APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 7 18 AUGUST 2003

Model experiments for direct visualization of grain boundary deformation
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Recent experimental studies on nanocrystalline metals have shown that mechanical strength may
decrease with decreasing grain sizéor d<<10—15 nm. The mechanisms underlying this trend are

not understood, although such a relationship is in distinct contrast to that seen in microcrystalline
metals whereby strength increases with decreasing grain size. Here, we present direct experimental
observations of deformation via the bubble raft model, a two-dimensional analog to fcc crystals. We
adopt nanoindentation as a means to introduce localized deformation, and quantify critical
conditions for defect nucleation. We identify a transitiodlabf approximately 7 nm, at which
further grain refinement leads to a decrease in the stress required to initiate plastic deformation.
Further, we observe a concurrent transition in the primary deformation mechanism from discrete
dislocation emission from grain boundarie7 nm) to localized grain boundary migratiod (
<7nm). Thus, these data suggest that both the onset and mechanisms of plasticity in
nanocrystalline materials change markedly below a critical grain siz&0@8 American Institute

of Physics. [DOI: 10.1063/1.1597417

The connection between a characteristic microstructuratonditions in such computations can differ substantially from
length scale, average grain sdgthe yield strengtlr, , and  experimental parameters, these uniaxial simulations suggest
fracture strength of metals was elucidated by Hahd a reverse HP-type effect fat~7—-8 nm in Ni and Cu, and
Petch as researchers suggest mechanisms ranging from room tempera-
ture creep? to grain boundary slidind®

A complementary approach to three-dimensional experi-
ments and computationsiis situ observation of deformation

wherea, is the friction stress required to move a disloca- . i
tion andk, is a material-dependent intensity factor related to"'2 the Bragg—Nye soap bubble raft modeé, an experimental
the hardening of grain boundaries. The Hall-PdtdR) re-  analog to two-dimensiondlD) fcc crystals.® Recently, we

lation has been established experimentdllipr d>1 wm. h_ave adapted this model for nanoindentation_experiment_s in
Modification of processing methods has made possiblé'ngle crystal rafts to demonstrate and to validate analytical
the synthesis of metals witti< 100 nm. As these materials models of homogeneous nucleation of_dislocations within a
are currently available in only small quantities, nanoindentaPerfect crystat!** Here, we extend this concept to poly-
tion is the most common method to estimatgas a function crystalline rafts to investigate the effect dfon the resis-
of d. (Measured indentation hardnesisis proportional to ~tance to plastic deformation in 2D, model nanocrystals. A
oy .5 Equation(1) would imply increased strength and hard- part_lcula.r objgctlve of the present \_/vork was to docu_ment and
ness when trends observed for microcrystalline metals art® visualize directly the mechanistic origins of possible tran-
extrapolated down to the nanocrystalline regime, as reportedftions from strengthening to weakening with decreasing
for Cu with d>>10 nm® However, other experimental datain ~ The methods of bubble raft productiSrand single crys-
close-packed metals indicate an opposite relationship bdal raft constructiol’ are reported elsewhere. Briefly, pres-
tweena, andd for d<10 nm.~°The validity of these latter ~Surized air is forced through a micropipette submerged in a
results has been debated and ascribed to possible artifactsgiycerine-soap solution, resulting in uniformly sized bubbles
material structure and Characterizatmill ThUS, as both of 1 mm diameter. The interaction of the bubbles is qua”ta'
the strengthening trends and mechanisms thereof are opdiely similar to the interatomi¢pair) potential of fcc metals
questions, we hereafter use the broad terms “HP-type” tdCu, Ni) of ~0.3 nm atomic diametéf This size scale anal-
denote increasing resistance to the onset of yielding wittgy whereby 1 mm in real space represents 0.3 nm in atom-
decreasingd, and “reverse HP-type” to denote decreasing istic space is assumed later. In the present experiments, nano-
resistance to the onset of yielding with decreaging crystalline aggregates of 150 000 bubbles were constructed
Atomistic computational simulatiohs?* were em- by aggregating many single crystdlll} rafts (graing. The
ployed subsequently to simulate plastic deformation in fcdooundary conditions of the “nanocrystalline” rafts are shown
nanocrystalline metals. Although sample size and loadingn Fig. 1(a). The average grain size of a given raft was
chosen to be a single value between 4 and 37 nm, varying
dAuthor to whom correspondence should be addressed; present addres%:z.O% " as quantified via the fine-intercept method O.n ac-
Department of Surgical Research, Children's Hospital and Harvard MedidUired images; new rafts were constructed for edcfThis
cal School, Boston, MA 02115; electronic mail: krystyn@mit.edu range ofd simulates, in 2D, that attained through nanocrys-
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FIG. 2. (a) Nanoindentation of rafts of average grain sizeanging 4—37
nm. Critical mean pressugg,, normalized by the maximum experimentally
FIG. 1. (a) Schematic of raft boundary conditions, fixed against a rigid m_easured _value, decreases with decreadmg d<7 nm; (b) Compa_r!son
substrate(gray) along one edge and otherwise free to displace in-plane Vith experimentalo, data for electrodeposited Ni shows a transitiodal
Dotted box indicates region shown {h). Nanocontact parameters include approximately equal to that indicated by the bubble raft experiments.
the in-plane coordinatesx(z) and contact half-widtha for a constant in-
denter tip radiuk of 28 nm.

