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We conducted uniaxial compressive and tensile deformation on nanocrystalline Ni at a confining

pressure of 6 GPa and temperatures up to 900 �C. The determined compressive yield strength is

0.8 GPa, identical to the tensile yield strength obtained in the same deformation experiment,

indicating that the Bauschinger effect is absent in nanocrystalline Ni. The yield strength obtained at

6 GPa is also comparable to that at ambient pressure, suggesting that the dislocation-mediated

mechanisms are no longer activated during plastic deformation. Based on peak intensity and peak

width analyses, grain rotation and grain growth are main factors underlying the plastic

deformation. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816744]

In coarse-grained metals, plastic deformation is mainly

achieved by dislocation motion in crystal grains and interac-

tion with preexisting microstructure (other defects, grain

boundaries, etc.). During plastic deformation in these materi-

als, dislocations accumulate at grain boundaries, which give

rise to work hardening. When the grain size is reduced to the

nano-scale, a few to 100 nm, nanocrystalline materials exhibit

a rich variety of interesting and novel behavior due to the

influence of a large volume fraction of atoms at grain bounda-

ries. The mechanical properties such as yield and flow

stresses, for example, increase with the inverse square root of

the grain size in the range of tens of nanometers to micro-

meters, which is the well known Hall-Petch relation.1,2 Below

a critical grain size of 40 nm, the strength in some metals and

alloys increases with increasing grain size, a phenomenon that

is commonly referred as an inverse or anomalous Hall–Petch

relation.3–5 Over the last decade, both experimental6–13 and

theoretical14–19 studies have been devoted to revealing the de-

formation mechanisms for nanocrystalline materials. It has

been suggested that at a critical grain size, 20 to 40 nm for fcc

metals, grain boundary sliding and migration become the

dominant deformation mechanisms because the stress to bow

out dislocations approaches the theoretical shear stress.20–22

Such deformation mechanisms are not accessible to their

coarse-grained counterparts and have rendered nanocrystalline

materials unique mechanical properties such as high strength

and diminishing work-hardening.

Recently, high-pressure compressive deformation has

been investigated on nanocrystalline Ni,23 which exhibits sub-

stantially high yield strength of 2.3 GPa and significant work

hardening. However, the experiments were performed under

triaxial loading and hence are unable to quantify the uniaxial

stress in the sample. As a result, the constitutive strain-stress

relation under confined high pressure is still unknown. To

fully understand the promise and potential of nanocrystalline

materials, we conducted experiments on nano Ni at confined

high pressure using in situ synchrotron X-ray diffraction

(XRD) coupled with a deformation-DIA.24 The, thus, obtained

data are of fundamental importance not only for the compre-

hensive understanding of nano-mechanics but also for optimal

design of desired properties.25,26

The nano-Ni powders were prepared by mechanical ball

milling. The as-prepared sample has a grain-size distribution

of 8–12 nm and a very high dislocation density of

�1016 m�2.27 The uniaxial deformation experiment at high

pressure was performed on the 13-BM-D beamline at the

GSECARS sector of the Advanced Photon Source, Argonne

National Laboratory, using the deformation-DIA (D-DIA).24

For deformation under confined high pressure, the two verti-

cal anvils in D-DIA can be driven independently to introduce

compressive or tensile uniaxial strains. Differential stress

was produced in the specimen with hard alumina pistons

placed on the two ends of the specimen. The sample was sep-

arated from the alumina pistons by gold foils, which were

used as strain markers for measuring the sample length or

total strain. Using this system, we carried out deformation

experiments on a fully dense nano Ni cylinder at a confining

pressure of 6 GPa and temperatures up to 900 �C.

The two-dimensional diffraction patterns were collected

by an X-ray sensitive CCD camera (Fig. 1(a)), which provide

full Debye-Scherrer rings. By moving the aperture slits out

of the beam and exposing an X-ray fluorescent screen

viewed by another CCD camera (Fig. 1(b)), X-ray radio-

graph of the sample was recorded alternating with the dif-

fraction. The macroscopic or total strain was determined

from the radiographs by the relation, etrue¼ (l0–l)/l0, where l
is the sample length under a given deformation condition

and l0 is the sample length at the reference point, normally,

the starting point of deformation.

The theory used to describe elastic lattice stress in the D-

DIA system is the same as that in the uniaxial diamond-anvil
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cell (DAC) experiments.28,29 More detailed discussion about

the differential stress calculation is shown in Ref. 30.

