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INrnooucrroN
'l 'he surface energy of a solid may be defined as the work required to

produce a certain amount of new surface. In a rough way it is a measure

of the density and strength of broken atomic bonds at a surface. In a

number of geologic problems the surface energy of minerais may be ex-

tremeiy important. For example, surface energy may partly determine

britt le strength of rocks. The best cleavage of minerals may be the plane

of minimum surface energy (Gilman' 1959). Surface energy may controi

development of certain textural features of igneous and metamorphic

rocks. Certain methods of mineral' separation depend upon surface

energies of minerals.
In spite of this, few measurements of surface energy of minerals have

been made. one reason is that surface energy per unit of surface area

("specific surface energy") is a very small quantity. It is difficult to

design an experiment in which new surface is produced and in which one

wid.e variety of crystals. Gilman measured the specific surface energies

of a number of substances in the NaCI structure type, as well as calcite,

fluorite and others.
In the present study Gilman's method is applied to two materials of

considerable geologic interest. The first, orthoclase, has good cleavage

and Gilman's method is directly applicable. The second, quartz, has very

poor cleavage and additional experimental techniques had to be de-

veloped before Gilman's method could be used. The experiments were

done at room temperature. Gilman's experiments were carried out at
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Frc. 1. Partially cleaved bar of single crystal

temperatures down to - 196o c. to avoid plastic f low of his materials.
Following description of the experiments below, all known measured

surface energies of minerals are tabuiated. These are compared with
surface energies calculated from elastic constants.

For a review of the general subject of surface energy and its measure-
ment the reader is referred to Gilman (1960) and partington (1952).

TuBonv
General

rn the method used here a single flat crack is introduced into a crystal
and then the work required to cause the crack to enlarge is measured.
From an energy balance equation, evaluated as the crack starts to
grow, one obtains the surface energy per unit area of crack surface.

The starting material is a single crystal cut to the shape of a rectangu-
lar bar. A long flat crack is introduced into the bar. For crystars with
good cleavage this is a cleavage crack; for noncrystalline materials or
materials with poor cleavage the crack may have any orientation. The
bar is next gripped at the split end and pulled in such a way that the
crack extends. rn Fig. 1 the bar is shown at the instant the crack starts
to enlarge under the action of the force, F. The displacement of the
split ends, 26, is grossly exaggerated.

For this system Gilman (1960, p.2211) showed that specific surface
energy, 7, of the crack surface is

a : 6F2r-2/Ea2t3 (1)
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in which F is the force just needed to cause the crack to enlarge, E is

Young's modulus in the direction of crack growth, and Z, w and. t are

bar dimensions (Fig. 1).
One difficulty with Gilman's analysis is that elastic energy due to

stress concentration near the crack tip was apparently not considered

in determination of the total elastic energy in the system shown in Fig. 1.

It is necessary to see how big a contribution this makes before Eq. (1)

can be used.

Crach lip energy

The elastic energy, U', stored in the region near the tip of the crack

must be determined. Consider a bar containing a crack several units of

I long with the tip of the crack suffi.ciently far away from the uncracked

end so that the stress distribution at the crack tip is unaffected by the

free surface. The bar is separated, for analysis, into three parts (Fig. 2),

with the surface of separation an arbitrary distance c' f.orr' the crack

tip. The forces, F, and moments M on the cut end are shown schemati-

cally. The thickness of the bar normal to the diagram is zp.
Normal stresses, which act in a direction parallel with the plane of

the crack wil l have litt le influence on the stress at the crack tip and

therefore on the strain energy associated with the crack tip. Only the

shearing stress resulting in the shear force F will be significant. Un-

fortunately the exact stress distribution at the crack tip arising from

1 1 1 3

Frc. 2. Analysis of stress in partially cleaved bar. Stresses omitted in lower

half of bar for simplicitv.
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such shear loads is not avaiiabie from the l iterature. An approximation
to the loading which yields the correct order of magnitude for the strain
energy at the crack tip is made by assuming that the transverse load
F can be replaced by a pressure p acting on the crack surface, where

P : F/c'u'

Then the strain energy wil l be approximately (Orowan, 1949, p. 193)

U' : (6,1zpzu,1t' - pz/8t,.

