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SUMMARY 

The three parts of this report are entitled ( 1) internal friction of 
pure H 2 0, D2 0 and doped ice crystals, (2) internal friction at crystal 
boundaries, and (3) the internal friction of natural glacier ice. Part 
1 uses the flexural vibration method and e x presses internal friction 
as a logarithmic decrement of free oscillation. Equations are give n 
for the logarithmic decrement , internal friction, and the resonant 
frequency of a rectangular bar. In Part 2 the grain boundary internal 
friction of ice grown from a melt was measured by cutting blocks con
taining individual crystal boundaries from polycrystalline ice and in
laying these in single crystal bars. This friction depends upon con
centrated chemical impurities. In Part 3 the internal friction of gla
cier ice was measured in specimens from Antarctica, Greenland, and 
Le Conte Glacier, Canada. Distinctively different curves were ob
tained for the specimens. These differences can be attributed to (1) 
environmental conditions at th e time of formation, and (2) the enviro n
mental conditions that acted o n the sample from the time of formation 
until the time of sampling. 
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INTERNAL FRICTION OF H 20, D 2 0 AND NATURAL GLACIER ICE 

Influenc e of Chemica l Impuriti es on Mechanical D amping 

b y 

Daisuke Kuroiwa 

PART I. INTERNAL FRICTIO N O F PURE H 20, D 20 AND D O PED I CE CRYSTALS 

Introduction 

When a solid bar is set into free vib ration , the amplitude of its oscillations de
creases with time. This is true even if the bar is completely isolated from its surround
ings so that radiated sound loss a nd similar effects a r e negligible. This dissipation of 
vibrational energy is caus ed by internal f ri ction. The internal friction (mechanical 
d amping) of a solid bar is so structure-sensitive that it has been used as one of the 
fundamental methods of analyzing the internal structure of a c rystalline solid in that 
damping can arise from c r ysta l imperfections, such as l attice defects, chemical 
impurities, and inclusions . 

When the rneasured internal friction (denoted as tan 8) of a crystalline solid can be 
expressed by the following relationship (Na kaya , 1959): 

tan 8 (tan 8max) 
2 W T 

2 2 + w T 

( 1) 

and 

T To exp (R~ ), (2) 

where w is an angular frequency, T i s the relaxation time , Q is the activation energy, 
R is the gas constant, T is the absolute temper a ture, and T o is a constant, o ne of the 
possible mechanisms oT mechanical damping is simple atomic movement (diffusion) 
thr ough the lattice defects. 

The internal friction of ice has been measured by various authors using different 
te chniques. Kneser e t al. (1955) observed mechanical damping of a single ice crystal 
at temperatures rangingfrom OCto -25C by means of torsional vibrations. They found 
that a sing l e crystal of ice exhibits a typical mechanical relaxation phenomenon which 
can be expressed by e q 1 and 2. They obtained 8. 5 Kcal/mole as a value for the acti
vation energy. Kuroiwa and Yamaji ( 1956, 1959) used the flexural vibration method to 
measure the internal friction of both polycrystalline and single-crystal ice in a wide tem
perature range between OC and - l80C . They found that there are three kind s of mechanical 
damping produced by grain boundaries, proton movement, and chemical impurities. The 
observed activation energy due to proton movement was about 6 Kcal/mole. R ecently, 
Schiller ( 1958) observed the mechanical relaxation of a pure single ice crystal by means 
of longitudinal and torsional vibrations. He found that the mechanical damping of a 
s ing le ice crystal changed with crystallographic orientation and the mode of bscillation 
used . The observed activation energy was 13.4 Kcal/mole. 

Ice crystals exhibit a remarkable mechanical relaxation phenomenon like that of 
"anelasticity" in metals. Although it is believed that mechanical r elaxation in ice crystals 
is caused by proton movement by means of lattice defects, some discrepancies are 
found among the experimental data. The author believes that these discrepancies may 
be mainly attributed to the chemical impu.rities involved. The present study was under 
taken in order to reveal how chemical impurities influence the mechanical damping of 
ice . First, pure H 20 and D 20 ice were studied to determine the temperature depend ence 
of internal friction·; Some differences in relaxation times due to the heavier mass of 
deutron v1ere observed in D 20 ice . The main part of this paper is devoted to the investi 
gation of doped ice crystals containing known chemical impurities such as NaC l, HCl, 
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NaOH, HF, NH3 , and NH4 F. The effect of grain boundaries on mechanical damping 
was clarified by a special technique which permitted measurement of the internal 
friction at the individual grain boundari e s of polycrystalline ice. The internal friction 
at grain boundaries is not always proportional to th e total area of the boundary, but is 
influenced by the chemical impurities concentrated in the boundary zone. These experi 
mental data also provided an explanation for the characteristic mechanical damping 
curves observed in natural glacier ice . 

E xperimental P rocedure 

Internal friction, the rate of dissipation of energy, can be expressed by a l ogarithmic 
decrement of free oscillation. The amplitude of th e free oscillation, in general, de
cr ea ses exponentiall y with time. The amplitude of the damped oscillation is given by 

An = A 0 exp (-nA ) (3) 

where A 0 is th e initial amplitude , An is the nth amplitude counte d from the time of 
initial damping , ~is a positive integer, and A is a logari thmic decrement, expressed 
by 

A= 
n 

( 4 ) 

For small A , th e r elative dissipation of ene r gy ~ W /W can be expr esse d by 

A~ _ 1 - A~ 
- e xp ( 2 A ) = 2 A . ( 5 ) 

where D W is the decrease of vibrational energy W per one cycle of oscilla t i on. When 
a p e r io di ca ll y va rying stress is applied to a c rysta lline solid having internal friction, 
th e r e laxation then results in a strain that lags behind th e stress . If we denote th e 
periodical stress <r and th e strain E as 

<r = <r o exp ( i w t ) and = Eo exp( i w t - 6) ( 6) 

~ W is ca l c ulated as follows : 

2TI 

J 
w d 

(f d; dt iT <r o Eo sin 6 ( 7) 

0 

where <ro and Eo are maximum str ess and strain, w th e angular frequency, and 6 the 
phase lag angle b e tween appli e d stress and strain . Hence , the relative energy dissi
pation ~ W /W is 

D.W 
2TI sin 0 = 2TI tan 6 ( 0 << 1 ) . ( 8 ) w 

From eq 5 and 8: 

tan 6 = A (9) 
iT 

In our experim ent, flexural vibration was used (Fi g. 1). The vi bration apparatus 
was placed i n a cold b ox (A) which could be refrigerated with liquid oxygen o r nitr ogen . 
R ec tangular ic e bars P 1 and P 2 , c ut from the same ice block and trimme d to exactly the 
same dimensions, we re cooled at th e same rate. P 1 was used fo r temperature d e termi
nation, and P z for mechanical damping . Thin ir on bands 11 and lz we re attached to the 
ends of P 2 • An exciting coil C 1 and a pi c k - up coil C 2 were plac e d about 5 mm below 11 

and 12 , respectively. P 1 and P 2 were suspended at their v ibration nodal points by two 
fine silk threads stretched between the metal U- shaped brac ke ts B. Alternating c urrent 
was supplied t o the coil thr ou gh an audiofrequency oscillato r. When the a - c frequency 
matched the proper vi brational frequency of Pz, r esonance took place, and the induced 
current in the pic l<. -up coil C 2 then r eached a maximum v alue. The cur r ent in C 1 was 
short-cir c uited at this moment and th e specimen P 2 b egan a damped f r ee osci llation. 
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The logarithmic decrement of the damped oscillation can be determined by counting 
the total number of oscillations N which occur while the amplitude (A) decreases to 
1 /nth of its initial value. If we take An = ( 1 /n) A 0 , 

A = ln n 
N . ( 1 0) 

A special electroni c device was designed to measure N. Figure 2 shows wiring 
diagrams of the audio oscillator (a) and the electronic counter (b). The induced voltage 
in the pic k -up coil C 2 is transmitted to the "4 - stage pulse counter" which consists of 
four electronic pulse-counter tubes (commercial name D e catron}. A d-e ammeter M 
inserted in the pick-up circuit indicates the maximum amplitude at which resonance
took place. A working voltage was pre.viously set into the 6BN6 tube by adjusting the 
20K rheostat, so that the Decatron counter will operate from the beginning of the damped 
oscillation until the amplitude (reading on M) drops to 1 I nth of the initial value ( operat
ing period is between two arrows indicated1n Figure 1). Since the De catron tube re
cords every peak oscillation, the total number N is indicated elec trically on the Decatron 
tubes. S1 (Fig. 2a) is a switch for short-circuiting the exciting current through coil C 1 ; 

S 2 (Fig. 2b) is a starting switch for the electronic counter. When the first grid of 
6BN6 is grounded by S 2 , the D ecatron begins recording the number of the damped oscil
lations. Both S1 and S 2 can be operated simultaneously by hand. Since the De catron 
tubes can be zeroed electrically by operation of a "reset 11 switch S 3 , it is easy to repeat 
the damping measurements. 
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The internal friction of all ice specimens was measured as a function of both tem
perature and frequency. The temperature of the specimen reached that of liquid nitro
gen about 2 hours after the refrigerant was supplied into the cold box. The damping 
measurements were taken after stopping the coolant flow, and as the insulated box was 
slowly warming up. 

