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Fractographic examinations of fracture in 
polycrystalline S2 ice 
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NY 13699-5710, USA 

Fractographic examinations were carried out on the fracture surfaces of both single-edge notched 
bend (SENB) and wedge-loaded compact tension (WLCT) specimens of $2 freshwater ice: 
Formvar solutions provided an effective means of making replicas that revealed various patterns of 
the fracture surfaces. The fracture modes consisted of both cleavage and brittle intergranular 
fracture, with cleavage fracture dominating. The cleavage planes of the $2 ice were mainly the 
{0 0 01 } and {1 0 11 } planes under the experimental conditions for this study. Kinks forming new 
grain boundaries were found on the fracture surfaces of polycrystalline $2 ice for the first time. 
Kinking is regarded as a possible mechanism of plastic deformation for polycrystalline.ice and to 
partially account for the high fracture energy of $2 ice found in this study. 

1. I n t r o d u c t i o n  
Early reports on fractographic analyses of ice have 
been quite brief. While investigating the formation of 
cracks in ice plates by thermal shock, Gold [1] noted 
that the fracture surfaces of some straight cracks were 
very smooth with striated features. The use of the 
scanning electron microscope (SEM) to examine the 
fracture surface was first made by Kuroiwa [2]. In 
a study on the surface topography of etched ice crys- 
tals, Kuroiwa paid attention to the features of the 
fracture surfaces and was able to show well-defined 
steps or striations on the fracture surface of an ice slab 
broken by impact. Lavrov [3] visually studied the 
fracture surfaces of macrocrystalline freshwater (S1) 
ice from flexure tests and noted conchoidal features in 
the compression zone and large smooth features in the 
tension zone. Lavrov made no effort to specify the 
fracture mechanisms, i.e. cleavage fracture or brittle 
separation along grain boundaries. Observations on 
the fracture surfaces of single-crystal ice and colum- 
nar-grained polycrystal ice from fracture tests were 
made by Kusumoto and co-workers [4, 5], who pres- 
ented a few macrofractographic pictures showing 
different fracture features corresponding to different 
testing conditions. More careful fractographic ana- 
lyses on the fracture surfaces of macrocrystalline S 1 ice 
were carried out by Dempsey and Wei [6]. The latter 
authors were perhaps the first to attempt to relate 
the fracture mechanisms to the fracture toughness of 
freshwater ice. In their study, both cleavage and brittle 
intergranular fractures were observed in the specimens 
and associated with different fracture toughness 
values. There is also a short report by Schulson et al. 
[7], on the observations of fracture surfaces for fine- 
grained equiaxed freshwater ice (d ~ 1 ram) using an 
environmental scanning electron microscope (ESEM). 
They found that the fracture mode of this ice type was 
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transgranular cleavage at temperatures around - 25 
to - 50~ 

Nevertheless, compared with the well-developed 
fractographic techniques for metallic materials, the 
application of this technique to ice engineering is 
relatively recent. Our knowledge of the operating frac- 
ture mechanisms for various types of ice is still limited. 
More effort in this direction is needed to fully under- 
stand the theoretical and practical problems involving 
fracture in ice. Recently, the authors of this paper have 
completed a series of experiments on the fracture of 
columnar $2 freshwater ice. The fracture mechanisms 
of the specimens were investigated by combining dif- 
ferent techniques: producing a replica of each fracture 
surface to reveal the fracture features, making thin 
sections to show the crack path, and using a universal 
stage [8] to examine the c-axis orientations of the 
cleaved grains as well as the cleavage planes of this ice 
type. 

2. Experimental procedure 
Ordinary ice Ih has a hexagonal lattice structure. Each 
oxygen atom occupying the lattice point is tetrahed- 
rally surrounded by four other oxygen atoms (Fig. 1). 
As defined by Michel and Ramseier [9], $2 ice is 
referred to as the ice type with the C axes of most 
grains of the ice sheet being randomly and horizon- 
tally or near-horizontally oriented, relative to the sur- 
face of the ice sheet. This type of ice has been grown in 
an insulated tank measuring 1.22 m x 1.14 m x 0.78 m 
in the cold room at Clarkson University by the follow- 
ing process. The temperature of the cold room was set 
at - 18 ~ The tap water in the tank was cooled to 
about 1 ~ at the top surface and 3-4 ~ beneath the 
surface before seeding began. Seeding was performed 
by spraying a very fine mist upwards above the surface 
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Figure 1 Crystal structure of ice: the open circles are the oxygen 
atoms, while the hydrogen atoms are not shown. The primitive 
lattice vectors al, a2, aa and c (the optical or c axis) as well as the 
basal plane (0001), prism plane (1010) and pyramidal plane 
(1011) are shown in the hexagonal cell. 