Figures 1(a) and 1(b) show typical examples of diffrac-

tion Debye rings and x-ray radiographic image of the sample

recorded at a confining pressure of 6 GPa, which is defined

as the starting point of the deformation. Figures 1(c)–1(f) are

the representative XRD patterns converted from the original

2D diffraction pattern (Fig. 1(a)) in polar coordinates into

Cartesian systems. In Figure 1(c), the diffraction line posi-

tions exhibit no azimuthal dependence, indicating a stress-

free state at the starting point of deformation. Figures 1(d)

and 1(e) are patterns collected, respectively, at 9% true strain

of the shortening cycle, the largest deformation point of the

experiment, and after retraction to 1% of the deformation.

As clearly shown in both graphs, the position of each diffrac-

tion line varies with the detector azimuth. The 2h maxima at

azimuth angles of 0� and 180� in Figure 1(d) correspond to

the direction of the compressive principle stress r1, with

r1>r3, under which the sample undergoes axial shortening.

The 2h minima at azimuth angles of 0� and 180� in Figure

1(e) correspond to the condition of r1<r3, under which the

sample undergoes tensile deformation. In Figure 1(f), the

stress is relaxed because the sample was heated to 900 �C.

Figure 2(a) shows the strain-stress relations derived

from the reflection planes of (111) and (200) at 6 GPa and

room temperature. Both curves follow similar trends of vari-

ation during the entire course of deformation. In particular,

in the linear portion of the deformation, the two curves

essentially overlap with each other. We define the stress at

the starting points of deviation from the linear relation as the

yield strength. In the compression stage, the sample yields at

�1.4% true strain with a corresponding yield stress of

0.8 GPa, which is substantially smaller than our previous

determination.23 The yield strength in this paper is consid-

ered to be more accurate because the sample is deformed in

an uniaxial experiment with well-defined stress states,

whereas in Ref. 23, the experiment was conducted under tri-

axial loading and is hence unable to derive the classic stress-

strain curve. To further understand the plastic deformation of

nano Ni, we deformed the sample to a large strain of �9%.

During the restoration stage, the differential stress returns to

zero when the macroscopic strain in the sample recovers

from 8.8% to 7.5%. After reaching the zero-stress point, the

restoration enters the tension mode although the sample

length is still less than the original point. At 6.2% macro-

scopic strain or 1.3% tensile strain, the nano Ni sample

reaches the tensile yield point with yield strength of

�0.8 GPa. This value is comparable to the tensile yield stress

of 0.82� 0.85 GPa reported for 20 nm Ni but it is 50%

higher than that of coarse-grained Ni (0.55 GPa at ambient

conditions).31

The fact that the tensile yield strength is the same as

compressive yield strength during the deformation indicates

that the Bauschinger effect is absent in nanocrystalline Ni.

For coarse grained metals, the yield strength typically

decreases when the direction of plastic strain is reversed dur-

ing the deformation. This so-called Bauschinger effect is

generally associated with the dislocation structure, disloca-

tion movement history, and the interaction between disloca-

tions and grain boundaries. The absence of the Bauschinger

effect in nanocrystalline Ni indicates that the dislocations are

not active during the compressive-tensile deformation. To

take this argument one step further, the nano Ni at the yield

points of both compressive and tensile deformation should

FIG. 1. (a) A typical CCD image recording diffraction Debye rings. (b) An

example of x-ray radiographic image for sample length measurement.

(c)–(f) Representative X-ray diffraction patterns by plotting 2h (horizontal

axis) versus azimuth angle (vertical axis). Deviation from a straight line is a

measure of lattice strain. (c), (d), and (f) correspond to the starting point of

deformation cycle, 9% true strain, and restoration to 1% true strain, respec-

tively, all at a confining pressure of 6 GPa; (f) is collected after heating to

900 �C at the end of the tensile deformation.

FIG. 2. (a) True strain-stress curve at room temperature, (b) heating from

30 �C to 900 �C. The strain rate is around 6.03� 10�6.
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have the same dislocation structures as in the starting

sample.

It is well known that for coarse-grained metals the con-

fining pressure tends to increase the strength and ductility.

For potassium of micron grain size,32 the pressure-dependent

yield strength can well be described by the equation

r0 ¼ r00½1þ ðC00=C0ÞP�;

where r00 is the yield strength at ambient pressure, r0 is the

strength at pressure P, C00 is the pressure derivative of the

effective elastic constant, and P is the superimposed confin-

ing pressure. There are a number of studies on bulk

metals32–35 at different confining pressures using both theo-

retical and experimental methods. Kleipeis et al.,33 for exam-

ple, observed a linear increase of yield strength with pressure

in polycrystalline vanadium powders and foils up to 40 GPa.

