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Tension'compression strength asymmetry in a simulated nanocrystalline metal
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We explore asymmetries in the plastic deformation of idealized nanocrystalline nickel through static mo-
lecular simulations. We find that both the yield and flow stresses of these materials are higher in compression
than in tension. This result is discussed in the context of earlier work on metallic glasses, and it is suggested
that very similar atomic-level mechanisms control yield in both of these materials classes.
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Much scientific and practical interest is currently focusedshear transformation zones, and by extension shear bands,
on nanocrystalline metals, which exhibit uniquely favorablebehave asymmetrically for specimens loaded in net tension
properties as a result of their average grain sizes on naneersus net compression. Specifically, glasses in states of
meter length scales. Of particular interest has been theompression were found to be clearly stronger than those in
experimentally~3 and computationalf® observed transition tension, indicating that some amount of internal friction im-
in deformation mechanisms, from dislocation-mediated plaspacts plastic flow. Based on the analogy between nanocrys-
ticity at large size scales to grain boundary dominated defortalline and amorphous materials described above, we have
mation in the nanoscale. In the nanoscale range plastic flowredicted that the global yield criterion of nanocrystalline
occurs by shear shuffling of atoms located at intercrystallinenetals should also transition to incorporate a normal-stress
boundarie$;® ultimately leading to cooperative, large-scale or pressure dependence. It is the purpose of the current work
sliding of grain boundarie$This type of behavior is remi- to present molecular simulations that validate this prediction.
niscent of that seen in metallic glasses, where local “shear We perform atomistic simulations of mechanical deforma-
transformation zones(STZ’s), comprised of a small number tion in nanocrystalline nickel specimens with grain sizes of
of neighboring atoms, undergo shear distortion and self2, 3, and 4 nm. Each structure is composed of 12 grains
assemble into large planar “shear bands.” Intergranular renucleated in a close-packed configuration, with all grains of
gions are often approximated as structureless, particularlg given structure having the same size and shape; periodic
along boundaries with large misorientations, and as graitboundary conditions are enforced on each axis. The orienta-
size is refined into the nanoscale the fraction of intercrystaltions for each of the 12 unique grains were randomly chosen,
line atoms becomes appreciable. Thus it is natural to conbut were held constant from structure to structure; i.e., the 2-,
sider the amorphous state as being the ultimate limit fo8-, and 4-nm structures each have the same set of grain ori-
nanostructural length scalsnd the analogy between glass entations. The resultant grain misorientation distribution is
and nanocrystal plasticity described above is consistent witbonsistent with the expected MacKenzie functfbfor ran-
this notion. dom grain orientations. After construction, the simulation

In recent work on metallic glass plastictyye found that cell was allowed to relax via the method of conjugate

FIG. 1. Uniaxial stress-strain
(0-e) curves of (@) 2-nm, (b)
3-nm, and (c) 4-nm grain-size

.

compresslon & |. compression compression nickel speume_ns in _both tension
41 6l and compression; views of the
_ 5t = 5 structures are also shown, with the
s [ ension 44 e e, 19 grain-boundary atoms highlighted
(GPa) , 3L 5 L for clarity. The curves shown here
ol ) r are for loading along thg axis.
il L
1k 1L
0 . L \ ) 0 1 ) 1 ) 0 . \ . )
0 0.025 0.05 0.075 0.1 0 0.025 0.05 0075 01 0 0.025 0.05 0.075 0.1
e € €
(@) (b) (c)

0163-1829/2004/69)/0121014)/$22.50 69012101-1 ©2004 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B59, 012101 (2004