of the water. The mist froze to fine ice crystals in the 
air before reaching the water surface, acting as crystal 
nuclei to enable the water to solidify heterogeneously. 
The columnar features of such ice, with the diameter of 
the columnar grains (typically 2-3.5 mm) increasing 
with depth, are shown in Fig. 2b. The growth orienta- 
tion texture of the ice sheet is shown in Fig. 2c which 
consists of 1 1 0 poles of the basal planes measured by 
a universal stage from several horizontal thin sections 
randomly taken from the ice sheet. The conductivity 
of the meltwater of the specimens tested was 
2.40 _ 0.13 x 10 -6 s  cm-1 at 20 ~ and the density 
was 0.910 -I- 0.003 M g m  -3, indicating a low level of 
impurities and porosity in the ice sheet (compared 
with the conductivity of 1 x 10 - 6  ~,-~-1 c m - 1  for dis- 
tilled water and the bulk density of 0.9187 Mg m-3  for 
ordinary ice at - 10 ~ [10]). 

In this study, fractographic examination was car- 
ried out on the fracture surface resulting from Mode 
I loading conditions. Fracture tests were conducted 
using both the single-edge notched bend (SENB) and 
wedge-loaded compact tension (WLCT) loading con- 
figurations (Fig. 3), carefully machining specimens cut 
from the ice sheet. Note that the cracks were vertically 
oriented so that the plane of the crack was perpen- 
dicular to the plane of the ice sheet. In other words, the 
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Figure 2 Columnar $2 freshwater ice: (a) horizontal section; (b} 
vertical section (the arrow indicates the growth direction of the 
columnar grains); (c) stereographic projection of basal planes of $2 
ice measured from the horizontal sections, using a four-axis univer- 
sal Rigsby stage [8]. 

crack front was parallel to the columnar grains, cor- 
responding to the case of radial cracks found in an ice 
sheet during the interaction between an ice sheet and 
a structure. The fracture tests were performed on an 
ATS universal testing machine at loading rates of 
/< = 10-100 k P a m  1/2 s -1 so that the specimens were 
broken within 2-10 s. All tests were done at - 10 ~ 
After the specimens were broken, the fracture surfaces 
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Figure 3 Loading configurations for the fracture tests: (a) SENB and (b) WLCT specimen geometries. 

were first examined visually and some fracture charac- 
teristics could be detected just by the naked eye. A 6% 
Formvar solution (6% Formvar in ethylene dichlor- 
ide) was then dropped on the selected areas of the 
fracture surface. The solution dried after a period of 
time and the resulting plastic film replicating the frac- 
ture patterns left on the ice surface could be easily 
peeled off ready for examination. While replicating the 
fracture patterns, the Formvar solution also etches the 
fracture surface of the ice specimen, leaving etching 
pits on the replica. In fact, since being introduced by 
Schaefer [11], Formvar solutions have previously 
been used to etch and to duplicate the surfaces of ice 
crystals in order to reveal slip bands [12] and disloca- 
tions [13]. 

Freshwater ice serves as an excellent material for 
studies involving the propagation of a crack because 
of its transparency and large grain sizes. By matching 
the halves of a broken specimen and making a thin 
section for the matched specimen, observations of the 

crack path under polarized light are possible. How- 
ever, the standard technique of making an ice thin 
section by melting and refreezing a microtomed ice 
sample to a glass slide seriously damages the appear- 
ance of the crack and makes such observations diffi- 
cult. In this study, following Daley and Kirby [14], 
cyanoacrylate glue was used to fix the microtomed 
samples of the matched specimens to thin-section 
slides without melting the sample surfaces. The ori- 
entation of the thin section with respect to the crack 
path and microstructure is sketched in Fig. 4. The 
crack paths of the specimens can be clearly distin- 
guished by this method, as shown in Fig. 5. 

When the fracture surfaces of each ice specimen 
were examined by the naked eye, instances of cleavage 
failure were clearly evident. For cleavage events, it was 
necessary to determine the particular cleavage planes 
relative to each ice crystal. In this study, the technique 
developed to determine the cleavage planes relied 
upon measuring the difference of the azimuth angles 
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between the poles of a fracture plane and the basal 
plane of the same grain. 

