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Strain gradients and geometrically necessary dislocations
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Abstract

Hard X-ray diffraction experiments were performed on ice single crystals deformed in torsion. This work shows the

relationship between the density of geometrically necessary dislocations and strain gradients. The torsion strain appears

to be totally accommodated by geometrically necessary basal screw dislocations.

� 2003 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

There has recently been great interest in devel-

oping mechanism-based theories of strain-gradient

plasticity including an internal length scale, to

describe the deformation of crystalline materials

on the micron scale [1–4]. Strain gradients can be
caused by the loading geometry. Strengthening

effects arising from strain gradients are observed in

indentation and torsion experiments on the micron

scale [1,3]. In torsion, strength increases with

decreasing wire diameter. These results are inter-

preted in terms of geometrically necessary dislo-

cations associated with strain gradients. Strain
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gradients can also be induced in polycrystals by

the mismatch of slip at boundaries [1,5]. Large

spread of orientations was found in grains of al-

uminium alloys after deformation in plane strain

compression by using the back scattering diffrac-

tion technique (EBSD) [6,7]. The concept of geo-

metrically necessary dislocations was used as the
central tool in the description of such deformation

inhomogeneities [8].

Geometrically necessary dislocations play a key

role in the modelling of size-dependent plasticity.

The hardening associated with these dislocations

becomes significant when plastic deformation takes

place on small scales [9–11]. The relevant size scale

to consider in strain-gradient plasticity theory is
the scale associated with the dislocation structure

that evolves during deformation. There is hence

a great need for experimental characterisation

of geometrically necessary dislocations associated

with non-uniform plastic deformation [12,13].
hed by Elsevier Science Ltd. All rights reserved.
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The density of geometrically necessary disloca-

tions has already been estimated for a few ice

samples from polar ice sheets [14]. In ice poly-

crystals, strain gradients can be induced by the
mismatch of slip at the boundaries, greatly en-

hanced by the strong plastic anisotropy of ice

crystals. Ice essentially deforms by the activity of

the basal slip systems Æ1 1 �22 0æ (0 0 0 1) [15]. With

such behaviour, the length scale at which strain

gradients significantly influence flow-stress incre-

ments is expected to be very large in ice.

The purpose of this work is to estimate the
nature and density of geometrically necessary

dislocations associated with strain gradients re-

sulting from torsion tests on ice single crystals on a

scale of several millimeters. Hard X-ray diffraction

experiments were carried out to characterise the

geometrically necessary dislocations required to

accommodate the lattice distortion and to evaluate

their density. Emphasis is placed on the relation-
ship between geometrically necessary dislocations

and hardening.
2. Experimental method

Torsion experiments were performed on single

crystals artificially grown in the laboratory. The
initial dislocation density of the sample was esti-

mated to be less than 108 m�2 [16]. Samples were

cylindrical, and grips consisted in refrozen water at

the interface with the torsion device. Three differ-

ent samples were tested (see characteristics in

Table 1). A constant torsion torque was applied to

each sample in order to obtain a shear stress of

0.2 ± 0.05 MPa on the surface. The temperature
was maintained at )15± 1 �C. The orientation of
Table 1

Conditions for the torsion tests

Sample 1 2 3

Diameter (mm) 20 30 40

Height (mm) 50 61 59

Maximum applied shear

stress (MPa)

0.2 0.2 0.18

Maximum shear strain 0.07 0.07 0.04

Maximum shear strain rate

(s�1)· 106
3.8 4.6 2.5
the samples was chosen to align the torsion axis as

close as possible to the c-axis. Basal planes were

then parallel to the permanent shear plane. The

shear strain varies with radius R of the cylinder
such that c ¼ jR, where j is the twist per unit

length. Shear strains reached 7% for samples 1 and

2, and 4% for sample 3. Creep curves are given in

Fig. 1 for sample 1. The shear strain rates reached

at the end of each test were between 2 · 10�6 and

5 · 10�6 s�1 (Table 1). A line marked on the sample

was used to check homogeneity of the deformation

along the torsion axis. After testing, samples were
maintained at )18 �C.

