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Rdsum6 - La nature et les propri6t6s des dislocations dans la glace sont 
parfaitement decrites &. llaide d'observations par topographie de rayons X 
anterieures et d'une etude r6cente du comportement dynamique. La valeur trhs faible 
de 1'6nergie de faute dans le plan basal trouvee par notre methode nous amhne &. 
conclure que toutes les dislocations dans la glace pourraient ctre dissociees 
jusqu'8 plusieurs dizaines ou une centaine de nanomhtres, suivant leurs vecteurs de 
Burgers, sur le plan de base. Le mouvement des dislocations, cependant, est limit6 
au plan basal. La forte anisotropie de la deformation plastique du monocristal de 
glace est due 5 cette- restriction ; le glissement primaire dc au mouvement des 
dislocations (1/3) <'1'120> sur le plan (0001) est un systkme de glissement facile 
dans la glace car les plans de glissement des autres dislocations ne coincident pas 
avec leur plan dissocie ou le plan basa;. I1 a 6t6 aussi montre que le systgme de 
glissement secondaire <llZ0> / 1 1010i est dfi au glissement sur les plans 
prismatiques 1010 de dislocations reco_mbinees (1/3)<11~0>. Puisque seuls les tr&s 
courts segments peuvent glisser sur fl010j 8 cause de la tendance des dislocations B 
rester sur (OOOI), ce systgme de glissement est moins facile que le glissement 
primaire en d6pit de la plus grande vitesse des segments par rapport au glissement 
basal. En plus des deux pr6cedents systhmes de glissement qui ne sont pas 
responsables de la deformation en traction ou en compres_sion le long de llaxe c, un 
m6canisme de montee des dislocations [0001] ou (1/3) < 1123 >sur le plan de base est 
propos& comme troisihme systhme de deformation dans la glace. Par ce mecanisme, le 
cristal de glace se deforme sous contrainte uniaxiale parallele B llaxe c avec une 
vitesse faible limitee par la diffusion mais plus rapide que par un mecanisme 
diffusionnel de Nabarro-Herring. 

Abstract 
Characters and properties of dislocations in ice are thoroughly reviewed 

on the basis of the knowledge hitherto obtained by the X-ray topographic 
method as well as recently found dynamical behavior. Extremely low energy of 
the faults on the basal plane found by the method leads us to conclude that 
all of the dislocations in ice should be extended as wide as several tens to 
one hundred nano-meter, depending upon their Burgers vectors, on the basal 
plane. The motion of dislocations, therefore, is severely restricted on the 
basal plane. The strong anisotropy of plastic deformation of ice single 
crystal is interpreted in terms of this restriction; i.e., the primary slip 
caused by glide motion of the (1/3)<1120> dislocations on (0001) is a unique 
easy slip system in ice because glide planes of the other dislocations do 
not coincide with their extended plane or the basal plane. It is also shown 
that the secondary slip system <1120>/{1010} is due to glide motion of the 
constricted (1/3)<1120> dislocations on the-prismatic planes {lOTO). Since 
only very short segments can glide on {1010) owing 'to the tendency of the 
dislocations to lie on (0001), this slip system is far less easier than the 
primary one in spite of larger velocities of the segments than the basal 
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glide. In addition to the above two slip systems, which are not responsible 
for the tensile or compressive deformation along the c-axis, climb mechanism 
of [0001] or (1/3)<1123> dislocations on the basal plane is proposed as the 
third deformation system in ice. By this mechanism, the ice crystal deforms 
under uniaxial loading parallel to c-axis at a low rate limited by diffusion 
process but much faster than by Nabarro-Herring diffusional mechanism. 

1. Introduction 

Dynamical behavior of dislocations in single crystals of ice has been 
extensively investigated since early 1970s1, owing to our developments of the 
method of growing nearly perfect single crystals of ice and also to the use of a 
powerful X-ray source for taking X-ray topographs. Major subjects of the study are 
the dislocation velocity as a function of stress and temperature, the formation of 
faulted and unfaulted dislocation loops on the process of crystal growth and in 
rapidly cooled crystal specimens, and the expansion and shrinkage of those loops 
when specimens are subjected to the heat treatment or to the stress. 

