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STR E NGTH O F BONDS BETW EE N IC E GRAINS A FT E R 
SHORT C ONTA C T TIM ES 

B.1' H. G UBLE R 

(Eidg. Institut fLi r Schnee- und Lawi nenforschung. 7260 WeissAuhjoch/ Davos. Switze rl and) 

A BSTRACT. The lensi le force req uired to break bonds bet ween ice grai ns aft er short contact times ( 1- 500 s) is 
measured as a functi on of tempera ture and eonl ae l press ure. The results indicate a sharp increase o f the lensilc 
load capac ity of bond s aft er short contac t times near the mel tin g po int and a maxi mum rate of increase of the load 
capacity at - 5 °C. Th e in iti al stale ofsin tering is modelled. assuming viscous sur face fl ow and pl as ti c defor mation 
as the main mechanisms. 

RESUME. Resista llce a la tractio ll des POIIIS elltre des billes de glace apres des temps de COl/ /Oct COllrtS. La 
force de Iraction necessa ire pour rompre les ponts entrc des bi ll cs de glace. apres des temps de co nt ac t co urts 
(1 - 500 s). es t mes urec en fonction de la temperalU re et de la press ion au contac t. Les res ul tats mo nt rent une 
augmentation sen sib le de la portance des po nts ap rcs des breI's temps de contac t it des temperatures vo isin ant le 
point de fu sion. ai nsi qu'un tau x d'accro issement maximum de la ponance it 5 °C. La phase initi a le de la 
croissance des pont s est simulee en admcttant un flu x vi queux it la surface et une deformation plaMiq ue au 
contact. 

Z USAMM ENF ASS UNG. Festigkeit VOI/ B il/dll/lgell z lI 'ischell Eis~ o /'ll e /'ll /l och k lll 'zell Kalltakt=ei tell . Die 
Tragfahigkeit von Bi ndu ngen zwisc hen Eiskornern l1ach kur Lcn Kontaktzeiten ( 1- 500 s) wird ill Abhangigkeit 
vo n der Tempera tu r und clem Kontak td ruck gell1csscn. Dic Resultalc ze igcn cincn cleutli chcn I\nsticg cler 
Tragfahigkeit der Bi ndungen nach kurze n Ko ntak tzeitcn bei T elllpcratu rcn nahe dCIll Schmelzpunkt sowie cinc 
lll ax ill1alc Zun ahlll es ra te dcr Tragfahigke it bei - 5 °C. Die A nfangsphasc dcs Z usa mll1cll sinlern s wird unler 
Alln ahll1c von viskose lll Oherfl achenAu ss und plasti scher Defo rm ation sill1ulicn . 

I NT RODUCT IO N 

The growth of sintered bond s between ice spheres has been studied (Nakaya and 
Matsumoto, 1954. Jensen, unpubli shed ; Hosier and Hallgren , 1960; Kingery, 1960 ; K uroiwa, 
196 1; Hobbs and Mason, 1964). Hobbs and Mason (1964), concluded from the time­
dependence of the growth of the bonds and from the measured absolute value of the diffu sion 
constant that bond growth is caused primarily by the transport of water molecules through the 
vapour phase. However, the strength of bonds in the initial stage of sintering (after short times of 
contact between the grains) cannot be explained by this transport mech anism. 

Th e strength of snow is largely dependent on intergranul ar structure and on the strength of 
the bonds between the grain s. Deform ation of snow often ca uses fr acturin g of some of the bo nd s 
and the generation of new contac t points. Deform atio n changes the intergranul ar structure (Kry. 
1975[a1 and [b] ; SI. Lawrence and Bradley, [1975]; Gubler, 1978 ; SI. Lawrence, 1980). The 
rela ti onships between stress, strength and strain. and strain-rate depend strongly on th e strength 
development in the new contact points. 

