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ABSTRACT. The (' utting fo rce components and th e cUlling moment on th e 

cutting tool were measured during the onhogona l mac hining of ice with 

cU lling tools inclined at negati ve rake angles. The variables incl uded th e 

CUlling d epth « I mm ), the c utting speed (0.01 m s - ' to I m s- ' ), and th e 

rake a ng les ( - 15" to - 60°) . Results of the experiments showed th a t the 

cut ting force components were approx imatel y ind epe nd e nt of cutting speed. 

The resulta nt CUlling fo rce on the 1001 was in a direc tion approximately 

norm a l to the CUlling lare of the 1001. The magnillld e of th e resultant force 

increased with the nrgati \'e rake a ng-Ie. Photograph s o f' ice-chip lormati on 

revealed continuous and seg m ent ed chips a t diffe re nt CUlling depths. 

R ESUME. Experience sur le travail a la machine de la l:lare au\· allgles negalir'tS dr 

raclage. Les composa mcs de la force coupante, Cl le mo m ent de coupe df" 

i
1

0 utii lra nc hant a nt t lC mesures cl ans des essa i'i en machille onhogonale . 

Les vari abl es comprennent la pro fo ndcuf de co upe « 1 mm ), la vitesse de 

coupe (0 ,01 m s-' a I m ,- ' e t le, a nglrs de raclagr ( _ 15° a -60') . Les 

resuilals des experiences o nt mOlllrc que les composa ntcs de la force de 

coupe e la il approx imati\T menl ind epend al1l t' de I ~l vitesse de cou pe. La 

force d e coupe result ante sur J'oulil etait d a n ~ un e direct ion approx i-

NOMENCLATURE 

B edging angle ; the acute angle between the cutting 
face of the tool and the surface of the ice: 
B = n/2 minus the rake angle. 

cutt in g force component normal to the plane sur
face of the specimen per unit tool width. 

f t cutting force component tangential to the plane 
surface of the specimen per unit tool width. 

depth of tool penetration in to the i ce . 

v cutt ing speed . 

INTRODUCTION 

The mechani cs of ice i s of pract i ca 1 interest 
whenever cutting or boring of the material is re
quired . The management and removal of ice and snow, 
the building of structu res surrounded by moving i ce, 
the f ormation of i ce structures , and the mechanics 
of ski-ing and skati ng involve the machining of ice. 
Understanding ice cutting in ski- i ng was the pri nci
pal motivation for t his work. Cutting in ski-ing 
occurs during turning maneuvers; the sk i cuts the 
snow and ice at a negative ra ke angle . Because i ce is 
a brittle solid at temperatures typically near its 
melting point in ski -in g, phase transformation often 
occurs during cutt ing. 

The material properties of ice have been reported 
by Mellor (19 80) and Glen (1975), and the fracture of 
ice under impact loads was studied by Liu and Miller 
(1979). There is an i ndi cat i on in the 1 i terature that 
cutt ing forces in the machining of i ce are independent 
of tool speed . Mellor (1977) showed the independence 
of cutting for ce from cutting speed in ro ck and 
ceramic machining . Brown (1979) and Hawkes and Mellor 
(1972) reported that the failure stress of i ce in 
tension was relatively independent of strain-rate 
above about 10- 6 s-l . 

The problem addressed in these expe ri me nt s is the 
dependence of the tool fo rces It and fn in Fi gure 1 

mati \,e ment norma ie a la face coupante d e J'outil. L'ordre d e gra nd eur de 

la force resuha nle slacc roit a\·ec l'ang le nega tif de raclage. Des ph oto

graphies de la fo rm a tion de copea ux de glare mOl1lrent I'existence de 

ropeau x continus el de copcaux seg menlcs a cl if-fercnles pro fond c urs de 

roupc. 