According to the theory of flexural vibrations the resonant frequency of a rectangular 
bar is given by 

{ 
~4 a2 E }i f ::: . . z .• 

48 1T J. . p 
(12) 

where E is the elastic modulus, J. is the length of the specimen, a is its thickness, 
p is the density, and m is a constant determined by the mode of oscillation. The follow
ing numerical values Of the constant m were used: 4. 75 for the fundamental vibration, 
and 7. 85 for the first overtone. It was difficult to change the resonant frequency over a 
wide range because of th~ limited size of the specimen. 

Experimental Results 

Temperature dependence of internal friction of pure H 20 and D 20 ice crystals 

Pure H 2 0 ice was made by freezing distilled water, filtered through an ion-exchange 
resin, ·in a polyethylene container. A rectangular ice bar was cut from the transparent 
part of the frozen ice block. A microtome was used to trim the ice bar to precisely 
196 mm long, 11. 8 mm wide, and 3. 7 mm thick. In order to eliminate the mechanical 
strain which could be created by the trimming, the specimen was put in a plastic enve
lope and kept at -1 OC for 1 or 2 days. A photograph of a specimen taken under polarized 

- light is shown in Figure 3. The specimen consists of many large randomly oriented 
grains. 

Figure 3. Grain structure of pure ice specimen photographed 
in polarized light. 196 mm long, 11. 8 mm wide, 3. 7 mm thick. 

In Figure 4, curves 1 and 2 represent the typical temperatur~ dependence of in
ternal friction in pure ice measured at the fundamental mode, and its first overtone, 
respectively . . These curves exhibit a remarkably sharp maximum damping. Resonant 
frequencies at maximum damping were 297 cps for the fundamental and 816 cps for the 
first overtone. Maximum damping occurred at -31. 5C for the fundamental and -22C 
for the first overtone. Curve 3, the fundamental, and curve 4, the first overtone, show 
the mechanical relaxation for the same specimen after it was reduced to 2. 4 mm thick 
and 11 mm wide. As frequency increased, the damping maxima shifted toward a higher 
temperature with a slight decrease in tan o. In these experiments, the height of maxi
mum damping of the pure H 20 ice occurred approximately between 0. 0085 and 0. 0095. 
The sharpness of the relaxation curves Jnay be e-xpressed as the width AT where tan o 
is half the maximum. The mean value of AT is found to be about -25C. The slope of 
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Curves 1 and 2: 
respectively, 

Curves 3 and 4: 
respectively, 

Fundamental mode and first overtone, 
specimen 196 x 11.8 x 3. 7 mm. 
Fundamental mode and first overtone, 
specimen 196 x 11 x 2. 4 mm. 
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the relaxation curves tended to extremely low values and no peculiarity was observed 
as the temperature was lowered to -190C. A steep rise of tan 6 was found as the tem
perature approached the melting point. The deviation from the relaxation curve in the 
high temperature range is due to grain- boundary internal friction. 

On the right side of Figure 4, the observed mechanical damping of another specimen 
of pure ice is illustrated as a function of temperature and frequency. Resonant frequency 
at maximum damping is indicated on each curve. 

Electrical resistivity of a melted specimen, measured at room temperature, was 
used to determine the chemical impurity index. The electrical resistivity of the melted 
pure ice specimen was about 1300 Kohm · em. Therefore, the electrical resistivity of 
doped ice can be expected to be much lower. 

Liquid D 20 was frozen into a rectangular bar and prepared in the same manner as 
the H 20 block. The average grain size was similar to that of Figure 3. Figure 5 illus
trates the typical temperature dependence of mechanical damping for D 20 ice. Damping 
maxima were observed between -lOG and -40C, shifting toward higher temperatures 
with increased vibrational frequency. The resonant frequencies at the damping maxima 
are indicated on each curve. The measured temperatures for several of the curves 
were extended to -190C, but the slopes of the relaxation curves tended to the lower 
values and no peculiarity was found. In the high temperature range, however, the steep 
rise of tan 6 caused by the boundaries appeared as the temperature approached the 
melting point. The average value for maximum damping and the sharpness of the re
laxation curve are identical to those obtained for pure H 20 ice. 
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Figure 5. Typical temperature dependence of 
internal friction in pure D 2 0 ice. 

Figure 6 represents .the logarithmic relation of rela x a tion time T and the reciprocal 
of absolute temperature T- 1 at which the damping maxima appear. The rela xation 
time is given by the reciprocal of the angular f requency at which maximum damping 
occurs. The relationships for pure H 2 0 {open circles) and for D 2 0 (solid cir c le s ) ice 
are expressed well by Arrhenius 's e quation (eq 2}. 

The dielectric r elaxation times measure d by Auty -Cole ( 1952) in the same tempera
ture range are also plotted for pure H 2 0 ice, and D 2 0 i ce. They are also distributed 
well along each straight line, implying that mechanical and die l ectrical relaxation p roc 
esses originate by the same mechanism of proton movement. This observation is con
sidered to be the most important outcome of the present work. 

Granicher et al. ( 1957) have explained the dielectric relaxati on in pure ice in terms 
of dipole rotation through D- and L -defects, as suggested by Bjerrum (1952). In a per
fect i ce crystal, only one hydrogen atom li es on the line connec ting two neighboring 
oxygen atoms. In non-perfect ice crystals, however, the 0-0 linkag e may be occupied 
by two hydrogen atoms (D-defect) or none ( L-defect). By rotation of a molecule adjacent 
to a D- or L-defect, the defect moves to a neighboring linkage and is thus able to di{£use 
in the crystal. The diffusion of these crystal imperfections causes reorientation of the 
protons and can lead to ener gy dissipation under the applied electric field. 

The constant (pre-exponential factor) To and activation energy Q were found to be: 

To = 6. 9 x 10-16 sec, 
_T_p = 1 , 0 4 X 1 0 - lS S e C , 

Q = 13. 1 Kcal/mole, for pure Hz,O ice, 
Q = 13. 2 Kcal/mole, for Dz,O ice. 
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Determining these numerical values always involves some error since they are ob
tained from the slope of the curve on a logarithmic scale. In our experiment, the 
resulting er ror can be considered to be about 5o/o." As shown in Figure 6·, the observed 
relaxation time of D 20 ice is longer than that of the pure H 20 ice. The ratio of pre
exponential factors To (D20)/T 0 (H20) is 1. 5. This may be explained by the difference 
in mass between deutron and proton. 

The good agreement of the observed damping curve with the theoretical curve is 
shown in Figure 7 (bottom}. The theoretical curve was calculated from eq 1 and 2, 
using To = 6. 9 x 10-16 sec, Q = 13. 1 Kcal/mole, tan Omax = 0. 0085, f = 297 cps. Devi
ations from the calculated curve are due to grain- boundary internal fricti on in the high 
temperature range and to radiated soupd loss and loss of energy through the suspending 
threads in the low temperature range. The agreement of the curves indicates that the 
mechanical damping of ice is caused by a single relaxation mechanism. The deviation 
of the resonant frequency from the frequency at maximum damping is plotted versus 
temperature in the upper part of Figure 7. Resonant frequency dispersion and maxi
mum damping took place in the same temperature range. · 

The dielectric loss ( £ '') of a pure ice crystal measured by Smyth and Hitchcock 
( 1932} is depicted as a function of temperature in the middle part of Figure 7. The 
temperature dependence of £

11 of pure ice is expressed by equations similar to eq 1 and 
2. As shown in this figure, the maximum of dielectr i c loss shifts toward the high tem
perature range with an increase in frequency, and shows a slight decrease in the curve 
height. Comparison of the mechanical damping curve and the dielectr ic loss curve 
measured at 300 cps shows a similar temperature dependence and sharpness (.6. T = 
25C). 
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Figure 7. Observed and calculated damping curves 
for pure ice and dispersion of resonant frequency. 

