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a: WiEp, b:




ek omEE I 13

LROBBEOHET, C<FhieFHh DL > kalBEHEOEIEBHhb5E V0%
KoBERPBEE I, ZO0BROSDRBEF ATy OFEMEBIIC E I - TOOR T
1o TORBI —10°C b —30°C oiRETERE I, BLBBOWEEOE L ~5°C T
BBDBZENTERP oI, FREOVIRCARZ DIV ME - BHECLI5b0ETS
&, BN Y > TE U E Lisdhudiabine, ZOENMBCOWCULERROETHFL
BRD, BEERMDCREET DTN Feon i I Tl <3,

V. ®% El

LLEDER S, KOBEBIIHE, HE, RER IOHBBECEET DI L2500 -7
TMESPEEC L A2HBEERE m OBLRIW OB LE IO 7 ) - 7R CBERERD -0, RE
LD m OBE 2 Y -7 B IR EER R ORBEKFC X » THA I,

FEEEC X BB OE VL, KO IAMAE I X - TES (Butkovich®, JLJE5H)
T, BIUO00L) kDT ROETHAZ EICEE LTBEB LTS THA 5 A, FisfhHR
HROEBEENERERC I - TEDZEIARL VA THAS S, EREVBEEBCECEARY LD
ERbhAHE LT, HE12x10™ cm/s, [ 545 g TERAp, EHEC—EHEE K LT
WD, A ThECOEDBREOMEE THATHCENIKTRD o 1o, BERZHAX
D&, MODBERIEN > TR F @S, EEEDOR - HEBE TSI HE LT
Wz,

TE ERFKD i EIEFIANZ VD TH DA, ZhE Tl BEEEETEHBET O
WRHC K DA TERRET BB e o fe, RICEERDOUENLREROERTED L 5,

1. BERICRIBEROBRS

T, BOSROWMEGRICBEERTEBLTRIS, ZOBE, F2ENLbNADL X
SIENC I DRI LI EBF 2 TRV, - -, BEA X DRE LR AT 3, BEERE
DN WA,

WV 1

AT = T hik (5)

CXoTHEzbhd (Jaeger™ T3 B, 7oL a WEEEMEIORE, WRHH, V
R, kb, A IXKE IOWEROBEER, o 3BEEAK, JRBROMLEYETH S,

BEEF AT, m, W, VIZEFAL, BEMEOLRCKENTD, &4, ko 4T % 2AK
B, o W, VELTERTNARRORREIIVERFE - CHELTHR LS, —Hl
LT, =02 W=3100g, V=0.18 cm/s, a=0.05cm, J=4.2 X107 erg/cal, £, =0.5x 1072,
k=476 x107° cal/s-cm-deg Z A\ 5 &,

AT =03°C (6)

LB,

EBD po W, VIRZOHBEICHWEI VNIV ORETHLLS, 4T 1222 TRD
FEX D EBR/NEL Y, BELBERC IZRE LRIER L TE LD LV, Lich
5T, FHr XIB8ATAYER LTS —10°C UTOEVIRE LI @on et 7c <, #f



14 *OE B &

BOERBE LI s TCWbHEZE LTI,

GREIVCTIAFy 7 EDERBEEBIIBRENCL s THEIRTVWA, ZO#HYH
FR—K PR OBETEA LY 5, FOfDiil, BE ONHEN F ofticii pile LB FL B
IOFEHERL7 T 9 2 FDMMOKOER 24 LD DDIEN Fo BB T8 DB,
D% b, BEE FIiT,

F=F+Fp+F (7)
thd, HVRILEBRC LT, BRERPI I v 70 RETDHERETDE, Fo+Fa % Fy &
B ENTES, BEBREEY ¢, HmMiELYs, MOELEEY p, WEAOEREY R LT
5&,

Fy = (1/4) kg's

' (8)

F, = @/6R)p |

EEHEINS, HMHE LU VEOBBEAR t ~OFEE 1 1 & T5 L,

,Us:Fs/Wy Hp = p/W (9)
Lieh, spOEELTE), QROEEH, HF4RBICH2EOREME b &1 1, #p D
ERHETHERIELRBELRS,

BE3ER BERCIEELAKOHS
T=—10°C, V=7.4x 103 cm/s, KMk (0110), s=0.07 kg/mm?, p= 10 kg/mm?

