Nucleation and growth of deformation twins
in nanocrystalline aluminum

Cite as: Appl. Phys. Lett. 85, 5049 (2004); https://doi.org/10.1063/1.1823042
Submitted: 04 August 2004 - Accepted: 20 September 2004 « Published Online: 23 November 2004

Y. T. Zhu, X. Z. Liao, S. G. Srinivasan, et al.

£ Y

L \ l

A" J

~ 4 0

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

Nucleation of deformation twins in nanocrystalline face-centered-cubic metals processed by
severe plastic deformation
Journal of Applied Physics 98, 034319 (2005); https://doi.org/10.1063/1.2006974

Deformation twins in nanocrystalline Al
Applied Physics Letters 83, 5062 (2003); https://doi.org/10.1063/1.1633975

(7))
-
()
e
ajd
()
—d
(7))
R
7))
>
L
al
©
9
a
Q.
<

Deformation twinning in nanocrystalline copper at room temperature and low strain rate
Applied Physics Letters 84, 592 (2004); https://doi.org/10.1063/1.1644051

o

Trailblazers.

_________ - sssmmeeenpesmmmssme-eees o Meet the Lock-in Amplifiers that
1.8GHz | : | soom measure microwaves.

Wi ens

' - EI\I 4 .
e aam— S e N~/ Zurich -
. /X Tnetroments

Appl. Phys. Lett. 85, 5049 (2004); https://doi.org/10.1063/1.1823042 85, 5049

© 2004 American Institute of Physics.



https://images.scitation.org/redirect.spark?MID=176720&plid=1881988&setID=378288&channelID=0&CID=692124&banID=520764556&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=cf130a8846518e73fc81fbb043faad7334832d26&location=
https://doi.org/10.1063/1.1823042
https://doi.org/10.1063/1.1823042
https://aip.scitation.org/author/Zhu%2C+Y+T
https://aip.scitation.org/author/Liao%2C+X+Z
https://aip.scitation.org/author/Srinivasan%2C+S+G
https://doi.org/10.1063/1.1823042
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.1823042
https://aip.scitation.org/doi/10.1063/1.2006974
https://aip.scitation.org/doi/10.1063/1.2006974
https://doi.org/10.1063/1.2006974
https://aip.scitation.org/doi/10.1063/1.1633975
https://doi.org/10.1063/1.1633975
https://aip.scitation.org/doi/10.1063/1.1644051
https://doi.org/10.1063/1.1644051

HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 21 22 NOVEMBER 2004

Nucleation and growth of deformation twins in nanocrystalline aluminum

Y. T. Zhu,® X. Z. Liao, S. G. Srinivasan, Y. H. Zhao, and M. |. Baskes
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

F. Zhou and E. J. Lavernia
Department of Chemical Engineering and Materials Science, University of California, Davis, California
95616

(Received 4 August 2004; accepted 20 September)2004

Deformation twingDTs) in nanocrystallingnc) Al were both predicted by atomic simulations, and
observed experimentally. However, despite encouraging preliminary results, their formation
mechanism remains poorly understood. Here we present an analytical model, based on classical
dislocation theory, to explain the nucleation and growth of DTs in nc Al. A 60° dislocation system
consisting of a 90° leading partial and a 30° trailing partial is found to most readily nucleate and
grow a DT. The model suggests that the stress for twin growth is much smaller than that for its
nucleation. It also predicts an optimal grain size for twin nucleation. The model successfully
explains DTs observed experimentally in nc Al and is also applicable to other nc meta304o
American Institute of Physic§DOI: 10.1063/1.1823042

Recently, atomic simulations predicted partial disloca-(~10"° G, G is the shear modulus of Mz We also ignore
tion emissions from grain boundari@SBs) and deformation the differences in the core energies between partial and per-
twins (DTs) in nanocrystallingnc) AlL' DTs in nc Al were  fect dislocations because our calculation indicates that their
also observed experimentaﬁ' However, the mechanisms effects are negligible.
that govern the nucleation and growth of DTs in nc materials ~ To nucleate a DT we first need to create a SF that ex-
are not well understood. Both atomistic simulatibfi€and  tends from a GB to the grain interior or across the whole
expenment% indicate that DTs are formed by partials emit- grain. This can occur vigal) emission of a 90° partial at a
ted from GBs. However, the simulations do not reveal theGB, (2) extending the SF ribbon across the grain. As shown
critical stress or the optimal grain size needed for DT nucledater, both scenarios may occur depending on the orientation
ation and growth. In this letter we present an analyticalof 7. In Fig. 1, for the partiab; to move,r has to perform a
model based on classical dislocation theory to describe theork to overcome increases in both the SF energy and dis-
nucleation and growth of DTs in nc Al. The model predictslocation energy from lengthening segments Aa and B8.
critical DT nucleation stress and grain size that are consistengsing a procedure that is described in detail in a previous
with experimental observations. The model can be easily a;pubhcatlon we can derive the critical stress for moving
plied to other face-centered-cubic metals such as Cu and Npartialb; as