3. Fractographic examinations 
The grain size of $2 ice is about two or three orders of 
magnitude larger than that of metals. It is therefore 
possible to use macrofractography to investigate the 
fracture mechanisms of the ice specimens. The For- 
mvar replicas of the fracture surfaces were examined 
by a low-magnification optical lens under inclined 
lighting. Typical fracture characteristics for the two 
loading configurations are presented in Fig. 6. 

No macro-plastic deformation was detected in these 
tests, and fracture surfaces were fairly flat. The brittle 
behaviour of this type of ice was further illustrated by 
the fact that cleavage and brittle intergranular fracture 
occurred in both SENB and WLCT specimens. By 
examining the characteristics of the fracture surface, 
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Figure 4 The orientation of the thin section with respect to the 
crack path. 

it was obvious that transgranular fracture was dom- 
inant. This observation was confirmed by estimating 
the proportion of transgranular versus intergranular 
failure from the thin sections showing crack paths 
(Fig. 5). From Fig. 5, it is quite clear at a glance that 
the cracks run transgranularly and intergranularly. 
The proportion of transgranular versus intergranular 
failure was approximately determined by counting the 
numbers of cleaved and intact grains on one side of 
the crack path. The columnar structure of $2 ice and 
the fairly flat fracture surface make this approach 
viable. On average 69% and 74% of grains showed 
transgranular fracture for the SENB and WLCT spe- 
cimens, respectively, consistent with observations on 
the fracture surfaces. 

Fractographic examinations were conducted on the 
replicas showing fracture patterns (Fig. 6). River pat- 
terns are more evident in the grain in the upper part of 
Fig. 6a (SENB specimen), while the grains below it 
show purely intergranular failure. A more interesting 
feature is shown in the middle of Fig. 6b. In a columnar 
grain, three groups of parallel cleavage steps are mir- 
ror-symmetrically oriented with respect to two bound- 
ary lines which were probably formed by growth twin s 
during Solidification of the ice sheet. In some WLCT 
specimens, a type of fracture pattern having the char- 
acteristics of both cleavage tongue and steps was 
observed, as shown in Fig. 6d. 

A more significant feature in the fracture surfaces of 
the WLCT specimens is that there a r e  new grain 
boundaries running generally in the direction of 
propagation of the crack and across the columnar 
grains (Fig. 6c and d). The appearance of a new 
boundary is especially distinguishable in Fig. 6d. These 
new boundaries were believed to be caused by a "kink- 
ing" mechanism. Here, the word kink refers to the 

Figure 5 Typical thin sections showing the crack paths and revealing features of transgranular and intergranular fracture (photographed 
under polarized light): (a) SENB and (b) WLCT fractures, 
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Figure 6 The characteristics of (a,.b) SENB and (c,d i WLCT fractures (photographed under inclined lighting); the thin long arrows indicate 
the directions of propagation of cracks. (a) River patterns and intergranular features; (b) mirror-symmetrically oriented cleajeage steps (a lot of 
etching pits are visible); .(c) the interaction between cleavage steps and kinks - the cleavage steps are continuous across the kinks (arrow A), 
change directions across the kinks (B), or are not disturbed (C); (d) tongue-like steps (arrow A) and kinks (B) across the columnar grains. 

deformation mode which was first found by Orowan 
[15] for metals. In fact, kink bands in mineral crystals 
were observed a century ago and were sometimes 
mistaken for twins [16]. It is now known that this type 
of kinking deformation is common in h.c.p metals 
such as zinc [15, 16] and magnesium [17]. The kink- 
ing deformation in single crystals of ice were reported 
by Nakaya [18] and Readings and Bartlett [12]. It is 
important to point out that for h.c.p crystals (either 
metals or ice), the kinks share  essentially the same 
geometric features in that they are always nearly per- 
pendicular to the basal planes and form non-crystallo- 
graphic boundaries, although they can be induced 
by different load conditions such as compression, 
bending o r  tension. From Fig. 6c and d it can be 
argued that the kinks shown are nearly perpendicular 
to the basal planes if one.notes that thebasal planes of 
the columnar grains are parallel or nearly parallel to 
the growth direction of the columnar grains (see 

Fig. 2). That is to say, the geometric features of the 
kinks found for polycrystalline $2 ice in this study are 
like those found for  other materials by previous re- 
searchers. Since no kinks were found for the SENB 
specimens with four-point bend-loading conditions, it 
is quite possible that the crack-parallel compressive 
stress component due to the wedge loading and the 
asymmetrical bending stress induced during loading 
in the WLCT specimens were responsible for the kink- 
ing phenomenon. 