I n order to improve our knowledge of the initial stage of sintering. we designed an ex periment 
to measure the strength of bonds between ice grain s a fter contact times of I to I 000 s as a 
fun ction of contac t pressure, temperature, and stress ra te. The experimenta l resul ts are ex pl ained 
by the fl ow of wa ter to the bond neck in the liquid -lik e surface layer of ice (Weyl, 195 1; Fl etcher. 
1968: Kvli vidze and o thers. 1973; Go lecki and Jaccard , 1977; Gilpin . 1979). the deforma tion of 
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the spheres at the contact point, freezing of the liquid-like layer in the contact volume. and loca l 
pressure melting. 

Strength increase of snow caused by sintering for short time periods (1 - 1 000 s) at new 
contact points is the basis for deterministic models for locking mechanisms in avalanches. 
blowing snow, snow compaction, and snow milling. 

ApPARATUS 

The basic experimental arrangement is shown in Figure I. The tips of two ice cones are 
slowly brought into contact and are compressed using forces which range from 0 to 0.1 N . One 
of the ice cones (diameter of the base: 20 mm, point angle 45°, tip curvature radius 0.5 mm) is 
mounted on a piezoelectric force transducer (sensitivity < 10- 3 N). The second, moveable cone 
is fixed to a steel-al uminium axle which is suspended by thin threads. The forces (in compression 
and in tension) are applied to this rod by electromagnetic coil s. The system is placed in a sealed 
container. The container bottom is partially covered with granular snow and can be heated with 
a temperature-controlled heater to maintain the desired relative humidity of between 90 and 
100% in the container. The experimental area with the two cones is in addition protected by a 
small "Plexiglas" box. Temperatures are measured with an absolute accuracy of ± 0.1 °C at 
different points around the cones and inside the ice cones near their tips (Fig. I). The 
polycrystalline ice cones were slowly frozen in brass moulds from their base to the tip under a 
temperature gradient using outgassed, distilled water. The electronic arrangement achieves an 
automatic soft contact of the two cone tips and can apply a large variety of stress function s in 
tension and compression to the contact between the cones. 

M EASUREMENTS 

Recordings of bond strength were made at temperatures between - 0.2 °C and - 44 °C. 
Measurements with two different pairs of cones were made at each temperature. After the cones 
were carefully brought into contact, a uniform force pulse of duration I and amplitude 10- 2 N 

Plexigtas 
cover 

Humidity 

Coorse ·grolned 
snow 

Fig. I . Basic experimental setllp. 

Sealed 
contoiner 
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was app lied in compressio n. The compression pul se was immediately followed by a tensile force 
appl ied at a rate of 2 x 10 - 2 N S - I until the bond fractured. The cones were kept apart for 60 s 
between consecutive experiments to allow the cone tips to recover. The duration I of the 
compress io n pulse was varied according to the following pattern: 

t = 2, 5,10,20, 40, 80,160,320 s 

alterna tely forward and backward. Each run consisted of at least three patterns of the 
compressio n pulse lengths and included one change of the cone pair. Alternation of the start of 
the run s between the compression pulses of the longest or the shortest duration is important to 
tes t for any possible hysteresis in the recorded tensile fracture forces. 

R ESULTS 

The record ings of the fracture forces type A (Table I) were plotted as a function of the 
compress ion pul se duration I for each run and fitted to a power law : 

FT = qalP 
(I) 

q= 1 s-P, 

a and /3 a rc temperature- and geometry-dependent variables. The power law was chosen beca use 
a ll of the cu rrently proposed growth laws for sintered bonds between ice grains (Hobbs, 1974) 
ca n be exp ressed as power laws of the time of contact of the ice spheres. For each run three pairs 
of parameters a and /3, their mean errors, correlation coefficients, and I-values (Student's I-test) 
were calculated, ai , /3 i for increasing compression pulse length t , a ~ , fJ ~ for decreasing t and 
the mean values cl, 1J for the complete run. 