Z t.;SAMMENFASSU NG. rer.l uc/u bei der Bearbeilullg liOn Eis mit negalire 

Ansletll1'inkelll. Die Komponcl1l en del' Sc hnittkraft und das Schnillmomcnt 

am Schneidewe rkzcug wurden in o rthogonalen Bearbcitungsversuchcn 

gemessrn. Als Vari a ble wurden die Schnillicfc « I mm ), die Schneid e

gesc hwindigkeit (0,0 I m , -, bis I m s - ' ) und die Anstellwinkel ( - 15° bis 

-60 ) eingefUhrt . Die Versuchsr rgebnisse zeig ten, dass die Komponelllell 

del' Srhnittkrart 3 1111aht rnd unabhang ig \·on der Schneidegeschwindigkeil 

warcn. Di e res ul ti e rc ndc Schninkraf, am \Verkzeug wa r ullgefah r senkrccht 

zur Schnittfront d es \Vcrkzcug!'\ gcri chtc t. Di e Gr6sse df'r Rcsu ltal1lc wu chs 

Illit dem negati ve n Anstellwinkel. Photog ra phien del' Eiss pa nbildung 

zc igtcn fortl aufCncl c unci untnbrochclle Spli nc bf i \ 'erschi ecl c nc n Sc hnitt

li cfcn. 

----i ~~ V 1 

ft 
W)X<WX<Y/) 

Pi g .1 . Schematic of machi ni ng ex pe riments . 

upon the depth of penetration L, the edging angle B, 
and the cutting speed v in a paral l el , orthogonal 
machining process . Because the mechanics of ice cutting 
is unknown , this dependence ca nn ot be predicted from 
cutting theories or from tabulated data on the stren gth 
and materia l properties of ice. A test apparatus was 
developed to measure the too l forces for ice cutting 
with tools at negative rake angles. Cutt in g speeds 
between 0 . 01 m S-1 and 1 m S - 1 and penetration depths 
of less than 1 mm were tested . The tool forces were 
found to be independent of tool speed in the speed 
range investigated. Photographs of ice ch i p formation 
of each test revealed two di stinct chip types at 
shallow and deep penetration depths . 

EWUIPMENT SET-UP 

Ice spec imens vlere prepared frorn l ocal tap water 
that was boiled for a minimum of 30 min to reduce 
the dissolved air . The spec i men molds were 50 x 80 x 
140 rnm 3 metal trays fitted with acryl i c inserts to 
form the cutti ng surface of the specimens to a par 
ticular shape. Eac h mold was externa ll y insulated 
with polyurethane foam on the top and sides on ly . 
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This insulation caused the specimens to freeze pro
gressively from the bottom to the top . Thus resid
ual stresses locked into the solidifying ice were 
minimized, and cracking of the specimens during 
preparation was eliminated. The molds were coated 
with silicone grease to facilitate specimen re
moval. 

The specimen geometry included a 44 x 80 x 
130 mm 3 base block with two raised sample volumes 
upon which the cutting was performed. The sample 
volume thickness x width x len gth was 6 x 38 x 
40 mm 3 in the majority of the tests . A 6 x 50 x 
40 mm 3 sample volume was cut to investigate the 
importance of sample width on the cutting force per 
unit sample width. Ice in the sample volumes was 
uniform with an average gas-bubble diameter of 
approximately 20 um and a bubble density of approxi
mately 2-3/mm 3 • The specimens were mounted on a 
grooved aluminum base plate by partially melting 
the base block into the grooves and then refreezing 
the assembly . 

The cutting tool was alumlnum with an inserted 
steel cutting edge at the tip of dimensions 8 x 60 x 
40 mm 3 hardened to BHN 500 . The cutting edge was 
sharpened by grinding the relief face . The tool was 
defined as "sharp" if there were no visible edge 
defects under a magnification of 30x . An aluminum 
fixture held the tool at a specified edging angle S 
as illustrated in Figure 1. The total mass of the 
tool and tool holder assembly was 0. 113 kg . 

The cutting forces were measured with a ring-type, 
st rai n-gage dynamometer . Three full strain-gage 
bridges measu red the vertical and horizontal forces 
and the moment normal to the plane of these forces 
at point 0 in Figure 1 . Th e resolution of the 
transducer was ±5 N in the range 0-400 N for any 
force i n the t - n plane . The transducer compliance 
was linear at 0. 09H um N-I for horizontal forces, 
1.03 um N-I for vertical forces, and 2.6 mrad N-I m-I 
for torsional transducer loads . The external dimen
sions of the transducer were 10 x 125 x 70 10m 3 and 
the total mass was 0. 39 kg . 

