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ABSTRACT

INDENTATION HARDNESS AND ITS RELATION TO
MECHANICAL YIELD IN QUARTZ AND OLIVINE

by

JAMES BRIAN EVANS

Submitted to the Department of Earth and Planetary Sciences

The variation of indentation hardness with temperatures
was measured for quartz and olivine up to temperatures of
800 0C and 15001C respectively. A comparative review of hard-
ness data and compressive creep measurements done under high
pressure show that the single crystal hardness measurements,
when corrected for elastic strains, can be correlated to the
fully ductile yielding of a polycrystal.

For olivine, the computed differential yield stresses,
a (in GPa), in the region above a = .2GPa were well represented
by an equation of the form

a = 9.1(±.3) - .23(±.01)T1 /2

where T is the absolute temperature (in K) and the quoted var-
iances are for 1 standard deviation. For olivine and Freder-
ick, Maryland diabase, the 15 second indentation test empiri-
cally corresponds to a polycrystalline yield test conducted at
strain rate a = 10- 5s-1. Using a semi-empirical method of dis-
location rosette analysis, the critical resolved shear stress
on the {110}[0011 slip system was estimated to 20% over the
temperature range 200C to 780 0C as 1.2 GPa and .3GPa respec-
tively.

The hardness of seven quartz samples containing a range
of structural hydroxyl impurities up to 400 H/10 6 Si was mea-
sured to 800 0 C, There was no significant variation of hard-
ness for any impurity content at any temperature. Annealing
the samples at 6000C for several hours in dry argon caused the
hardness to increase by a factor of 1.6 at 5000C. The hard-
ness data when reduced to hardness derived-yield stress and
combined with previously published data, delineates an empiri-
cal yield stress curve for strain rate of 10- 5± .5, but the
data are insufficient to determine a constitutive flow law.

Indentation tests are most useful to obtain estimates of
the variation of yield stress with temperature, to compare rel-
ative ductility of compositional variations of minerals, and as
an adjunct to conventional creep tests to extend the range of
stresses attainable in the laboratory.
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CHAPTER I

THE TEMPERATURE VARIATIONS OF HARDNESS OF OLIVINE

AND ITS IMPLICATION FOR POLYCRYSTALLINE YIELD STRESS

Abstract. The variation of hardness with temperature

was measured for olivine on a number of crystal faces by the

Vickers diamond pyramid technique (up to 800WC) and by a

mutual indentation technique (for temperatures up to 15001C).

A comparative review of hardness data and compressive creep

measurements obtained under large confining pressures confirms

the hypothesis of Rice [1971, in Kriegel, W.W., and Palmour III, H.,

Mat. Sci. Res., Vol. 5, pp. 195-229] that single crystal

hardness measurements, corrected for elastic yielding, can be

correlated to the fully plastic yielding of a polycrystal by

intragranular dislocation mechanisms, including dislocation

climb and glide. The computed differential yield stresses,

a (in GPa), which empirically correspond to a strain rate (E)

of 10-5s-1, were well represented by an equation of the form

a = 9.1(+.3) - .23(+.01)T+

Where T is the absolute temperature (in K), and the quoted

variances are for 1 standard deviation. The olivine data
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therefore predict a high stress polycrystalline flow law that

may be expressed as:

1.3 x 1012 60 x 103
.3exp- T 9.1)

where C is the strain rate in s-1 . A similar functional

dependence of strain rate on stress is indicated for A1203 for

temperatures below 9000C, but is contraindicated for MgO and NaC1.

Using a semi-empirical method of dislocation rosette

analysis, the critical resolved shear stress on the {110} [0011

slip system was estimated (to 20%) over the temperature range

200C to 780 0 C as 1.2 GPa and .3 GPa respectively.

This data is useful in providing an upper bound to the

yield stress in a region of stress and temperature space not

easily accessible by other experimental methods.



Introuuc ti on :

The; Relationship of Microindentation Hardness and Yield Stress

The attractiveness of microindentation hardness testing

as a quick and nearly nondestructive method of testing material

resistance to deformation has caused a large and detailed

literature to develop. Several books and articles give

very clear and comprehensive reviews of hardness [McClintock

and Argon, 1966; Tabor, 1951, 1956, 1970]; the standard

equipment and test conditions are described in ASTM [1961];

Brace [1961, 1963, 1964] and others have discussed the

application of microindentation hardness to geology; Westbrook

[1957, 1958, 1966] as well as Atkins and Tabor [1966 a,b] and

Koester and Moak [1967] have published detailed works on high

temperature (hot hardness) experiments and equipment.

Of the several indentor (brale) geometries in common use,

this study utilizes the Vickers diamond pyramid (VDP) indentor

for lower temperatures [McClintock and Argon, 1966 ] and a

mutual indentation scheme designed to reduce chemical

incompatibility problems attendant with high temperatures

(a similar technique with slightly different geometry is

described by Atkins and Tabor [1966al).In the first method,

a diamond pyramid of 1360 included angle was pressed against

the flat surface to be tested, while the second method

utilized a cone of 1500 apical angle pressed against a

flat slab of the same material. In both cases, the hardness

(H) is defined here as the load on the brale divided by the



actual pyramidal or conical contact area of the test material

and the brale. For the Vickers geometry, H, which is sometimes

denoted by DPH (diamond pyramid hardness), reduces to

H E DPH = 1.854 (1)

where W is the load in kilograms (force) and d is the diagonal

of the indent measured along the test surface in millimeters.

For the conical mutual indentation geometry,

4W cos 8 WH = 1 23 d (2)
S(dm m2 m

where d is the diameter of the indent measured along the test

surface, and ý is the angle between the brale surface and the

test surface (here, 8 = 150).

Hardness and differential yield stress (o E a,-o 3) are

related for many materials according to

H = Ca (3)

where C is a constant referred to as the constraint factor.

For the Vickers diamond pyramid (VDP) indentor C is approximately

equal to 3.0 for most metals [McClintock and Argon, 1966; Tabor,

1970]. For materials which strain-harden, the yield stress

derived from a hardness measurement and equation 3 is the yield

stress at a strain (E) of .08, which has been shown to be the

equivalent strain for the Vickers test by Tabor [1951, 1970].

The effects of indentor geometry and elastic rebound on

the constraint factor have been analyzed by Johnson [1970].

Using plasticity theory [for a review see Hill, 1950] Johnson



5

shows that for a flat surface indented by a cone-shaped brale

the constraint factor is a function only of the geometry of the

E
brale and the parameter U where E is Young's modulus and a is

the differential yield stress as given below:

H 2 1 EC [1 + In (I E tan B)] (4)CT 3 3 cr

B is the angle between the surface of the cone and the test

surface. As the parameter - increases, the elastic strain

during indentation becomes much smaller than the strain

accommodated by ductile flow; in the limit of vanishingly small

elastic strain the constraint factor approaches 3.0 asymptotically.

