.10,26 Stacking fault energy is an intrinsic material prop-

erty that is fixed for a specific composition. Grain size and

grain orientation are microstructural characteristics that can

be modified but at the cost of time and energy. Increasing

strain and strain rate, and/or reducing processing tempera-

ture, are reported to promote deformation twinning.15,17 The

intrinsic reason determining the twinning behaviour is not

clear. Nevertheless, the common factor of these deformation

conditions is their relatively high flow stress. This raises a

question: is the applied stress the determining factor for the

activation of deformation twinning? In this report, we dem-

onstrate that increasing the applied stress to levels above the

critical stress for deformation twinning leads to significant

changes in the deformation mode and produces very high

densities of deformation twins in a face-centred cubic (FCC)

metallic structure.

Two different deformation methods, cold rolling and

high-pressure torsion (HPT), were used to produce different

levels of applied stresses during the deformation of a

commercial DP3W duplex stainless steel. This steel has

approximately equal volume fractions of FCC austenite and

body-centred cubic (BCC) ferrite phases. While the austenite

was used to investigate the effect of pressure on the deforma-

tion behaviour in FCC structures, the ferrite provided a com-

parison of the imposed plastic strain in samples processed by

different methods since changing the applied pressure does

not change the deformation mode in the BCC structures.

Detailed information on the duplex stainless steel was

reported earlier.27,28 As-received steel plates with an original

thickness of 3 mm were cold rolled many times to reach a

final thickness of 110 lm, which gives an equivalent strain

e¼�3. For HPT deformation, two disk samples with a diam-

eter of 1 cm and a thickness of 0.8 mm were deformed under

quasi-constrained conditions29,30 for 1 revolution under an

applied pressure of 6 GPa at 1 rpm rotation speed.

Specimens for transmission electron microscopy (TEM)

investigation were prepared using mechanical grinding
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followed by electro-polishing at room temperature using

standard techniques. The TEM specimens were cut from

HPT disks in regions close to the centre of the disk where

the equivalent strain was less than 2. TEM characterisation

was performed using a Philips CM12 for diffraction contrast

imaging and a JEOL 3000F for atomic resolution imaging.

An IBIS nanoindentation system was used to obtain the hard-

ness data from the as-received, cold rolled, and HPT sam-

ples. Details on the sample preparation for indentation

testing are described elsewhere.28 The indentation was per-

formed using a Berkovich indenter tip under the force con-

trol mode with a maximum load of 28 mN. The hardness of

the as-received and cold-rolled samples was obtained by

averaging more than 25 indents with spacing of 100 lm on

each sample. The error bar for each average hardness value

was obtained from the highest to the lowest value recorded.

Nanoindentation on the HPT disks was conducted along two

mutually perpendicular diameters by collecting 200 indent

datum points at intervals of 40 lm along each diameter.

The average grain sizes of both the FCC and BCC

phases in the as-received material were �8 lm. Grains in the

as-received material exhibited smooth, sharp grain bounda-

ries. The dislocation density in the as-received material was

very low and, predictably, cold rolling dramatically changed

the microstructure. Figure 1 shows the typical microstructure

of the FCC grains in a cold rolled sample observed along a

direction close to a h110ic. A high density of low-angle grain

boundaries and dislocation walls was formed to divide the

originally large FCC grains into sub-grains with diameters in

the range of 200–1000 nm (see Fig. 1(a)). The area marked

with a white rectangle in Fig. 1(a) is enlarged in Fig. 1(b),

revealing the detailed microstructure of a dislocation wall.

An extremely high density of dislocations was observed

around these dislocation wall areas. Because the FCC austen-

ite has a very low stacking fault energy,2,31 these dislocations

appear as straight parallel lines. They are actually extended

dislocations with each having two partial dislocations at the

two ends of a line and a stacking fault lying in-between on a

{111}c plane.32 The interval between the two partial disloca-

tions was up to 100 nm. The inset in Fig. 1(b) is an electron

diffraction pattern recorded along a h110ic zone axis of the

area in Fig. 1(b). Diffraction spots are slightly extended

forming diffraction arcs, indicating a small misorientation in

the area caused by the dislocation walls. Figure 1(c) shows

an atomic resolution image of a few extended dislocations

marked by white arrows, confirming that most of the parallel

lines seen in Fig. 1(b) are indeed extended dislocations with

a stacking fault bordered by a pair of partial dislocations.