The following estimates were used for the determination o f the rel ati ve error of a and fJ: 

In(I + ra ) ra 
rp = 

fJ In (fm,. ! lmin) 5.1 fJ 
(2) 

where a F is the mean error of the smoothed fracture force FT. The determination of the 
com pression pul se duration t is assumed to be error free. t min = 2 sand tmu = 320 s are the lower 
and higher limits of t. fJ(I ± rp) corresponds approximately to the lowest and largest slope angles 

TABLE I. D ETA ILS OF MEAS UREMENTS 

Type of measurement 

A Tensile fracture force at 2 x 10 - 2 N S - I ; 

compression pulse length ' (2- 300) s; 
compression 10 - 2 N 

B Tensil e fracture force at 2 x 10 - 2 N S - I ; 

compression pul se length 20 s; compression 
« 1,5, 10, 20, 40,80) X 10 - 3 N 

C Tensile fracture force at 
( 1- 150) x 10 - 2 N S - I ; compress ion pulse 
length 20 s; compress ion 10 - 2 N 

Number of 
runs 

62 

8 

3 

Temperature range 
°C 

Upper 
- 0.16 

- 1.5 

Lower 
- 44 

- 38 

- 1.5 , - 11 , - 21 

• In some runs the compression-pulse duration was increased to 3 000 s. 
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fJ in a log plot of the fracture force versus compression pulse duration t (Fig. 2). The mean 
correlation coefficient for all fits is 0.9, the extreme values are 0.5 and 0.99. The corresponding 
confidence levels are always higher than 95%. Results for fJ and a are plotted in Figures 3 and 4 
as a function of the negative temperature oWCI]. The mean relative errors are r a = 0.22 - 0.28 
(range for ai, a 1 ' a), rp = 0.17, the corresponding most probable errors are Ta = 0.13 - 0 .2. 
Tp = 0 .06 - 0.11. The error distributions are not symmetric but are skewed to larger relative 
errors caused by enlarged errors at high temperatures. 

The relationship between the fracture force and the compression force is roughly linear 
(measurements type B, table 1). The gradient is about 1, independent of temperature (see page 
471). All measurements show a residual fracture force for zero contact pressure. 

The fracture force does not significantly depend on stress rate (measurements type C. 
Table I). 

DISCUSSION OF THE RESULTS 

The hysteresis of the fracture force at increasing and decreasing compression pulse durations 
is caused by surfaces being incompletely recovered. No distortion of the cone tip surface could 
be seen under an optical microscope a few seconds after the separation of the cones. The 
hysteresis of the mean fracture force is equal to or less than the mean error of a single fit. The 
mean relative hysteresis of the exponent fJ is 0.15. Above - 10 cC the higher exponents are 
related to measurements with increasing compression pulse durations t, the lower exponents to 
recordings at decreasing t. Below -10 cC no significant hysteresis has been observed. 

The parameter fJ has its highest value in the temperature range - I cC to - 5 cC, falls to a 
slightly lower constant value at lower temperature but above - 1 cC decreases sharply reaching 
zero at the melting point. The fracture-force proportionality parameter a increases sharply above 
- 2 cC. Near the melting point, the fracture force reaches a high asymptotic value after short 
contact times (1- 30 s). The increase of the fracture force with contact time is highest at 
temperatures of about -1 QC to -5 cC. Below - 10 cC the magnitude of the tensile fracture force 

10 

10 

t [s ] 

Fig. 2. Fractureforce versus compression pulse length t at a temperature of -10 qc. The straight lines are the power 
law fits for increasing and decreasing t and the whole run. 
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Fig. J. fJ i as a Junction oJ the negative temperature bWCl l fi lled with a seventh order polynomial. The 
corresponding curvesJor fJ land 1J are also included. 

dec reases onl y sli ghtl y with decreasing temperature; the growth rate of the bo nds remains almost 
consta nt. 

Theo l~ \ ' 

AsslImpriol1s ofrhe model 
The main ass umptio n in the model is the exi stence of a liquid-like layer o n ice surfaces. This 