The theory is subject to the restriction that the

included angle of the indentor be greater than 1200; the

material is also assumed to be isotropic and to yield according

to the von Mises criterion. The theory compares favorably to

VDP hardness tests done on materials with a widely varying ratio

E if one uses an angle B = 19.70 (see Figure 1) which is the

angle corresponding to a cone displacing a volume equal to that

of a Vicker's type pyramid. The actual angle in the VDP test is

~220. Thus theory predicts and experiments agree that, for a

particular geometry, the constraint factor is a function of E

only. For these experiments, we used a slightly different

empirical equation

H = .19 + 1.6 log Etan (5)a oa

designed to correct for the small offset between the data and

the theoretical line (see Figure 1). In order to determine a one



Figure 1. Correlation of the Constraint Constant (H/!) with

the Ratio of Young's Modulus to the Yield Stress

(E/G).

Correlation of the constraint constant (H/a) with the

parameter E/a tan 8. tan 8 is the angle which the brale makes

with the surface being indented. The elastic plastic model

suggested by Johnson (1970) is given by the dashed line.

Experiments using conical, spherical, and VDP indentors are

shown for comparison. The solid line is the relation given

in the text as Equation 5. Near the limit E/o tan 8 + 1.0,

the experimental data approach the elastic linmit C = 1.1 which

is the value expected for a spherical indentor in contact with

a perfectly elastic solid.
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simply needs to measure the hardness and solve equation 5

using appropriate values of the elastic moduli and the geometiry

of the indentor.

Thus the hardness theory is well developed for materials

with isotropic yield properties. There is, however, a class

of materials which exhibit markedly anisotropic yield, i.e.

they show a tendency to yield on primary slip systems at much

lower stresses than secondary slip systems. For this class of

materials, which includes some oxides, intermetallic carbides,

borides, and nitrides, and many geologic materials, the hardness

sometimes appears to vary with temperature in the same fashion

as the single crystal yield stress, but the constant of

proportionality of hardness to yield stress on the primary

slip system can be as large as 30 [Westbrook, 1957]. However,

because the deformation under the indentor is nearly spherical

in morphology [Johnson, 1970; Yu and Li, 1977] and probably

requires secondary slip systems to operate, it is logical to

assume that the Vickers hardness numbers give a measure of the

stress necessary to fulfill a general yield criterion such as

the VonMises criterion [Rice, 1971]. Therefore, as suggested by

Rice [1971], the single crystal hardness, taken on a surface of

high perfection, and taking account of elastic strain, should

give a reliable value for the ductile yielding of a polycrystalline

solid.

In this paper we wish to compare polycrystalline yield

data to the hardness-derived yield stresses, and further to

examine the implications of this data for polycrystalline flow

mechanisms for olivine. Additional information on the easy



slip system is obtained by examining the dislocation structure

of the indents.

Experimental Methods for Determination of Hot Hardness

Diamond Vickers pyramid indentation

The apparatus used was a Tukon microhardness testor [Mott,

1956] with some modifications for high temperatures [Brace, 1961].

The Tukon testor mechanically loads and unloads at a fixed rate,

which for this study was a few millimeters per second. The

length of time of the indenting, the dwell time, was varied in

order to conduct indentation creep tests, but in most of the

experiments described here the diamond was in contact with the

sample for approximately 15 seconds, the standard time for

conventional VDP experiments. Preheated argon gas was

introduced at the bottom of a coaxially wound furnace tube,

exiting the furnace around a thin mica washer which formed a

loose seal around the ceramic extension tube holding the diamond

brale. The sample was positioned in the hottest part of the

furnace by a pyrophyllite cylinder and was fastened to the

cylinder with a small quantity of Sauereisen cement. The

center of the cylinder was pierced by a chromel-alumel thermo-

couple, the junction of which was flush with the end surface

of the cylinder and made thermal contact with the sample. The

temperature variation over the sample volume was determined to

be less than 50, but no temperature controller was used, and

so the indents were taken as the temperature slowly increased



or decreased. The temperature recorded was the temperature

sensed by the thermocouple at the lower surface of the sample,

which was practically constant during the 15 second period.

The brale beam was balanced before each high temperature

run to an accuracy of better than 1 gram. Since the loads used

for the high temperature indents were typically from 50 to 250

grams, this means an uncertainty in weight of less than 2%.

The motion of the brale was measured using a direct current

differential transformer, and therefore the dwell time could

be measured to an accuracy of better than .5 second. Measurement

of the indents was made in reflected light using a travelling

Filar micrometer crosshair; the indents were quite small, so

measurement was accomplished at 500 x magnification. The

readings were repeatable to .4 micron, depending on the quality

of the indent, i.e. whether cracks were present, or whether the

brale happened to hit a minor surface flaw. As a general rule,

data points were discarded if the difference between the two

diagonals was >1.0p. Since the diagonal lengths of the

smallest indents routinely measured were approximately 10 pm,

the asymmetry error is less than 10% and decreases as the

temperature and the diagonal increase. The results of room

temperature tests on olivine conducted on the apparatus

described above were compared with results obtained on a second

microindentation hardness tester and bound to agree within 5%.

At several times throughout the study, in order to assure

uniform and accurate results, tests were performed on a

calibration block of known hardness supplied by the Wilson

Instrument Company. At all times the hardness values
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determined agreed to within 3% of the stated value of the

block.

Since hardness is sometimes a function of the load

applied [McClintock and Argon, 1966], two separate crystallo-

graphic faces were indented at various loads. Between 20 and

500 grams, the hardness was independent of load to within 10%.

No indent was free of cracks at temperatures <5000 C, although

the amount of cracking and spalling generally decreased with

decreasing load and increasing temperature. Above 5000C, for

the VDP points the cracking was minimal and no cracking at all

was observed during the mutual indentation experiments. The

effect of cracking on the hardness is discussed in the results

section. Decoration of the samples by a technique devised by

Kohlstedt et al. [1976] allowed the optical observation of

dislocation structure around the indent.

An analysis of the dislocation pattern, often called a

dislocation rosette, is presented in the discussion section.

The samples were prepared by polishing with grinding

powders down to 1.01m alumina mixed with water, to give an

optical quality finish. Westbrook and Jorgenson [1968] have shown

that many silicate minerals have an adsorbed layer of water which

can cause anisotropy of hardness of approximately 20%, depending

on the crystallographic face being indented, although certain

minerals, e.g. kyanite, have anisotropies as high as 50%. They

found that removing the layer by heating the samples to 3000C

in dry argon reduced the anisotropy. Thus the effect of

adsorbed water is expected to be reduced at higher temperatures.