While the previous studies on kinking were all con- 
ducted on the surfaces of deformed specimens, the 
observation of kinking for polycrystalline ice in this 
s tudy  was made on t he  fracture surfaces. This pro- 
vided an opportunity to investigate the interaction 
between kinks and topographic patterns of the frac- 
ture surface. Fig. 6c clearly reveals the interaction be- 
tween cleavage steps and kinks or new boundaries. 
While crossing the kinks some cleavage steps are es- 
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sentiaUy continuous (location A in Fig. 6c) and some 
steps change their orientations (location B), although 
the appearance of the cleavage steps remains the same. 
Where no new boundary forms, the cleavage steps 
remain intact (location C). This evidence suggests that 
these kinks can be  regarded as tilt grain boundaries 
which were formed before the failure of the specimens. 
The change of orientation of lattice structure across 
the kinks is fairly small, being consistent with the 
observations on single ice crystals by Readings and 
Bartlett [12]. 

It is necessary to emphasize that the kinks found on 
the fracture surface indicate the existence of micro- 
plastic deformation in polycrystalline $2 ice, even 
though no macroplastic deformation was detected in 
this study. This is important since it illustrates that 
under certain conditions kinking provides a possible 
mechanism (besides slip) of plastic deformation for 
polycrystalline ice. It is commonly recognized that the 
relatively easy basal slip which provides two indepen- 
dent slip systems obviously contributes to the plastic 
deformation of polycrystalline ice which is of interest 
to glaciologists. It is not known, however, which of 
the"hard" planes slip to give the independent slip 
systems (at least four or five) that are needed for 
plasticity of hexagonal polycrystals [19]. The pris- 
matic systems { 1 010} (1 1 2 0) and the pyramidal 
systems {1 1 2 2} (112  3) are possible candidates for 
making contributions to the plasticity. However, dis- 
locations are rarely observed on the prismatic planes 
in ice, and dislocations with non-basal Burgers vectors 
are also rare. Furthermore, non-basal slip is much 
more difficult than basal slip: the resistance to shear 
on non-basal planes is at least 60 times greater than 
that on the basal plane at - 10 ~ [20]. 

The formation of kinks, on the other hand, is relat- 
ively easy, and can occur when the resolved shear 
stress on the slip planes becomes high enough to cause 
basal plane slip before other modes of deformation 
intervene [16]. In addition, kinks can be formed over 
a wide range of loading rates from as fast as the one 
applied in this study to as slowly as desired [21]. The 
above considerations reinforce the suggestion that 
kinking provides a possible mechanism of plasticity 
for polycrystalline ice. 

The fracture energy was found to be 0.6 J m-a  for 
WLCT specimens [22]. For a truly brittle fracture 
event, the energy needed for a cleavage crack to 
propagate is equal to twice the surface energy of the 
material. The surface energy of ice at - 10 ~ (the 
ambient temperature for this study) has not specif- 
ically been determined yet. However, while investigat- 
ing the surface energy of ice crystals, Ketcham and 
Hobbs [23] suggested that the values of surface energy 
are not significantly different in the range of temper- 
ature between - 40 and 0 ~ Therefore, the surface 
energy of ice at - 10 ~ is tentatively taken to be 
0.1 J m -z which was determined at 0~ for single 
crystals [23]. Even taking the effects of temperature 
on surface energy into consideration (for metals, sur- 
face energy increases with decreasing temperature at 
rates between 0 ~ 3 mJ m-  2 K -  1 ), the fracture energy 
found for WLCT specimens is still appreciably high. It 
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is true that the fracture energy of a polycrystalline 
material is usually higher than twice the surface en- 
ergy of the material. However, the kinking phenom- 
enon may well contribute to a higher fracture energy 
since the formation of kinks dissipates strain energy. 
For SENB specimens, the apparent fracture toughness 
KQ was sought instead of the critical energy release 
rate. This prevents at this time a comparison of the 
fracture energies between these two loading configura- 
tions. Despite this shortcoming, the effect of the state 
of stress on the fracture mechanisms of $2 ice is 
evident. 