Influence of various chemical impurities on mechanical damping 

Mechanical and dielectrical relaxation phenomena in ice crystals can be explained 
by proton movement through lattice defects. When doped ice is crystallized from water 
containing chemical impurities, some chemical additiv es may be captured. Since the 
lattice configuration near the captured impurities would be strongly modified, many 
lattice imperfections may be formed. The influence of chemical impurities on dielectric 
relaxation of ice has been studied by various authors, but a systematic investigation for 
me.chanical relaxation has not yet been conducted. In the experimental investigations 
discussed here, NaCl, HCl, and NaOH were used as neutral, acidic, and alkaline addi
tives which may behave as interstitial lattice modifiers. HF and NH4 F were used as 
substitutional lattice modifiers in the ice crystal. 

Modification of mechani cal damping due to NaCl, HCl, and NaOH. NaCl, a typical 
neutral compound, showed a modification of mechanical damping from the onset. A 
dilute aqueous solution containing 0. 001 mole of NaCl was frozen in the cold room. A 
rectangular bar was cut from the doped ice block, and prepared in the same manner as 
before. The specimen consisted of large randomly oriented grains. The actual concen
tration of NaCl in the ice crystal was not measured, but the electrical resistivity for 
the melted specimen was 350 Kohm· em, which is lower than the value for pure ice, 
indicating the existence of NaCl. 
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Figure 8. Temperature dependence of internal 
friction in NaCl ice. 

Figure 8 depicts the effect of temperature variation on mechanical damping of 
NaCl ice. Several modifications were observed. The width AT of the relaxation curves 
due to proton diffusion became broader than that of pure H 20 ice, average AT = 41C 
at i ,(tan o)max· The damping maxima appeared in a lower temperature range than 
those of pure ice. 

A new modification is the appearance of another damping maximum at around 
-145C. This low temperature damping was not observed in pure H 2 0 and D 2 0 ice. 
This maximum decreased inversely to vibrational frequency, but an appreciable 
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shift of its location was not observed. A steeper rise in grain-boundary internal 
friction appeared near the melting point. The dispersion of resonant frequency is 
shown in the upper part of Figure 8. The deviation of resonant frequency from frnax 
(285 cps) at which maximum damping occurs was plotted as a function of temperature. 
As shown by a solid curve, a steep variation of the resonant frequency occurs at the 
same intermediate temperature as maximum damping (lower figure) because of proton 
movement. No appreciable dispersion was observed in either high or low temperature 
ranges where tan 6 rose steeply and another damping maximum appeared. The rela
tion between relaxation time and the reciprocal of absolute temperatur e , bo th obtained 
from the resonant frequency and temperature at maximum damping, is plotted in 
Figure 9. From the slope of this curve, Q and To are found to be 5. 57 Kcal/rnole and 
3. 95 X 10- 10 sec, respectively. These constants d iffer greatly from those of pure HzO 
ice. 

Figure 10 shows how the observed damping curve f or NaCl-doped ice differs 
from a theoretical curve given by eq 1 and 2. The theoretical curve was calculated 
using the following numerical values : To = 3. 9 x 10- 1 0 sec, Q = 5. 75 Kcal / rnole, 
tan 6rnax = Dm = 0. 011, and f = 285 cps. As shown in this figure, the maximum damp
ing curve for NaCl ice agre es with the calculated curve, suggesting that a simple relax
ation-time theory is adequate to account for the experimental data obtained fo r NaCl
doped ice. Careful attention should be given to deviations (shaded area) in both high 
and low tempe ratur e ranges. C ompare Figure 10 with Figure 7. One can easily 
recognize that grain- boundary internal f riction increased remar kably in NaC l-doped 

.ice crystals, and a new damping maximum appe ared in the low temperature range . 

An aci dic -doped ice crystal was made by freezing a dilute acid solution contain
ing 0. 002 mole of HCl. A rectangular ice bar ( 190 rnrn long, 17. 1 rnrn wide, 4 rnrn 
thick) was prepared from this ice block . The electrical resi stivity of the melted speci 
men was 3 00 Kohrn . ern. Figure 11 represents the temperature dependence of the 

2 

frl a r 
(f) 7 :.. 

:w---.: 3o --=-46-- - - ~so --- :6o----::ro 
TEMPERATURE 

Figure 9. Relaxatiol) time vs reciprocal of abso
lute temperature at maximum damping. 
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mechanical damping of Hcl ice measured at the fundamental and at the first harmonic 
vibrations. Modification of mechanical damping due to HCl was the same as that caused 
by NaCl. The relaxation curve due to proton movem e nt became broad (mean 6. T = 
40C) . The steep rise of tan o and mound - li k e damping appeared at high and low tem 
perature ranges , respectively . The height of the mound-like damping decreased with 
frequency, but no temperature shift was observed. The relation between logarithmic 
plots of the relaxation time and the reciprocal of absolute temperature for maximum 
damping (see Fig. 9) give Q = 6. 0 Kcal/mole, To = 8. 95 x 10 - 1 0 sec . 

More complicated modifications of mechanical damping were observed in an alka
line - doped ice crystal (Fig . 12). This specimen was prepared from an NaO H solution, 
concentration 0 . 002 mole, with an electrical resistivity of 900 Kohm· em when melted. 
The sharp relaxation curves, t;.. T = 25C, appeared in the same temperature range as 
for pure H 2 0 ice. A peculiar damping curve was observed in the low temperature 
ranges, but its height decreased remarkably with frequency . The log T vs T - 1 for 
NaO H ice is illustrated in Figure 9. A straight line for this specimen is located at 
nearly the same temperature range as pure ice , showing that Q = 11. 6 Kcal/mole, 
T 0 = 1 . 2 x 1 0 - 14 sec . 

Impurity distribution in NaC l.., HCl- and NaOH-doped ice crystals. Experimentation 
revealed that mechanical damping of ice can be modified by NaCl , HCl, and NaO H. If 
we assume that vibrational energy is dissipated only at the site of crystal imperfections 
and that a close correlation exists between impurity additives and defects, the following 
inferences can be drawn . 
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Figure 1 1. Temperature dependence of inte rnal f ri ction in HCl ice . 

When a crystal grows fr o m a melt or solution, it is believed that most of the im 
purities concentrate at the crystal boundaries, but some of them can exist in an atomic 
or an aggregated state within th e grains . These three types of impurity distribution 
may each have a distinctively different influence on the mechanical damping of a c r y s ta l. 
I n b oth NaC l - and H Cl- doped ice crystals, the relaxation curve due to proton movement 
became broad and lowering of the activation ene r gy and shortening of the relaxation time 
occur r ed . The dispersion of r e sonant fre quency can also be closely cor related with 
maximum damping due to proton movement. 
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According to Gdinicher et al. , the activation energy Q can be expressed as a sum 
of two components, Qf (energy required for the formationof lattice defects ) and Qd 
( energy required for diffusion of defects ) . G dtnicher et a l. (1 957 ) a l so suggested that 
Q f >> Qd . The lowering of the activation e nergy and the shortening of the relaxation 
time, therefore, may be caused by excess lattice defects created by the impurity a d di 
tives. This suggests that NaCl or HCl can disperse homogeneously within the grains in 
an atomic or a molecular state similar to a solid solution and , c onsequently, m a y form 
more lattice defects than can be found in pure ice , thus strongly influencing m echanical 
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damp ing . Tru b y ' s ( 1 9 :,z ) experiment concerning the elect r ical pr oper ti es of i ce s u gge sts 
tha t halog en i o n s inc orporate substitutionally in th e ice c r ys tal la t tice . It wa s diffi cult 
in o ur exp e rim ent, h owever , to dete r mine whe the r NaCl o r H Cl exists ei the r substi tu 
t ional! y o r int e r s t i tiall y i n the lattice. 

The m ound - li ke me cha n ical damping curve which a p peared around - l 4 5C s ugge sts 
that NaCl and HCl m ole cules can · separate in agg r egat es at localized impe r fecti on s such 
as rnic r o s c opi c h o l e s , p ockets, or vacant p lace s . Thi s mound - like dam p i n g has n eve r 
b een o hs e r v ed in p u r e ice . The temp eratur e r ange of th is damping di d no t shi ft, thoug h 
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its maximum value decreased with increasing frequency . Moreover , no dispersion in 
the r esonant frequency occurred in the same temperature range as that of the mound
like damping. These observations indicate that the distributi o n and dens i ty of these 
imperfections may be localized in the ice crystal, and NaCl or HCl molecules may 
oscillate independently within such imperfections. Although a definite model for the 
microscopic holes or vacant places in an ice crystal lattice has not been proposed, ex
periments concerning the sintering of ice (Kingery, 1960; Kuroiwa , 1961) suggest the 
existence of this type of imperfection. 

