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Ultratough nanocrystalline copper with a narrow grain size distribution
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We report a unique way of using mechanical millimggitu consolidation at both liquid-nitrogen and
room temperature to produce artifact-free nanocrystalling23unm with a narrow grain size
distribution. This nanocrystalline Cu exhibits an extraordinarily high yield stre(@jd MP3, as
predicted from a Hall-Petch extrapolation, along with good ductildgmparable with~30%
uniform tensile elongation Possible factors leading to this excellent optimization of strength and
ductility are discussed. @004 American Institute of PhysidDOI: 10.1063/1.1779342

Significant increases in hardness and strength have been The mechanical behavior of the milled nc Cu is evalu-
documented for nanocrystalline mefafs (grain size ated using microhardness measurements and the miniatur-
<100 nm. The vyield strength of nanocrystalline Cu, for ex- ized disk bend testMDBT). The MDBT was conducted at
ample, increased to a range of six to eight times higher thaRT with a displacement rate of 851072 mm/s, which cor-
that of coarse-grained Ctf*"®However, ductility of nano- responds to a strain rate of %80*s™. Samples for
crystalline metals is very low—typically less than 2% elon- MDBT were mechanically polished to mirrorlike images in
gation for most nanocrystalline metals with grain sizesorder to eliminate the effect of surface flaws with final thick-

<25 nm, whereas for the same conventional grain size meflesses of 326—33@m. The standard deviation of thickness
als the ductility is typically large—40%-60% elongatibn. values, measured at different locations on the sample surface
In some cases, the poor ductility may be attributed to poroswas typically 2—4um. The mechanical behavior of nc Cu is
ity within the samples due to incomplete compaction ofcompared with that of microcrystalline(uc) —pure
nanoparticled: This poor ductility limits the applications of CU (~50 um grain siz¢ sample and a pure Cu block rolled
nanocrystalline metals. We believe that eliminating the effect LN temperaturé-150 °Q to a high plastic deformation

of artifacts plays a major role in improving the strength and(93%) followed by low-temperatur¢200 °Q annealing for

ductility of nanocrystalline Cu, which will have a significant 3 Min. In the rest of our letter, we refer to the latter sample as
effect on the utilization of nanocrystalline metals in variousLNRA. This LNRA Cu sample exhibits the best combination

applications. of strength and ductility for Cu _report_ed SO fngigure 2
Nanocrystallinenc) Cu is synthesized in this work by a shows the force versus nor_mallzed displacement curves of

special method of combining liquid-nitrogen(LN)- t.he selected specimens, which are av.eraged from thrge_ rep-

temperaturgcryo) and room-temperatur@kT) milling. After I|gqtes. The scatter of the three repllcates was negligible.
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welded together to form thin small rounded flakes about’ _ o

1 mm in diameter. Further combinations of RT and Cryoi?aeti?gﬂi%rﬁjﬁggdSie::j) ;'ggsgéildargtrce;iuIgie(tzlh?ro:ﬁs;[ﬁg

milling up to 10 h inducedn situ consolidation of these lowi : i 13 y

small flakes into fully dense and spherical-shaped balls Witrﬁ0 owing equation.

sizes up to 5-8 mm diameter. Density measurements and 57/ 2

scanning electron microscop§8EM) observationgmicro- o, = 3_'32{(1 i 2+ 1- v[l ~ b_z} <%>} @

graphs are not includg¢dshow that our Cu spheres exhibit 2mt b 2 a“J\R

full density with no pores. After 10 h of combined milling, \\hares is the stressP is the load in the units of Newtomn

the average grain size determined from x-ray diffractionig e spyecimen thicknessjs Poisson’s ratio of Cu, which is

(XRD) analysis in terms of diffraction line broadening of ;-1 an to be 0.38%a is the radius of the support ring,is the

five Bragg reflection peakgusing the Williamson and Hall  54iys of the load ring, anR is the radius of the specimen.

equation” is about 25 nm. The lattice strain in these milled Normalized displacemerity) is expressed by/t, wherew

Cu spheres also determined by XRD is about 0.1%. Figurgs e gisplacement of the specimen up to failure. Although,

1(@ shows the transmission electron microscoEM)  normalized displacement is not a strain, it does give an indi-

dark-field micrograph and electron diffraction pattern for nc4tion of the specimen ductility given that all specimens

Cu after 10 h of combined milling. The grain size distribu- n5ve similar thicknesse).*

tion [Fig. 1(b)] for this nc Cu based on a total grain count of A comparison of the mechanical behavior during MDBT

270 shows an average grain size of 23 nm, which is consis(-Fig_ 2) reveals thajuc Cu (Curve A exhibits a yield stress
tent with the XRD results. Another important feature of the((,y) value of 56 MPg[calculated from Eq(1)], which is a