liquid-lik e layer has been proposed by several authors (Faraday, 1859 ; Weyl, 1951; Kingery, 
1960; Fletcher, 1968 ; JeUinek, 1972 ; Kvlividze and others, 1973 ; Golecki and Jaccard, 1977 ; 
Maeno and Nishimura, 1978 ; Gilpin, 1979). Fletcher is the only worker who has tried to develop 
a qu a ntita ti ve theory of the surface struc ture of ice; both his attempts have been shown to be 
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Fig. 4. Cl i as a Junction oJ 15 jilted with a logarithmic Junction oJ 15 Jor 15 < I deg and a third degree poiy nominal 
b ~ I deg. 
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incomplete. His theories predict surface thicknesses of the order of magnitude of some 
10 - 9 m with sharp increases as temperature approaches the melting point. Jellinek (1972), usin g 
mechanical testing, estimated the surface thickness to be 9 x 10- 8 m at - 1.8 QC. Golecki (J 977) 
measured the thickness of the disordered surface as a function of temperature using proton 
channelling. Measuring the thickness of the transition layer as a function of temperature shows a 
logarithmic dependence on the absolute value of the negative temperature in I QC I 
(:::::; log (const. ol QC])) similar to that stated in Fletcher's original theory (Fletcher, 1962) but with 
a 20-fold larger slope. Golecki's measurement is also in fair agreement with Jellinek ' s mechanical 
estimate. The nuclear magnetic resonance measurements of K vlividze and others (1973) show a 
significantly increased mobility of a small percentage of the molecules in dispersed ice. The 
mobility was found to be comparable to the mobility of molecules in liquid water. K vlividze has 
shown that the high mobile molecules are concentrated at the ice- gas interface. 

With these results as background, I propose the following model: If two spherical ice 
particles are in contact, the liquid-like layers start to freeze in the contact area . Surface energy 
together with the large difference in the curvatures between the neck and surface points on the 
spheres outside the contact area give rise to a pressure gradient along the transition layer. This 
pressure gradient caused by the surface tension creates in the transition layer a viscous flow 
toward the bond neck. It is further assumed that the liquid-like layer retains its equilibrium 
thickness in the source region independent of the flow. The flow distance L is the mean distance 
at which liquid contributes to the bond. L is estimated in different ways: (a) to be a constant 
value ; Cb) as the distance between points of minimum and maximum pressure ; (c) as a function 
of a relaxation time describing the phase change at the solid- liquid interface. If the particles are 
compressed, the spheres deform plastically until the stresses in the contact region decrease below 
the yield stress. In the initial stage of contact under compression, pressure melting contributes 
significantly to the bond volume at high temperatures. 

Fig. 5. Bond geometry. 
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Bond geometry 

The ideali zed parameters are defined in Figure 5. The curvature of the neck surface is 

approxim a ted by a circle of radius rK . 

where rb = bond radius in the neck midplane 
R = radiu s of curvature of the ice particles in the contact region 
d = penetration depth of the particles because of plastic deformation. 

The radiu s of the bond at the neck boundary r* is 

The volume V' of the sphere cut is 

The total bond volume V is given by the following expressions 

V = 271j (C2 + rk)Y - V - cy(rk - y2)1/2 + rK arcsin y/ rK -

(3) 

(4) 

(5) 

- jey + d)2(3R - y - d) + !d2(3R - d)}, (6) 

(R - d)rx 
y=, (7) 

R + rK 

c2 = 2RrK + r'k + 2Rd - d2. (8) 

The curvature kb in the mid-plane cross-section of the bond is 

(9) 

The curvature of the particle in the contact region is 

2 
ks =-

R 
(10) 

Driving pressure gradient 

The pressure difference i'Y.p over the flow distance L is approximated by 

i'Y.p = YLv(ks - kb )= YLv(2/ R - rb 1 + r;;I), (I I) 

YLv is the surface energy of the transition layer. 
Under the assumption of a laminar Newtonian flow with a constant pressure gradient parallel 

to the surface layer and constant flow height determined by the equilibrium conditions for the 
di sordered surface layer, the rate of volume increase d V/dt of the bond volume V is (contribution 
of both particle surfaces considered) 

dV [3 YLV I /).p 
-=2- -- --271r* 
dt 6 1'/L L YLv 

(12) 
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where I is the equilibrium thickness of the liquid-like layer and 17L is the viscosity of the surface 
layer. 

FLOW DISTANCE L 

The estimation of the flow distance is critical. The dependence of the bond radius on the 
contact time and particle diameter is partially determined by the approximation of the flow 
distance. The simplest assumption is a constant flow distance L , independent of geometry and 
material flux (case a): 

L = constant (I3a) 

As we will see later, only the flow distance multiplied by the viscosity of the surface layer can be 
estimated from the experiment. 