But for a system in which the force, l ' , remains constant as the crack
grolvs, then

dL,'/dL : o,

and there is thus no contribution from crack tip energy as the crack
starts to grow. Equation (1) is thus valid. For a system in which d rather
than F is held constant, there is a contribution but it is small and can
be neglected for the range of bar sizes used in the experiments here.

ExpnRrunxrs
Preparation oJ mater,ial

Bars were cut from blocks of clear Brazil ian qlartz and {rom two
Iarge single crystals of orthoclase from pegmatites. Quartz was etched
in concentrated HF for 3 hours, feldspar for t hour following sawing,
rough poiishing and the special treatment given quartz to produce the
desired starting configuration (Fig. 1). Qtartz bars containing Dauphin6
twins, as revealed by the etching, were discarded.

A special technique was developed to form a large single crack in the
qrartz bars in any desired direction. First a small hole was drilled
through the bar at the center of one of the large faces (Fig.3a). The
axis of the hole lay in the plane whose surface energy was desired. Next
the bar was compressed between steel plates (Fig.3b). This produied
tension at two points on the surface of the hoie and a crack formed.
Further compression caused it to grow until i t was about half as iong as
the bar. One end of the crack was next drawn out to the end of the bar by
placing lead between that end of the bar and the steel plate (Fig.3c).
This gave a single straight crack in the desired plane, which was the
starting configuration.

The starting configuration in feidspar was easily attained. A wedge
with an included angle of 30o was pressed against one end of the etched
bar while the other end was gripped in a clamp. The long axis of the
wedge was held paraliel with the trace of the (001) cleavage on the end
of the bar. A cleavage crack was init iated by carefully pressing the
wedge against the bar in a small vice.
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Frc. 3. Method of introducing single crack into bar of quartz' Not to scale

After the above preparation, the bars of quartz or orthoclase were

immediately gripped and cleaved.

Measurements

The split ends of the bars were pulled by pivoted grips in a direction

normal to the long dimension of the bars (in the direction of the forces,

F, in Fig. 1). Force was applied by hand through a sc(ew at the rate of

about 20 g/sec. Force was measured by a load cell and plotted os. t ime

on an XY recorder.
Dimensions of the bars were measured by vernier caiipers to 0.02 mm.

Length of the crack, I-, could be obtained precisely because a sharp

step forms when the crack stops. 'Ihis marks the point of farthest ad-

vance of the crack at the stage shown in Fig.3(c), and is observed after

the bar is finally split in two.
Force and dimensions are shown in Table 1 together with calculated

7. Probable experimental error of "y is about 20 per cent, due principally

to uncertainty in l. The two halves of the cleaved bar are rarely of equal

thickness and the average I must be used.
The quartz bars were cut so that surface energy of a number of com-

mon faces could be measured. The longest dimension of the bars was in

all cases in the samc plane as the c-axis. Young's modulus of the quartz

( c  )( b )
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bars was computed from elastic constants (Birch et al., 1942, p. 6g)
using standard formulae (Nye, 1957, p. 145). The feldspar bars were cut
so that the surface to be measured was the (001) cleavage; the long axis
of the bars was approximately parallel with the b-axis. The values of
Young's modulus of quartz and felsdpar are given in Tabre 1 in megabars
(1 megabar equals 1012 dynes/cm2).