Cu nanostructure is that the grain size distribution is MONOtypical value for annealed conventional grain size Cu. The
tonic and lies within a relatively narrow range, with no grain | NRa cu specimen(Curve B shows a dramatic increase in

sizes>50 nm{[Fig. 1(b)]. oy to about 327 MPa. A similaw, (330 MP3 for a Cu
sample processed under the same conditions was first re-

¥Electronic mail: carl_koch@ncsu.edu ported by Wanget all® during tensile testing. The matching
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270 grains

d_ =23nm ]
FIG. 1. TEM results showinga) a dark-field image of
nc Cu after 10 h of combined cryo and RT milling; the
lower left inset shows the electron diffraction pattern,
and(b) grain size distribution of nc Cu based on a total
grain count of 270.
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of the oy values, obtained from MDBT and tensile t¢&t, can be seen from Figs(& and 3b), the plastic deformation
suggests that the MDBT yield strength is comparable to thend the overall ductility up to failure of nc Cu are compa-
tensile yield strength. As can be seen from Fig. 2 Curve C, aable to that for the LNRA Cu sample, which showe80%
remarkable increase in thg to 770 MPa was found for the uniform tensile elongatio Figure 3c) shows a higher
milled nc Cu concurrent with ductile behavior. This extraor- magnification of the punched out hat without any indication
dinarily high value Ofa'y is about fourteen times higher than of surface cracking. The fracture surface of nc[Eig. 3(c)
that of uc Cu and more than twice that obtained from theupper right insdtshows a dimpled rupture that extends thor-
LNRA Cu sample(Fig. 2). In addition, the hardneséd,)  oughly over the sample cross section with dimple size ranges
value of milled nc Cu is measured to be 2.3 GPa, and hencgom 100—400 nm. Therefore, our nc Cu exhibits good duc-
obeys the Tabor relatiort,=30y. The high value ofr, (or  tjlity along with an extraordinarily high vyield strength
H,) appears to be due to the small grain si28 nm. This (770 MPa, see Fig.)2
high value ofoy is consistent with that measured by tensile Al the results reported in literature showed brittle fail-
testing(760 MP3 for a thin(11 um) nc (~30 nm Cu layer  yres of nc C#®*82°Explanations of this brittle behavior
produced using ultrasonic high-energy shot peefiigong  were attributed to artifacigorosity and contaminatigrirom
with the higha of this Cu layer, it was reported that fracture processing, force instability in tension, and crack nucleation
occurs very soon after yielding, accompanied with very lowor propagation instability>** The only exceptions reported
ductility (~2%). The nc Cu layer presumably survives to a
oy of 760 MPa because of the absence of internal porosity;
however, its ductility is still poot®

The shape of the MDBT curves in Fig. 2 is typical of
ductile material$®*” All curves start with initial linear re-
gion after which yielding occurs. After initial yielding, plas-
tic deformation propagates through the specimen thickness
and radially from the area of contact between the punch and
specimen. This is followed by a membrane-stretching regime
and then maximum load is approached and fracture begins.
Figure 3 shows the field emission SEM images of surface
morphology of LNRA and nc Cu specimens after MDBT.
The two specimens have a hat-shaped disk morphology,
which is an indication of significant plastic deformatidrAs
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FIG. 2. Force vs normalized displacement for tested samples. Curve AFIG. 3. Field emission scanning electron micrographs of selected Cu
annealed, coarse-grained Cu; Curve B, LN-temperature rolled Cu to 93%amples after MDBT(a) LNRA Cu sample,(b) nc Cu sample, an¢c) a
plastic deformation followed by annealing at 200 °C for 3 min; Curve C, nc higher magnification of the nc Cu sample near the fracture surface; the

Cu after 10 h of combined cryo and RT milling. upper right inset shows the fracture surface of nc Cu sample.
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of an improved tensile ductility were for Cu structures dif- rable to~30% uniform tensile elongationA combination of
ferent from the typical nc structures of metals. The highhigh strength and good ductility has also been reported re-
(~30%) tensile ductility of an electrodeposited Cu samplecently for artifact-free nc electrodeposited (oef. 2% and
had a structure that consisted of nanoscale subgrains witRi—-Fe alloys (Ref. 28 with small nc grain sizes
very Iow—ansgle boundaries, which results in a lawy of (10-20 nm. These observations are consistent with our re-
<100 MPa®® The impressive uniform tensile elongation sults on nc Cu. We expect that these optimizations of
(30%) obtained after thermomechanical processing of Custrength and ductility will have implications in the develop-
was attributed to a bimodal structure consisting ofment of tough nc Cu in several applications and will provide
micrometer-sized graingl—3 um) embedded in a nano/ important input into understanding the deformation behavior
ultrafine-grained matrix’ The nanoscale/ultrafine grains in of nanostructured materials.
the bimodal structure provide the strengthenirg, i _
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