Although many papers [I]-[15] have been published on those subjects of 
research, it is an aim of this paper to summarize about structures and characters 
of dislocations in ice together with those of stacking faults hitherto clarified 
by our work and to correlate them to the characters of plastic deformation of ice 
single crystals. New findings on the dynamical behavior of dislocations in 
addition to the previous knowledge compose full data for the construction of 
deformation systems in ice single crystals. 

One of the characters of plastic deformation of ice crystal to be interpreted 
by dislocation mechanism is a remarkable anisotropy in the plastic deformation. 
The anisotropy was clearly shown in our early work on the stress-strain relation 
of basal and non-basal slip [16]. The maximum tensile stress is approximately ten 
times higher for the non-basal slip than for the basal slip. Recent illustration 
by Duval et al. [17] of the strain rate vs. stress relationship for collected data 
both on mono- and polycrystals of ice indicates that the flow stress is at least 
60 times greater than that on the basal plane, or that the creep rate by basal 
slip is roughly 10' times faster, at a given stress, than that by non-basal slip. 

In this paper, details of experiments carried out for making clear the 
dynamical behavior of dislocations are omitted. Important results will be 
presented in the following sections. For a convenience of readers, the principal 
Burgers vectors of ice to be used in the following descriptions are illustrated in 
Fig. 1. Letter symbols a, c and p will be used occasionally for the vectors 
(1/3)<1120>, [0001] and (1/3)<0110>. 

a t c  Table I Dislocations in ice 

Burgers vector Energy 
Type of dislocation b (relative value) 

A 
;<ll~0> a 4.52 1 

perfect <0001> c 7.36 2.7 

$<1123> a + c  8.63 3.6 

............................................................. 
0'. p 

$<~oTo> P 2.61 0.33 
Fig.1 Burgers vectors partial 

in ice crystal. ;<2023> 5-t- P 4.51 1 



2. Characters of dislocations and stacking faults in ice 

On the basis of various X-ray topographic observations, dislocations in ice 
ere now classified as tabulated in Table I. Total energy E of the dislocation is 
expressed by 

where K is a constant involving the rigidity and the Poisson's ratio of materials 
and being determined in different manners owing to the crystal structure and the 
type of dislocation, b the Burgers vector length, r, the core cutoff radius and r 
the average distance between dislocations. Since the energy E critically depends 
on b2, relative values of b2 are tabulated in the column E of the table. The table 
shows that the perfect dislocation can be dissociated to the partial dislocations 
in such a manner that 

because of the energy consideration of 

The separation between p, and p2 partials is dependent on the energy of the 
stacking fault between them. 

The stacking faults have been extensively investigated also by X-ray 
topography both in fresh single crystals of ice grown from the melt as well as in 
cooled specimens from aged crystals [ 9 ] ,  [12].  In either case, most of the faults 
were found to be surrounded by dislocations with the Burgers vector b =(1/6)<2023> 
and occasionally found were those surrounded byb=(1/3)<1010>, both on the basal 
plane. Stacking faults on the prism plane {lo10 } were found rather rarely on the 
topographs , but their fault vector has not been determined yet (possibly 
(1/6)<2023>). The stacking fault energy y for those of (1/6)<2023> fault vector 
was determined by the measurements of shrin6age rate .of both faulted and unfaulted 
dislocation loops from X-ray topographs taken intermittenly. It was evaluated to 
be 0.31 mJ/m * (erg/cm2) at -20 OC [12]. Since the stacking fault with the fault 
vector of 11/6)<2023> is accompanied by one layer of cubic structure whereas that 
of (1/3)<1010> is accompanied by two cubic layers as shown in Fig. 2, the stacking 
fault energy yf for the latter is roughly twice that of the former, that is to say 
0.6 mJ/m2. The other possible fault on the basal plane is that with the fault 
vector ofc/2 accompanied by three cubic layers as illustrated in Fig. 2(c); i.e., 
the fault energy can be estimated as 0.9 mJ/m2. The above-stated results are 
tabulated in Table 11. Since tetrahedral hydrogen bonding such as shown in Fig. 2 
cannot be formed for any faults on the prismatic planes, their fault energies 
should be much higher than those on basal planes. 