T T T T T ] size®15"?2the characteristics of the stress-strain curve at 0
+ Compression K,® and also the atomic-level mechanisms of plastic
+ 7 flow.*1"1%In what follows, we discuss a specific aspect of
L ﬁ Tension | plastic flow that has not yet been considered in molecular
c 4L g éL * ] simulations of nanocrystals, namely, tension/compression
Gf{ . ..--T Compression asymmetry and the yield criterion.
(GPa) " + Teusi 1 The principle result of our computations is illustrated in
2L S <I> enston i Fig. 1, which displays the stress-strdinz) curves obtained
Gy{ ----- for uniaxial compression and tension experiments on the
] nanocrystalline nickel specimens. For all three grain sizes
0 TR Y N S — investigated2, 3, and 4 nny there is a clear asymmetry in
3 4 the o-¢ curves; the strength in compression is considerably
d (nm) greater than that in tension. This asymmetry is manifested
both in the departure from linear elasticity at low strains near
FIG. 2. Summary of yield¢,) and flow (o) stresses for nano- ~1% (as quantified by the standard 0.2% offset yield stress
crystalline nickel with grain sizel. ay,) and in the peak stresses that these structures are capable
of supporting(as quantified by the average flow stress after
gradients:! with the atoms interacting according to the the peak has been reacheq). Quantitatively, this asymme-
many-body interaction potential developed for nickel bytry is illustrated in Fig. 2 as a function of grain size; the
Mishin et al? results are also tabulated in Table I. The yield and flow
As built, the nanocrystalline structures had non-negligiblestresses increase with grain size, which is characteristic of
residual stresses. To allow for local reorganization of atomsianocrystalline metals in the regime of so-called “inverse
to reduce these stresses, the as-built structures were slightjall-Petch” behaviof®?3 The tension/compression strength
deformed in tension to less than 2% strain, and then comdifferential is of the order of 30% when comparing on the
pressed back to approximately their starting dimensions. Thibasis of flow stress.
procedure did not induce significant plastic flow, but did al- The asymmetry between tensile and compressive strength
low for local atomic relaxation and produced a structure withobserved in Figs. 1 and 2 is reminiscent of plasticity in me-
stresses along each of the principle directions generally ledsllic glasses, which generally exhibit a strength differential
than 30 MPa. The three self-similar structures produced imf the order of 25% This asymmetry stems from shear flow
this way are shown in Fig. 1. Uniaxial deformation of the in glasses being dependent not only upon shear strdnst
structures was investigated in both tension and compressioalso upon the normal stregs, that acts upon the plane of
applying small strain increments<0.1% to each axis, and shearing. This dependency apparently holds even to the
repositioning each atom according to the appropriate selfatomic scale, where STZ's of 5—20 atoms locally shuffle to
affine transformation of coordinates. The conjugate gradienhccommodate applied strain in metallic glasse3everal
method was used to relax the structure to a local energprior reports of deformation in nanocrystalline metals have
minimum & 0 K after each such increment. All normal-stressnoted that at the finest scale, deformation also occurs in local
components on secondary axes were carefully held near ze®TZ's of just a few atoms located at grain boundaries and
through judicious choice of the strain increments, giving another intercrystalline regiorfs® This is also the case in the
ideal uniaxial stress state. present simulations, as illustrated in Fig. 3. Here the atoms
The deformation of simulated nanocrystalline metals hashat are participating in a plastic rearrangement have been
been investigated in considerable detail in prior work byidentified by comparing their position with that expected on
other author~®!3-2! Therefore, we have carefully com- the basis of a pure elastic motion. As the figure illustrates,
pared many aspects of the present work with the existinghe atoms that participate in plastic flow tend to be clustered
literature, and have found excellent agreement with regartbgether as STZ’s. Furthermore, analysis of the coordination
to, e.g., the elastic modulus and its variation with grainof these atoms reveals that they are all within intercrystalline

6|

TABLE |. Mechanical properties of nanocrystalline metals at multiple grain sizes, in both tension and compression.