In some metals such as U and Ta, the yield strength could

increase by as much as ten times when the confining pressure

increases. Such pressure-induced strengthening is due to the

fact that the shear modulus G increases with increasing pres-

sure, resulting in larger stress fields around dislocations.

Thus, the application of pressure can effectively hinder dislo-

cation movement and increase the yield stresses. In contrast,

our experimental data on nano Ni show that the yield

strength at a confining pressure of 6 GPa is comparable to

that at ambient pressure,31 suggesting that the dislocation-

mediated processes are no longer activated during the defor-

mation. Similar conclusions have also been reached from the

reversible peak broadening observed in nanocrytalline Fe36

and nanocrystalline Ni21,23 and (100% in nano-Fe and

84%–100% in nano-Ni) during stress loading/unloading.

Thus far, all experimental data seem to indicate that disloca-

tions in nanocrystalline Ni are fasten inside the grains and no

additional dislocations are generated during the plastic defor-

mation when grain size is below a critical length scale.

At the end of the deformation cycles, we increased tem-

perature to 900 �C to study thermal effect on the stress state

(Fig. 2(b)). When temperature increases from 30 �C to

420 �C, nanocrystalline Ni releases nearly 90% of the stress,

from 1.3 GPa to 0.2 GPa, indicating substantial stress relaxa-

tion at high temperature. When temperature is further

increased from 420 �C to 900 �C, the stress changes slightly

from 0.2 GPa to 0, a behavior that is similar to our previous

observations and is attributed to a relaxation mechanism

dominated by grain growth.23

Figure 3 plots the variation of intensity ratio of I(111)/

I(200) as a function of true strain, which shows remarkable

correlations with the strain-stress curve of Figure 2. First, all

kink points, namely, O, A, B, C, D, and E in Fig. 3, occur at

the true strains that are essentially identical to those in the

strain-stress curve. Second, in the elastic regimes of both

compressive and tensile deformation, the intensity ratios

remain unchanged (O-A and D-E in Fig. 3(a)). Most impor-

tantly, when nanocrystalline Ni starts to yield or deform

plastically, the intensity ratios during both compressive and

tensile cycles increase progressively with the microscopic

strains (A-C and E-F in Fig. 3(a)), suggesting that the crystal

reorientation, most likely in the form of grain rotation, is a

dominating mechanism underlying the plastic deformation!

This deformation induced grain rotation was also observed

by Wang et al.37 using TEM on nano Ni. Inspection of

Figures 2(b) and 3(b) also reveals correlations between ther-

mally induced stress and peak intensity variations. Notably,

the grain rotation dominates the stress relaxation at tempera-

tures of 30–420 �C, whereas the intensity ratios remain

unchanged at the grain-growth stage.

Interestedly, the stress in Fig. 2(a) decreases when the

strain increases from 6% to 9%, showing a softening phenom-

enon, which is rarely observed in tensile tests on metals. In

order to find physical mechanisms for this, we examine the

peak width variations during the deformation, which is shown

in Fig. 4. The (111) and (200) planes have very similar trends

of variation with strain; so for clarity, only the (200) data are

shown in this paper. A notable feature in Fig. 4 is the dramatic

drop in peak width when the strain increases from 6.3% to 9%

(BC), which correlates with the stress softening in Fig. 2(a)

during the compressive deformation. It is known that the peak

width is affected by the instrument factors, differential stress,

dislocations and grain size.23,38,39 As discussed above, the dis-

locations should not affect the deformation behavior of the

nano Ni sample. Thus, the primary factor that contributes to

the abnormal peak-width sharpening should be grain growth

during the deformation, which, according to the Hall–Petch

relation, would lead to the stress softening. Such strain-

induced grain growth in nano materials has also been

observed in previous studies.40,41

FIG. 3. (a) Normalized intensity (area) ratio I(111)/I(200) during the deforma-

tion at room temperature and (b) at the heating stage from 30 �C to 900 �C.
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In summary, we conducted uniaxial deformation experi-

ments using DIA on nanocrystalline Ni at the confining pres-

sure of 6 GPa and temperatures up to 900 �C. From the

measured strain-stress relations, we found that the

Bauschinger effect is absent in nano Ni. In addition, the con-

fining pressure does not seem to affect the yield strength of

nano Ni, indicating that dislocations, although in a very high

density, are no longer active during the plastic deformation.

The peak intensity and peak width variations show good cor-

relation with the strain-stress curves, suggesting that crystal

reorientation, most likely in the form of grain rotation, and

grain growth are dominating mechanisms underlying the

plastic deformation.
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