z

Pm is proportional to the resolved shear stre$§.23 The

_ _ (unresolvedl shear stress,, at any point &,z) inside an

talline metal processing methotisThe raft most closely ap- isotropic elastic solid can be determined analytic4lly

proximates the as-prepared state of a real nanocrystal, as

there was minimal structural relaxation of the raft upon ag- R Po

gregation of the individual grains. The aluminum indenter Xz a

gl/"’i‘é?] V;zimm;f;'rﬁ?htg %Eprrgg:um;tgf'g;g;\hﬁntnggﬂsﬁrk'wherem and n are polynomial functions ofx,z) and a.
o ' ) hus, a decrease jny, indicates a decrease i),. Here, the

proceeded in displacement control at a scaled velocity of 0.:/r Phn ",

. - . . ritical value of mean pressung, does not imply general-
nm/s, until defect activity was observed. Nanoindentation O{fzed plastic yielding, but rather indicates the magnitude of

all nanocrystalline rafts induced defect nucleation from grain ritical resolved shear stress required to induce defect activ-

boundaries and grain boundary junctions, and no defec(i : ; .
A RS ' -~ 1ty locally in a polycrystalline aggregate: an important com-
nucleation initiated from the grain interior. Defect formation y y polyery ggreg P

was observed to proceed rimarily from arain boundar;Ponent of generalized yielding in nanocrystalline materials,
triple junctions P P y 9 where the volume fraction of grain boundaries can reach

S | rationales f HP-t rend it th 50%. For all experimentdR=28 nm and the X,z,a) con-
everal rationales for reverse H-ype trends posi .ahguration corresponding to the initial defect nucleation event
at very smalld, plastic deformation originates from and is was determinedsee Fig. 1o)], enabling calculation op
accommodated solely by grain boundarfi&$hus, an impor- d di E 2 d3 e
tant application of the nanocrystalline raft is determination ofpo aF”i J’r‘é azcagosrhg]vsst?hat?(irzca:gaée)é with decreasing av-
whether deformation stresses and mechanisms vary dvith 9 N 9

The mean pressuig,, sustained by the raft can be calculated erage grain size fod>7nm, consistent with HP-type be-
Pressulgy 1€d by . . ...~ havior, but then decreases with decreasing grain sizel for
at the elastic limit, or the initiation of dislocation activity

- th _ _ - _ - . ' i
within the raft. As the loadP per unit length is not well- 7 nm. These data indicate that the magnitudergfsus

defined in 2D indentationp,, cannot be calculated as tainable by the nanocrystal is proportional t for d

P/[ma?], wherea is the half-width of contact. Howev <7nm, and are consistent with computational atomistic
ol ' Pm  resultd?!3and recent experimental results for close-packed
can be inferred from the observed valugsand R for a

constant value of E via Hertzian (elastio contact metals[Ref. 8 and Fig. &)].*"*These results can be com-
pared quantitatively with those derived from single crystal

m2—z2
m?+n?

, ()

mechanic§’ {111} raft experiments with the same indenter tip radRis
7aE where homogeneous defect nucleation occurs at a subsurface
Pm=7 55~ 7 Po- (2)  depthz=0.78a, the position of maximunr,,=0.30,.%" In

the current experiments, we observed that the maximym
wherep, is maximum pressure arifl is the elastic modulus occurred ford of 13 nm and was only 0.28, representing
of the bubble raft for the present case of a rigid inderiss. a 23% decrease with respect to that required for the single
E in this 2D system is measured experimentally in units ofcrystal. In addition, the maximurp, occurred ford of 6.8
[force]/[length], the units ofp,, are also[force][length.)!®*  nm, and was 7.4% less than that determined experimentally

The magnitude of this imposed pressure is important in thafor the defect-free single crystal. These results confirm the
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activity increased with decreasing grain size fbr7 nm
(strengthening but decreased with decreasing grain size for
d<7 nm(weakening. This response indicates a transition in
the resolved shear stress required to initiate plastic deforma-
tion that correlates with grain sizéii) In the strengthening
regime, the primary deformation mechanism was discrete
dislocation emission from grain boundary regions, whereas
in the weakening regime, the primary deformation mecha-
nism was grain boundary migratiofiv) Dislocation nucle-
FIG. 3. Migration of grain boundary regions, observed primarily or  ation occurred under mean pressures which were at least 7%
<7nm. Black dashed and solid white lines denote original and final posiiq\wer and at local shear stresses which were at least 23%
tion, respectively, of grain boundary region at triple junction. lower than those required to nucleate defects via indentation
in a perfect crystal. Although the experimental variability
intuitive expectation that the contact stress required to nucleith respect to microstructural length scales makes it diffi-
ate dislocations from the grain boundary is less than thagyt 1o assess the statistical veracity of quantitative results
required for homogeneous nucleation. These findings reprey,ch as the value of the transitional grain sige the quali-
sent the experimental, quantitative measurement of the relgative finding—a grain size exists at which both the deforma-
tive strength of grain boundaries in model nanocrystals, an¢on mode and correlation with strength change—appears
complement recent atomistic computations on nanoindente@stified. These observations can guide systematic investiga-
Au where thep, required to nucleate dislocations from a tions, via both experiments and computations, of the unique

grain boundary can be as much as 18% less than that rgasponse of grain boundaries in nanocrystalline metals.
quired for a single crystaf
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