For simplicity, we consider a grain with a squddl)
slip plane as shown in Fig. 1, similar to that used in previous -
studies'®* Under an external shear stregsa 90° leading 1 (\'6'y+ Ga \2d)

Shockley partialp;=a/f112], is emitted from grain bound- ™ Sina =

a 2\/%7Td a
ary AB, depositing two segments of partial dislocation lines ) , , i
(Aa and Bb on GBs. The shear stressis oriented at an Wherey is the SF energya is the lattice parameter, arntiis
the grain size defined in Fig. 1.

The 7 needed to move the SF ribbon is equivalentrto
for moving a 60° lattice dislocatiorn; has to overcome the

1)

anglea with line ab. A trailing 30° partialp,=a/§211], is
also emittedline Aa’b’B). The two partials ab and'l’ are
separated by a stacking fayBF). The two partials react to
form two perfect dislocation segments, ’Aand BB at the
GBs. We shall call this dislocation system68° | system niol
hereafterNote thatthe partial segments ab antba are as- e
sumed to be straight in order to maintain mathematical con-
siderations tractable, while avoiding an oversimplification of
the associated physics.

There are two other possible dislocation systems: a 60°
Il systemwith a leading 30° partial and a trailing 90° partial,
and aScrew systerwith a leading 30° partial and a trailing
30° partial*! In the following, we shall only analyze the 60°
| system in detail. The other two systems are amenable to the
same procedure, and therefore we only present the final re-
sults. We ignore the Peierls stress because it is very small

g

dauthor to whom correspondence should be addressed; electronic maiFIG. 1. A schematic illustration of the dislocation model for deformation
yzhu@lanl.gov twin nucleation.
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work needed to lengthen the lattice dislocation segments Aa 2
and BB, and can be derived as

Ga(4—3v) v2d
T = — In_, (2)
8vV2m(1-v)dcoda—-60° a

wherev is Poisson’s ratio.
The partial and perfect dislocations compete with each

Shear Stress (GPa)

other, and the one requiring lower stress prevails. The stack- @0 =
ing fault width, s, under external driving force, can be =3 3
derived following a procedure described in our previous 5, Tirail 3
work"* o S S A E
81 =
& - 3
s, = 5 % _ ) gl B N
Ga(8—"5v) n@ Tafsina cosa £1EFE 7 da Tohrink 3
48m(1-v)d a 2 \c‘% \s‘E _25....-':1.|..|. TR
) o ) 0 5 10 15 20 25 30
wheresy,=Gb?/4my(1-v) is the intrinsic SF width of a 60° (b) Grain Size d (nm)
dislocation*>*

. - : FIG. 2. The critical stresses,, 7., Tiin: Trai» @Nd Tepink @S a function of nc
After the SF formation, a twin may nucleate via the Al grain sized for a givena value of () 90° and(b) 135°.

emission of a second 90° partial from the GB on a plane
adjacent to the SF. We define this partial as a twinning par-

tial. It generates a two-layer twin nucleus, and replaces the Following the same procedure, we can analyze the 60° I
SF with two twin boundaries. Since the twin boundary en-and the Screw systems. We found that the 60° Il system does
ergy is about half of the SF enerdy/r only needs to over- not operate because it requires much higher stress to nucleate
come the lengthening of partial dislocation segments. The DT. Therefore we shall drop the 60° Il system in the fol-

critical twin nucleation stress can be derived as lowing analysis. In a polycrystalline nc sample, grains are
— likely to orient in all orientations. Therefore, a deformation
_ Ga | vad 4 map linking stresses of DT nucleation and growth with grain

Ttwin = 2\@7-rd sin a n a ) size is very useful and desirable. Such a map can be con-

structed by plotting the critical stresses against the critical
On the other hand, a trailing partial may also emit on thegrain sizegsee Fig. 3
SF plane and erase the SF in its path. The trailing partial  The deformation map in Fig. 3 reveals the following four
requires a stressyy;, to move, which can be derived as  interesting points(i) The DT nucleationcurves have a cup

= = and handle geometry. The cup section is fremrientations
V6 Ga8-5»)  \2d 7]

il = oda—30% | 48m(1-»)d  a  a

To nucleate a twin, the twinning partial must prevail over the
trailing partial.