The width of extended dislocations could be estimated, equating the repulsive 
force between partials and the attractive force due to the stacking fault energy 
[14]. Hyperbolas in Fig. 3 show the relationship between the repulsive force and 
the width between parallel Shockley partials pl and p2 dissociated from both screw 
and edge type dislocations of which Burgers vector is (1/3)<1120>. Repulsive force 
f is expressed by the force per unit length of the dislocation in the unit of N/m. 
The equilibrium separation between p l  and p2 partials can be obtained from 
intersections of those hyperbolas with a horizontal line at a level of attractive 
force due to the stacking fault energy of 0.6 mJ/m2. The separation is 20 nm 
(200 ,i) for screw dislocations and 46 nm (460 1) for edge dislocations. Although 
those separations are too narrow to be distinguished by the X-ray topography, it 
is now inferable that the most common dislocations in ice on the basal plane 
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Table I1 Stacking faults in ice 

plane Fault vector stacking fault energy 
( mJ/m 1 

1 
3 < 1 ~ i ~ >  P 0.6 (estimated) 

(0001) ~ [ o o o ~ ]  2 0.9 (estimated) 
C - 

;<20?3> $ + P  0.31 (measured) 

Fig.2 Partial dislocations in ice. 
The fault vectors of the stacking 
faults are equal to b. Note that 
the oxygen atoms illustrated by 
filled circles have the second 
nearest neiboughs in the cubic 
structure. 

(c) b = c/Z 

(b=(1/3)<11ZO>) which plays dominant role for the basal glide are extended on the 
basal plane. 

Following dissociations are also possible in ice from the energy 
consideration (see Table I), for the c  dislocation 

or 

c + C - + C -  
2 2 

and for the c ia  dislocation 



The widths of these extended dislocations are estimated by the same sort of 
calculation: (4) 160 nm for pure screw of 200 nm for pure edge of p, , (4') 
100 nm and (5) 350 nm for pure screw of a and 400 nm for pure edge of a. It 
should be emphasized that such these surprisingly large width of the extended 
dislocations in ice are due to extremely low energy of the stacking faults on 
basal planes. 

Shear Stress ( MPa ) 

- 
'n 
2 - 1 0  
Z - - " - s 
C 

.- 
B 5 -  
d 

'n .- 
0 

Fig.3 Repulsive force vs. separation 
between parallel partials p in ice. Fig.4 Dislocation velocity vs. 

shear stress on the basal plane. 

Perez e t  a1 (1980) : 

- Fukuda & 

(unpublished ) 

. .. air. , ,  

3. Motion of dislocations in ice 

0 0.1 0.2 0 3 0 4  0.5 

3.1. The glide motion 
It is well known now that the dominant basal slip in plastic deformation of 

ice is caused by the glide motion of (1/3)<1120> dislocations on the basal plane. 
Since the dislocation is extended on the basal plane as was described in the 
preceding section, the partial dislocation glides between a*-layer and B*-layer 
shown in Fig. 2(b), or a plane of glide set. The molecules on B*-layer, for 
instance, successively move toward right relative to those on a*-layer when the 
dislocation glides to the right in this figure. The rate controlling process is 
considered to be the proton rearrangement [la]. Flexible dislocation model 
proposed by Whitworth [19] based on this idea gave the upper limit of dislocation 
velocity v as v /b being 300 l/s when it is assumed that a flexible partial 

