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Sang-Ryong Ko*
(98d 34 234 A

FHBe] 9@ 2 Ag] T
Ol

aL

Key Words : Monotonic load(

@42 37}1815), Pulsed load(®w}sl%:), Cracking behavior(#¥€71-%),

Half penny cracks(¥F5% 7<), Radial cracks(#AH1#4), Lateral cracks(374)

Abstract

T3 FYAH A3 452 ;"%:% A
X 152mm X 152mm)el| stainless

T 3txdch -10CellAd S2 7159442 A1#|(152mm

o2 ¥ HAF B4mm)E F

& shalaich 73

indentor & 95 Al#e A5ql 7] )2k of] —’F’Q—"—i 83& 7lslglon old W&
0.038mm/s2 ste] dxZ7} 3% APE sttt dFS 713871 A3 indentor 3HF-of 4
crushing ©] HAsla, 315o] F7b ol webA "J*Pﬂ w4 Ee Hgde] At

splitting <= Spallation ol A ek dxF7t 8HF wet FUR indentord AH-sted 3}

z 2 alsE

sheich. A

4 05 KN/s2 #Hulelz

< 718 o olE
wul el I7]E IKNSR 3t 2 5 AL oo AP

WAl gd 38 gdol 4 AR

W} 815 9 77

£ 27M07 5 Bepdon) Fd ole Auksh At Aolol A AZ sleh sleh AR LA

A B H At o] WAt Fd
HAe] Agihe Hoiegdnth

A=

T

1. Introduction

Ice indentation has been extensively studied by
a number of authors. Of those studies, the ones
that are most applicable to study at hand are
Timco et al [1], Gagnon [2], Jordaan et al (3]
and Grape & Schulson [4] report valuable
results on the crushing of ice, the crushing and
clearance of ice by spherical indentor and the
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confinement problems by square indentor. Many
papers . indentation
brittleness by spherical indentor in -glasses and

published especially for
ceramics. Pure elastic deformation and: the
geometry of the contact zone for: a sample
surface has been predicted by Hertz (51 This
stress field was first analyzed by Huber [6].
The processes of Hertzian indentation fracture
of brittle solids are reasonably well understood
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by Lawn and Wilshaw{7]. The analysis for the
nature of elastic/plastic indentations is explained
comparatively in detail by Lawn and Fuller [8)
and Swain and Hagan [9]. Indentation crack
length measurements are now almost universal
for fracture property assessments of ceramics. In
this paper deals with only the typical columnar
fresh-water ice on the rivers, lakes and ponds
(Fig. 1). This ice is called S2 fresh-water ice
and the crystallographic c~axes are more or less
confined to the horizontal plane, randomly
oriented within this plane (Michel et al, [10]).
Blunt indentor-static load contact from four
types of indentation fracture approaches
classified by Wiederhorn et al [11] and one
domain, indentation method of two domains
defined by Timco are used to study the crack
of S2 The
deformation and the geometry of the contact

phenomena ice. pure elastic
zone for spherical indentation by Hertz and the
cracks theory and geometry by Lawn et al are
applied to investigate the followings: relation
between the load and the impression size, size of
normal pressures for the center of loaded circle
and geometric phenomena of the cracks during

the indentation tests.

Fig. 1 S2 Columnar fresh water ice

2. Experimental Procedure

2.1. Sample

The samples used are made from S2 columnar
fresh-water ice and the size of those samples is
152mm cube. The average grain diameter of the
ice sample is 61 mm and the crystallographic
c-axis are more or less confined to the horizontal
plane, randomly oriented within this plane.

2.2. Indentor

The indentor used is made of #52100 alloy
steel sphere with its radius, 12.7mm, Youngs
modulus, E=205GPa and Poisson ratio, v = 0.295.

2.3. Apparatus and procedure

Indentation experiments are to be carried out

at a displacement rate of &=3.8x10 ¢ for

monotonic loading and at a loading and

Fig. 2 Front view of Uniaxial Testing Machnine.
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unloading rate of 0.5KN/sec for pulsed loading at
-10TC temperature with the Uniaxial Testing
Machine at Thayer School Ice Research
Laboratory, Fig. 2.

3. Results

Twenty-one tests in total, five tests for
monotonic and sixteen tests for pulsed loading
were carried out to get the following results.

3.1 Load versus displacement

Fig. 3(a) and 3(b) are indicated by load
displacement curves in monotonic load tests.
Those curves are so similar to each others in
shape. The yielding points are scattered from
3.00KN to 520KN. The spallations occur at
around 75KN load as Fig. 3(a). Fig. 4(a) and
4(b) show the load-displacement curves in
pulsed load tests. The splitting occurs at around
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Fig. 5 Load-displacement curve by pulsed load
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75KN of load as Fig. 4(a). As shown those
Author
recognized from several tests results that the
splitting or the spallation had occurred at around
75KN of load. This load was called as a critical
load, Pc. Hereafter all tests were carried out
under Pc, for example Fig. 5(a) and 5(b), at
loads of = 1KN, 20KN, 225KN, 25KN, ..
4.75KN, 5KN, and 1KN, 2.0KN, 2.20KN, 2.40KN,
...3.8KN, respectively.

curves had the hysteresis loops.