Extensive investigations of these sorts of atomic resolution

images indicated that, while most of the parallel lines in the

cold-rolled material were extended dislocations, some were

very thin nano-twins with thicknesses of a few atomic layers

and widths of not more than 100 nm. Such nano-twins could

be formed via the dynamic overlap of two or more extended

partial dislocations with stacking faults on adjacent slip

planes.21,33 However, no twin extending through a whole

grain was observed. These results indicate that the plastic de-

formation in the FCC austenite phase under a conventional

cold rolling process with relatively small applied pressure

was dominated by dislocation slip. It is also worth noting

that the BCC ferrite grains in the cold-rolled samples were

refined to the sub-micrometer size range. This grain refine-

ment process was dominated by dislocation motion, as defor-

mation twinning was rarely observed.

By contrast, a very different microstructure was

observed in the FCC austenite in the HPT disks. Figure 2(a)

shows a typical TEM image of FCC grains at an area close

to the centre of an HPT disk. Because only small strains

were applied to these regions, the FCC phase retains the

same grain sizes and morphology as the as-received state.

However, all FCC grains possessed a very high density of

deformation twins that extended throughout the grain. On

the other hand, the neighbouring BCC ferrite phase retained

sharp, smooth grain boundaries (shown in Fig. 2(b) and

marked with white arrows), although a very high density of

tangled dislocations (marked by black arrows in Fig. 2(b))

FIG. 1. (a) A typical TEM image of austenite grains in a cold rolled sample

with strain of �3; (b) a magnified image of the area marked with a white

rectangle in (a); and (c) an atomic resolution image showing stacking faults,

which are marked by white arrows in an austenite grain.
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was also observed in the BCC phase. The sharp, smooth

grain boundaries in the HPT disks indicate that the shear

strain applied to these areas was very low and is much lower

than in the cold-rolled sample where the BCC grains were

refined down to the sub-micrometer size range.

While the grain sizes of the observed HPT sample area

remain the same as for the as-received material, the twins

formed inside the grains exhibit a twin boundary spacing

(TBS) of less than 30 nm. Figure 3(a) presents a typical

image of nano-sized deformation twins formed inside a large

FCC grain. Figure 3(b) provides statistical data on the distri-

bution of the TBS measured from more than 10 individual

grains. Most of the nano-twins have TBS of �5 nm while

TBS of larger than 30 nm was not seen. A comparison of the

TBS of HPT disks processed under 2 GPa (data not presented

here) and 6 GPa shows that the applied stress does not have a

significant effect on the TBS provided the stress is suffi-

ciently high to trigger deformation twinning. The mechanism

behind this phenomenon has not been understood. It is also

not clear if the phenomenon is common in other FCC materi-

als. Further investigation is needed to clarify these issues.

Figure 3(c) is an atomic resolution image of these nano-

twins. Because the nano-twins and the matrix are of similar

widths, they are not distinguishable indicating that the nano-

twin density achieved an equilibrium state under the current

deformation.12 Figure 3(d) shows a one-dimensional Fou-

rier-filtered image of Fig. 3(c). Black arrows in Fig. 3(d)

indicate the twin boundary positions observed in Fig. 3(c),

and the two black “T” marks represent two full dislocations.

The two dislocations glided along a {111}c plane that forms

an angle of 70�320 with the nano-twin planes. The fact that

the dislocations are located at twin boundaries indicates that

the motion of the dislocations was stopped by the twin boun-

daries. We suggest that the high pressure applied to the mate-

rial and the interaction between the dislocations and the twin

boundaries are responsible for the combination of partial dis-

locations into full dislocations.34,35

Statistical analyses of numerous atomic resolution

images (Fig. 3) indicated that the average dislocation density

in these nano-twinned grains was �4.6� 1016 m�2 which is

a typical dislocation density in heavily deformed metallic

materials.36,37 This indicates that both deformation twinning

and dislocation motion play a significant role in the deforma-

tion of the FCC phase during the HPT deformation.

TEM investigation of HPT samples with strain values

close to or slightly higher than 3 (i.e., further away from the

disk centre) indicates that the grain size and microstructure

of the BCC phase were very similar to that observed in the

cold-rolled sample, and the FCC phase was also full of nano-

twins with TBS similar to that reported in Fig. 3. However,

the average dislocation density was further increased to

�9.2� 1016 m�2 with more dislocations trapped at twin

boundaries, indicating that dislocation slip dominates further

plastic deformation after the twin thickness reaches the satu-

ration level.