Tif H BE OB RO 5K ®| . WoELME FECEREO KL
W, L (md L (#s) "_ (#p) L (stpodme
144 0.020 0.008 0.008 0.8
295 0.018 0.007 0.010 0.9
395 0.021 0.009 0.016 1.2
545 0.022 0.009 0.018 1.2
795 0.026 0.007 0.016 0.9
1045 0.036 0.009 0.027 1.0
1600 0.043 0.009 0.032 1.0
2200 0.057 0.011 0.050 1.1
3100 | 0.070 0.011 0.059 1.0

X2 E b 5T 0009 DIZIF—EMEE R LT 50, #p (FE 144 g © 0.008 2
b, MENAETEELEKRELS-T, 3100g TX 0059 & THELAREL KT, ZDHEIE
DRI ELIV2 TR EOBMC LD (e O AR LEC LD &2 b BT
T\ b, fHETRDIBERE (ts+iy) EFBID ftexp. & DL 08~12 ORHICH HFEA L]
ThbH, TDOZER, EEN 018 cm/s LI THIE INICKDORBINIVEEL ¥ -4BH
OFEBELFAFREEHRC L > THATERZ LT TLOTHS Y, 2B LR DAL, KoH
HREET (79 2 A0 E) HEB L BN, ThBNE disVv0i, JIMRE A4 B <
BABMICN I ETHD BFLEREBR), Zhh, KOBELRRECNIVERTHS L%
2bhd, KOBEIMILBROZ ERPOREYEREOHEEOFLENTRINB S, HEE



Higdokomg 1 15

DB R DIFIMTREE & KO I RERRD SR Z &b, KOEEREEZHAT
DT, KOEREWCHBERABEEDORHKORKIELEAT HLEIRLNTHA D,

B2ERTWIB LEOZBECEDIEHEVRFEFTCRENCILIHLT, mllXoE
BEBECELNR TV AHEFAEBECIIVWCERERLTIVWTHA D, TRKDLITsD
100 5z ERE (BB T p=2s), ZDOLDHEBHBEE CIER SN DE R LEH 1 H3KT
BERTERL LY, Amonton OEEOEMNN Y TLE S b EN D T, e 23KD
BEEOZEMEEYRT Lo,

2. EOMBSICONT

Joly” %> Bowden B 23K DEESZ H LIcEIZ KO SBTABEEE S CEIE D
7o, EEEMERE L. TEMEOENOXE JRIHEEOB Y H ek >, KO3
T 200FHOBT A MENTHRD L5k -7eDiZ X 5L 1950 FRITA - THH T
H5, H12 Mt Butkovich® |5
L2KD7 Y 2t IOREREE D
RECTENDMBEYETXEEDERLE,
KD X5 IR TR O
BEHEKICH LIAA TWARRMIC L - TF
LLZE%, FThTHI2RKIFET L,
SEERMLAATHS 1B HEOMEXRL
foo BEBHID & 51 —6°C &R EI12E Ko7V Aadi X L EREHE
B Gk o i te EHNE LR O T % i % gk Bk (0001) F o X (A% | B o i,
TWBHDT, —6C U ETIIBRERCTHE Butkovich®) » [ENmMMlif, —0.25°C on
EEARE AR 2 B B FE DR EAVE T L 72 X% Bowden and Tabor®® oFEHIZ L %
¥5, Lil, —6°CLIF TRIENMAREDIRE S BN AER CHEMER A N2 BEIET
EHBBIRI bicdv, &2AT, EBDOAY — F DIFET, kOo—ERAr — M LT
WABMIL 1B I s kEV. LT, A LZTD X5 hEWINERE TKkonk X%
BETHERELZKOEREIITLDEICENTHIND, Thd B I12KOEHR ESHED
ZEE ~6°C X ERMCTh2THA S, ThixLd»<, ZORIKIBUEER LT
DOTMELCHEEEMAIOIERKC L - TEPWELFH ILL T LIENMRIES W &%
RLTW 3,