Table 1 gives values for the anisotropy of hardness for olivine



TABLE I

Variation of hardness with crystallographic orientation for

olivine at room temperature

Ave rage
Plane Hardness Range No. of Indents

kg/mm2

(100) 1015 1010-1025 5

(010) 965 935-1010 5

(001) 990 875-.1045 15

(110) 990 891-1027 59

(a) (110) c denotes the plane perpendicular to the

optic axis of olivine.

(b) All indents are at 50 grams load

(c) For surface preparation details see text.



at room temperature with (presumably) the adsorbed layer

present. Experiments revealed that there was no experimentally

significant anisotropy due to the rotation of orientation of

the pyramid on a particular face; and, therefore, no attempt

to control the orientation of the brale was exercised during

the remainder of the experiments.

Mutual indentation hardness of olivine

For temperatures above 900 0 C, in oxygen fugacities

necessary for the stability of iron-bearing olivine, diamond

is not stable even for the short time periods (-5 to 10 minutes)

used in these hardness experiments. Therefore, a mutual

indentation technique similar to that of Atkins and Tabor

[1966b] was used during which a mechanically polished conical

point of olivine (1500 apical angle) indented a polished flat

olivine surface.

The furnace and deformation chamber in which the brale

and surface were deformed were similar to the low stress Qas

deformation apparatus described by Durham et al. [1977] and

Durham [1975]. Briefly described, the brale was clamped in a

molybdenum anvil which hung freely guided by a leaky ball

bearing race at the top of the furnace. A servo-controlled

piston raised the flat to be indented until the brale and

anvil were moved from their rest position, thus applying a

dead weight load. The shortest time period used for the mutual

indentation process was 15 seconds and ranged to as long as

5 minutes, but was most commonly 60 seconds. During a single

experiment from one to three mutual indents were made at a



single temperature. After each experiment a new flat and

brale were made. Thus for the two experiments done at 10700C

and 11500C the second and subsequent indents may have been

made with a brale whose shape had been altered by plastic flow.

Indentation creep tests were conducted by altering the

dwell time. Similar indentation creep tests have been analyzed

using either transient creep relations [Atkins et al., 1966;

Atkins and Tabor, 1966b] or steady state creep relations

[Sherby and Armstrong, 1971; Evans and Sykes, 1974]. The

indentation creep tests are listed in Table 2d and are discussed

briefly in Chapter 3.

Results

Hot hardness data for olivine

The variation of hardness with crystallographic

orientation and the hot hardness data for oriented single

crystals of San Carlos peridot and unoriented Twin Sisters

are tabulated below (Tables 1 and 2 respectively). The mutual

indents (Table 2b) were in some cases elliptical. This may

have resulted from a combination of initial asymmetry of the

brale, anisotropy of flow around the indent and/or flow

anisotropy of the brale itself. The mutual indentation

hardness was computed as

4 W cos = 1.2 W (6)
frd d d d

a b a b



TABLE 2: HOT HARDNESS OF OLIVINE

(a) VDP hardness of San Carlos Peridote

Average
diagonal Temp. Hardness Constraint Yield Orientation
length OC kg/mm 2  factor stress code
10-6m kb*

9.4
9.5

10.0
10.0
10.0
10.5
11.0
10.5
10.8
11.8
11.5
11.8
11.5
11.8
12.0
12.0
12.8
12.8
12.3
13.3
13.5
14.0
13.8
13.3
14.2
16.2
12.0
12.5
12.3
12.0
11.0
10.0
10.6
11.3
10.8
11.3
10.8
11.4

27
118
121
121
119
277
275
280
275
420
417
412
419
500
499
504
584
587
589
640
703
705
705
705
773
773
555
554
555
555
173
168
166
237
234
229
321
317

1050
1027
927
927
927
841
766
841
795
666
701
666
701
666
644
644
566
566
613
524
509
473
487
524
460
353
644
593
613
644
766
927
825
726
795
726
795
714

1.9
2.02
2.02
2.02
2.02
2.17
2.17
2.17
2.17
2.30
2.30
2.29
2.30
2.37
2.37
2.37
2.45
2.45
2.45
2.50
2.56
2.56
2.56
2.56
2.56
2.62
2.62
2.42
2.92
2.92
2.07
2.07
2.07
2.13
2.13
2.13
2.20
2.20

54.2
49.9
45.0
45.0
45.0
38.0
34.6
38.0
35.9
28.4
29.9
28.5
29.9
27.6
26.6
26.6
22.7
22.7
24.5
20.6
19.5
18.1
18.7
20.1
17.6
13.2
24.1
24.0
24.84
26.1
36.2
43.9
39.
33.
36.
33.
35.
31.

*1 kb = 100 MPa

- --- --



TABLE 2: HOT HARDNESS OF OLIVINE

(a) VDP hardness of San Carlos Peridote

(continued)

Average
diagonal Temp. Hardness Constraint Yield Orientation
length "C kg/mmr2  factor stress code
10-Qm kb

11.5 312 701 2.20 31.2 C
11,5 307 701 2.19 31.4 C
13,5 549 509 2.42 20.6 C
13.5 550 509 2.42 20.6 C
13.0 552 549 2.42 22.2 C
13.5 554 509 2.42 20.6 C
19.4 767 246 2.62 9.2 C
19.6 768 241 2.62 9.0 C
19.4 770 246 2.62 9.2 C
12.6 501 584 2.37 24.2 C
14.0 509 473 2.37 19.6 C
12.5 505 593 2.37 24.5 C

(a) All indents are at 50 grams load

(b) the orientation code letter may be interpreted from

the following table:

Angle between the normal to the plane
Code letter indented and

100 010 -001

A 450 450 900

B 440 460 900

C orientation unknown (~150 from optic
axis)

D 760 240 780



TABLE 2 (continued)

(b) Mutual indentation hardness of San Carlos Peridote

Axis length Hard- Con- Corr. I
10-6 Temp. Load ness straint Yield Temp. T2

maCor minor kg k/mm2 factor stress OKmajor inor kb

107 57 940 .567 249 2.78 8.8 1246 35.3
107 57 1070 1.07 216 2.91 7.3 1384 37.2
107 62 1070 1.07 198 2.91 6.7 1384 37.2
96 62 1070 1.07 221 2.91 7.5 1384 37.2
74 69 1150 .562 135 3.00 4.4 1469 38.3
71 66 1150 .562 148 3.00 4.8 1469 38.3
67 62 1150 .562 166 3.00 5.4 1469 38.3
73 58 1150 .562 163 3.00 5.3 1469 38.3
83 79 1300 .283 53.1 3.00 1.7 1629 40.4

174 170 1500 .133 5.5 3.00 0.2 1845 46.0

The orientation is given as D in the table above.