4. Cleavage planes of $2 ice 
As previously mentioned, $2 ice has a very strong 
growth texture with its c axes horizontally or near- 
horizontally oriented (Fig. 1). There is also a strong 
connection between the orientation of the crack and 
the columnar feature of the ice grains (Figs 2 and 3). In 
this instance, the basal planes of the columnar grains 
are parallel or nearly parallel to the crack front, and 
make certain angles with the fracture plane with two 
particular orientations being parallel to or perpen- 
dicular to the fracture plane. These relations make 
determination of the cleavage planes for $2 ice pos- 
sible using a universal stage, as described below. 

A thin section showing the crack path was placed 
on a universal stage. A cleaved grain was chosen and 
so oriented that the trace of the fracture plane of the 
grain coincided with the N-S axis, or the A 2 axis of the 
universal stage. The pole of the fracture plane then 
falls on the base circle of the stereographic projection 
and its azimuth angle is 270 ~ as measured on the 
universal stage. The orientation of the basal plane of 
the grain is then measured by finding its azimuth angle 
and inclination angle. The pole of the basal plane is 
thus decided; 63 fractured grains from five thin sec- 
tions randomly chosen from the specimens tested were 
examined in this way. The relative orientation of the 
cleavage plane with respect to the basal plane of the 
grain can be determined by finding the difference in 
azimuth angles of the two poles corresponding to 
these two planes. In the ideal case, the basal plane is 
the cleavage plane if the pole of the basal plane coin- 
cides with the pole of the fracture plane. If both poles 
of the basal plane and the fracture plane are on the 
base circle and differ by 90 ~ the cleavage plane is then 
one of the prismatic planes ({1050} or {1120} 
planes). 

In hexagonal systems, the cleavage planes are often 
found to be the {000 1} or {1 01 1} planes in single 
crystals [24]. Gold [1] found that the cracks formed 
in ice crystals by thermal shock were parallel to either 
basal planes or prismatic planes, indicating that these 
two groups of crystallographic planes were probably 
the cleavage planes. It was therefore expected that 
most poles of the basal planes of the cleaved grains in 
this study would be randomly distributed around the 
pole of the fracture planes, or separated by about 90 ~ 
from it along the base circle. 

The results shown in Fig. 7 indicate that the {0 0 0 1 } 
planes are indeed the most common cleavage plane. 
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Figure 7 The orientation relations between the basal planes and the 
fractured planes of cleaved grains: (a) the relative orientations Of the 
basal planes of the cleaved grains with respect to the cleavage 
planes - note that all the poles of the cleavage planes coincide with 
point Q (cross mark); (b) the distributions of the relative azimuth 
angles of the poles of the basal planes of the cleaved grains (the 
azimuth angles of the cleavage planes are 270 ~ in this figure). 

However, only a few poles are about 90 ~ away from 
the pole of fracture planes. Instead, some poles are 
concentrated at about 56 ~ from the pole of fracture 
planes, i.e. measuring 326 ~ on the universal stage. The 
cleavage planes of these grains from which these poles 
were found are believed to be the {1031} planes 
which make a crystallographic angle of 62 ~ with basal 
planes (Fig. 1), the discrepancy in angles resulting 
from experimental errors. In other words, the { 1 0 3 1 } 
planes were the preferred cleavage orientation com- 
pared with the {1 030} planes for $2 ice under the 
experimental conditions of this study. In fact, the 
possibility of {1 01 1} cleavage had earlier been 
pointed out by Wakahama [25], who noted that dur- 
ing the cleavage of a laterally compressed single crys- 
tal of ice, the fracture path often deviated from the 
basal planes to non-basal planes which he interpreted 

as being the prismatic or pyramidal planes. The mech- 
anism of { 1011 }, cleavage was investigated by Thor- 
nton [26] for single crystals of ~-Cu-Ge phase; he 
showed that the formation of {1031} twins accom- 
panied by (0 0 01) slip caused cleavage along {1031} 
planes. Whether or not this mechanism actually oper- 
ates in $2 ice is still unknown. However, the evidence 
shown in Fig. 7 does suggest the important role of the 
{101 1} planes in cleavage fracture of $2 ice. 

5. Conclusions 
The fracture of $2 ice is a mixture of both cleavage and 
brittle intergranular fracture. Transgranular fractures 
were dominant under the conditions for this study. 
Kinks which formed new grain boundaries were found 
in polycrystalline ice for the first time, and the import- 
ance of kinking in the plastic deformation of polycrys- 
talline ice was emphasized. Under the above 
experimental conditions, the predominant cleavage 
planes of $2 ice were the {0 0 0 1 } and { 1 0 3 1 } planes. 
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