RCEEEOBRFE L L5, HHEOIDKELFREEDORA ¥ — Ve RALRAENE NG
BARE COENNE DRE TOXRKDOFEHBMBENCELICE LELS, 2 TKROMENEET S
DTHHHIKBEOE XD T DI EN Y HE I T b v, B KIERE A L
THEC TS, T CTESINIBEREIEL LAY -t 2B LTEAD Y v 7 Th 5 ER
FICH X IR BT THD (Bd D OOV gt 2Kk » T A EKBER I R0 % B ki
BI L Tik Nye™® OBERPHERVH D), $HEAr — + OBMEERIIKI 0100 fEKE V0
THBROBXIBRAEA Y — FORIPLEMECHEBEIh A EELTIV, LT TREME
LT, REOBE L LEREGOMREL RicTZ 2L X5,

—_
w>
-—

—
<

o

TV2npR X BT, kg/mm?

L I ! il !

1
-10 —20
wm o I% °C

<



16 B B 4

WD —RE To°C W & 2 IR EF QLK ENRE ZBE T 7:°C (EC X 28 ST 2
1°C) wHzxtck &, RETOREAMD, HEMCHEE z#l% LT,

(ﬂl) = 7/27[ (To—Ts) 7 (10)

0x /.

Thz bha (Flzil, Ingersoll 5%, 72721, n=1/2/at, o XEBIEEEE, ¢ 1IERHTH
by KO—ERBEPOARYY — P EFELTOBEMEZ 4 L T5&, FOMIICAE 1 cm® T f#tis
IhaE:QI3,

18

0=-[ #(Z5) w=2 L 1, )

0

LT, 121, clLHB, o XEE, FRAEEER (WThiEEM o) thshr, Sl
B AEEEMEROKRTY A, BRETAEREEMEO IOEXY L, HELX W, 25—t
DEER v ETBLE,
T = —00075 W/A, 4, =1v (12)
Elb, Lo, BEKOEX 4L,
d = QfpwL (13)

LB, L, pw IKDOEE, LIKOMBERTHD, BIE, o o, REOMHEE HL,
WMDHDOKOEE Ty LIENC X 5@ EMRT T L0 Ty—Ts % 1°C, 1=0.02 cm, v=10°cm/s
L35L, d=05x10"%cm &7ch, 0.05pm OXOBMEINTREC LD, HEMNEL 5D &
BKDEXI—CEL LB THAS, Lirl, ZhbOBMIMABRTIKOERREL D
Bl s To—Ts>0 DT U Y ILicinv, BI12R TV 5 EETEHRE —6°C Lol
BETROhD, ZOBITIE 4 2 1078 BREE Ol D TEVERIELE T4 KEoERILThbh T
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Summary

Having a close connection with the slipperiness of skating and skiing or the slipping of
vehicles and aircraft; friction on ice calls for the knowledge of its properties and mechanism.
The frictional experiments were designed using hemispherical sliders on the ice plate.

Friction of a steel ball on ice was measured as a function of load, velocity, temperature
and diameter of a slider on various crystallographic surfaces, and the frictional track was
microscopically observed.

A slider of a steel ball, 6.4 mm in diameter, was placed on an ice plate and a definite
load was applied on the ball by the use of a cantilever. Keeping the ball fixed, the ice plate
was then moved with various constant velocities (1.5x 1075~0.18 cm/s). The frictional resist-
ance was automatically recorded by means of a strain gauge (U-gauge) and an electric recorder.

Before each experiment the steel ball was cleaned by immersing it in an ultrasonic cleaning-
bath filled with a mixture of alcohol and acetone and then in a bath filled with distilled water ;
it was cleaned again by washing it in the bath of distilled water and dried under an infrared
lamp.