(c) VDP hardness of Twin Sisters Dunite

Average
Time diagonal Temp. Load Hardness Constraint Yield

Sample secs. length OC kg kg/mm2  factor stress
10~ m kb

TS 350 27 12.3 .088 1080 1.92 55.2
TS 31-29 12 15.5 424 .100 772 2.34 33.6

-21 12 15.7 424 .100 752 2.34 32.8
-22 21 15.8 424 .100 743 2.34 32.4
-23 21 15.3 424 .100 792 2.34 34.5
-24 21 15.8 426 .100 743 2.34 32.4
-25 21 15.3 428 .100 792 2.34 34.5

TS 36-2 22 14.8 556 .088 745 2.47 30.8
-3 22 14.4 559 .088 787 2.47 32.5
-4 22 14.8 561 .088 745 2.47 30.8
-5 22 14.8 565 .088 745 2.47 30.8

TS 36-6 26 15.0 574 .088 725 2.47 29.9
-7 26 15.1 574 .088 716 2.47 29.5
-9 63 15.2 584 .088 706 2.47 29.2
-10 68 15.2 588 .088 706 2.47 29.2

TS 38-1 35 21.3 735 .100 409 2.60 21.7
-2 38 22.4 730 .100 370 2.59 19.6
-3 38 23.0 725 .100 351 2.59 18.6
-4 12 18.7 719 .100 534 2.58 21.0
-5 12 17.9 714 .100 579 2.58 22.9
-6 11 17.9 710 .100 579 2.58 22.9

The orientationsof these samples are random and unknown.



TABLE 2 (continued)

(d) Indentation creep of San Carlos Peridote

Avge
TimS diagnl Haid- Con- YieldsTime reTemh p ntoadSample length - a ness straint stresssecs C k /r___

DV 280 a
b
c
d
e
f
g

MB6-40 2
3
4

13
14
17
18
19

MB6-47 2
3
4
7
8
9

10
12
14
15
19
23
24

300.0
300.0

60.0
60.0
60.0
60.0
60.0

13.8
13.2
15.0
48.0
48.0
351.0
354.0
356.0

20.0
19.2
20.0

5.4
7.2
6.0
6.0

43.2
240.0
220.0

8.4
42.0
42.0

20.7
20.7
20.3
20.1
20.3
20.3
20.1

24.6
24.8
25.1
24.1
25.6
25.6
25.7
25.4

24.6
24.6
25.0
24.6
24.7
24.5
24.5
24.9
25.6
25.3
24.7
25.0
29.6

530 .133

493±4 .250

488±5 .250

576
576
598
610
598
598
610

764
759
761
736
767
707
701
719

766
766
739
760
760
775
775
746
709
725
760
742
766

2.43 23.2
23.2
24.2
24.6
24.2
24.2
24.0

2.38 31.5
31.1
31.4
30.3
31.6
29.1
28.9
29.6

2.38 31.6
31.6
30.5
31.6
31.3
31.9
31.9
30.7
29.2
29.9
31.3
30.6
31.6

The orientations of these samples are random and unknown.
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where 8 is the indentor/specim-en angle given above, and da and

d b are the major and minor axes of the ellipse.

For the indentation creep experiments (Table 2d), the

temperature range given indicates the variation of temperature

during the entire series of experiments. At 5000C, a 50

temperature variation causes 1% variation in hardness, and

therefore no correction for temperature has been made. Other

sources of scatter in the data are mechanical vibration of the

testor during an indent, friction caused by progressive

degradation of the sample surface at temperatures above 600 C ,

small variations in the loading speed between very long period

and short period indents, deviations from the nominal load (<2%)

observational errors, which are indicated by statistics to be

-4% of the hardness at 5000C, and finally errors in time

determination (<4%). The scatter of the data in Tables 2a and

2b is about 10%, due to varying orientation and other

experimental errors listed above, while the precision of the

indentation creep experiments is higher (AH - 4%) because each

data set is for a fixed orientation and fixed load and because

repeated optical measurements of each indent were made to obtain

statistical averages.

In this section and the following, hardness data for

several geologic and ceramic materials, including olivine, were

used to determine yield stress values via Johnson's [1970]

constraint factor. In order to determine the constraint factor

as a function of temperature, we solved for a in equation 5

using the following iterative method:



(a) Since C can be no larger than 3,00 [Hill, 19501, estimate

a from the measured hardness value and equation 3 using

C = 3.00.

(b) Solve equation 5 for a.

(c) Redetermine C using equation 3 and the hardness.

(d) Substitute into the right-hand side of equation 5 and

solve again for a.

By iteration in this fashion one soon converges to a yield

value, which we call the hardness-derived yield value. The

hardness and the hardness-derived yield value define a constraint

factor for that temperature.

Although the iterative procedure described above could

have been done at each temperature, because the constraint factor

is a slowly varying monotonic function of temperature (except

for quartz in the a-3 phase transition region) we simply

determined C for several temperatures and interpolated

intermediate values (see Figure 3). The scatter caused by

interpolating C was less than the experimental scatter of the

hardness. Figures 2 and 3 show the temperature variation of

elastic moduli of the materials discussed and the temperature

variation of the constraint factor respectively. The constraint

factor has been used to compute yield stress values for olivine

in Tables 2a, 2b, 2c and 2d, and the results are plotted in

Figure 4 along with previously published values of polycrystalline

flow experiments.

Due to apparatus constraints it was advantageous to

conduct the mutual indentation tests with a dwell time of 60

seconds. In order to correct the mutual indentation data from

60 second dwell time to 15 second dwell time, we assumed that the
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Figure 2. The Temperature Variation of the Young's Modulus

for Several Materials.

The sources of the data are given in Table 3.
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SOURCES OF POLYCRYSTALLINE YIELD, HOT HARDNESS AND ELASTIC CONSTANT DATA

Material Crystal
Class Symbol Hardness Source Synmbol Yield Source Elastic Constant

Source

K & M Koester and Moak [19671

W Westbrook R966]

A & T Atkins and Tabor [1966a,b]

H Heuer et al. 1970a,b]

P Palmour et al.[1970]
T(singe crystal)

G & G Gooch and Groves
[1973a,b-lsingle
crystal)

B & C Bayer and Cooper
[1967]

H Hulse et al.[1963]

K Kinsland [1970]

W Westbrook [19581 P & W Paterson and Weaver
[1970]

NaCl m 3 m B Brace [1961, 19601 H Heard [19721 Durand [19361

Swartz [1967]

Olivine m m m E & G This study B Blacic [1972] Graham and Barsch

C & A Carter and Ave'Lalle- [19691
mant [1970]

G & B Goetze and Brace 1972] Kamazawa and Ander-
-- son [i19691K & R Kirby and Raleigh

71 9731
P Post[1973]

R & K Raleigh and Kirby L970]

Brace [1961]

Westbrook [1958]

H & C Heard and Carteri[1968] Coe and Paterson[1969]

T Tullis [1971] Zubov and Firsova
[1962]

A1203

MgO m 3 m

Tefft L966]

Durand [1936 ]

Si0 2 3m

I _ _ _~I~ ____ __

_ I I---·--··------I~---C-

~-I_-- ~·-------·--·UI-I-UII-·-·I I~b--- -_________LIIIII·---·------·--_----· _

TABLE 3:
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Figure 3. The Constraint Constant versus Temperature for

Several Materials,

The constraint constant C = H/o (see Equation 5) versus

temperature determined using an iterative procedure and the

theory described by Johnson (1970).
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Figure 4. The Hardness Derived-Yield Stress as a Function

of Temperature for Olivine.