d. dislocation IS on pfanes of glide set. This value is still approximately one order 
of magnitude smaller than that derived from our experimental results as shown in 
Fig. 4. Our recent results of dislocation velocity [Fukuda et al. to be published] 
determined by the double exposure method of X-ray topography coincided very well 
to the mean values for curved and straight individual dislocations as indicated in 
this figure. Another character to be pointed out on this figure is that the 
velocity is proportional to the resolved shear stress on the basal plane. Least 
mean square fitting for all the velocity data obtained at a temperature T between 
-1.6 and -69 O C  and under a shear stress T ranging 0.02 andO.6MPa gives the 
following equation for the dislocation velocity vd, 

where c = 6.4 m/Pa*s and U = 9.9x10-~~~(=0.62e~). 
Non-linearlity found by Mai and other people [20],[21] might have been caused by 
some specific obstacles included in a limited number of specimens, rather than the 
proton disorder. Discrepancy between the measured and theoretical values of 
dislocation velocity stated above could be settled by improvements of the model. 



JOURNAL D E  PHYSIQUE 

Among various possibilities of non-basal glides, only a prism glide of the 
(1/3)<1120> dislocation on a prism plane {10TO] has been observed in X-ray 
topographs. Since the pure screw (1/3)<1120> dislocation is extended on the basal 
plane, it can not move on the prgsm plane. However, if the edge component lying on 
the prism plane of the (1/3)<1120> dislocation is constricted, this segment is 
mobile under the non-basal shear stress. 

Three topographs in Fig. 5 show a process of the movement of an edge segment 
on the prism plane under an uniaxial compression of a specimen in which the basal 
plane was inclined 45' to the compressive axis. As can be seen in Fig. 5(b), shear 
stress on a prism plane drove an edge segment to the left dragging screw dipoles 
on the basal plane. After released the stress, the driven edge segment returned to 
show a gentle hook. The topograph (b) shows that the edge segment move much faster 
(probably 10 times or more) than the dislocation on the basal plane under almost 
the same shear stress. The fact that the basal slip is dominant in spite of faster 
movement of non-basal glide of dislocations can be attributed to the enormous 
difference in the dislocation density; edge components on the non-basal plane are 
only in a short segment with rare occurrence. 

a 

b 

C 
Fig.5 X-ray topographs showing fast movement 
of dislocationlying on a prismatic plane. 

Although the short edge segments do not contribute quantitatively to the 
plastic deformation of ice, they play important roles to generate screw 
dislocations on the basal plane. When an edge segment 1 between two basal planes 
glides to the direction parallel to the Burgers vector b owing to non-basal shear 
stress, it generates extended screw segments s1, and sz on both the basal planes 
as illustrated in Fig. 6. Since the dominant part of the plastic deformation takes 
place by the movement of those extended screws as described in the basal glide, 
such a process of multiplication of dislocation is important. 

/ n ' /  segment on the prismatic plane.. 

Recently, Ahmad et al. [22] found a Frank-Read source operation in an ice 
crystal with a sequence of X-ray topographs taken by the use of synchrotron 
radiation source at Daresbury, UK. They interpreted that the F-R source is a step 



from one glide plane to a parallel on a small distance behind. This step seems to 
be the constricted edge segment of the (1/3)<1120> dislocation on the prism plane 
as illustrated in Fig. 7(a). As was discussed above, this segment moves fast on 
the prism plane under stress. In the UK group observation, however, the step was 
immobile although a resolved stress on the prismatic plane is not presented. 

Though our many "in situ" observations of the dynamical behavior 01 
dislocations, it was found that the crystal surface and grain boundaries [13] play 
important roles of dislocation generation. When a (1/3)<1120> dislocation hits the 
surface at oblique intersection of the basal plane as shown in Fig. 7(a), its end 
bends to form the non-basal edge segment due to the image force, and then it moves 
on the prismatic plane under the stress, leaving a screw dipole on the basal plane 
as illustrated in Fig. 7(b). This effect makes double multiplication of the 
dislocations on the basal plane at each hit of dislocation to the surface. Other 
evidences of this multiplication mechanism have been obtained in many X-ray 
topographs as shown in Fig. 7(c) to (e). Real formation of the edge segments on 
the prism plane as illustrated in Fig. 7(a) needs some climb motion in addition to 
the image force. The fact that the multiplication occurs more frequently after the 
cooling of a specimen may support this motion. 