Strength differential

Tension Compression (%)
Grain size Loading ay of ay ot Yield Flow
(nm) axis (GPa (GPa (GPa (GPa
2 y 14 34 2.2 4.2 57 24
2 X 1.7 3.2 1.9 4.4 12 38
3 y 1.8 4.5 3.0 6.1 67 36
3 X 2.3 4.4 29 6.0 26 36
4 y 25 4.8 4.0 6.4 60 33

012101-2



BRIEF REPORTS PHYSICAL REVIEW B9, 012101 (2004

In contrast to metallic glasses, where any volume element
of material can be regarded as representative, nanocrystals
have heterogeneity on larger length scales. We believe that
this structural difference may play a major role in the details
of the yield criterion in several ways.

(a) Although shear bands in metallic glasses often spread
to widths of the order of several nanomet&rshe narrow
~1 nm thickness of grain boundaries confines shear localiza-
tion to even finer scales in nanocrystalline metals.

(b) Whereas metallic glasses can form planar shear bands
without regard to higher length scales in the material struc-
ture, shear between nanocrystals must either accommodate
the grain structurgby serrating or dissipate through the
FIG. 3. An example of the atoms instantaneously participatinggrains(by dislocation aCtivat.ioh In some of our SimUIations
. e . : B on larger nanocrystals we indeed observe the nucleation of
in plastic rearrangement in a system with 3-nm grain size after . . . . . .
yield. These atoms are localized into small shear transformatimri)artlal d'SIOC"’}“on_S into the.gralns as an accommodation of
zones, and are all located at intercrystalline regions. nearby shearing in the grain boundary; other authors have
discussed this issue at lendth!”*°

regions. Given these and prior observations of STZ's in the Since both of these effects would tend to increase resis-
grain boundaries of nanocrystals, as well as the pressure dé&nce to shear band formation, we expect that, all other
pendence of STZ operation, a tension/compression asymm#lings being equal, nanocrystals should have higher values of
try in plastic flow is to be expected in nanocrystalline mate-the internal “friction coefficient’« when considered relative
rials. Therefore, although the strength differential seen irto metallic glasses. These considerations also suggest that the
Figs. 1 and 2 has not, to the best of our knowledge, beenalue of « may depend on details of the grain shape and
reported in any prior simulation work on nanocrystalline texture in complex ways.
metals, it is a logical consequence of the underlying physics To conclude this paper, we point out that there has been,
of deformation at the finest length scales. to date, very little discussion of the yield criterion of nano-
In light of the above discussion, it is clear that the finestcrystalline metals. There are experimental suggestions that
nanocrystalline metals require some pressure or normahanocrystalline copper exhibits a strength differential of the
stress depend.ent term in their global yield criterion. Carryingy der of 20%-—60942-35 Although these values are in quite
the analogy with metallic glasses further, one can connect th&ood agreement with our simulation results in Figs. 1 and 2,

ptresent results tot prior WOtI’ka on hcl)w preZSLere ort'normalaJese materials had grain sizgear 25 nmfar coarser than
SITess components impact Iree volume, detormation, ane ojmate herg2—4 nm. At these larger grain sizes, dif-

other physical properties of d|sorder_ed solidg., Re_fs. 24— ferent deformation mechanisms involving dislocation motion
28). For example, one could consider the classical Mohr- . :
o ) are known to operate, and other explanations based on dif-

Coulomb criterion, which reads . ) . .

ferent physical concepfscould rationalize the experimen-

r=k—ao,, (1)  tally observed strength asymmetry. Nonetheless, our results
) ) ) ) support an analogy between the deformation mechanisms in
where 7 is the effective shear yield stress,is the shear the finest nanocrystalline metals and those in amorphous

resistance of the material, andrepresents an atomic-level etals, which give rise to tension/compression asymmetry.
friction coefficient. In this framework, the coefficientis a

material dependent constant that can be inferred from the This work was largely supported by the U.S. Army Re-
strength differentiaf’ For the present simulated nanocrystal- search Office under Contract No. DAAD19-03-1-0235. Por-
line nickel specimens, the values afcalculated based on tions of this work were also performed under the auspices of
the flow stress asymmetries range from 0.14 to 0.25, with athe U.S. Department of Energy by the University of Califor-
average value oft~0.21. This value is reasonably close to nia, Lawrence Livermore National Laboratory under Con-
those obtained in multiaxial deformation studies on metallictract No. W-7405-Eng-48.

glassesp~0.03—0.13426:27:29,30

1C. A. Schuh, T. G. Nieh, and H. Iwasaki, Acta Matéd, 431 63. Schiotzet al, Phys. Rev. B50, 11 971(1999.