In order to clarify the anisotropy of friction on different crystallographic surfaces of ice,
bicrystals composed of both bassal (0001) and prismatic {0110) surfaces were prepared. The
surface was planed flat with a lathe and annealed until the fine grooves created by lathing
were completely removed by sublimation and surface diffusion.

Figure 4 shows a typical record of friction in the process of sliding. As seen in this
figure, the frictional coefficient, p, abruptly increased when the slider began to move on the
prismatic surface, and then the value of g became nearly constant. When the slider passed
the boundary of the bicrystal and entered on the basal surface, the value of g markedly de-
creased and also became nearly constant.

Figures 5, 6, 7, 8 and 11 show changes of the values of g on basal and prismatic surfaces
against applied load, frictional velocity. temperature and diameter of a slider. As seen in
these figures, the value of p on the (0110) surface was always higher than that on the (0001)
surface in spite of the fact that values of applied load, frictional velocity, temperature and
size of a slider were widely changed. These results may be explained if we recognize that
the (0001) surface has the larger hardness and smaller shear strength than those of the (0110)
surface (Butkovich® ; Tusima and Fuijii‘").

As seen in Fig. 5, the values of y were nearly constant for smaller values of applied
loads, but increased with increasing loads for higher values of applied loads. This fact means
that the Amonton's law is not applicable for the friction of ice in higher loads.

The values of p gradually decreased with the increasing frictional velocities (Fig. 6). Ac-
cording to a microscopic observation of a track caused by friction, the width of the track
increased with the increases in load and temperature and decreased with the increase in fric-
tional velocity. Heavy recrystallization and a number of cracks were observed on and along
the track. These results indicate that the surface of ice was deformed and fractured by the
shear and ploughing by a slider. Since the deformation and fracture of ice produced by the
slider may be significant with the increase of an applied load, the value of g must be increased
with the increasing applied load (Fig. 5).

The increase of the value of p obtained at low frictional velocities (Fig. 6) suggests that
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contact area between the slider and ice surface may increase with the lowering of velocity
owing to the creep of ice. The temperature dependence of the values of g are shown in
Fig. 7. The values of p increase with lowering temperatures in lower than —5°C and with
increasing temperature higher than that. It can be considered that the increase of friction in
a higher temperature range is caused by the depression of a slider owing to the creep of ice.
The temperature at which g becomes minimum shifted to a higher temperature when the
velocity was decreased.

The values of # on both the basal and prismatic surfaces obtained at —10°C are shown
in Fig. 8 as a function of applied load and frictional velocity. It should be noted that the
values of p obtained in this experiment are extremely lower than those measured at low ve-
locities by Bowden and Hughes?.

The size effect of sliders is shown in Fig. 10. The values of g increased with the decrease
in the diameter of the ball for a smaller range of diameters than 9.5 mm when the load, the
velocity and the temperature were 475 g, 7.4 X107 *cm/s and —10°C, respectively. However,
the friction remained unchanged when a steel ball larger than 9.5 mm in diameter was used.
It we plotted the value of g to the inverse diameter. we can get a linear relationship between
the friction and the reciprocal of the diameter as shown in Fig. 10b.

If is shown that the frictional properties of ice are not sufficiently explained by the pressure
melting and the frictional melting theory. Assuming that the frictional resistance of the
ice surface for a sliding steel ball is caused by the shear and ploughing by the slider at the
contact area, we can calculate g frictional coefficient for shear and g, frictional coefficient for
ploughing. The expressions for g, and g, are given by Bowden and Tabor.

2 3
Hs :k'”<g_> W and g =/e"-6¢R—pW,

where ¢ is the width of track and R the diameter of a steel ball, W the applied load, s the
interfacial shear strength, p the specific ploughing strength, and % and % the constants for
shape factor.

We can well explain the obtained results by the adhesion theory. The values of friction,
%, obtained from the present experiments and, g5+ ptp. predicted from the adhesion theory are
tabulated in Table 3. These values agree very well for each run of experiment. It may be
concluded that the kinetic friction of ice is caused by shear and ploughung in terms of the
adhesion theory.