In a second attempt, the flow distance is chosen to be twice the distance over which the 
driving pressure gradient is established by the surface energy and the bond geometry (case b). 
For this case the flow distance depends on the actual bond geometry and the grain diameter : 

R - d 
L = 2rK arcsin ---. 

R + rK 

A third possibility is to assume a constant relaxation time at the ice-liquid interface 

i 
- (ice ..... liquid) = constant 
r 

( l3b) 

where i is a typical intracrystal molecular distance ~ 5 x 10- 10 m and r is the relaxation time 
which controls the phase change between the ice structure and the liquid structure ~ 10- 3 s 
(Bilgram and Giittinger, 1978). 

The flow rate Q is given by 

Q=Ai/ r 

where A is the source area and 

A ~ 2n(2L - rb)2 for rb ~ R. 

The flow length is now a function of the flow rate: 

1 
( 

.) - 1/2 . 1/2 I rb 
L=--Q - +-. 

2y'27r r 2 
( l3c) 

Creep under contact stress using the indenter-hardness concept 

The yield stress ay for creep of polycrystalline ice is given by Hobbs (1974) 

ay=aoct- I/nexp(~), (14) 
nkT 

with E=2.6 x lO - 19 J, n=3.9 for T ;::: 263K, E=1.2 x IO - 19 J, n=4.4 for T < 263K, 
k= Boltzmann constant: 1.38 x 10- 23 J deg- I , and t is the time of compression; the constant c 
has the dimensions [s l/n]. 
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00 is determined by experiment and is of the order of 106 N m- 2 for t= Is, T=270 K. For 
the times I after the application of the compression force, the reciprocal penetration of the cone 
tips is ca lcul ated as a function of the corresponding yield stress: 

F = nr,20 ct- l/n exp (--.£) 
o nkT ' ( 15) 

r' is the effective radius of the stress-conducting part of the bond and F is the compression-force 
pulse amplitude. 

The bond rad ius in the absence of material flux re is approximately 

(16) 

The com press ion force Fe acting on the cross-sectional area nr; is deduced from the total 
compress io n force F with the assumption of equal yield stress for the cone ice and the bond ice: 

nr; 
Fe ,;:::; F 2 . 

nrb (frozen) 

From Eq uations (15) and (16) the penetration d is 

d = Fe t + l/n exp ( - E) . 
n2Rcoo nkT 

The correspo nding contribution to the total bond volume is (Equation 5) 

V = hd2(3R - d). 

Pressure me/ling 

The depression of the melting point !1T M as a function of pressure is 

(l6a) 

(17) 

(18) 

(19) 

where T M is the melting point of ice under normal conditions = 273.15 K, VL, Vs are the 
specific volumes of the liquid and the solid phases, LLS is the specific latent heat of fusion , and 
C ::::: 7.4 x 10 - 8 K m2 N - l . 

The equ ilibrium penetration depth d is reached if !1TM is equal to the negative particle 
temperature 6 in qc. 

d= 7.4 X 10- 8 F 
2nR6 

The correspo nding contribution to the total bond volume is similar to Equation (18). 

Heal flow 

(20) 

The heat fl ow from the growing bond volume (refreezing of the liquid) to the different sources 
of the liquid (pressure melting, surface flow) limits the possible equilibrium growth rate of the 
bond volume. The supercooled liquid in the bond volume refreezes at a speed proportional to its 
supercoo ling. For a rough estimate, we assume that the liquid refreezes from the sphere's 
surfaces into the bond volume. The maximum possible refreezing distance is equal to h (Fig. 5). 
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The radius of the refrozen bond is approximatel y 

r, ~ J2R(h + d) , R }> h + d 

1'2 - 2Rd 
h = - '---

2R 

(21 ) 

With a linear refreezing velocity VG = g(j (g is the factor of proportionality and equals 
10- 4 ms - I deg - I, BIigram and Guttinger, 1978) we get an approximate value for the 
corresponding heat flow (» by multiplying an approximate bond surface area by the refreezing 
velocity and the specific latent heatLLs(=3.35 x 108 J m - 3 ): 