(2003. “A. Hasnaoui, H. Van Swygenhoven, and P. M. Derlet, Phys. Rev.
2J. R. Weertmaret al, MRS Bull. 24, 44 (1999. B 66, 184112(2002.
3K. S. Kumaret al, Acta Mater.51, 387 (2003. 8T. G. Nieh and J. Wadsworth, Scr. Metall. Mat2§, 955 (1997).
4H. Van Swygenhoveet al, Phys. Rev. B60, 22 (1999. 9C. A. Schuh, A. C. Lund, Nat. Mate®, 449 (2003.
5V. Yamakovet al, Acta Mater.49, 2713(2001). 10A. Morawiec, J. Appl. Crystallogr28, 289 (1995.

012101-3



BRIEF REPORTS

W, H. Presset al, Numerical Recipes in @Cambridge Univer-
sity Press, Cambridge, 1992

12y Mishin et al, Phys. Rev. B59, 3393(1999.

133. schiotz, F. D. DiTolla, and K. W. Jacobsen, Nat(irendon
391, 561(1998.

1H. van Swygenhoven and A. Caro, Appl. Phys. Létl, 1652
(1997.

15H. van Swygenhoven, M. Spaczer, and A. Caro, Acta Mat@r.
3117(1999.

18, van Swygenhoven, A. Caro, and D. Farkas, Scr. Matéy.
1513(2001.

7H. van Swygenhoven, P. M. Derlet, and A. Hasnaoui, Phys. Re

B 66, 024101(2002.
18y, Yamakov,et al, Acta Mater.50, 61 (2002.
9v. Yamakovet al, Nat. Mater.1, 1 (2002.
205, J. Noronha and D. Farkas, Phys. Rews@ 132103(2002.
21p, Heino and E. Ristolainen, Philos. Ma&&l, 957 (2001).
22/, Latapie and D. Farkas, Scr. Matd, 611 (2003.

23C. C. Koch and J. Narayan, Btructure and Mechanical Proper-

PHYSICAL REVIEW B9, 012101 (2004

No. 634 (Materials Research Society, Pittsburgh, 200f.
B5.1.1.

24A. C. Lund and C. A. Schuh, Acta Mates1, 5399(2003.

25F, Spaepen and D. Turnbull, Scr. Metall. Mat28, 1563(1991).

263, J. Lewandowski and P. Lowhaphandu, Philos. Mag§2A3427
(2002.

27p, Lowhaphandu, S. L. Montgomery, and J. J. Lewandowski, Scr.
Mater. 41, 19 (1999.

28W. J. Wright, T. C. Hufnagel, and W. D. Nix, J. Appl. Phyas,
1432(2003.

29p. E. Donovan, Acta MateB7, 445 (1989.

V80R  vaidyanatharet al, Acta Mater.49, 3781(2001.

31E. Pekarskaya, C. P. Kim, and W. L. Johnson, J. Mater. R&s.
2513(2001.

32p_ G. sanders, C. J. Youngdahl, and J. R. Weertman, Mater. Sci.
Eng., A234-236, 77 (1997.

33M. Legroset al, Philos. Mag. A80, 1017(2000.

4L, Lu et al, J. Mater. Res15, 270(2000.

ties of Nanophase Materials—Theory and Computer Simulation%ZD- Jiaet al, Scr. Mater24, 613(200).
vs Experimentedited by D. Farkas, H. Kung, M. Mayo, H. Van ~S. Cheng, J. A. Spencer, and W. W. Milligan, Acta Matst,
Swygenhoven, and J. Werstman, MRS Symposia Proceedings 4505(2003.

012101-4