The third type of distribution is a concentration at the grain boundaries. At the 
fron t of a crystal growing in solution, an accumulation of impurities takes place. Wh en 
two crystals grown from different nuclei meet , a large amount of impurities can b e ·con 
centrated at the crystal boundary. Grain- boundary internal friction is caused by grain 
boundary viscosity . (A detailed discussion is given in Part II.) 

The most peculiar damping curve was observed in NaOH-doped ice . A sharp relax
ation curve , 6 T = 25C, appeared, indicating that mechanical damping due to proton 
movement was not modified by the addition of NaOH. In fact a logarithmic plot of the 
relaxation time of this specimen is located in the same temperature range as pure ice 
(Fig . 9). The ste e p dispersion of resonant frequency was found only in the same tem
perature range as this maximum damping due to proton diffusion. The characteristi c 
damping in the low temperature range, howe ve r, suggests that most NaOH molec ul r·s 
could be captured locally in aggregates. 

The concentration of chemical impurities at localized crystal imperfections m ay 
depend upon: crystallization velocity, affinity for the H 2 0 molecule, and possibl y othe r 
unknown va riables. Their concentration, however, might be unstable in the ice crystal 
lattice. 

The height of the mound -like damping around -l 45C can be r e duced by annealing 
(Fi g. 13). The specimen was prepared from o rdinary commercial ice. Th e actual con 
centration of chemical impurities involved was not known , but the elec tr ica l r esis tivit y 
was 450 Kohm· em. The specimen shows a remar ka ble damping in the low temperature 
range. After the first measurement, the specimen was put in a polyethylene enve lop e 
and kept in a vacuum flask filled with wet snow ( OC) for 3 days . After 3 days o.f annealing, 
noticeable decrease in height was observed in the low temperature damping , but no 
appreciable change was found in either the g rain boundary or proton diffusion dampings . 

The distribution of localized imperfections and defects along c rystal boundaries can 
be changed by irradiation with heat rays (Fig . 14 ). A poly rystalline ice specimen was 
exposed to a strong infrared lamp for a few minutes, causing conspicuous internal melt 
ing at c rystal boundaries and inside the grains . The low t empe rature mound-like d amp
ing greatly decreased after irradiation and g r ain -boundary internal friction increas ed 
remar k ably, but no appreciable change was observed in the h e ight of maximum dampi n g 
due to proton mo vem e nt. The process of internal rn e lting due to irradiation is not com 
pletely understood. Nakaya (195 6 ) suggested that Tyndall figu r es may b e formed by 
colloidal parti c les or lattice defects absorbing the heat rays and consequently causing 
internal melting. It is quite natural to suppose that concentrated chemical impurities 
at localized imperfections would begin to m e lt when the temperature approaches the 
melting point, causing a change in the impurity distribution. Dur ing irradiation, some 
chemical impurities within the grains could diffuse to the grain boundaries, greatly in
fluencing mechanical damping. Glaci er ice usually contains chemical impurities, but 
it does not show any mound-like damping in the low temperature range. This also can 
be explained by the annealing effect which glacier ice is subjected to for long periods of 
time. A detailed discussion of this is given later. 

Modification of mechanical damping as a function of NaCl concentration. Various 
ice specimens were made from aqueous solutions with NaCl concentrations of 0. 005 mole 
to 0. 00001 mole. The same vo lum e of solution was frozen under the same cooling condi
tions. All specimens were trimmed to the same dimensions by means of a microtome, 
so that they could be measured at -th e same frequency. 

Figure 15 illustrates typical variation of mechanical damping as a result of NaCl 
concentration. The resonant frequencies of the specimens were the same within 
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several percent. The r e laxation cu r ve of the specimen c rystall i z ed f rom the mos t dilute 
so l ution ( 0 . 0000 1 mole) was a ppr oxi :mat ely th e same as the c ur ve for pur ice . Good 
superposition of the curves is se en in th e sarne temperature rang e . The r elaxation c ur ve 
b ecame broad ( 6. T = 42 C ) at concentr atio ns a bo ve 0 . 00005 mo l e , and m aximu m d amp ing 
shifted towa rd the low temp e rature ranges w ith inc r ease in con centr a t ion . The mound 
like d amping at low t emp e r atur e was seen at highe r concentr a t io n . Th e appea r a nce of 
this damping may d e p end upon th e concentr ation of th e solution and th e c r ys tallizati o n 
velocity of ice . Grain-bounda r y int e rnal f r ic tion a ls o inc r ea sed wi th an increase in the 
NaC l concentration . 

Figure 1 6 g i ves the logarithmic plots of relaxation time vs T - 1 for va ri o us a Cl 
concentrations . The curve for the most dilute specimen ( 0 . 00001 mole) is in the same 
t emperature r ange as pure i ce , having the activation ene r gy Q = 13 . 2 Kc a l / mole . The 
slo p es of the log T v s T - 1 c ur ve a r e slightly less at concentrations > 0. 00005 mole but 
are abou t the same . Consequently, the activation e ner gie s are all close to 6 . 6 Kcal/mole . 
The cur ve shifted toward the low t emperatur e range with increased N a Cl concentration. 

Mo dification of mechanical damping due to HF and NH4F . The fluoride ion has b een 
regarded as one of the most favo r a bl e substance s to make a solid solution with ice. 
Tr u b y (1 955 ), in his X-ray stud y of fluori d e - doped ice crystals, found that a fluor ine 
a t om can occupy substi tutionally the s ite of oxyge n without any distortion of the ice unit 
ce ll. (The d iameters of th e Iluor i n e and oxyge n atoms are nearly the same. ) There 
fo r e , the manne r in which mechanic a l damping is modi fied should dep end upon whe t her 
the impurity atoms enter th e ice crystal lattice interstitially o r substitutionally. Two 
HF-doped ice crystals we re mad e b y f r eezing aqueous solutions containing 0 . 005 mole 
a nd 0 . 0025 mole of HF . The elec tri c al resistivities of melted w ater f r om these speci 
mens were 350 Kohm · e m and 500 Kohm. em , respec tively . 
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Figure 1 7 illustrates the temperature depend ence of the mechanical damping of 
HF ice obtained from a 0 . 005 - mole solution . The two solid cur ves represent o b s erved 
data for the fundamental and first harmonic vi brations. The relaxation curves b ecome 
broad {mean ~ T = 4 1C), and result in a reduced ac tiva tion e nergy (Q = 5. 6 Kcal /mole ) 
for the proton movement. No peculiar damping , however, was observed in the l ow tern 
perature range as seen in NaC l - or HCl - doped ice crystals. Sinc.e the fluorine atom 
can occupy the l a ttice site of the oxygen, the f ollowing reaction might b e establ i s hed i n 
HF - doped ice c r y stals . 

- - + HF + H 2 0 - F + H 3 0 

The observed modification of the r e laxation curve, therefore , could be cau sed by the 
H 30 + i ons produc e d by the addition of HF . No tic ea ble shift of the re l axation c ur ve t oward 
th e hi gh temperature range and r e duction of maximum height was observed after th is 
specime n was kept at -3 . OC fo r 10 days . 

In Figure 18, curve a shows the logarithmic plot of the relaxation time of this speci 
men against T- 1 • From the slope of curve a, we obtain Q = 5 . 6 Kcal/mole, T 0 = I . 05 
{10 ) - 10 sec . After annealing at - 3 . 0C for ._ lOdays, curve a shifted to b . C urve c rep r e 
sents log T vs T- 1 for the specimen produced from the s o iU.ti o n c ontaining 0 . 0025 mole HF. 

A poor agreement was found b e tween the observed damping curve and the th e o r e t ical 
curve (Fig . 19) calculated from eq 1 and 2, using the following numerical value s: Q = 
5 . 6 Kcal/mole , To = 1 . 05 {10) - 1 0 sec , ~m = tan 6max = 0 . 0095 , and f = 340 c ps. The 
d eviation (shaded area ) fr o m the theoretical curve means that the single relaxation time 
theory is inadequate to account for the experimental data of HF - doped ice. 
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Conspicuous modification and an annealing effect on the mechanical damping curve 
was also observed in the NH4 F - doped ice crystals. The specimen was n1ade from an 
aqueous solution containing 0. 0 1 rnole NH4 F . The electrical resistivity of this melted 
specimen was only 3 Kohm · em. The relaxation curve (Fig. 20A) was very broad {.6_T 
88 C) and maximum damping was difficult to determine . Dispersion of resonant fre q uen 
cy took place throughout the entire temperature range. After the first rheasurement, 
this specimen was put in a polyethylene envelope and annealed at - 3 . OC . After 7 days 
of annealing {Fig . 20B ) , a noticeable n1aximum appeared on each curve , reducing t he 
height of damping on the l ow temperature side . After 23 days {Fig . 20C), two distin
guishable maxima were observed on the damping curve as indicated by m and n, and 
the location of both maxima shifted toward a higher temperature range with increased 
frequency. 