1'; - 2Rd 
(» = 2nr, 2R g(jLLS, 

for V 3> 0 and r, }> J2Rd this equation may be rewritten 

The heat flow between source and sink is roughly 

(}>=k~A 
b 

(22) 

(23) 

where b is the distance between source and sink , k is the heat conductivity (= 2 J m- I S- I deg - I). 
L1 is the temperature difference between source and sink , and A is the cross-sectional area for 
heat flow. A is of the order of magnitude of the bond cross-sectional area nr~, b is approximately 
equal to L (flow distance). Equations (22) and (23) yield for the temperature difference (j between 
source and sink 

(24) 

For the initial states of sintering with rb / R ~ I, L ~ R , and Crb /R)L < 10- 4 m. the temperature 
difference L1 between source and sink is always small compared with (j (temperature below the 
melting point in CC) for (j > 0.1 deg and contact times > 2 s. 

Thickness oJ the liquid-like layer 

Fletcher (1962) and Golecki and J accard (1977) propose a logarithmic dependence of the 
transition layer thickness Ion supercooling: 

(25) 

Golecki and Jaccard: Cl ~ lOO; C2 ~ 50; C3 = 1 deg - I . 

The revised model of Fletcher (1968) and the Golecki and J accard measurements indicate an even 
sharper increase of the layer thickness above - I cc. Our model calculations agree with the 
measured data only when the log (thickness-temperature) relationship is modified in the same 
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/ = (60 +~- 3010g(C3b)) X 10- 9 m. 
(C3 u) 
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(26) 

Thi s dependence is in rough qualitative agreement with Fletcher's revised model and is in fair 
quantitative agreement with the measurements of Jellinek (1972) and Golecki and J accard (1977). 

A pproximale so /u I ions 

Basically. Eq ua tion (I I ), which describes the rate of increase of the bond volume, has to be 
solved for the bond radius rb ' Assuming a temperature- and time-independent strength of the 
bond ice. the cross-sectional area 7[r~ would be proportional to the measured tensile fracture 
force. 

Unfortunately, the time-dependent va riation of the penetration depth d (Equation 15) and the 
co mplica ted ex pressions for the bond volume V (Eq uation 6) and the flow di stance L (Equation 
13). as we ll as the additional effects of pressure melting and of the transition layer impede a 
closed form solution of Equation (11). 

However, the foll owing approximate solutions can be found : 
With the assumption d ~ R we get the followin g estimate for rb 

(27) 

Using this approximation, the differential Equation (12) can be solved for d ~ rb < R, rb > V 2Rd, 
L~constant (case a), or L~7[rK (Equation 13b) or (1 / 2y!2;)(i/r)- 1/2(dV/ dt)I/2 > rb / 2 (l3c) 
(rb = V2 Rd in the absence of any surface flow). This approximation holds for cases where 
surface fl ow is the dominant process for bond growth , neglecting plastic deformation of the 
contact area. These assumptions are fulfilled for high temperatures and for bond radii small 
compared with the equilibrium radiu s re 

2 1 I 
---+-=0 
R re rK 

j [nm] 

11'1 

Fig. 6. Thickness af the transition/ayer as a function a/ temperature o. 
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where 

and re =(~ + /2)R. 
Rewriting Equation (12) for L constant gives: 

dV = C' ~ r*(~ -~ +_1 ) 
dl L R rb rK 

C' =~ {3 YLV 

3 '7, 

For L = )'[J'K: 

For L~ 1 ( ~) - '/2 ( dV ) '/2 : 
~ T dl 

dV (, ( i )'/2)2/3( .*( 2 I I ))2/3 -= C 2j2ir - f ---+-
dl r R rb rK 

where rK ~ r~/2R (Equation 3), 
rb ~(R V)' /4 (Equation 27), r* ~ rb + rK (Equation 4). 