Shown for comparison are previously published polycrystal-

line yield tests conducted at strain rates of E = 10- 5 ' and

at a strain of .08 where possible. The broken lines are the

best fit Peierl's stress model discussed below and an equa-

tion intended to represent the glide-climb mechanism where

W 3 125x103 cal/moleEac exp RTRwhere R is the gas constant and T the absolute temperature.

where R is the gas constant and T the absolute temperature.
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effective strain rate was inversely proportional to dwell

time, and an approximate correction in temperature may be made

by assuming the relation

S[corr] app 1 1 (7)

tact corr act

where corr/ = 60/15, Q app 125 x 103 cal/mole, and Rcorr act app
is the gas constant. This correction is equivalent to assuming

that the hardness obeys the Hargreaves equation and may amount

to a sliqht overcorrection (cf. Atkins and Tabor [1966], equation

24 and equation 25), but the corrections determined are on the

order of a few percent of the absolute temperature and so we do

not regard this step as controversial.

Figures 5, 6, 7, and 8 show various images of VDP and

mutual indents including decorated samples [Kohlstedt et al.,

1976] which show the dislocation structure around the

indentation, called the dislocation rosette.

For indentations below -1200 0 C at all orientations, the

glide loops in the rosette and, hence, the primary slip system

[Groves and Fine, 1964] are observed to lie on the {110} plane

agreeing with Phakey et al. [1972], Durham [1975], Durham et al.

[1977], and others. Above 1300 0C, the rosettes do not show

loops on distinct planes, indicating presumably that climb

and cross glide velocities are competitive with glide.

velocities.

Dislocation rosettes about.indentations have been utilized

by many studies, among them, Groves and Fine [1964] and Hopkins

et al. [1973]. Hopkins et al. [1973] showed that the rosette
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Figure 5. SEM Micrograph of a VDP Indent in Olivine

A VDP indent made at room temDerature and imaged in

backscattered electrons. Notice the median cracks extending

from the sides of the indent. The length of the diagonal as

measured in reflected light is 13.4 pm. The indent appears

to be asymmetrical because it is viewed at an angle of 361

from the vertical.
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Figure 6. Dislocation Rosette of a VDP Indent in Olivine

A 7000 C VDP indent viewed in transmitted light under an

oil immersion lens at 1000x. The indent has been decorated

by heating in air according to Kohlstedt et al. [1976].

The plane of the picture is (110) c; the rosette sprigs and

the dislocation loops point along the [001] direction. The

field of view is approximately 150 p.
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Figure 7. Optical Micrograph of a Mutual Indent in Olivine

An 11500C mutual indent taken in reflected light. The

indent has been decorated and the resulting surface degrada-

tion is clearly evident. The major semiaxis of the ellipse

is 71 pm.
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Figure 8. Dislocation Rosette of a Mutual Indent in Olivine

The same indent in transmitted light showing the disloca-

tion rosette surrounding the indent. Notice that the disloca-

tions are no longer simple rectilinear loops confined to a

single glide plane as in Figure 6. The "woolly" appearance

is presumably due to the contribution of climb and cross glide.
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length (L) is inversely proportional to the yield stress of

the primary slip system for KC1 crystals with varying impurities.

1
One may determine the constant of proportionality between

and yield stress at one temperature and then use the variation

of rosette length to determine the variation of yield stress

with temperature. The yield stress for the {110} system at

800OC as determined by Phakey et al. [1972] was used to scale

the relation below:

(ITo}(T) - L0 F80Q (8)

where L8 0 0 is the rosette length at 800 0 C, asoo is the critical

resolved shear stress given by Phakey et al. [19721 for 8000 C

(~.27 GPa) and LT is the rosette length at a given temperature T,

and f11,0)(T) is the critical resolved shear stress for the

{110} system at some temperature. Table 4 contains the

observed LT values and the computed critical resolved shear

stresses over the temperature range 160*C-7800 C. Single

crystal data for the several slip systems of olivine are

compared in Figure 14 and discussed below.

Discussion

Hariness vs. polycrystalline yield of olivine and several other

geologic and ceramic materials

In this paper we wish to present new evidence that

hardness may be used to determine polycrystalline yield stress.

In order to compare hardness-derived yield stresses to yield



TABLE 4: AVERAGE ROSETTE LENGTH AND COMPUTED

RESOLVED SHEAR STRESS FOR {l10} SYSTEM AS A

FUNCTION OF TEMPERATURE

Sample emp LT (10 6 m) arb

10 AB5-8 172 26 7.2
9 168 26 7.2
10 166 24 7.8

10 AB4-1 207 32 5.9
2 209 30 6.3
3 211 32 5.9

10 FB5-5 237 28 6.7
6 234 28 6.7
7 229 28. 6.7
3 312 28 6.7
1 317 33 5.7
2 321 33 5.7

10 AB4-4 360 32 5.9
5 363 36 5.2
6 367 34 5.5

10 AB3-1 549 45 4.2
2 550 42 4.5
3 552 43 4.4
4 554 45 4.2

10 AB2-1 767 75 2.5
2 768 70 2.7
3 780 71 2.6
4 781 71 2.6

* 1 kb = 100 MPa

_ _·L _I__ _ ~ __ _·



stresses of purely ductile flow as determined by polycrystalline

creep tests, one must exclude those polycrystalline creep tests

done under conditions where brittle failure is present. The

brittle-ductile transition is a subject of current research

[Tullis and Yund, 1977], and many aspects of this complex

deformation mode (or modes) remain unexplored. One method to

detect the presence of brittle failure is to measure the effect

of confining pressure on the yield stress, since increasing

confining pressure enhances ductility [Handin et al., 1967;

Paterson and Weaver, 1970; Tullis and Yund, 1977; and others].

Thus far the transition region has been studied in detail for

6nly a few rocks, e.g. Solenhofen limestone [Heard, 1960],

limestone, dolomite, and glass [Handin et al., 1967] and

Westerly granite [Tullis and Yund, 1977]. Tullis and Yund [1977]

found that the transition from dominantly microcracking to

dominantly ductile behavior occurred at about 300*-400° for

strain rates of -106s - , but some microcracking must persist

to higher temperatures since the experiments of Heard and

Carter [1968] on Simpson orthoquartzite show substantial

pressure sensitivity of yield stress up to at least 6000 C

for similar strain rates. Likewise, for polycrystalline MgO

at temperatures of at least 800 0C ( = 10-s , Paterson and

Weaver, 1970] and Solenhofen limestone at room temperature

(~ =10-s -1, Handin et al., 1967], confining pressure

approximately equal to the differential stress are needed to

suppress fracture. For these materials deforming by different

mechanisms, particularly such low stress high temperature

mechanisms as grain boundary sliding or Nabarro-Herring or

I I



Coble creep, or for other materials the confining pressure to

suppress fracture may not need to be so large.