The log T vs T - 1 curves obtained for both m and n maxima are plotted in Figure 18 . 
C urve m is located in nearly the same temperature range as pure ice with a steep slope 
Q = 12:2 Kcal/mole . The appearance of the two separate maxima in the relaxation 
curve can be ascribed to the internal change in che1nical composition of the specimens. 
It is supposed that many relaxation mechanisms having different relaxation times existed 
in this sample when it was prepared £rom an ice block immediately after freezing and 
that unstable mechanisms having higher free energy were eliminated gradually by 
annealing, which can form nearly impurity- free regions within ice crystals . 

According to Brill and Camp (1961 ) , NH4 F may decompose in solid solution to the 
following two components. 

2 NH4 F - NH3 + NH4 • HF2 

NH3 generated by this decomposition may be in a gaseous state. Since occlusion of 
gaseous ammonia in ice is very difficult, it may be diffused out from the inside of grains 
to the crystal surfaces, leaving an NH3 -free zone . The impossibility of the occlusion 
of NH3 in ice is easily demonstrated by freezing an ammonia solution. An aqueous solu 
tion containing 0. 0 0 5 mole of NH3 was frozen , and a specimen was prepared . The inter 
nal friction was measured at both fundamental {312 cps) and first overtone {865 cps ) 
vibrations . Sharp relaxation curves were observed in the same temperature range as 
~ure ice , showing that .6.T = 23C and the activation energy Q = 12 . 5 Kcal/mole . No 
peculiar damping was observed in the low temperature range . In fact, the electrical 
r esistivity of this melted specimen was found to be 1200 Kohm · em {approximately the 
sa:r:ne as pure ice crystals ) , implying that the occlusion of ammonia is difficult even at 
the grain boundaries . It can be concluded that long annealing of NH4F ice near the melt 
ing point results in the separation of near l y pure crystals from doped crystal regions 
indicated by m and~ in Figure 20C . 

Minimum concentration of NH4F which can modify an ice crystal lattice . The mini 
mum concentration of NaC l which was found to influence mechanical damping was between 
l o - s mole and 5{10 )- 5 mole (in ice ) as shown in Figure 16. In substitutional impurities, 
howe ve r, modification of the relaxation curve may be observed at very much lower con 
centrations . Ice specimens were made b y freezing various dilute solutions of NH 4F . 
The specimen made by freezing a 10 - 7 mole NH4 F solution showed relaxation curves 
similar to those of pure ice (.6-T = 24C). When the concentration of NH4 F was increased 
to 5( l 0 ) - 7 mole, an obvious change was observed on the low temperature side of the 
relaxation curves. The measured frequencies for the fundamental and first harmonic 
vibrations are indicated on each curve . At higher concentrations, above 10 - 4 mole, it 
was difficult to determine precisely the location of maximum internal friction because 
of th e broadness of the damping curve. As shown in Figure 2 1 , log T - T - 1 curves 
shifted toward the low temperature side with increased concentration, and the accom 
panying decrease in slope indicates a decreased activation energy. Similar phenomena 
have been observed in the dielectric properties of solid solutions of ice and NH4F by 
Zaromb and Brill ( 1956 ) . The minimum concentration of NH4 F having a significant in 
fluence on mechanical damping must be between l 0 - 7 mole and 5 ( 1 O) - 7 mole ( in ice ) . 
Therefore NH4 F can modify the ice lattice structure even at extremely low concentrations . 
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Mecha nical damping curves of artificially combined ice crystals 

2 7 

The curve in Figure ZOC has been explained as a resultant of two kinds of relaxation 
curves, shown by m and n. A more concrete mo.del concerning this probl em can be 
demonstrated by use of artificially combined crystals . This experiment is not only 
useful in understanding the above - mentioned results, but it provides us with an impor 
tant technique for the measurement of internal friction at individual grain boundaries. 

A laboratory - made pure single crystal bar and a natural contaminated single crystal 
bar were welded at the center and trimmed by a microtome to the dimensions shown in 
Figure 22A . In Figure 22, P is the pure ice prepared in the . laboratory, and Q is a 
natural contaminated single Tee crystal. The electrical resistivity of the melted contami
nated specimen was 450 Kohm· em . The natural ice crystal was obtained from Lake 
Shikaribetsu, located in Ho kkai do, Japan. As the lake ice consisted of fairly large 
grains (approximately 3 to 4 em in diameter, 40 or 50 em long), a single ice crystal 
bar ·was easily cut from one grain . Two dashed lines, P and Q, show the relaxation 
curves which would be obtained if the l 72 mm long specimen was composed independently 
of a pure or of a contaminated single ice crystal. The damping maxima of the pure and 
contaminated ice are located at - 32C and - 63C, respectively. The height of maximum 
damping of Lake Shikaribetsu' s ice was remar k ably lower than that of the artificially 
made crystal because of the orientation of its c - axis (discussed below). In Figure 22A, 
a thick and a thin solid curve represent the resultant mechanical damping of this c ombined 
crystal measured at the fundamental ( 320 cps) and the first harmonic (890 cps) vibrations , 
respectively. 

Another specimen was prepared in which the pure and the contaminated ice crystals 
were welded with a b road c ont ac t area, and then trimmed to the dimensions illustrated 
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Figure 22. Mechanical damping of a combined 
crystal of pure and contaminated ice. 

in Figure 22B. The resultant m e chanical damping obtained at the fundamental and first 
harmonic vibrations are shown by thick and thin solid curves, respectively. 

These curves are quite similar to the final stage of annealing in the NH4F-doped 
specimen (Fig. 20C). The contaminated and the pure crystals exhibit their individual 
damping in the lower and higher temperature range, respectively. 

Anisotropy of the height of maximum damping due to crystallographic orientation 

In our experiments, the height of maximum damping due to proton movement in 
randomly oriented polycrystalline ice was between 0. 0105 and 0. 0080 (mean 0. 0090) 
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in the frequency ranges of 170 to 2200 cps. Most specimens of pure or dirty ice showed 
a slight decrease in the height of maximum dampi ng with increasing frequency. Since 
the crystals have a hexagonal structure, an important problem remains in determining 
the relation betw e en height of maximum damping due to proton movement and c-axis 
orientation. P. Schiller ( 1958) fo und that maximum damping was six times higher in 
specimens with c -axis perpendicular to the direction of longitudinal oscillation than in 
specimens with c -axis parallel to oscillation. A similar relationship betwe en maximum 
damping and crystallographic orientation was also revealed in our experiments by the 
flexural v ibration. 

Thre e differ e nt specim e ns of single crystal ice having different orientations were 
prepared (Fig. 23) . Specimens A and B were cut from the same slightly contaminated 
ice c rystal made in the laboratory. C w as prepared from a natuFal single crystal 
of ice obtained from Lake Shika ribetsu. When specimens A and B were set in flexural 
vibration, the basal planes of A and the c -axis of B were perpendicular to each neutral 
plane. In specimen C, the c-axis was parallel to the neutral axis through the bar. In 
Figure 23 , curves a and b show the mechanical damping of specimens A and B obtained 
at the fundamental frequency. No difference was observed in the height of the maxima, 
but appreciable diffe r ence was found i n damping at low temperatures due to chemical 
impurities (indicated by arrow, Fig. 23). In the upper right corner of F i gure 23 this 
difference is illustrated with an ordinate enlargement of five. Curve c repres ents the 
maximum damping o f specimen C, showing one -fifth the valli;e of A or-B. When a specimen 
was prepared from the same L ake Shikaribetsu ice sample so that the direction of the 
c-axis was perpendicular to the neutral plane as in B, the height of its maximum damp -
ing coincided with B. 

Influence of plasti c deformation on maximum damping. In order to examine the 
effect of plastic deformation, specimen C was bent at -25C by supporting it at both ends 
and loading it at the c enter. After 2 days, the center o f the ice 'bar was depressed about 
15 mm . Then the specimen was turned over and reloaded at the center until the ice bar 
was straightened. The mechanical damping wa s measured again, but no change in the 
height of maximum damping was observed, implying that these deformations did not have 
any influence on the proton movement. Another specimen was prepared from a previously 
deformed single crystal and compared with a nondeformed specimen. Again, no differ 
ence was observed between the two damping maxima suggesting that plastic deformation 
cannot change the total number of lattice defects. 