For these very limiting assumptions we get for the bond radii 

r ~ - - R 2/ 5 /' / 5 
(

5 Cl) '/5 
b 2 L ' 

and 

The corresponding tensile fracture forces are 

FT = 0,(1, T)r~7[ 

(28) 

(29a) 

(29b) 

(29c) 

(30a) 

(30b) 

(30c) 

(31 ) 

where 0, is the tensile strength of the bond ice for the given stress distribution as a function of 
contact time and temperature. 

The time and temperature dependence of 0, is not known, therefore, we assume a, to be 
independent of the age of the ice as well as of temperature. For the tensile fracture force the 
power of the contact time 1 varies for the different models for the flow distance L between (J = 
0.29 and 0.43. The power of the grain radius R varies from 0.71 to 0.86. The numerical so lution 
will show that the effective values are lowered by the plastic deformation process. For I = I s. 
YLv= 0 . IJm - 2, '7L =2.5x I0 - 3 kgm - 's - ', R=5 x I0 - 4 m. 6=ldeg, {=8x I0 - 8 m. 
L(const.) = 311 (Equation 30a), i = 5 X 10 - 7 r (Equation 30c). the bond radius varies from 55,Um 
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M AIN PROGRA M EQUATION SubrOlilil/es: 

RA Calculates rb(V) (Equation 6) 

I nput: R, 0, F beginning with an estimate from 
Equation 27 

LL Equilibrium thickness of liquid-like 
layer 

Refreezing of the su rface DV cl V/ dl(rb) (Eq uation 12) 

layer at the contact : 26 V Verb) (Equation 6) 

V, r b, refreezing time PLOT Data plot 

D Tip deforma tion as a function of F and 

I I (Equation 17) 

Pressure melting: Parameler lisl 
20 R Radius of curvature of the grain near 

V, rb , refreezing time 
the contact 

I 0 Absolute value of negat ive temperature 
in lOCi 

V( r b(1 + ~» - V(rb(t}) 
F Compression force 

01= V Tota l bond vo lume 
I / 2( Vet} + V( I + ~» 6 Bond radius rb 

1+ 01 --+ I: actual time 12 r, Radiu of refrozen bond 
V dV/ d l 

V, r h, rs I Time 
01 Effective time interval 

Approximate time inlerval 

Plot store 

Tip deformation 17 

Fig. 7. Flow d iagram Jor Ihe I/umerical soluliol/. 

to 75 ,um . With an ice bond strength of 106 N m- 2 at a stre s rate of about 106 N m- 2 S- I the 
tensil e frac ture force is in the range of 10- 2 N (a in Equ a tion I). The com parati vely low bond ice 
strength 0 1 (about 1/ 2 of the tensile strength measured by Butkov ich ( 1954» may be ca used by 
the high surface to cross-section ratio o f thin bonds, the low age of the bo nd ice (some seconds 
old ). and the complicated inhomogeneo us stress state in the bond cross-section. 

At low temperatures the main process is pl as ti c deforma tion of the cone tips. From 
Equ ations ( 16 and 17) we have 

r~ ;:::: Fl o.26 

r~ ;:::: Fl o.23 

T ?, 26 3 K, 

T < 26 3 K . 
(32) 

The decrease of the power of I with decreasing temperatu re fro m 0.3-0.4 (viscous Aux 
regime) to 0.23 (plastic deformati on regime) is the main reason for the measured dec rease of (J 
(Equatio n I, Fig. 3). Equation (32), acco rding to my measurements, indica tes tha t for the plastic 
deformation regime the fr acture tensile force is proportio nal to the co mpress ive fo rce. 

In reality, the two regimes are always mixed, plas ti c deformation being more important in the 
initi al state of sintering and at low temperatures. If there is no compress ional fo rce. bo nd growth 
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'b [m] 
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DT [loCI] 
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4 
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16 

32 

1000 

Fig. 8. Calculated bond radius rb(t) for temperature between - O.l °C and -40 °C and a compression pulse 
amplitude of 10 - 2 N. A: total bond radius. B: radius of re frozen bond. 

is completely described by the viscous flow regime for short contact times. For contact times 
longer than 102-103 s the main transport mechanism is vapour transport with a bond-area 
growth proportional to tO

A (Hobbs and Mason, 1964). 

