
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  31 (1996)  2373 2378 

Observation of slip transmission througha 
grain boundary in ice 

K. JIA,  I. BAKER, F. LIU 
Thayer School of Engineering, Dartmouth College, Hanover, NH 03755, USA 

M. DUDLEY 
Department of Materials Science and Engineering, State University of New York at Stony 
Brook, Stony Brook, NY 11794, USA 

In-situ X-ray topography has been used to provide the first clear demonstration of slip 
transmission through a grain boundary in hexagonal ice. Although the ice was deformed 
under creep conditions, the relative orientation of the grains and the orientation of the grain 
boundary with respect to the loading direction discouraged grain boundary sliding and, 
thus, suppressed dislocation nucleation at the grain boundary. This particular geometrical 
arrangement is rarely encountered, suggesting that slip transmission through grain 
boundaries in ice is a rare event. 

1. Introduction 
Since Ahmad et al. [1] first demonstrated the utility of 
synchrotron X-ray topography for dynamic studies of 
dislocation motion in single crystals of bubble-free, 
high-purity hexagonal ice (Ih), there have been a num- 
ber of papers presenting dynamic observations of 
dislocation/grain boundary (GB) interactions in 
polycrystalline ice [2-4]. In these latter studies, 
dislocations have been observed to pile up at GBs 
and dislocation nucleation has been observed at 
GBs. However, dislocation pile-ups have not been 
observed to lead to either dislocation nucleation 
or slip transmission in the adjacent grain. Instead, 
dislocations were found to nucleate at GB facets at 
which stress concentrations arose, probably from GB 
sliding. 

Liu et aI. [4] suggested that whether slip is 
transmitted through a GB in ice will depend more 
on the sense of the local stress concentrations than 
on having a favourably oriented external stress, and 
that dislocation transmission through a GB is more 
likely to occur when the misorientation between the 
two grains is selected Such that basal slip plane in 
each grain would fulfill the plastic compatibility 
conditions at the GB, i.e. the (0001) planes are 
nearly parallel. Since this is a very special geometrical 
condition, a general GB in ice will act as a strong 
obstacle to dislocation motion through plastic incom- 
patibility. Liu et al. [4] further suggested that the 
r61e of the misorientation between two grains is to 
enhance dislocation generation at GBs through elastic 
incompatibility. 

This paper presents X-ray topographic observa- 
tions of ice deformed under creep conditions in which 
dislocation pile-ups at a GB in one grain led to slip 
transmission into the adjacent grain. 

2. Experimental details 
The growth of columnar-grained ice with a low initial 
dislocation density and the subsequent specimen prep- 
aration for X-ray topographic observation in the Ice 
Research Laboratory, Dartmouth College have been 
described in detail elsewhere [2-4]. The specimen used 
in the present study contained four grains, see Fig. 1. 
Only the two grains labelled G1 and GII, were studied 
using X-ray topography. The orientations of G~, GH, 
the GB normal, NOB, and the loading direction, F are 
shown on a stereogram, see Fig. 2. The basal (slip) 
plane normals of Gl and  Gn made angles of 25 ~ and 
56 ~ with F whilst N~B was almost perpendicular (88 ~ 
to F. The latter meant that there was little reason for 
GB sliding to occur between these two grains. 

In-situ deformation studies were performed using 
a specially-built compression jig assembled with 
a cryostat [5] at the National Synchrotron Light 
Source at Brookhaven National Laboratory, Long 
Island, NY. The desired loads (up to 25 N, corres- 
ponding to a stress of 3.5 MPa) and load durations 
were chosen based on the dislocation mobility data of 
Shearwood and Whitworth [6]. The temperatures 
used were in the range - 1 2  to -40~ Topographs 
(Laue patterns) were produced by allowing a highly 
collimated beam of white X-rays to fall on the speci- 
men; details are given elsewhere [7]. Several diffrac- 
tion spots were recorded simultaneously on a single 
X-ray film with exposure times of ~ 2-8 s. 

3. Results 
Fig. 3a shows the central portion of the GB at - 4 0  ~ 
after cooling from -- 10 ~ at a rate of 10 ~ h 1. This 
cooling rate was used in order to determine if point 
defect condensation would occur. As expected, no 
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Figure 2 Stereogram showing the orientations of the grains, GI and 
Gn, the GB normal, NGB, and the loading direction, F. The two 
diffraction vectors, (10i0)i and (1120)~i, used are also indicated. 

Figure 1 An optical micrograph of the ice specimen viewed through 
cross polarizers. G~ and G[~ are the two grains on which X-ray 
topographic observations are based. 

point defect condensation was observed, consistent 
with the observations of Oguro and Hondoh [-8]. The 
two diffraction vectors, (1050)1 and (1120)n, used and 
their relationships to GI, G. ,  NGB and F are indicated 
on the stereogram, Fig. 2. Note that for the diffraction 
conditions used, the basal planes in G .  are viewed 
close to edge-on so that the basal dislocations appear 
as nearly straight lines parallel to the trace of the basal 
plane. Several features of this initial structure are 
worth noting. First, there are only a few dislocations 
at the GB prior to straining. Second, most of the 
dislocations appear to be lying on the basal plane. 
Third, at the resolution available ( ~ 10 gm) there are 
no facets on the GB. Fourth, the fine Pendell6sung 
fringes at the GB indicate the high degree of perfection 
of both the nearby lattice and the GB. Fifth, there are 
a number of non-basal dislocations (arrowed). 

The specimen was then loaded for 70rain at 
0.21 MPa and for a further 52 min at 0.4 MPa, Fig. 3b. 
This produced darkening along the GB due to the 
internal stresses which arise because of the difference 
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in elastic modulus along particular directions in the 
two grains. During loading, the dislocations in G .  
moved very slowly and no dislocations were generated 
from the GB. Since dislocation mobilities are very low 
at -40~  further experiments were performed at 
higher temperature. 