For the comparison of hardness and fully ductile flow,

as a rule of thumb we have selected only those polycrystalline

creep tests conducted under confining pressures at least as

large as the differential stress. Since such confining

pressures are necessary for fully ductile flow in MgO [Paterson

and Weaver, 1970] and in quartz [Heard and Carter, 1968]

when the yield stress is greater than several kilobars, it is

not unreasonable to expect a similar situation to obtain for

olivine and A1203. We have therefore adopted that criterion

as defining experiments performed in the fully ductile region.

Experiments performed under confining pressures insufficient

to suppress brittle failure would be expected to exhibit

yield stresses smaller than the fully ductile polycrystalline

yield stresses and by inference also less than the hardness-

determined yield stress.

An additional piece of information needed to compare

yield stress from polycrystalline creep tests and hardness-

derived yield stresses: namely, to which strain rate should

one compare a hardness test with a particular dwell time (t).

Atkins et al. [1966b] have correlated hardness in indentation

creep tests to the parameter (t -t 0); however, their derivations

and experiments and subsequent experimental results [T. Evans and

Sykes, 1973] conflict as to whether the deformation is controlled

__ · _· ·



by transient [Atkins et al., 1966b] or steady state [T. Evans and

Sykes, 1973] processes. Furthermore, the finite time of loading

and other processes, most notably cracking during the indenting

process (see discussion of cracking below) may further shorten

the effective dwell time. We may empirically determine the

effective strain rate in much the same way that Tabor [1956]

determined the effective strain for a VDP indent. In Figure 9a

data from polycrystalline creep tests of Maryland diabase

[Y. Caristan, unpublished manuscript] conducted at .5 GPa

confining pressure and at 990 0 C are compared to Knoop hardness

experiments of Brace [1960] on the same diabase. For this rock

at these conditions the effective strain rate for a 15-second

Knoop indentation test is found empirically to be 10-5so±'ssl .

Figure 9b is a similar determination of an effective

hardness strain rate for olivine using the flow law of Kohlstedt

et al. [1976] and the mutual indentation data of Table 2b. It

is interesting to note that except for one anomalously low data

point the effective hardness strain rate is approximately

.constant even though some experiments (T < 1200 0C) are in the

power law breakdown region.

In Figure 4, the polycrystalline yield data, at strain

rates of 10- : < 10-ss -1 (for sources see Table 3), are

_ ~I



Figure 9. Determination of an Effective Strain Rate for the

Hardness Test.

9a: Frederick Diabase

The solid line is from the data of Y. Caristan (personal

communication) for the creep of Frederick, Maryland diabase

for various strain rates at a confining pressure of .5 GPa

(argon) and 9900 C. The hardness derived-yield stress as

determined by polycrystalline indentation on the same material

by Brace (1961) corresponds to a strain rate of 10-5 .3 .3

Gas deformation apparatus experiments (Caristan, unpublished)

are circles. The large triangle is the hardness experiment of

Brace (1961).

4
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9b: Olivine

A similar determination of the effective strain rate of

indentation for olivine. The mutual indentation hardness-

yield stresses are compared to the flow law of Kohlstedt et

al. (1976). The squares are intended to indicate uncertain-

ties in yield stress and temperature. With the exception of

one anomalously low data point, the effective strain rates

are 10

-
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compared with the hardneSs-derived yield values for olivine

(see Table 2). The agreement is good over the entire range of

temperature where both data sets exist. Similar curves are

shown for MgO (Figure 10), Al 20 3 (Figure 11), quartz (Figure 12),

and NaCl (Figure 13) (the sources of the data are also given in

Table 4).

For magnesium oxide, the comparison is straightforward

(Figure 10). Data from Paterson and Weaver [1970] are

systematically high, indicating that the strain rate used

(10-3sec- 1) is faster than the effective strain rate corre-

sponding to the 15 sec VDP indenting process. Likewise, the data

for alumina also correlate well despite the fact that five

separate data sets are used. Not plotted on this graph is an

anomalously low yield point from a compression test reported

by Heuer et al. [1971] in which a "foam structure" was observed

among larger grains of alumina.

The large changes in the elastic moduli of quartz

caused by the a-$ phase transition [Coe and Paterson, 1969]

cause the constraint factor to vary widely. Additionally,

because of the presence of large hydrostatic confining pressures,

it is probable that the material in the immediate vicinity of

the indentor does not undergo the a-- transition. This can be

verified using a simple estimate of the hydrostatic pressure

of the indentation process ("~H [Tabor, 1972]), and the pressure

sensitivity of the phase transition (-26 0/100 MPa [Coe and Paterson,

1969]). However, the elastic hinterland probably has undergone

the transition and, in fact, because nonhydrostatic stresses

perturb the a-ý transition, the presence of large tensile
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Figures 10-13. Comparison of Hardness Derived-Yield Stress

and Polycrystalline Yield Stress for MgO,

Al203, Quartz, and Halite.

A comparison of hot hardness and bulk polycrystalline

-yield experiments at high confining pressure for MgO (Figure

10), Al203 (Figure 11), quartz (Figure 12), and NaCl (Figure

13). The data sources are given in Table 3. The agreement

between hardness derived values and polycrystalline values

is good for all materials except NaCl. This discrepancy

between hardness and bulk yield is probably due to grain size

effects in the hardness measurements (see text). The broken

curve sketched in Figure 11 is the best fit Peierls model

given in Table 5 and explained in the text.

d 11
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stresses in the indentor stress field probably causes the

transition temperature in some regions in the far stress field

to be below 5730 C, the value at zero stress. It is for this

reason that scatter in the quartz hardness data becomes more

pronounced above 4000 C. In the case of quartz, the Johnson

theory probably represents an oversimplification of the facts,

-in that it assumes a homogenous isotropic elastic hinterland,

whereas the true state is an anisotropic solid composed of two

phases. However, despite these difficulties the agreement of

the data sets is good. The comparison between Westbrook's

[1958] data and Brace's [1961, 1960] data is not entirely

straightforward, however, since the former used a synthetic

quartz crystal while the latter indented a Herkimer diamond.

The hydroxyl impurity content of neither is known, but

presumably the natural quartz contains a much smaller amount.