Conclusions 

The internal friction of ice was measured by the flexural vibration method between 
OC and -1 80 C. In pure H 20 and D 20 ic e , obseryed mechanical relaxation curves were 
narrow and sharp, and appeared in the high temperature range. Activation energy Q 
and the pre-exponential factor To agreed with those obtained by the dielectric relaxation 
method, implying that anelasticity in ice crystals is attributable to proton movement at 
lattice defects. 

Contaminated ice crystals were made with various kinds of chemical additives. In 
doped ice crystals, the relaxati on curves became broad and maximum damping appeared 
at temperature ranges lower than fo r pure ice. The observed relaxation time also 
shortened and the activ~tion energy was half the pure ice value, implying that chemical 
impurities produce a great many lattice defects which -contribute to proton movement. 
In NaCl-doped ice crystals, me chanical damf.ing was affected in sp-ecimens made f rom 
solutions having concentrations above 5(10 )- mole. In NH4F-doped ice crystals, however, 
th e lowest concentration that had an effect on mechanical damping was between lo- 7 mole 
and 5(10)-7 mole. 

Anisotropy of the height of maximum damping was investigated. The height of maxi
mum damping of the specimens with their c -axis parallel to the neutral line of flexural 
vibration decreased to one-fifth that of the specimen with the c-axis perpendicular to the 
neutral line. 
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Figure 23. Anisotropy of height of maximum 
damping due to crystallographic orientation. 

Another kind of damping, caused by chemical impurities concentrated in an aggre
gate form within the crystal lattice, was observed in the low temperature range (around 
-145C). The behavior of this damping 'is quite different from the anelasticity due to 
proton movement. The height of damping in this range was reduced with an increase of 
frequency and also by heat treatment. This damping probably was caused by oscillation 
of impurities occluded at localized imperfections such a·s microscopic holes or vacant 
places in the ice crystal lattice. 



INTERNAL FRICTION OF H 20, D 20 AND NATURAL GLACIER ICE 31 

PART II. INTERNAL FRICTION AT CRYSTAL BOUNDARIES 

Introduction 

When the internal friction of polycr.ystalli n e ice was measured as a function of tem
perature, it was observed that the internal friction (tan 6) decreased very rapidly from 
high values near the melting point to very low values with a decrease in the temperature 
and then increased again toward a maximum value due to proton movement. There is 
no doubt that the steeply rising values for tan 6 in the temperature range between -30 
and OC are caused by the grain boundaries, because this has never been observed in 
single crystal ice. 

In our e xperiment with NaCl-doped ice crystals the _ steep grain boundary curve 
shifted toward the high temperature range with an increase in frequency (Fig. 8), and 
toward the low temperature range with an incr e ase in NaCl concentration (Fig. 15). 
The dependence of grain- boundary internal friction on frequency and impurity concen
tration implies that it is produced by grain bounda ry viscosity, as found in polycrystal
line metals by K~ (1947). It is also known that chemical impurities will concentrate at 
the grain boundaries rather than inside individual grains, with the amount of concentra
ti-on varying from boundary to boundary. In contaminated polycrystalline ice, therefore, 
every grain boundary will have a different value of tan 6. The purpose of this investiga
tion was to determine what mechanism is responsible for grain- boundary internal 
friction. The results indicate that the grain- boundary internal friction of polycrystalline 
ice is not always proportional to the total area of the crystal boundaries involved and 
that concentrated chemical impurities play an important role in grain boundary viscosity. 

Internal Fric tion o f W e ld e d Boundaries 

In an experiment described in P a rt I (Fig. 22), two combined crystals were made 
by w e lding pur e a n d contamina t e d sing l e -crystal specimens together at the melting 
point so tha t one combined crystal had a narrow welded interface and the other a broad 
interface. Si nce the crystallographic orientation was quite different in the two parts 
the welded interfa ce can be consider e d t o be an artificial grain boundary. The total inter
face areas of these two combined crystals are e stimated from their dimensions to b e 
38. 8 mm2 for the narrow interface (A) and 2510 mm2 for the broad interface (B). If 
a grain boundary always causes internal friction in the high temperatur e ranges between 
0 and -30C, a steep variati on of tan 6 should be observed at the artificial grain boundari e s 
in the c ombi n e d crystals. Contrary to this assumption, the experimental data showed 
tha t the w elded area pr o duc e d no internal friction, although a small ris e of the resultant 
internal fri c tion, show n by a thick arrow in Figure 22, can be attribute d to the contami
nated crystal. If this ris e had originated at th e welde d boundary, a hig h v a lue of tan 6 
should have been obs e r v ed in specimen B, because th e total welded ar e a of B is about 
65 times larger than that of A. 

It is interesting to note that the welded boundary between two crystals d oe s not 
produce any internal friction in the frequency ranges used. (An explan ati o n is give n in 
the next section.) 

Internal Friction at In divi dual Cr ys tal Boundaries 

A square ice plate ( 2 x 2 em) containing a Y- shap e d gra i n boundary was c ut from a 
block of commercial ice. · Two rectangular single crystal i c e bars wer e we ld e d to each 
side of this square ice plate. Then it wa s trimmed with a microtome to 185 x 15 x 
2. 7 mm. Figure 24, center, show s this 11 inlaid 11 grain boundary photographed under 
crossed polaroids; a-band c-d are w e lde d boundaries between the square ice plate and 
single crystal plates, and p-q and r:...s form a Y-shaped crystal boundary. To show 
relative crystallographic orientations of both crystal and welded boundaries, evaporation 
etch pits were produced by a technique of Formvar film de v elop e d by Higuchi ( 1958). 
The specimen was placed in a cold box and the internal friction was measured by the 
flexural vibration method as described in Part I. The fundamental frequency was 240 cps. 
In Figure 25 curve A depicts the internal friction of the specimen with inlaid Y -shaped 
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A. Etch pits along p- s. B. Etch pits along r-s. 

C. Etch pits along a-b. D. Etch pits along c -d. 

Figure 24. Inlaid Y- shaped grain boundaries. 

crystal boundaries, (A)'. Asteep rise in tan 6 is seen near the melting point. This can 
be attributed to the Y- shaped crystal boundaries, because, as noted above, this internal 
friction is not produced at welded interfaces. 

A linear grain boundary was cut from the same block of commercial ice and inserted 
between two single crystal ice bars in the same manner as shown in Figure 25, speci
men {B)'. The specimen was trimmed so that it would have approximately the same 
frequency as specimen 0) '. The grain boundary internal friction of this specimen 
(Fig. 25, curve B) shows a greater damping than that of the Y-shaped boundaries. A 
new grain boundary was inlaid in the same specimen as shown in Figure 25{C) '. 
Curve C shows the increase of tan 6 due to the additional crystal boundary. Figure 2 6 
shows the inlaid single linear boundary and the two inlaid crystal boundaries under 
polarized light. 

Curve D in Figure 25 represents the steep rise of tan 6 for an ice bar cut from 
ordinary commercial ice composed of many small grains {D)'. The average grain size 
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Figure 25. Mechanical damping of ice specimens with 
inlaid crystal boundaries. Fundamental mode (240 cps). 

was 7 to 10 m .m . No remarkable difference is observed between curves C and D, 
although the total area of the crystal boundaries of (D) 1 is very much greater than that 
of (C) 1 • Hence it appears that grain- boundary internal friction in contaminated poly
crystalline ice is not always proportional to the total area of crystal boundaries, but 
depends upon the concentration of chemical impurities, which may ·differ from boundary 
to boundary. 

Further confirmation of this inference was obtained by the following experiment. 
Two distinctly different crystal boundaries were obtained , one fro.m a pure ice specimen 
and the other from an NaCl-doped ice crystal. The NaCl-doped ice crystal was grown 
from a 0. 001-mole solution. Each ice block was inlaid and welded between two single 
crystal ice bars (Fig. 27). The bars were then trimmed to the same dimensions, so 
that they would produce equal frequencies. The structure of the pure ice crystal bound
aries is much more complicated than that of the NaCl-doped boundaries. 

Figure 28 ·Shows the grain- boundary internal friction of both specimens measured 
at fun damental vibration ( 305 cps). Clearly the crystal boundaries containing NaCl 
h ave a higher internal friction than boundaries free of chemical impurity. 
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Figure 27. Inlaid crystal boundar ies from pure ice (A) and NaCl-doped ice (B). 
(A) shows much more complicated structure than (B). 
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Figure 28. Grain- boundary internal friction in pure 
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·According to K@ ( 1947), grain boundary internal friction in polycrystalline metals 
is produced by "grain boundary viscosity". It is reasonable to expect that a concentra
tion of chemical impurities would lower the freezing temperature, producing a thin 
liquid-like film at crystal boundaries. Therefore, it can be considered that the steep 
rise of tan 6 near the melting point in polycrystalline ice is caused by a v iscous layer 
at grain boundaries. This explains ·the fact that the artificially welded grain boundary 
interface of two crystals shows no appreciable internal friction. When two crystals 
are welded together at the melting point, melted water is squeezed out of the welded 
interface by compression, leaving no chemical impurities. 