The surfaces of the cracks produced in quartz were mirror smooth
and probably did not deviate more than a few degrees from the desired
plane. As a crack was extended it did in some cases curve out of the
plane in which it was initiated. As this always happened gradually, it
could be safely assumed that one was measuring the 7 of the plane having
the original crack orientation.

with feldspar it was much less certain that one was producing a single

Face E/mb Ii /s t/cm w/cm L/cm a/ergs cm-z

(1120)

(1011)

(1or 1; '

(1010)

(001),

1 . 0 3

0 . 9 1
0 . 9 1
0 . 9 1
0 . 9 1

0 . 9 1
1 . 2 5

1 . 0 3
1 .03
1 . 0 3
1 . 0 3

0.  83
0 . 8 3
0 . 8 3
0 . 8 3
0 . 8 3
0 . 8 3

2650

780
1690
r760
2530

2680
3320

3100
4040
5400
5720

3950
4000
7000
7500
77ffi
9040

0 . 6 8
0 . 6 6
0.66
0 . 6 2

0 . 6 4
0 . 6 1

0 . 6 5
0.62
0 . 6 5
0 . 7 r

0 .35
0.48
0 .59
0.  57
0 .65
0.63

0.84

o . 6 2
1 . 0 0
1 . 0 1
0 . 8 1

I . 2 9
1  . 3 6

1  . 3 0
1 . 3 6
1 . 5 2
r . 0 0

o .94
1 . 2 0
1 . 1 3
1 00
t . t l
1 .03

2 4 3

2 . 9 0
2 . 5 2
2 . 3 1
1 .45

2 . 0 5
2 . 0 5

2 . 6 2
2 . 2 7
1  . 9 1
1 . 4 9

1 . 4 3
2 . 8 0
2 . 4 3
2 . 0 0
3 . 0 0
1 . 7 5

830
1 1 1 0
980

1180

6000
5680
7980
8800

11300
6850

280
420
370
570

7770

I This bar was twinned, with the twin boundary just inside the point of farthest ad-
vance of the crack before pulling. The crack propagated from a region of (1011) into a
region of (1011). The measured 7 was that of (T011) although E must be that of (10T1).

'? 'rhis 
bar of orthoclase was from one crystal, all the other bars from another crystal.

T,c.er,r 1. Mn,q.sunrunNrs oF Sunl,c.cns Emncv

Quartz

Quartz

Quartz

Quartz

Orthoclase
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cleavage plane. Before pulling, a cleavage crack often appeared to be
made up of short segments in slightly different planes ofiset from one
another and joined by short bridging cracks. After cleaving the bars
small flakes and splinters always covered the surface. It appeared that
cracks must be propagating not on one but on several cleavage pianes.

Certain crack orientations in quartz could only be produced with
great diff iculty. This was particularly true with (1011); reliable measure-
menfs on only 2 or the original 8 bars were made. About half of the
(1011) and (1010) bars gave reliable data. By comparison,8 out of 10
feldspar bars gave reliable data. Nlost of the difficulty with quartz stems
from the method of producing the crack. It is difficult to draw the crack
out at one end of the bar, while keeping it well inside the other end, and
without developing side cracks. Diameter of the hole may be important;
an optimum diameter-width ratio is about |. Nluch of the loss occurred
here before this ratio was discovered. A typical quartz bar, usable except
for a side crack, is shown in Fig. 4.

DrscussroN

Estimale oJ .y from elastic constants

A rough estimate of 7 can be obtained from the elastic constants of a
crystal if one makes the assumption that the force acting across any
surface, such as a cleavage plane, may be represented by a sine function.
The force is taken to be zero when the atoms across the plane have their
normal separation, and to die out again at a distance equal to the atomic
radius of these atoms. From this simple theory an expressfon for 7 is
found to be (Gi lman,  1960,  p.  22t6) :

t1t7

t : ltaz /,1 or2 (2)
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in which E is Young's modulus normal to the plane in question and {,
is the atomic radius of atoms lying in the cleavage plane. The quantity d6
is the spacing of cleavage planes;it may be less than or equal to unit cell
dimensions. For example, calcite has a single (1011) cleavage plane per
unit cell, so that do here is the crystallographic d-spacing of(1011).
Aragonite, on the other hand has two (010) cleavage planes per unit
cell, so that here d6 is equal to half the crystallographic d-spacing of (0 10) .