The transducer-tool assembly was driven with a 
linear hydraulic actuator system (MT5 model 204.51) 
with a 14 7UO N force capacity and a 150 mm maximum 
stroke length. Reference signals for constant
velocity tool motion were output by a digital func
tion generato r. Position feedback of the actuator 
for the controller was provided by a LVOT on the 
actuator pi ston . The specimen was cl amped to an 
adjustable table to position the height of the 
specimen relative to the cutting edge of the tool . 

The specimens were cut in side a 610 x 710 x 
610 mm 3 chamber maintained at -sac ± 1. 5 deg. 
More precise telnperature control was not found 
necessary from the consistency and reproducibi I ity 
of the data . The cutting processes were observed and 
photographed through windows on the top and sides of 
the chamber positioned normal to the cutt ing di rec
tion . 

The horizontal and vertical force components , 
the moment , and the actuator position data were re
corded with a transient waveform recorder (Biomation 
mode lU15) with a 10 bit A/O converter and a 1024 
word record length per channel. The four channels 
were sampled simultaneously at lea st 500 times 
during the cutt in g phase of a test. A pre-trigger 
mode in the recorder permitted viewing of the data 
before and after contact of the cutting edge and the 
spec i men . Reco rdin g was triggered by the transducer 
moment signal. Block in g of the data, and all data 
ca librati on and redu ct ion were performed on a 
POP-BE mini-computer system. 

EXPERIMENTAL PROCEDURE 

A surface preparation procedure assured uniform 
cutting across the entire specilnen width . Each 
spec i men was clamped to the adjustable table and 
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raised until the cutting edge of the tool just con 
tacted the specimen surface. Facing of the specimen 
surface was performed by cutting on the forward and 
backward tool strokes at 76 mm s-I, raising the 
specimen 25.4 um before each forward cut. This facing 
operation continued approximately 20 times so that 
the entire original surface of the specimen was 
machined to some extent . The specimen surface pre
paration was completed by continuing with an 
additional 20 forward and 20 backward strokes without 
chang ing the specimen height. The final specimen sur
face was smooth and flat, and it gave a high-quality 
reflective image. 

The height of the specimen was measured at the 
beginning of each test with a dial indicator 
graduated to 12 .7 um . A 1 mm thick aluminum plate 
was used to protect the sample surface from the foot 
of the dial indicator . The cutting tool was then 
moved into the starting position, and the cutting 
height was adjusted by raising the specimen relative 
to the tool. Immediately after the single forward 
stroke test, ice cuttings were "lightly" brushed from 
the sample surface and the specimen height was 
measured again . The difference between the two 
measurements was the measure of the cutt i ng depth. 
Approximately 10% of all tests were discarded due to 
sample chipping or cracking. Following the test, the 
specimen was refaced, as described above, and used 
in subsequent tests if sufficient sample surface 
rema i ned . 

Specimens brought directly from the storage 
freezer resided in the test chamber for a minimum of 
one hour prior to facing and testing to allow the 
temperature to reach approximate equilibrium. No 
significant tool wear was observed over the entire 
course of the experiments . 

Fig . 2 . Continuous ice chip. S = 45° , Z 
v = 15 rron s-I. 

Fig. 3 . Segmented ice chip. B 450, Z 
v = 1 5 rron s-I. 

38 um, 

200 um, 
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TABLE I. FORCE AND MOMENT REPEATABILITY 
v = 15 mm s - I, S = 45° 