Activation Energy for Grain Boundary Viscosity 

If we assume that the grain-boundary internal friction in an ice crystal is caused by 
anelasticity due to grain boundary viscosity, a steeply rising curve near the melting 
point should exhibit a well defined maximum. The location of the maximum should move 
toward the high temperature range with an increase in frequency, and the dispersion of 
resonant frequency should also occur in the same temperature range. In our experiments , 
however, no maximum damping was observed in the high temperature range, although 
the steep rise of tan 6 appeared, showing a temperature shift with frequency. The main 
reason why it was impossible to observe maximum damping was the high frequency used. 
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The observed steep curves of tan 6, therefore, can be considered to be slopes coming 
down from "hidden maxima 1 1

• In order to observe the complete shape of the grain
boundary internal friction damping maximum, the measuring frequency must be lowered 
as much as possible. 

If the following approximation i s permitted, we can estimate roughly the activation 
energy for grain boundary viscosity. Figure 29A depicts grain- boundary internal 
friction observed in NaCl-doped ice crystallized in a 0 . 001 -mole solution. The curves 
show parallel displacement toward the high temperature range with increasing fre
quency. A horizontal line cutting all of the slopes at a point where they are parallel 
provides a means of determining the absolute temperature difference between any two 
slopes. This temperature difference is then assumed to be the same as the tempera
ture difference between the maxima of these slopes. On this assumption, the linear re
lationship between the reciprocal of these absolute temperatures and their related fre
quencies (Fig. 29B) gives an estimate of activation energy . A horizontal line was 
drawn at tan 6 = 0. 010 at which point it cut the four curves at -7. 8C, -5. 6C, -3. 2C 
and -1. OC, respectively. The resulting activation energy equals approximately 
30.9 Kcal/mole. 

The same procedures were applied to many specimens of pure and 
in order to obtain the activation energy for grain boundary viscosity. 

doped ice crystals 
The results are: 

Pure H 20 ice 7 4 . 5 Kcal/mole 
57. 5 Kcal/mole 

D 20 ice 55. 9 Kcal/mole 
57 . 5 Kcal/mole 

NaCl-doped ice 

HC 1-doped ice 

0 . 005 mole 
0. 001 mole 
0. 0005 mole 
0 . 00005 mole 
0. 00001 mole 

0 . 002 mole 

30. 9 Kca.l/mole 
30. 6 Kcal/mole 
42. 0 Kcal/mole 
51. 6 Kcal/mole 
59. 2 Kcal/mole 

3 6. 0 Kcal/mole 

Commercial ice 

HF-doped ice 

32. 0 Kcal/mole (average of 5 samples) 

0 . 0025 mole 59. 0 Kcal/mole. 

Inspection of these data shows that the activation energy for grain boundary vis
cosity of pure H 2 0 and D 2 0 ice is approximately twice as high as that of NaCl-, HCl
doped ice crystals, or commer cial ice. In NaCl ice crystals, the activation energy 
decreased with an increase in concentration. The activation energy for HF-doped ice 
was the same as the value for pure ice. Since these data were obtained through a pro
cedure which is based. on an assumpt.ion, the data may deserve re-examination in 
future studies concerning this problem. 

Conclusions 

The grain- boundary internal friction was measured by cutting an individual crystal 
boundary from polycrystalline ice and then inlaying it into a single crystal bar. It was 
confirmed that grain - boundary internal friction differs from boundary to boundary, and 
is not always proportional to the total area of the boundaries, but depends upon concen
trated chemical impurities. 

The activation energy for grain boundary viscosity was estimated assuming that the 
shift of the observed curves of tan 6 toward the high temperature range with incr.easing 
frequency is due to anelasticity at grain boundaries. The estimated values for the acti
vation energy were roughly 60 Kcal/mole for pure ice and 30 Kcal/mole for doped ice. 
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P ART III. THE INTERNAL FRICTION OF NATURAL GLACIER ICE 

Intr o duction 

The formation of natural glacie r ice is quite different from the formation of ordinary 
ice crystals grown from a melt. The ice of high polar g lac ier s is formed through densi 
fication of snow without ever b eing subjected to thaw ing . Snow crystals grow by subli
mation of wa t e r vapo r around tiny particles suspended in the air; whi le falling through 
the lowe r a tmosphere the crystal surfaces b ecome contaminated wi th impurities . The 
main sour ces of th e chemical impurities fo und in g lacier ice are the nuclei around which 
the snow c r ystals originally developed and the atmospheric ae rosols captured by the 
snowflakes while falling to the ground . A very intere sting problem arise s as to how the 
impurities a r e distributed with in g lac ie r ice and how they influence mechanical damping. 
Since the International G eophysical Y ear,· the a uthor has h a d many chances to study the 
internal friction of glacie r ice from Gr eenl and , Antarctica , and L e Conte Glacier (west 
coast of C anada ). T h eir characteri sti c internal friction c ur ve s are we ll explained b y 
the exp erimental r esults given in the prece d ing two parts. 

T empe rature D e pendence of Internal Friction 
in O rdinary P olycrystalline Ice 

Figure 30A (s oli d curves) d epic ts a typical temperature dependence of the inte rnal 
friction (tan 6) of contaminated polycr ys talline ice. Thre e remarkable variations in 
t an 6 are seen in the temperature range between OC and -180C as indicated b y G, P, 
and I. Both P and G shift toward the high temperature ·range wi th an increase in the fre 
quency, imp l ying that they are caused by anelasticity due to pr oton movement and grain 
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boundary viscosity, r es p ec tiv e l y . The mo und-li ke damping , o bs e r ve d onl y in contami
nated spe cimens, d ec r eases wi th an inc r ea s e of the frequency and wi th long -time 
annealing , s u ggesting that this damping is produce d by chemical impurities trapped 
locally within g rains in an aggrega t e d state . The r elaxa ti on c ur ve of pure ice P' appears 
in a higher temperatur e range than contaminated ice, with a n a rr ow wi dth 6. T (the t em 
perature interva l a t one -half the hei ght of the d .::tmping maximum) 2 5 C. In the con
taminated ic e 6. Tis approxima tely -iO C. This broadnes s is du e t o chemical impurities 
trapped in the ice crystal l a tti ce . 

When the loga rithm of r e l axation time T (inve rs e of ang ular frequency at maximum 
d amping ) is plotted against the r ecipr ocal of the absolute t e mperatur es at which maxi
mum damping occurs, the c ur ve fo r pure ice a ppears in the hig h temperature range with 
a steep slope. Its activation ene r gy is Q = 1 3 . 1 Kcal/mole. The curve fo r contaminated 
ice appears in the low temp e ratur e r ange wi th a low slope, hav ing an activa tion ener gy 
of Q = 6 Kcal/mole, as illustrated in Figure 30B. 

Artificially combined crystals made by welding toge ther both pure and NH4 F con
taminated ice bars showed a bimodal curve which consists of a superposition of P and 
P' as depicted in Figure 30C. H ence , if a bi modal r e l axation curve is observedin some 
specimen, it can be concluded that the specimen m ay be composed of two component 
crystals which differ from each other in impurity content. 

Investigation of a s i ngle ice crystal having different crystallographic orientations 
showed that the height of maximum damping o f the specimens having c -axis parall el 
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to the neutral line of the flexural vibration decreases to one-fifth of that of the speci 
men in which the c - axis was perpendicular to the neutral line. 

These exp e rimental facts provide very useful data for interpretation of the 
characteristic damping curve of natural glacier ice . 

Experim ental Results 

I nternal friction of Greenland glacier ice 

These ice samples were obtained from an ice tunnel (1167 ft long) excavated on the 
edge of the Ice Cap at Tuto about 1 5 miles east of Thule, Greenland. All specimens 
were removed carefully from the ice wall with the aid of a CRREL 3-in . diam coring 
auger. According to Butkovich ( 1959}, five types of ice were identified by differences 
in color, grain size, size and shape of entrapped air bubbles, and c-axis orientation. 
The internal friction of two specimens was studied. 