Although cold rolling and HPT produce two distinct

microstructures in the FCC phase, the two processing meth-

ods offer similar hardness when the shear strains applied in

the two processes are similar. Figure 4 presents the hardness

of the as-received, cold-rolled, and HPT samples as a func-

tion of equivalent strain. The hardness of the as-received ma-

terial was �3.6 GPa. After cold rolling to a strain of �3, the

hardness reached �6.3 GPa which is about the same as the

hardness of HPT samples at the same equivalent strain.

Dislocation slip and deformation twinning are two com-

petitive deformation mechanisms. In coarse-grained materi-

als, the critical stress for deformation twinning is normally

higher than for dislocation slip. Therefore, dislocation slip

usually occurs before twinning. With increased plastic strain,

the dislocation density increases so that dislocation motion

becomes more difficult (i.e., work hardening occurs) and so

the flow stress increases. When the flow stress reaches the

critical stress for twinning, the deformation twinning is acti-

vated. In the cold-rolled sample investigated here, disloca-

tion slip dominates the deformation process leading to the

formation of a high density of dislocations and dislocation

cells. The latter would further evolve into low-angle grain

boundaries and later to high-angle grain boundaries with

additional plastic deformation. However, provided the flow

stress is below the critical stress for twinning, the deforma-

tion process remains controlled by dislocation slip.

FIG. 2. (a) A typical TEM image of austenite grains in a low strained area

close to the centre of an HPT disk; (b) a typical TEM image of ferrite and

austenite grains in the same area. White arrows mark a sharp and straight

grain boundary between two ferrite grains. Black arrows indicate areas with

dislocation tangling.
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Processing by HPT is different from conventional plastic

deformation techniques such as cold rolling where the flow

stress can only be increased via work hardening. This is

because HPT processing in the constrained or quasi-

constrained mode can directly apply a pressure that is higher

than the critical stresses for both dislocation slip and deforma-

tion twinning. Therefore, dislocation slip and deformation

twinning occur simultaneously. This explains the co-existence

of a high density of deformation twins and a high density of

dislocations in the FCC phase after small HPT strains. When

the twin density becomes saturated, further deformation is

dominated by dislocation slip that increases the dislocation

density. Although the strain path of HPT is different from that

of cold rolling,27,29,38 this does not affect our conclusion

because it is the resolved shear stress applied to slip/twinning

planes, not the strain path, that activates dislocation motion

and deformation twinning. A similar conclusion was also

reported recently that the formation mechanism of deforma-

tion twins does not depend on the deformation mode although

the latter affects the morphology of deformation twins.39 Sim-

ilar phenomena of high stresses promoting deformation

twinning were also reported in FCC materials processed by

equal-channel angular pressing (ECAP) where high stresses

are possible because of the high shear stresses introduced at

the corners of the ECAP dies,37,40 In addition, the stacking

fault energy also plays a critical role for the formation of a

high density of deformation twins. Alloying is an effective

way to reduce the stacking fault energy and therefore enable

high densities of deformation twins.41

It is interesting to note that the two very different micro-

structures obtained by cold rolling and HPT provide similar

hardness when the strain values for the two processing

approaches are both �3. This is because both twin bounda-

ries and dislocation walls are effective at blocking disloca-

tion slip, resulting in hardening that follows the Hall-Petch

relationship.42,43 Notably, the dislocation walls may trans-

form into conventional grain boundaries at later stages of

FIG. 3. (a) A high magnification TEM image showing nanotwins in an austenite grain; (b) the statistical distribution of TBS; (c) an atomic resolution image of

nanotwins; (d) a one-dimensional Fourier-filtered image of (c). The black arrows in (d) indicate the positions of the twin boundaries seen in (c). Two black “T”

mark the cores of two dislocations.

FIG. 4. The hardness of the as-received, cold-rolled, and HPT samples as a

function of equivalent strain.
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deformation. It follows that the nano-twinned coarse-grained

structure exhibits better ductility8 and better electrical con-

ductivity1 and corrosion resistance.6,7 Further, it has been

reported that the thermal stability of nano-twinned micro-

structures is superior to that of conventional grain bounda-

ries.44 Therefore, nano-twinned structures with superior

mechanical properties may be useful for some high tempera-

ture engineering applications.

In summary, FCC materials with low stacking fault

energies, such as austenitic steel, deform differently under

low-pressure and high-pressure plastic deformation. For de-

formation under low-pressure, dislocation slip dominates the

deformation. For deformation under high-pressure, two de-

formation mechanisms—twinning and dislocation slip—may

be activated, simultaneously. These observations indicate

that the applied stress controls the activation of deformation

twinning. They also point to a strategy for producing nano-

twinned coarse-grained microstructures in FCC materials to

obtain superior mechanical and physical properties.
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