(33) 

Numerical solution 

The flow diagram for the simulation program is given in Figure 7. The program calculates 

rb (t) incrementally for given temperatures. 

a UO-2N] 

~ 9 

8 

7 

5 I s: 

Lt 

3 

2 

"+L + ++ .. tr t + t+ + -t+1"_~ ,I, + 
III - .. z-~~ -

III s: I III IS: III 3S: '-till 

Fig. 9. Tensile fracture force FT =al1tr~ as a function of temperature 0(2) for t = 1 s, F= 10 - 2 N. Included are the 
measured datafor il. 
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. 18 

.. 16 

. 1'-1 

. 12 

. 02 . 0 '1 . 06 .08 10 . 12 . 1'-1 16 18 

F[N] 

Fig. 10. Calculated fracture force FT as a function of the compression amplitude F for contact times t = 20 s, 
T = 263 K. The band shows the range of the measured data (Table t , type BJ. 

Results 

Plo ts of rb(t) at different temperatures (F = 10- 2 N), oI"l[r~(T) for t = 1 s, F = 10- 2 N ; 
(J17[r~(F) for 1= 20 s, T = 263 K; P(T) for F = 10- 2 N, I s < I < 300 s are presented in Figures 
8- 11 and compared with the experimenta l data . 

Equation ( 13c) was used for the model calculation presented here (constant relaxation time 
at the interface between transition layer and bulk ice). The parameters are given below: 

YLv 40 OIl - 2 25 10- 3k - 1 - 1 - -= , YLV = . m ,IJL = . x gm s , 
YJL 

R =5 X 10- 4 m, 

i 
- = 5 X 10- 7 m s- I, i=5 X 10- 10 m, T= 10- 3 s 
T 

ay = 106 N m- 2 

I given by Equation (25) 

01 = 106 N m- 2• 

Correspondence between the experimental data and the theory is at its worst at temperatures 
above - 5 °C. The maximum theoretical va lue for the bond growth rate is below - I qc. Its value 
of c. 0.35 (simulation) to 0.4 (flux regime approximation; Equation 30c) is in fair agreement with 
the experi ment. The theoretical value for the growth rate drops ofT faster with decreasing 
temperature than does the experimental value. Thi s transition from the flux regime to the plastic 
deformation regime depends mainly on the temperature dependence of the yield stress (n, E in 
Eq uatio n 14). An increased yield stress at temperatures above - 5 °C would drastically increase 
the correspondence between theory and experiment (Fig. 11). Additional , more preci se 
measurements are necessary in this temperature range. 

The sharp decrease of P(T) (Equation 1) at temperatures approaching the melting point is 
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~1~~1~' . Y tt t t 3 t -- t \ \ . 2 

~ ~ 

~ t ~ t~ £~ f~ 30 ;l!> Y0 
6 [tOC t] 

Fig. 11. Calculated and measured values of fJ(~) for compression forces F = 10 - 2 N and compression pulse lengths 
1 s < t < 1 000 s. Measured data lJ (Table I, type A); calculated data. 
2:(Jy=106 Nm - 2,J:(Jy=1.8 x 106 Nm- 2,4:(Jy=4 x 106 Nm -2, 5: Flux regime Equation (JOc). 

caused by the decreasing pressure gradient in the transition layer for bond radii rb approaching 
its saturation value. Because of the large transition layer thickness, bond growth is very fast for 
temperatures above - 1 °C. However, at temperatures near the melting point, the bonds remain 
partly unfrozen for contact times up to several seconds (Fig. 8). 

The tensile strength of the bond ice is assumed to be independent of temperature. Butkovich 
(1954) measured a 25% linear increase in tensile strength between 0 °C and - 40 °C. In addition. 
an ageing effect for increasing t possibly increases strength for higher contact times. Both effects. 
which are not included in the model, tend to increase correspondence between simulation and 
measurements. 

CONCLUSION 

The model describes the development of sintered bonds between ice grains for short contact 
times and compressive forces in fair agreement with the measurements. Improved measurements 
of the tensile fracture force FT and of the bond radius and direct recordings of the deformation d 
are necessary to refine the model. 
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