Figure 31 illustrates the internal friction of an ice sample obtained from active 
glacier ice located 264 ft from the portal of the ice tunnel. The average grain size of 
the specimen was 7 mm and it contained elongated and aligned air bubbles. Its density 
was 0. 905 and the electrical resistivity of the melted sample was 400 Kohm. em. 
Butkovich ( 1959) states that the c -axes of this specimen are randomly oriented, as 
shown in the Schmidt diagram in Figure 31. Two rectangular ic e bars were cut from 
this ice core, parallel to the cylinder axis, and trimmed to 173 x 19 x 5 mm and 182 x 
18 x 3 mm. Internal friction was measured at the fundamental and the first overtone 
oscillations . Resonant frequencies at maximum damping are indicated on e ach curve. 
Both the steep rise of tan 6 due to the grain boundaries and broad relaxation curves 
modified by impurities were observed , but no mound -like damping appeared in the low 
temperature range as was observed in ice crystals grown from a melt. 

Figure 32 shows the internal friction of an ice specimen obtained 650 ft from the 
portal of the ice tunnel. The average grain size of this sample was 5 mm in diameter. 
It contained homogeneously distributed spherical air bubbles less than 1 mm in diameter 
and also fine silt bands. Its density was 0. 9 1 2 and the electrical resistivity of the 
melted sample was 18 5 Kohm· em. Comparatively lower values for the electrical resis
tivity of this sample may be due to the silt bands. A petrofabric study of an ice plate 
cut perpendicular to the core axis indicated a strong polar orientation of the c -axis 
(Fig . 32 ). A rectangular bar was cut parallel to the core axis , and trimmed to 11 4 x 
13 x 4 mm, consequently the c - axis and the bar axis are parallel. Lower values of 
maximum damping, due to crystallographic orientation, were observed as expected 
from the experimental data for single crystal ice . No mound-like damping in the low 
temperature range was observed in this sample, though a lar g er amount of chemical 
impurities was involved. 

Plots of log T vs T- 1 are given in Figure 35, and the activation energy values are 
indicated . The values are quite sirnilar to those of contaminated ice crystals grown 
from a melt. 

The broadness of the relaxation curve, the low v a lue of acti v ation energy, and no 
mound-like damping around -145C imply that chemical impurities in glacier ice can 
exist within g rains in the atomic state but not in aggregates . Almost all chemical im 
purities found in g lacie r ic e may have b een d e riv ed from the sublimation nuclei of snow 
crystals and s e condary contamination due to atmospheric suspensions or aerosols . 
Sinc e hi g h polar glac ier ic e has never been subjected to melting , it is believed that 
these chemi c al impurities may have been incorporated within the ice crystal lattice 
throug h densification processes and long annealing under high pres sure . 

Internal friction of Antarctic ice?erg ice 

This sample was o bta ined from a gr o unded iceberg near Showa Base (39° 3l'E, 
69 ° 02'S), Antarctica. Although the true age of this iceberg is not known, it is supposed 
that it has been subjected to erosion by wind and melt water for a long time . Many 
a ligned air bubbles a nd h e aling interfac e s of th e rmal cr a cks were observed. The 
de nsity was 0 . 86. The el e ctric a l r e sistivity o f the m e lte d sample wa s 230 Kohm· em. 
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Fig ure 31. Inte rnal friction of Gre enland g lacier ice, 
random orientation. 

The inte rnal friction of tw o specimens , one cu t vertically and one horizontally 
from the same block of ice, is shown in F ig ur e 33 . Th e relaxation curves of both sam 
ples are ve ry broad and have o b vious shoulders on the low temperature side of the 
curves . These shoulders can b e conside r ed to be a r esultant of the two imaginary 
curves depict e d by dotted lines . In actuality , these dotted curves probably repr esent 
th e internal f ricti o n of ice c r ystals containing different concentrations of chemical im 
purities, w hich may occur through r e peated thawing and freezing during the summer 
season . The only justification for these as sumptions is the experimental results ob 
tained from a ·combine d crysta l composed of b oth pure and contaminated ice bars 
(Fig . 22} . The c o mbined crystals exhibited a bimodal cur ve which was made by the 
superposition of two relaxation curves . 

Relaxation time of Antarctic iceberg ice vs T - 1 is plotted in Figure 35 . 

Internal fricti on of L e Conte Glacier ice 

LeConte Glacier is located at 56° 45' and 130° 3 0'W (west coast of Canada}. The 
ic e samples from this glacier we re initially obtained by a Japanese crew who took 
aboard several no·ating ice blo cks that had calved from the terminal portion of the 
glacier . T w o kinds of ice we re identified by differences in grain size , transparency, 
and entrapped air bubbles. O ne of them w as transparent ice, containing no air bubbles 
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Figure 33. Internal frict i on of Antarctic iceberg ice. 

and consisting of fairly large grains from 20 to 30 mm in diameter. The electrical 
resistivity of this melted specimen was 500 Kohm· em. Another specimen consisted of 
opaque ice made up of many small grains containing tiny air bubbles. The electrical 
resistivity of this melted specimen was 700 Kohm. em . It is not known how much time 
elapsed after these ice bloc k s calved into the sea, but there is no doubt that they have 
been subjected to annealing at the melting point for a long period of time. The internal 
friction curves for these specimens are illustrated in Figure 34. 

A cursory glance at these figures will show that the relaxation curves of Le Conte 
Glacier ice are quite different from those of both Greenland and Antarctic glacier ice. 
The damping maxima (curves on the high temperature side are depicted by dotted lines) 
due to proton movement appear very close to the steep rise of tan 6 produced at the 
grain boundaries. When the relaxation times of these specimens are plotted logarith
mically against T- 1 , they appear in the same temperature range as those of pure ice 
crystals (Fig. 35). The activation energy of LeConte Glacier ice is equal to that of 
pure ice, even though it is contaminated with chemical impurities. (Glacier ice from 
Greenland and Antarctica or doped ice crystals have an activation energy of approximately 
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Figure 34. Internal friction of Le Conte Glacier ice 
(temperate glacier). 

6 Kcal/mole. ) This peculiar behavior of Le Conte Glacier ice can be explained if we 
recognize that almost all chemical impurities have diffused from within the grains to 
the grain boundaries, because of long annealing near the melting point . 
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Renaud Andre ( 195 1) found that Z 'Mutt G lacier ( temperate glacier in Switzerland} 
consisted of pure ice grains surrounded by a concentrated saline film . After Renaud's 
experiment, the following examination was carried out . A specimen of Le Conte Gla 
cier ice (transparent ice} was exposed to a strong infr ared lamp . Separation of the 
grains occurred by rapid melting of the grain boundaries. A thin surficial layer from 
each grain was melted and collected in a glass bottle, then the center portions of the 
grains were melted in order to measure their electrical resistivities separately. The 
e l ectrical resistivities of the melted grain boundaries and the center of the grains were: 
found to be 88 Kohm · em and 800 Kohm · em, respectively . The lower resistivity at the 
grain boundaries is enough to substantiate the above statements . 
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Activation E nergy for G rain Boundary Viscosi t y of G lacier I ce 

T he ac t ivation energy for grain boundary viscosity of glacier ice was e s timated by 
the approximate method u sed in Figure 29 . The results are: 

Gr eenland glacier ice 

Antarctic iceberg ice 

Le Conte G lacier ice 

randomly oriented grains (R=400 Kohm · em) 3 6. 5 Kc a l/mo l e 
strongly oriented grains (R= l 85 Kohm· em ) 38 .0 Kcal / mole 
horizontal cut specimen (R= 230 Kohm · em) 34 . 0 Kcal/ m ole 
vertical cut specime n (R =230 KohnJ. · em) 35 . 0 Kcal/mole 
transpar ent, lar ge g rains (R =500 Kohm · em) 3 6 . 0 Kcal/mole 
opaq ue , sma ll g rains (R =700 Kohm . em) 35 . 0 Kc a l/mole. 

These values were quite similar to thos e obtained in commercial o r contaminated poly -
crystalline ice . \ 

Conclusions 

G reenland g l acier ice and ordinary ice grown from a melt exhibit simi l a r r e laxation 
curves . The b r oad relaxation curves of glacier ice indicate that s ome chemical im 
purities are inco rporated into ice grains through the densificati.on proce s s of sno w . T he 
mound - like damping cur ve observed in ordinar y ice a r ound -1 45 C h as neve r b een o b
served in glacier ice , suggesting that chemical impurities exist in an atomic state 
rather than in an aggregate state within the grains . B imodal relaxation cur ves o b served 
in Antarctic iceberg ice can be explained by assuming that the ice consist s o f two t y p e s 
of crystals containing different concentrations of chemical impuritie s which might de
velop through re·p eated thawing and freezing . The narrow r e laxatio n curve found in 
Le C onte G lacie r ice suggests that all chemical impurities have diffu sed from within the 
g rains to the crystal boundaries during long annealing at the melting point . T his is 
supported by the fact that the electrical res i stivity of the melted boundary zone is much 
lower than that of the melted central portion of the grains. 
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