Test No . SampZe No. Z fx 
~n N m-I 

1 200 3946 
2 200 4050 
3 200 4019 

4 2 200 3886 
5 2 200 3990 
6 2 200 4093 

7 2 200 4065 
8 2 200 4095 
9 3 200 4025 

10 3 200 4072 
11 4 200 4142 
12 4 200 4304 

13 5 38 1999 
14 5 38 1932 
15 5 38 1954 

16 6 38 1877 
17 6 38 1806 
18 7 38 1851 

19 7 38 1793 
20 7 38 1904 
21 8 38 1852 
22 8 38 1852 

RESULTS ANU OISCUSSION 

The force and moment repeatabi 1 ity for tests 
within a single sample and between different samples 
was addressed first. 22 tests with an ed9in9 angle 
(w/2 minus rake angle) of S = 45°, a sample width 
of 38 mm, and a cutting speed of v = 15 mm s-I were 
conducted and the results are summarized in Table I . 
The cutting depths were Z = 200 ~m in twelve 
tests on four samples and 38 ~m in ten tests on four 
samples . The two cutting depths produced different 
types of chips, representing different failure pro 
cesses . At Z = 38 ~m, the chip was continuous and 
well defined as shown in Figure 2 . The standard 
deviation of the cutting forces and moment within 
each test was approximately 5% of the mean. 
At Z = 200 ~m , the chip was formed by distinct, 
segmented ice particles as shown in Fi gure 3. The 
chip was often discontinuous with ice particles 
spraying out in front of the tool and with cracks 
forming in the ice beneath the tool. Tool chatter 
was more pronounced in this case and the standard 
deviations of the cutting forces were approximately 
10% of the mean . 

The maximum deviation of the mean forces and 
moment for each test from the averages of these means 
was +6% and -5% at Z = 39 ~m and +6% and - 3% at 
Z = 200 ~m. The standard deviations of the mean 
forces and moments were 3% of the means at both 
cutting depths . Reference to cutting force or moment 
in the remai nder of the paper denotes the mean cut 
ting force or moment for the specified test . 

The importance of specimen width on the measured 
l oading was eva lu ated by compar in g the curves ob 
tained for the cutting force versus cutting depth at 
specimen widths of 38 mm and 50 mm at cutting depths 
less than 1 mm . The edging angle and cutting speed 
were S = 45° and v = 15 mm s - I, respectively. 
The maximum deviation of the 50 mm specimen force 
data from the "best fit" curve drawn through the data 
po i nts of the 38 mm sample was 5% , as shown in 
Figures 4 and 5. No apparent differences in chip 

f Nz 
N M- I N m rn-I 

3969 176 
4075 181 
4001 177 

3983 175 
4006 178 
3987 178 

4039 179 
4047 180 
4012 178 

4016 179 
4152 184 
4278 189 

2074 92 . 7 
2010 89.7 
1983 88.8 

1903 85 .8 
1861 83 . 5 
1951 86 .2 

1858 82 .6 
1925 86 . 2 
1854 83 . 6 
1862 83. 3 

format i on were observed . Speci men wi dth or edge 
effects were therefore concluded to have a negligible 
effect on the measurements of force per unit specimen 
width recorded with the 38 ~rn specimen . 

The dependence of the cutt i ng forces on the cut
ting speed was examined with tests at seven cutting 
speeds at two cutt ing depths . In the speed range in
vest i gated , 0. 01 < v < 1.0 m S- I, the cutting forces 
were approximately independent of cutting speed, as 
shown i n Figures 6 and 7. The standard deviations 
of the forces at all cutt in g speeds was 3% of the mean 
at Z = 200 ~m and 5% of the mean at Z = 38 ~m . The 
dominant data variation associated with i ncreased 
cutting speed , was increased tool chatter . The in
fluence of the mechanical compliance in the experi 
mental design on chatter was not invest i gated. 
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79 

https://doi.org/10.3189/S0022143000008510 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000008510


JournaL of GLaci oLogy 

10r---------------------------------, 

v = 15 mm/s 

E 
"-
Z 
.1 

- 5 

w 
u 
a: 

Sample Width, mm 
0 
u.. 

D 38 

• 50 

o 0.50 1.00 1.50 
CUTTING DEPTH, Q, mm 

Pig . 5 . Dependence of force ft upon cutting depth . 

w 
u 

4 
o 
o 

~ 2 
o 

u. 

OL-__ J-----------~----------~ 
0 .01 0 . 1 

CUTTING SPEED,V, mVs 

Pig . 6. Dependence of fome f n upon cutting speed . 

B =45° 

o 
4 o 

~ 
Z 
.1 

-
W 
u 

2 Cl: 

0 
u. 

OL-__ -L __________ ~L-----------~ 

0 .01 0 .1 

CUTTING SPEED, V, m/s 

Pig . 7 . Dependence of fome f t upon cutting speed . 

80 

1 5r---------------------------------~ 

V=15mm/s 

{3 = 30° 

E 
"-z 
.>< 

_c 

w 
u 
a: 
0 50° u. 