Other possible non-basal glides are associated with [OOOI] dislocatiofis- on 
the prism plane {lOlOg and (1/3)<1123> dislocations on the pyramidal plane { 1122). 
However, those glides have never been observed in our topographic studies in a 
range below 1.6 MPa of the shear stress. This must be due to the very wide 
separations between extended partials as described in the preceding section. TO 
constrict thecta dislocation extended on (0001), a shear stress of about 100 MPa 

is required while the stress of 13 MPa is sufficient for the a dislocation. 

3.2 The climb motion under stress 
The climb motion of dislocation in ice is also restricted on the basal plane 

because they are widely extended on it. It was found that dislocation loops lying 
on the basal plane, often observed in fresh grown single crystals of ice or in 
cooled specimens, expand or shrink under tensile or compressive stress to 
direction of c-axis. This implies that the dislocation loop is the interstitial 
type as was determined previously with grown-in loops by X-ray topographic method. 
The process of expansion or shrinkage is the climb of edge dislocation caused by 
absorption or release of interstitials. X-ray topographs of Fig. 8 show the 
shrinkage process of a dislocation loop under compressive stress. Using the 
shrinkage rate t observed from such topographs, we can evaluate the rate of 
plastic deformation due to the compression or tension to the direction of c-axis. 
In such a deformation where no glide motion of dislocation occurs, mechanisms of 
plastic deformation involve the diffusion of point defects (Nabarro-Herring 
diffusion mechanism) between the upper, bottom ends and sides of a specimen, in 
addition to the climb mechanism stated above. Now, let us compare these two 
mechanisms quantitatively. 

For the climb mechanism, vertical strain rate of a specimen subjected to 
compressive or tensile stress along vertical c-axis isCgiven by 

in which P is the density of dislocations of which Burgers vector is [0001] or 
(1/3)<1123>: and b the component of the Burgers vector to the direction of c- 
axis, i.e. bc = c. ?he climb velocity f can be expressed as follows when the loop 
radius r is sufficiently small compared to the specimen thipkness and the loop 
density is low, 

In this equation, reff is the effective radius of dislocation loop as a source of 
point defects and reff/r ' 0.64. D is the self diffusion coefficient of point 
defects, '2 the molecu ar volume and a the vertical stress. Therefore, the strain 
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Fig.7 Cross slip of the a dislocation from basal glide to prismatic one. 
(a) Constricted basal dislocation at the surface. 
(b) Schematic illustration of the cross slip to the prismatic plane. 
(c)-(e) Double exposure X-ray topography. (c)before loading,(e)after loading 
and (d)double exposure topograph showsfast movement of dislocation close to 
the surface. The shape of the dislocation is schematiaally illustrated in the 
right of (b). 

rate at a temperature T is given by 



On the other hand, the strain rate by the mechanism of Nabarro-Herring ENH is 
given by 

where L is a dimension of a specimen. For the comparison, the ratio of the strain 
rate by two mechanism can be reduced as 

tS eff 
L =- 2.T1PcL2 

'NH 

Now, if we put P = 108m-2, L - 5~10'~m, then this ratio take a value 
approximately 10'. ~ h $ s  means that the contribution of the climb mechanism exceeds 
very much to that of the Nabarro-Herring diffusion mechanism. We may need to 
revise the deformation mechanism map in this respect. Actually, the measured 
macroscopic vertical strain rate cc was almost lo6 times of the estimated iNH from 
the specimen size, applied stress and appropriate values for D and R in this 
experiment. 

The climb motion on the non-basal planes is possible when the dislocation is 
constricted at a surface as shown in Fig. 7 or under high stress overcoming the 
repulsive force between two partials. Formation of small angle grain boundaries 
must involve such climb motion under very high stress due to interactions among 
densely distributed dislocations. 