The specimen was allowed to warm up slowly to 
- 1 2  ~ where it was maintained for 10 h after which 

the stresses at the GB had been relaxed, as is evident 
by the disappearance of the darkening along the GB, 
see Fig. 4a. The subsequent topographs, Fig. 4b-f, 
were taken at increasingly higher loads applied to the 
specimen. Even the lowest applied load (0.16 MPa) 
caused the darkening a t the  GBs, indicative of internal 
stresses, to reappear, Fig. 4b. As the load was in- 
creased the extent of the darkened area increased, 
indicating the stress building up there. During initial 
loading there was some movement of dislocations in 
GI, Fig. 4b. However, in G ,  there was much more 
significant movement of the dislocations towards the 
GB, and they can be clearly seen to intersect the GB. 
(The straight basal dislocations, which appear as dark 
lines parallel to the t race  of the basal plane, move 
relatively slowly whereas the non-basal dislocations 
move much more rapidly.) With further increases in 
load, the darkening along the GB increased indicating 
greater internal stress build-ups, Fig. 4c. At higher 
loads, some dislocations in Gi can be observed gliding 
towards the GB, Fig. 4d. Eventually, at even higher 
loads new dislocations were nucleated at the GB and 
moved into Gb Fig. 4e and f (note that no image of G .  
is available for Fig. 4e). The velocities of the straight 
and the curved dislocation segments in G~ were deter- 
mined from the topographs and the resolved shear 
stress calculated (from the far-field stress) for slip both 
on the basal plane and on a non-basal plane. Compar- 
ing these results with the mobility determinations of 



Figure 3 Topographs at -- 40 ~ showing (1010)I images of Gl ()~i = 0.076 nm) and (1120)n images of Gn ()~i = 0.076 nm): (a) with no applied 
load after cooling from - 20 ~ at 10~ h 2; and (b) after loading at 0.21 MPa for 70 min and 0.4 MPa for 52 min. 

Shearwood and Whitworth 1-6] indicated that the 
straight segments were basal dislocations and the cur- 
ved segments were non-basal dislocations, as in- 
dicated earlier. 

Fig. 5 shows the specimen after unloading and an- 
nealing for 1 h a t  - 1 2  ~ Two features are evident. 
First, further dislocation movement has occurred, and 
second, this has led to the internal stresses on the GB 
being reduced as indicated by the reduction in darken- 
ing at the GB. 

4. Discussion 
There have been numerous dynamic transmission 
electron microscope (TEM) observations of slip trans- 
mission in metals. The very thinness of TEM speci- 
mens raises questions about the applicability of some 
of these observations for bulk materials. The tech- 
nique of in-situ straining X-ray topography has the 
advantage that much thicker (2mm in the present 
case) specimens can be used. Thus, the behaviour 
observed here, using X-ray topography, is probably 
typical of bulk material, [7, 9]. 

The present results clearly showed that slip trans- 
mission occurred through a GB in ice, i.e. dislocation 
impingement on one side of a GB led to dislocations 
being emitted from the other side of the GB. Due to 

the low resolution of X-ray topography, it was not 
possible to distinguish between dislocation transmis- 
sion through the GB and nucleation of dislocations at 
the GB, arising from the stress concentrating effect of 
the impinging dislocations. The particular GB studied 
was rather special for several reasons. First, the ex- 
ternal loading favoured basal slip in both grains. 
Second, the GB orientation was such that GB sliding 
would not be expected. Third, there were no observ- 
able facets on the GB. And, fourth, the angle between 
(0001)i and (0001)n on the GB was small (11~ 
In other words, the specimen was set up so that 
whilst basal slip was favoured in both grains, disloca- 
tion nucleation at GB facets due to stresses built up 
from GB sliding, as previously Observed [2 4], 
was eliminated. In addition, the small angle between 
the basal slip planes would favour slip transmission 
from one grain to the next. Thus, slip transmission 
occurred in a rather special situation. That  this 
is a special situation is corroborated by the observa- 
tions made by the authors that in experiments on over 
25 boundaries in the same temperature and stress 
ranges a slip transmission event was only observed 
o n c e .  

Finally, it is worth noting that the only previous 
X-ray topographic observations of GB slip transmis- 
sion have been in the cubic semiconductors Si and Ge 
[10-12]. 
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Figure 4 Topographs at - 12 ~ showing (1010)~ images of G~ (X~ = 0.076 nm) and (1120)1i images of Gn (Xx = 0.076 nm): (a) with no applied 
load after holding for 10 h; after loading at (b) 0.16 MPa  for 38 rain, (c) 0.23 MPa  for 10min and 0.31 MPa for 5 min, (d) 0.35 MPa  for 10min, 
(e) 0.29 MPa for 30 min, and (f) 0.33 MPa  for 30 min. 
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Figure 4 Continued 

Figure 5 Topograph at - 12~ showing a (10i0)~ image of G~ ()v~ = 0.076 nm) and a (1120)~ image of G~ (X~ = 0.076 nm) after holding at 
= 1 2 ~  lh .  

5. Summary 
Dynamic loading in-situ X-ray topography under 
creep conditions has been used to demonstrate, for the 
first time, the occurrence of slip transmission through 
a GB in hexagonal ice. The unusual geometrical ar- 
rangement used was unfavourable for grain boundary 
sliding S ~ that dislocation nucleation at grain bound- 
ary facets was not favoured. The particular geometri- 
cal arrangement used would rarely be encountered, 
which means that slip transmission through GBs in ice 
is unlikely to be a common event. 
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