3.2 Crack Patterns

Fig. 6 represents schematically the most

relevant fracture geometries, corresponding with
the observation of the cracking behavior, which
are listed below the radial cracks initiated under
and around the impression. We use the notations
of directions, X1, X2, and X3 as in the papers of
Schulson {12]. X1 is the load direction and X3 is
the columnar direction. At load of 1KN, the
pulverized zone, the surface radial cracks and
subsurface radial cracks were shown on the
At load of 3KN, the median crack
initiated from the pulverized zone. At load of
4.25KN,
initiated from the pulverized zone under the

sample.

the two saucer-like lateral cracks
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Fig. 6 A schematic drawing of a pulsed loading test results. It shows the crack extensions according to

increase loading and coordinate system in Remarks.
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indentor. The main cracks appeared on both
sides of the pulverized zone. Some cracks were
omitted at X1-X2 views to see the two
saucer-like lateral cracks clearly. Several test

results were similar to the case of Fig. 6.

3.3 Crack Length versus Impression Radius

Fig. 7 shows the plots of the crack lengths
obtained from the tests results.
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Fig. 7 Crack length as a function of impression

radius.

4. Discussion

The theories of crack initiation are not
discussed in this paper but are comprehensively

reviewed by Lawn and Wilshaw.

4.1. Formulation

In Hertzian elastic contact, the impression

radius a is given by

a=(3PR/4E")4® (1)

Where P is the applied load, R is the radius

of indentor and E* is given by

VE =(1-W)/E +(1-3)/E,
Youngs modulus of E;, E, and Poissons ratio
v, Vo of the sample and sphere respectively.

Disptacement, is given by —

8=d’/R 2)
Normal pressure P, is given by for the center
of the loaded circle

Py = 3P [2nd? (3)
Lawn et al derived the relationship for crack

length, ¢, and impression radius, @ as follows

(Kic/Ha'"®)(H|E) " oc(c/a) ~** @
Where K, is the fracture toughness, H is the
hardness of S2 ice. This expression has become
the norm in the ceramics indentation fracture
literature. Put Py= H, Equation (4) is changed as

follow,

(PE/Kic) « c¥a' )
If put it into a constant of brittle parameter,
B, Equation (5) reduce to.

4/3

(6)

¢ « Ba

Equation (6) changed as following -

c=f(a) N

Where f is a function of brittleness.

4.2 Comparison of the results

Table 1 shows the values of the normal
pressure for the center of loaded circle, Py and
a obtained by the test
rusults. The melting pressure. from ice into
water is 100MPa in the phase diagram as shown
Fig. 8 [13]. According to the test results, the
values of normal pressure for the center of the
loaded circle, Py at the peak loads are from
127MPa to 429MPa. There may be water
particles under the indentor. For the fully elastic’

impression radius,
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indentation, the value of « is around 2.5mm at
the load of 9KN. As increased the load more than
9KN, the value of ¢ is not increased so much.
However according to the results of test, the
measured value of a increased to 55mm. Fig. 7
shows that the exponent average value of 1.33 for
measured radial cracks is in close agreement with
Lawn and coworkers’ Equation(5). Equation(6)
and (7) are the reduced forms of Equation(5).
These Equations indicate the relation between
the crack length and the impression radius
clearly. The value of B is not considered in this

paper
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Fig. 8 Phase diagram of the solid phaseslof
water

+ Symbol is the cross point of horizontal
line of -10°C abscissa and perpendicular
line of 100MPa ordinate.

Table 1 Monotonic load tests results

Test Test 1 Test 2
peak | 1% Peak | 1™ Peak | 1** Peak | 2™ Peak

P(KN) 55 7.05 2.65 52
a(mm) 231 332 231 4.42
P,(Mpa) | 492 305 237 127
& (mm) 0.42 0.87 042 154

4.3 Crack phenomena

There are two important crack systems
originate in the pulverized zone of the ice
sample produced by the sphere indentation at
large contact loads (1IKN and over). These are
the radial/median crack system and lateral crack
system. Radial/median cracks are formed
perpendicular to the sample surface. Saucer-like
lateral cracks form closely parallel to the sample
surface. The first cracks to form during loading
of an indentation are the shallow radial cracks
(the Palmqvist cracks). As the load increased the
cracks progressed to greater depths so that they
approximated half-penny like cracks and median
cracks surrounding the pulverized zone. Lateral
cracking is mostly apparent at large contact
loads, above 4.00KN load. When the pulsed
loading were increased by 0.25KN or 0.20KN,
two main radial cracks occurred at the center of
the impression(® - @ in Fig. 6) made of the
angle (from 110° -180° ). »

Both sides of two main radial cracks, half
penny like cracks have the saucer-like lateral
cracks at small side of the angle and the median
cracks at large side.

5. Conclusions

The main results obtained in this study are
the following

1. The splitting or the spalling occurs on the
samples less than 7.5 KN of load in the spherical
indentation tests. There was no sign of Hertzian
ring cracks and cone cracks on the samples by
the spherical indentation.

2. P, normal pressures for the center of

loaded circle at the peak loads are higher than
the melting pressure at the temperature -10TC.
There may be water particles under the indentor.

3. In pulsed loading, the radial cracks, the
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initiated
glasses and ceramics by the sharp or blunt

half-penny cracks are just like a

indentor-static or impact loading. Both sides of
the half-penny like cracks have the saucer-like

lateral cracks at one side and the other side
radial cracks.

4. These test-results are substantially similar
to the values of glasses and ceramic cases.
There must be the constant correlations between
the crack sizes and the sizes of impressions.

The parameters of the crack patterns and the
crack sizes of S2 ice are expected to study more
in detail by someone interested in.
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