60° 

o 0.50 1.00 1.50 
CUTTING DEPTH, P, mm 

Pig .8 . Dependence of foroe fn upon edging angZe . 

15r---------------------__________ -. 

~ 
Z 
.>< 

w 
u 
a: 
o 
u. 

10 

o 

v = 15mm / s 

60° 

0.50 1.00 

CU TTI NG DEPTH , P,mm 

Pig .B. Dependence of foroe f t upon edging angZe . 

1. 50 

https://doi.org/10.3189/S0022143000008510 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000008510


TABLE 11. DIRECTION OF THE RESULTANT FORCE 
Cutting speed = 15 mm s - I 

tl = 30° 

l tan-Ifn/ft 

rm1 deg 

0.005 31. 3 
0 . 010 28 . 9 
0 . 025 30 .8 
0. 038 31.2 
0. 076 31.5 
0.127 31.1 
0 . 203 31.7 

tl 40° 

l tan-Ifn/ft 

mm deg 

0. 006 40.0 
0. 019 39 . 2 
0 . 076 39.6 
0. 114 40.2 
0 . 216 40 . 4 
0.241 40.1 
0 . 394 41.0 
0. 546 41.2 

tl = 50° 

l tan-Ifn/ft 

mm deg 

0. 025 48 .8 
0. 064 47 . 7 
0 . 183 48. 3 
0. 311 48. 4 
0 . 508 48 . 7 
0.648 48.9 
0 .876 49.0 
1.020 49 . 3 

tl = 75° 

l tan-Ifn/it 

mm deg 

0. 025 63 . 0 
0.051 63.2 
0 .1 27 65 . 5 
0.229 67 . 3 
0.470 68.3 
0. 698 67 . 5 
0. 940 68.0 
1. 210 69 . 7 

l 

tl = 35° 

tan - 1ft / fn 

rm1 deg 

0.015 38 . 8 
0.025 35 . 0 
0. 064 34 . 3 
0. 114 35 . 7 
0. 165 36.7 
0. 254 36.5 

tl 45° 

l tan- If t /fn 

rm1 deg 

0.013 44 . 4 
0. 038 46 . 1 
0. 102 43 . 7 
0.190 44 . 8 
0. 318 45 . 7 
0.444 45 . 6 
0. 610 46 . 2 
0. 800 45 . 9 

tl = 60° 

mm de g 

0. 038 
0. 057 
0 . 127 
0.318 
0 . 546 
0. 711 
0. 965 

57 . 5 
58.5 
57.0 
56 . 6 
57 . 5 
57.4 
57. 8 

Lieu & Mote: f.twhining of ice at negative mke angles 

Eight edging angles tl between 30° and 75° were 
tested at cutting depths of 10 ~m and 9reater as 
shown in Figures 8 and 9. The cutting depth was in
creased until either the resultant cutting force on 
the tool exceeded 500 N or significant chipping and 
cracking of the spec i men occurred . Both the for ce 
components increased with cutting depth and decreased 
wi th edging angle . At I> = 45°, the horizontal and 
vert i ca 1 force component dependence upon cutt i ng 
depth was essentially identical, indicating normality 
of the resultant force to the contact surface of the 
tool . For tl greater (l ess) than 45° the hori zontal 
force component was always greater (less) than the 
vertical component at all cutting depths. 

At cutting depths less than approximately 15U ~m, 

the chip was of the continuous type. For depths less 
than approximately 25 ~m, the chip was also trans
parent. At cutting depths greater than approximately 
150 ~ the chip was discontinuous. The transition 
depth at 150 ~m was not obviously dependent upon 
edging angle. The standard deviations of the trans
ducer signals increased from a minimum of 5% of the 
mean at the shallowest cutting depth to a maximum of 
12% of the mean at the deepest cutting depth. 

The resultant cutting force on the tool was always 
approximately perpendicular to the cutting face of 
the tool under all test combinations. The deviation 
in angle of the resultant force from the normal to the 
tool face was within 4% except at tl = 75° where the 
maximum difference was 15%; see Table II. A low 
friction interface at the tool-ice contact, probably 
produced by pressure and friction melting of the ice 
is i ndi cated . 
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