Secondly, the two indentor types differed: Brace using a Knoop,

Westbrook a Vickers diamond pyramid. Knoop hardness is generally

higher than VDP hardness, due to the different constraint factor

[McClintock and Argon, 1966], although for quartz Westbrook

[1958] states that the reverse may be true. Further complicating

the comparison, the hardness of the {1010} plane used in

Westbrook's experiments is -10% harder than the {1011} utilized

by Brace [1963] at lower temperatures (<200-3000 C).

For halite (Figure 13) there is a systematic difference

between hardness and yield, hardness being larger. This is

probably due to the fact that Brace [1961, 1963] indented a fine-

grained polycrystal, the indent spanning at least 10 grains.

A grain size dependence of yield stress, the Hall-Petch effect,

i_ i __ __~_



is known to cause strengthening of fine-grained materials

deforming by dislocation glide [see, for example, Hirth and

Lothe, Chap. 21, 1968]. Brace [1963] also presents data on

the grain size dependence of hardness at room temperature for

halite, presumably due to the same effect.

Cracking during the indentation process

If cracking during polycrystalline creep tests lowers

the yield stress measured, what effect does cracking have

during the hardness test? Lawn and Swain [1975] and Swain and

Hagen [1976] have studied the formation of cracks around

indentations of various glasses at room temperatures, and,

although they observe the formation of a median crack during

loading, they describe the cracking process as an adjunct to

the plastic deformation processes. As was noted above, it is

possible that the effective strain rate could be lowered by

cracking, perhaps by causing stress release near the region of

plastic flow controlling the indentation process. It should be

noted that the effective strain rate determined from mutual indents

in olivine with no cracking is the same as in VDP indents in

diabase with cracking. Also, it was noted that cracks frequently

intersected individual dislocation loops, indicating that

dislocation motion occurred prior to the cracking process.

This was true both for cracks which emanated from the

corners of the indentations, called median cracks [Swain and

Lawn, 1976] or for spalls, called radial or lateral cracks,

which appear either directly upon unloading or after the test

has been completed. Because of the relationship of the

dislocation rosettes and cracks observed in this study, the

FI



good agreement between polycrystalline yield experiments and

hot hardness experiments described above, and the consistency

of results of VDP experiments with mutual indentation

experiments done at temperatures >10000C where no cracking

was present, we infer that hardness measurements reflect

ductile properties and that the adjunct brittle properties

are not rate-controlling.

Rosette length as an indication of lattice friction(Peierl's)

stress on the primary glide system

The relation of the length of the dislocation rosette

and the lattice friction stress on this slip system may be

understood by analogy to a dislocation pile-up [see Hirth and

Lothe, 1968, Chap. 21]. Neglecting dislocations in the intense

zone of deformation, the last dislocation in the rosette is

repelled by the interaction force of the other dislocations in

the pile-up. Resisting the motion of the end dislocation away

from the indent is the Peierls' or lattice friction stress,

analogous to the applied stress of the pile-up theory. The

indent itself, surrounded by the intense deformation zone, plays

the role of the pile-up obstacle. The problem of the position

of the individual dislocations in a pile-up was solved analytically

by Eshelby et al. [1951] and the length of the pile-up (L) can

be expressed as follows:

L Nb [Hirth and Lothe, 1968, p. 705, 21-33]
r(l-v) a•a

(9)
where v is Poisson's ratio, p is the shear modulus, b is the

magnitude of the Burger's vector, aa is the applied stress,

I
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in this case, the lattice friction stress, and N is the number

of dislocations in the pile-up. Thus, the pile-up analogy

suggests an explanation for the inverse relationship of L and

a a . Using Equation 9 and values appropriate to olivine and

Figure 6 (N = 908), we estimate the lattice friction stress

to be 3.0 kb. To be sure, the indentation rosette is not

completely analogous to the Eshelby et al. [1951] theory since

the rosette is not contained on a single plane but is blunted

by spreading of the dislocations upon several different {110}

planes. Furthermore, the rosette is composed of loops

dissected by the free surface, while Eshelby et al.'s theory

* s for straight, infinitely long dislocations. Additionally we

have neglected the interaction with dislocations in the hemi-

spherical intense deformation zone directly under the indentor,

and, finally we presume that the lattice friction stress is

fixed regardless of dislocation velocity in order to compare it

to Phakey et al.'s [1972] yield point.

However, it is probable that dislocation interactions

cause the rosette to form, since an estimate of the elastic

stresses generated by the indentor alone show them to be 1-2

orders of magnitude too small to have caused the outer dislocations

to move [see Timoshenko and Goodier, 1970, for a discussion of

the elastic stress field under a point force]. A more convincing

estimate of the dislocation interaction stress may be obtained

in the following: If the lead dislocation, i.e. the dislocation

in the rosette furthest away from the indent, is being pushed

outward from the indent by interaction of self-stress fields

of the other dislocations in the rosette, then motion of the



lead dislocation is resisted only by the lattice friction

stress. If the self-stress contributions at the lead

dislocation are summed up using the expression for the self-

stress field [e.g. Hirth and Lothe, 1968, equation 3-42] and

the relative positions of the dislocations for the 908

dislocations visible in Figure 6, then the corresponding

value of af is approximately 2.7 kb.

These calculations are highly simplified, but their

agreement with the experimental data is encouraging. Further-

more, Hopkins et al. [1973] have experimentally verified the

inverse relationship between yield stress on the primary system

and the rosette length and therefore we feel that one may use

this rather quick and easy method to estimate yield stress

with some confidence.

Comparison of single crystal and polycrystalline flow

stresses for olivine

Comparisons between hardness-derived yield stresses and

critical resolved shear stresses (CRSS) for slip on a particular

glide system have shown that the ratio of the yield stress to

the CRSS on the primary glide system may be as high as 30

[Westbrook, 1958]. We emphasize here that the data support

the contention that hardness-derived yield stresses are

characteristic of polycrystalline flow, so that single crystal

CRSS are expected in general to be less than or equal to the

polycrystalline yield stress. Furthermore, even though the

Von Mises criterion states that five independent slip systems



must be activated within polycrystalline grains if

homogeneous and pore-free deformation is to be achieved [Von

Mises, 1928; Groves and Kelly, 1963], fewer slip systems may

be required for nonhomogeneous deformation [Hutchinson, as

quoted by Ashby and Verrall, 1977].

Several theories exist to explain the relationship of

the yield of polycrystalline aggregates and single crystal

slip properties [Lin and Ito, 1966; Hutchinson, 1975; and

others], but to our knowledge no theory exists to explain

pore-free flow of a material with only three independent slip

systems. A fuller discussion of the relationship of single

crystal and polycrystalline flow properties is outside the

scope of this paper, but for a review of the flow properties

of olivine, including single and polycrystalline data and the

data in this paper, consult Goetze [1978].

In Figure 14 we compare the single crystal flow stress

obtained from the rosette analysis to other published single

crystal data.