Once a twin is nucleated, it may grow via the emission
of more 90° twinning partials under stregg;,. It may also
shrink via the emission of a shrinking partiaél, on a plane
adjacent to the twin boundary but on the twin side. The stres
needed to move a shrinking partial can be derived as

(5) at which all stresses behave like those in Fig),2while the
handle section is fromr orientations at which all stresses
behave like those in Fig.(B); (i) The optimum grain sizes
for DT nucleation(the lowest stress point at cup bottpare
4.85 and 7.25 nm, respectively, for the 60° | and Screw sys-
tems;(iii ) The 60° | system has a slightly lower critical stress
(0.88 GPathan the Screw syste®.91 GPafor DT nucle-
ation; (iv) The stress for DT growth is much lower than that
for its nucleation.
Clearly, the critical stress for DT nucleation is very high
V,% Ga(8—5v) V’Ed (>0.88 GPa Such a high stress can only be obtained under
Tshrink™= n—-. (6)  high strain rates and/or low temperatures, which is consistent
coda—-30°9487(1-v)d a

with experimental conditions for cryogenically ball-milled
For Al, G=26.5 GPa,»=0.345, a=0.404 nm, andy

=122 mJ/m.*** In Fig. 2, the stressesy, 7, Twins Tuai
and 7ine are plotted as a function of grain sigefor: (a)
a=90° and(b) «=135°. The point B in Fig. @) represents
the critical grain size(dg=5.16 nm below which a DT
nucleates becausg,, < 7. However, a DT can nucleate
only after the formation of a SF. As shown, at grain gige
n.<7p, I.e., the lattice dislocation is operating at
=0.88 GPa(point B'). The SF width atr; calculated from
Eq. (3) is far larger thardg. This means that a DT nucleates
after a SF ribbon spreads across the grain. Figdugshows 5 10 15 20 25

the stresses versdsat «=135°. In Fig. 2b), Tiail OF Tshrink IS Grain Size d (nm)

actually the critical stress curve above which the trail OTEiG. 3. A deformation map showing the critical stresses for DT nucleation

Shrinlf partial is prohibited. Al <d, (16.66 nm and 7> 7, and growth in nc Al as a function of grain size for the 60° | and the Screw
DT will nucleate. dislocation systems.
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nc Al2*®In addition, the high nucleation stress also explainsinterior is usually dislocation fre¥. If such a source is
the low DT density in the nc Al formed by dislocations on the GBs, the twinning partial will

Our model shows that the stress for DT growth is lownot be able to form the necessary faulted loop. To summa-
enough to be easily attained during a normal static deformarize, the current model provides a rational explanation for the
tion. This is consistent with a recent MD simulatifiwhich ~ formation of DTs that have been observed in nc Al.
shows that DTs are difficult to nucleate but easy to grow. In summary, we have developed an analytical model
However, the MD simulation attributed the difficult twin based on classical dislocation theory to describe DT nucle-
nucleation to high unstable twin fault enerjﬁyl.7 Our ana- ation and growth in nc Al. Our model indicates that the op-
lytical model can be further refined by considering the un-timum grain size for DT nucleation in nc Al is around 4.85
stable SF energy and unstable twin fault energy, when theior 7.25 nm. The nucleation of a DT requires very high shear
values can be more reliably obtained from the literatGre. stress(>0.88 GPa Once a DT is nucleated, it is not likely

In this model, we have made several assumptions to rerte shrink because a shrinking partial requires higher stress to
der the mathematics tractable, including a square grain geperate than a twinning partial. The DT grows at much lower
ometry and straight dislocation lines. Moreover, we havestresses via the emission of twinning partials from GBs on
also ignored any possible interactions between the twinninglip planes adjacent to the twin boundary via the stress-
dislocations with grain boundaries and interactions betweeontrolled twin growth mechanism.
dislocations. These assumption and simplifications render the )
present model semiquantitative. Moreover, it is worth noting_ This work was supported by the U.S. DOE IPP and BES
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