In order to observe lattice distortion created

during the torsion test, hard X-ray diffraction ex-

periments were performed on samples taken from

the cylinders. These experiments were carried out

at the Institut Laue Langevin (ILL) in Grenoble,

using an industrial high-voltage X-ray tube (420

kV) and the original Laue hard X-ray technique
that allows in situ observation of bulk samples

more than 1 cm thick [17]. The energy range for

the white divergent beam is between 100 and 400

keV, resulting in wave lengths between 0.03 and

0.12 �AA. Bragg angles being low, the diffraction

peaks are located close to the direct beam, thus

enabling simultaneous observation of peaks from

several crystallographic planes. An X-ray intensi-
fier and a CCD camera were used for fast acqui-

sition of diffraction patterns. The width of the

diffraction peaks is directly related to lattice dis-

tortion [17]. Angular lattice distortion from 10 s up
Fig. 1. Creep curves obtained during torsion tests on samples

1–3.



Fig. 2. Diffraction pattern obtained for sample XR2. (a) Dif-

fraction pattern before deformation. The basal diffraction line is

initially slightly distorted. (b) Global diffraction pattern after

deformation. Only one part of the distortion of the (1 0 0) dif-

fraction line is shown. (c) Reconstruction of the whole distor-

tion of the (1 0 0) diffraction line by rotating the sample around

the vertical axis.
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to a few degrees, depending on the sample-beam

source distance, can be determined with this

technique. The setup used for the present study has

a measurement accuracy of better than 1 min of
arc, taking into account the other broadening ef-

fects (size of the X-ray tube filament and sample

thickness). Lattice distortion can be due to ran-

domly located dislocations, inducing mosaicity

which is associated with a homogeneous enlarge-

ment of the diffracted lines. Dislocations can also

be arranged continuously within the crystal, cre-

ating lattice distortions (such as bending) that are
represented by a continuous inclination of the

lines. Both diffraction–line characteristics (mosa-

icity and inclination) can be analysed in terms of

dislocation density. However, in the case of mo-

saicity, no simple direct relationship can be es-

tablished due to the random spatial distribution

of dislocations [18].

In each deformed sample, one ‘‘X-ray’’ sample
was analysed. Characteristics are given in Table 2.

The c-axis was vertical and perpendicular to the

beam direction. The diffraction pattern of a non-

deformed single crystal is given in Fig. 2a. Little

continuous lattice distortion (<0.3�) was found on

the basal diffraction line. The mosaicity on both

(0 0 0 2) and (1 0 �11 0) lines was virtually equivalent

to the accuracy limit of the experimental configu-
ration (�10).
3. Results

Fig. 2b shows the diffraction pattern obtained

for sample XR2. Distortion of the lattice as seen

on the (1 0 �11 0) diffraction line was too large to be
Table 2

Sample characteristics for X-ray diffraction

X-ray sample XR1 X

From sample no. 1 2

L� h� e (mm3) 12 · 11· 3 1

Dh prismatic (�) 5.1 2

Dh basal (�) 0.28 0

qgeom (m�2) prismatic 17.4· 109 8

q (m�2) torsion strain 15.0· 109 1

Distortion measurements on diffraction lines (basal and prismatic). D

from the torsion strain, q (Eq. (2)).
observed in a single pattern. Reconstruction of the

global (1 0 �11 0) diffraction line was made possible

by the rotation of the sample around the vertical
axis (see Fig. 2c). Results concerning lattice dis-

tortion Dh observed on prismatic (1 0 �11 0) and

basal (0 0 0 2) diffraction lines are given in Table 2.

A close estimate of the corresponding density of

geometrically necessary dislocations is calculated

as:

qgeom ¼ Dh
bDe

ð1Þ

where b is the Burgers vector and De the size of the

sample illuminated (height and length of the
R2 XR3

3

2· 16 · 4 15 · 17 · 3

.6 1.7

.1 0.12

.4· 109 3.9 · 109
0.0· 109 4.4 · 109

islocations deduced from X-ray diffraction, qgeom (Eq. (1)) and
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sample for calculation on the prismatic and basal

lines respectively), see Table 2.

For the three samples studied, the reconstruc-

tion of the prismatic distortion pattern required
rotation around the vertical axis to observe the

entire distortion. The small width of the prismatic

diffraction lines shows very little mosaicity (Fig. 2),

as already observed on natural ice samples [14].

The continuous inclination of the diffraction lines

indicates that torsion strain is not associated with

the formation of twist boundaries. Edge disloca-

tions cannot explain torsion of prismatic planes
around the c-axis, therefore the large continuous

distortion is explained by basal screw dislocations

spread uniformly over the basal plane and induc-

ing a rotation of the prismatic planes around the c-
axis. Considering the little mosaicity on prismatic

diffraction lines, the density of geometrically nec-

essary dislocations calculated from Eq. (1) corre-

sponds to the total density of basal screw
dislocations within the sample.