To calculate 7 for some plane in a crystal, then, one has to know .8,
which is readily obtainable from measured elastic constants, and o and
do which are obtainable from cell constants after some consideration of
the crystal structure. In Table 2 "y is given for common minerals for
which elastic constants are available. The plane is either the best cieavage
of the mineral, or, for minerals with essentially no cleavage, a low index
face. The source of the crystallographic data was standard works such
as Strukturbericht, the elastic data, Birch et al. (1942) and Verma (1960).

In the calculation of 7 for qtartz a number of assumptions had to be
made about cleavage in quartz. Fairbairn's analysis (1939) which includes
Niggii 's i l lumination diagrams of the bonding in quartz served as the
basis of these assumptions.

To obtain dn of, say, (1011) one has to determine the number of
cleavage planes per unit cell parallel to (1011). Cleavage planes are
assumed to cut the least number of f irst order Si-O bonds. It is further
assumed to be immaterial whether the bonds cut belong to the same or to
different tetrahedra, or whether the resulting surface is neutral or not.
On this basis there are 3 cleavage planes per unit cell for (i011) and
(1011 ) ,  and  4  f o r  ( 1010 ) .

Discussion

Although the theory leading to Eq. (2) gives at best a rough estimate
of 'y for most minerals and particularly for sil icates, it probably gives
results correct to an order of magnitude. It is therefore of interest to com-
pare predictions of this theory with measurements. Measurements avail-
able from the present work, and from Gilman and others are given in
Table 2.

Agreement in Table 2 between measured and predicted ,y for halite,
periclase and even calcite and fluorite is seen to be good. This observa-
tion combined with good agreement for LiF, BaF2, Si and Fe (3% Si)
repor ted by Gi lman (1960,  p.2217) suggests that ,  except  for  s i l icates,
Eq. (2) gives a result which in general wil l not be off by more than a
factor of about 2. Even the results for quartz reported here agree with
the simple theoretical prediction to within a factor of 2. One can therefore
make certain generalizations based on the calculated results in Table 2.
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7/ergs cm '

Mineral Face do/A a/L
meas.

Graphitet
('alcite2

Aragonite
Halite
Sphaierite
Fosterite3
Muscovite
Fluorite
Barite

Quartza

Galena
Hematite
GIass

Periclase
Rutiie
Pyrite
Spine15
Orthoclase6

(0001)
(10T1)

(010)
(100)
(110)
(010)
(001)
(  111 )
(001)

(1011)
(1011)
(1010)
(100)

(0001)

(100)
(110)
(100)
(111 )
(001)

2 . 2 5

2 . 5 0
r 7 0
3 . 7 0
3 . 8 0
1 . 0

lt9
190

270
310
360
370

540
480
/ou
450
480
625
980

1310
1420
1550
1 780
200

330

375
450

410
500

1030

1214
540

t200

230

Good, el al. ,  (1958)

Gilman (1960)

Gilman (1960)
Gilman (1959)

Obreimofi (1930)
Gilman (1960)

Gilman (1959)

Berdennikov (1933)
Griffith (1921)
Gilman (1960)

I This estimate is based on a theory of interfacial energy and heats of immersion of

graphite in organic liquids (Good et al'.,1958).
; cl"u,rug" is assumed to leave the carbonate units intact. Gilman (1960, p.2217) cal-

culated 7 to be 380 ergs/cm2 due to his choice of a different value of E perpendicular to

(10T1).
3 Silica tetrahedra are assumed to remain intact cluring cleavage and o is taken as the

average of the Mg and O radii.
a The distance a is taken as half the Si-O distance in low quartz (Machatschki, 1936).

5 Cleavage is assumed to sever Mg-O bonds and o is taken as the average of the Mg and

O radii.
6 E was determined from linear compressibility (Birch el aI.,1942, p. 58) assuming that

Poisson's ratio is 0.27. The distance a is taken as half the Si-O distance (Bailey and Taylor

19ss).

Specific surface energy of the common minerals, omitting feldspar for

the moment, ranges from about 100 to 2000 ergs/cm2. In general the

harder minerals have higher ?, although there are a number of exceptions.