4. Deformation systems in single crystals of ice 

We have now reached to such a stage that various slip systems in ice can be 
compared semiquantitatively based on compiled data on the dynamical characters of 
dislocations as described in the preceding-seccion. The most common dislocations 
in ice are those of Burgers vector (1/3)<1120> which play a dominant role for the 
basal slip with which the strain rate is much faster than non-basal slip. When 
strains are in a Cartesian coordinate set X,, X,, X, with X, and X, in the basal 
plane and X 3  normal to it, the glide motion of-(1/3)<1120> on <he prism plane 
0 1 is observed but it contributes very little to the macroscopic strain E , ,(E* ,) 
or El,. 

Anisotropy of the plastic deformation of ice, very large difference in the 
strain rate between the basal slip and non-basal slip can be attributed to the 
large difference of the dislocation density between those on the basal plane and 
those on the non-basal plane. The (1/3)[1120] dislocation is found to be extended 
to the partials of (1/3)[10i0] and (1/3)[01iO] on the basal plane and this 
extended state makes it stable configuration in the crystal. It is difficult to 
make it constricted because of the large repulsive force between partials as 
described in the preceding-section. Therefore, only short segments of constricted 
edge component of (1/3)<1120> dislocation can move on the prismatic plane as shown 
in Fig. 4, but they do not contribute much to the plastic deformation because of 
much less density than those on the basal plane. To deform the crystal at a higher 
rate only by this secondary slip system, sufficiently large stress for 
constricting the extended dislocations has to be applied. 

It was found that the climb of dislocation loops of the [0001] or (1/3)<1123> 
Burgers vectors on the basal plane plays an important role for the longitudinal 
deformation of a rod specimen of ice single crystal elongated to the direction of 
c-axis, that is to say giving the strain E33, compared to the Nabarro-Herring 
diffusional mechanism of deformation. All these deformation systems in 
configuration to the dislocation motions are tabulated in Table 111. 

In the last, it may be pertinent to point out the importance of the non- 
uniform distribution of (1/3)<1120> dislocations on the basal plane or the 
formation of small angle grain boundaries of single crystals and for deformation 
of polycrystalline ice. The fact that slip lines were observed only in the 
direction parallel to the basal plane in shadow topographs of bent single crystals 
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of ice (Nakaya, 1954 [23]) suggests this importance. Other strain components,-in 
addition to E,, and E,, can be produced only by basal glide when the (1/3)<1120> 
dislocations generated distribute non-uniformly to bend the crystal. If the 
deformation is carried out at an elevated temperature, small angle grain 
boundaries must be formed by redistribution of such dislocations to reduce strain 
energy. In fact, many small angle grain boundaries are frequently observed in 
polycrystalline ice deformed above -20 OC. 

Table 111 deformation systems in ice 

Type of 
dislocation motion c lane b strain strain rate 

Glide on basal plane 
, COO011 (primary slip system) (0001) :<1120> El? ,E23 very large 

1 L Glide on p r ~ ~ t l r  plane 1 0  1 1 0  1 ( E , ~  small 
(secondary sllp system) 

~ 0 ~ 0 ,  

(0001) [ 0001 1 
Cllmb on basal plane € 3 3  very small 

(0001) $,<1123> t b c>>bN~ 

Fig.8 Climb motion of 
dislocations under stress. 
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COMMENTS 

V.F. PETRENKO 

What temperatures were use in different experiments of dislocation velocity 
measurements shown at your united diagramm ? 

Answer : 

The diagram which was shown (fig. 4 in the paper) is the assemblage of data reduced 
to at -2Z°C. Of course, Vd ( Z , 7.1 were obtained from many experiments in 
temperature range of -- 10°C Iv - 25OC. Discrepancies of our data from Mai (Lyon) 
might be caused by the too slow velocity observed in Mai's ice sample which might 
have specific obstacles for the dislocation motion. 

Remark of V.F. PETRENKO : 

Then, I think we are not now in the position for an objective comparison of 
experimental data. 

Answer : 

Since our recent results (Fukuda, Yamamoto) were obtained from many data (averaged 
by least square), we are confident with our results. 