Assuming only basal dislocations, distortion on

the basal diffraction lines should be due to basal

edge dislocations homogeneously positioned along

the basal plane creating a regular bending of the

planes along the sample [14]. While rotating the X-

ray samples, we noticed very little mosaicity on the

basal diffraction lines. The continuous distortion
of the (0 0 0 2) diffraction lines is low and corre-

sponds to a dislocation density as low as that of

the sample before deformation (Fig. 2a). We ne-

glected it when considering the density of geo-

metrically necessary dislocations associated with

the torsion deformation.

To sum up, it appears that most of dislocations

in the three samples studied are geometrically
necessary. The main dislocations are of the screw

type and the density increases as the diameter of

the cylinder decreases.
4. Discussion

As observed in semiconductors with diamond

structures, a continuous increase in the creep rate

is observed with no apparent strain hardening

(Fig. 1). The multiplication of mobile dislocations
during deformation is the reason for the shape of
the creep curves [19]. The plastic properties of ice

single crystals determined by uniaxial tension and

compression are similar to those found in this

study [20,21]. Strain rates calculated here for a
strain of about 5% are of the same order of mag-

nitude as those determined for other loading con-

ditions. Easy basal slip characterises the behaviour

of ice [22].

Since no hardening was observed in these creep

tests, the density of dislocations accumulated

during deformation is assumed to be too low to

initiate significant elastic interaction between dis-
locations. The geometrically necessary dislocation

density producing (or accommodating) the torsion

of the lattice around the c-axis was determined

from the distortion Dh measured on the prismatic

diffraction line (Table 2). The calculated density of

these geometrically necessary dislocations can be

compared with that deduced from the shear strain

Dc in torsion which is given by:

q ¼ Dc
Rb

ð2Þ

where Dc=R represents the twist per unit length

and R the cylinder radius. A comparison is pro-

vided in Table 2.

The difference between the two values can be

explained by the small volume analysed by X-ray

diffraction and the possibility of a non-homoge-

neous distribution of dislocations within the sam-

ple. A non-homogeneous deformation was clearly
visible through the shape of the line marked on

sample 2, after the test. It was not the case for

samples 1 and 3. The close values show that the

torsion strain is fully associated with geometrically

necessary basal screw dislocations.

Assuming that the hardening is due only to the

interaction between geometrically necessary dislo-

cations, the long-range stress is in the order of
ðlb=2pÞ ffiffiffi

q
p

[9]. For example, the hardening asso-

ciated with a dislocation density of 1.5 · 1010 m�2,

as found in sample XR1, would correspond to a

long-range stress of about 2.5 · 104 Pa. This stress
is significantly lower than the maximum shear

stress applied in the torsion tests, which is in ac-

cordance with the absence of hardening in the

torsion tests. Such hardening is expected to affect
the creep rate at high strains or low stresses. In
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polar ice sheets, deviatoric stresses being generally

much lower than 0.1 MPa and strain much higher

than 1 [23], hardening associated with strain gra-

dients could take place.
The density of dislocations calculated from a

physical deformation model by Montagnat and

Duval [24] is higher than 2 · 1010 m�2 for a large

portion of the Antarctic and Greenland ice sheets.

Assuming that most dislocations in ice crystals are

geometrically necessary, as found in this study and

in Montagnat [14], a grain-size effect induced by

the mismatch of slip at grain boundaries may be
present [1,10].

In conclusion, this work clearly shows the re-

lationship between the density of geometrically

necessary dislocations and strain gradients. The

torsion strain in the single crystal appears to be

totally accommodated by geometrically necessary

dislocations of the screw type, and statistically

stored dislocations are negligible.
The variation of the density of geometrically

necessary dislocations with the diameter of sam-

ples can be considered as a first size effect. The

size-dependence strength should be observed as

soon as hardening induced by the interaction be-

tween dislocations becomes significant. Torsion

tests performed on ice single crystals at low shear

stresses and relatively high shear strain are in
progress to check this.

Ice may be a good model to study the rela-

tionship between the size-dependence strength and

geometrically necessary dislocations. The expected

large length scale could make this analysis easier.
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