The variation of 7 in a single material (quartz) may be quite large with

respect to differences in 7 among minerals.
Gilman has suggested (1959) that relative ease of cleavage parallel to

E/mb

0 . 5 2

0 7.5
0 .44

1 . 7 0

0 . 9 2
0 . 9 4
l . . t

o . 7 7
0 7 9
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various planes in a mineral is determined by y of these planes. This seems
to be borne out  by thepresentresul ts  of  quar tz .  T of  11011) and ( lOt t .1
is lower than that of (1010) and (1120;. According to nearly all investiga-
tors the best  c leavage in quar tz  is  (1011),  the next  best  is  l tOt t ;  wi t t r
very poor cleavage parallel to (1010), (1120) and other faces. probable
experimental error is so great that no significance should be attached to
the d i f ierence repor ted here between "y of  (1011) and (1Ott1.

The value of 7 reported here for quartz differs markedly from that
obtained by schell inger (1952) by a calorimetric method. For crushed
material he obtained 107,000 ergs/cm2 ior quartz,60,000 ergs/cm2 for
pyrite, 32,000 ergs/cm2 for calcite and 26,000 ergs/cm2 for halite. He
thought that his results were several orders of magnitudes too high but
offered no explanation. In his method granulated material was crushed
in a ball mil l, the whole being immersed in a calorimeter. Knowing the
work done on the material, the heat evolved and from measurements of
surface area, an energy balance equation gave specific surface energy of
the material. surface area of the crushed material was obtained by the
BET adsorption method (using CO2 at -78.5" C.) and also by air
permeability. The most likely source of the discrepancy in his results is
the surface area measurement. rnabil ity of the gas to completely pene-
trate the innumerable fissures in the crushed material would give a low
figure for new surface area produced and hence an apparent specific sur-
face energy which was too high. Rough agreement of the present results
for quartz with 7 of glass measured by other methods and with "y ob-
tained by various theoretical arguments suggests that tnle lower values
reported here for quartz are more nearly correct than those obtained by
calorimetric measurments.

The 7 reported for orthoclase is probably quite different from that
which would be obtained for a perfect single crystal. The frayed splintery
cleavage surfaces produced suggest that cleavage of natural orthoclase
is more complicated than the simple model assumed in the derivation of

are included.
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Exlensi,on lo olher minerals

Additional elastic constants are needed to enlarge the list of surface

energies of the common minerals given in Table 2, whether these are

calculated or measured surface energies. For the measurement of 7,

the minimum requirement is Young's modulus parallel to the plane of

interest.
Calculation of surface energy using Eq. (2) has Iittle meaning for

silicates and it is proably not worthwhile to continue in this direction

unless a more realistic theory can be developed.
To measure "y in serveral directions a mineral must have essentially

no cleavage. Few minerals resemble qtartz in this respect. This is unfor-

tunate. for it would be of considerable interest to test Gilman's hypoth-

esis further, that cleavage planes are planes of minimum surface energy.

This has been tested for the first time here with qvattz, and seems to be

borne out.

Suuuenv AND CoNCLUSIoNS

Specific surface energy, 7, of qtartz and orthoclase has been determined

by the Obreimofi-Gilman method, in which one measures the work of

cleaving a single crystal. The principal difficulty to be overcome was the

introduction of a single flat crack into a crystal of quartz. Once this was

accomplished, "y_coul4 be measured in any desired direction. It was

measured in (1011), (tOtt), (1010) and (1120) where it ranged from 400

to 1000 ergs/cm2. The rhombohedra, parallel to which quattz cleaves

most easily, have the lowest 'y. This supports Gilman's suggestion that

cleavage planes in crystals are planes of low 7.
Specific energy of orthoclase was about 7800 ergs/cm2, a figure which

is und.oubtedly too high, by perhaps as much as an order of magnitude'

The cleavage process in natural orthoclase may be complicated by factors

such as plastic flow or a blocking efiect on crack propagation by submicro-

scopic domains of soda-rich feldspar.
The y of a number of common minerals was calculated from elastic

constants. T ranges from 200 to 2000 ergs/cm2.
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