The high stress deformation regime of olivine as inferred

from hardness

Stocker and Ashby [1973] suggest that the appropriate

high stress mechanism for olivine is thermally activated glide

and use the Dorn and Rajnak [1964] line tension kink model to

construct their deformation map. Durham et al. [1977] (Figure 14)

have summarized the experimental constraints on both the low

stress (high temperature) region, called (A), thought to involve

R--ILpYI-~~~~^~----.--~_·~I·~_ -i-------^ ·II. -~i_·l_-·--C·~.-·*llI~-~yl L·l~~^~_-- -~ -- ·---. I- --i·l··---~_T1 .I··--C-
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Figure 14. Comparison of Polycrystalline -and Single Crystal

Yield Stresses of Olivine.

The creep strength of three single crystal Dorientations

and the trend of the polycrystalline data determined from

Figure 4. The orientation [110] c indicates that the largest

principal stress direction (a,) is on the (DDIL) plame, and

450 between the <100> and <010> directions, ID911] and 1101 c3

are similar. The data are collected from Tabl-e -4, Phakey et

al. (1972) and Durham (1975). In particular, the data from

Table 4 determine the [101] c curve from 775*C to room tempera-

ture. C--.----)
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glide, cross slip, and climb mechanisms, and the high stress

(low temperature) region, called (B), which may possibly be

glide-controlled, and the reader is referred to that paper

for a discussion of the abundant experimental evidence

supporting this division. Because of the experimental

difficulties in achieving the very high stresses necessary

for yield in region (B), the identity of the dislocation

mechanism in this region has proven elusive. The hardness-

derived data is unique in that it spans a stress range hereto-

fore unachieved. Observation of the dislocation pattern about

the indentations serves to further illustrate the transitions

between regions (A) and (B). Low temperature (<1100*C) indents

(e.g. Figure 6) are surrounded by rosettes composed of recti-

linear glide loops confined to well-defined {110} glide planes.

By contrast, higher temperature (>13001C) indents (e.g. Figure

8) are surrounded by diffuse patterns of dislocations which are

not restricted to discrete crystallographic planes. These

observations, in concert with many other similar observations

[e.g. Phakey et al., 1972; Durham et al., 1977] suggest the

presence of strong crystalline control of deformation (i.e.

a Peierls force) in region (B).

Several models, listed in a review by Kocks et al.

[1975], have been proposed for the glide-limited Peierls'

stress region; they differ slightly in the form of the stress,

temperature, strain rate relation, depending primarily on the

form of the activation energy barrier being surmounted as

the dislocation changes position. However, a common
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ýeat~re of all is that the activation free energy (AG) is

assumed to be a function of stress in contrast to the

mechanism usually assumed (primarily on empirical grounds)

for the low stress, power law region. The Dorn-Rajnak line

tension mechanism may be expressed in the form

-= " exp - A(a) (10)o RT

where AG(a) = F[l - a]2 [Kocks et al., 1975, p. 137;
p

Dorn and Rajnak, 1969]

eo is a pre-exponential factor assumed to be constant, Fo is

an activation free energy, R, the gas constant, T. the absolute

temperature, and a , the differential stress necessary to

deform the material at 0oK. The data are compared against

this theory in Figure 15 by noticing that for constant strain

rate, i.e., constant dwell time, and assuming that the

temperature and stress dependence of F if any, is small,
0,

Equation 10 implies that

a = Cp - m T (11)

RPn(s /E) L
where m = C [ AF

For comparison, bounding curves computed for different

barrier geometries [see Kocks et al., 1972, Chap. 34] are

also plotted. Since the low stress region T2 > 35(OK)

includes a change of mechanism to the power law, one cannot

judge the applicability of barrier assumptions in this region.

However, the high stress region, T > 25(*K) 2 , seems to argue



against an activation energy of the form, AG = F 1o p
Included among the models with this form of activation energy

is the high applied-stress approximation of the flow law

Fo  2VO (-o )

C= E exp - jý sinh KT [Kocks et al., 1975, (12)

Chaps. 34 and 35]

tO' Vo and ao are material constants for the glide process.
Poirier and Vergobbi (1977] have suggested that the yield

data in the low stress region (A) can be explained by a cross

slip controlled creep mechanism, with linear stress dependence

of the activation energy, rather than a diffusion controlled

climb mechanism. The hardness experiments do not offer any

additional information on the low stress region. We re-

emphasize that no information is obtained on any pre-

exponential stress dependence of strain rate (which would

of course be more important proportionally in the low stress

region), that only "flat-topped" barrier geometries such as

Equation 12 are excluded, and that the other geometries

represent the data equally well. But, since Equation 10 is

the simplest mathematically, and because the equations

representing the various barrier geometries agree over their

applicable temperature range, even when extrapolated to

E ~10- 5 sec, we prefer to use Equation 10.

The functional form (Equation 10) also well represents

the data for alumina (Figure 16), as well as data for several

spinel structure compounds [Dekker and Rieck, 1974], but is

contraindicated for magnesia (Figure 17) and halite (Figure 18).

A summary of the best fit parameters derived, using Equations
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Figures 15-18. Yield Stress versus (Temperature)1/2 for

Olivine, A1203, MgO, Quartz and Halite.

A plot of differential yield stress versus (tempera-

ture)1/ 2 for olivine (Figure 15) shown to emphasize agreement

or disagreement with various barrier geometries of the ther-

mally activated glide processes summarized by Kocks et al.

(1975). The solid lines represent different stress depen-

dence of the activation free energy as suggested by theoreti-

cal considerations, where Equation 10 of the text and the

relation

AG(o) = G fl-( - )p1 q
o a

are used. Theoretically, P and q are constrained to the

values of 0 < P < 1 and 1 < q C x. (See Kocks et al. (1975)

for a complete discussion.) Similar plots are shown for

A1203 (Figure 16), MgO (Figure 17), and NaCl (Figure 18). In

Figure 15 the bounding curves, P=l, Q=1, and P=1/2, Q=2/3 are

light and the curve for P=l, Q=2 is heavy.
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10 and 11 and the data from Tables 2a, b, c, and d, is given

in Table 5. If, in addition, one uses stress relaxation data

from experiments on dunite at 800 0C conducted by Kirby and

Raleigh [1970], Equation 11 may be solved for F .

Finally, we feel that the present experimental scatter

in the quartz data is too severe to draw conclusions on the

applicability of the Peierls mechanism in the high stress region.

Summary and Conclusions

(1) The hot hardness of olivine from room temperature to

1500*C is as presented in Table 2 and Figure 4.

(2) A literature review and the new data for olivine give

further confirmation to the relationship of hardness

and yield stress proposed by Rice [1971], to wit:

single crystal hardness data may be reduced, using

Johnson's [1970] theory for the constraint factor,

to give the polycrystalline yield stress (a) at 8%

strain, (b) with no grain-size effects, such as Hall-

Petch hardening, Coble creep, or grain boundary sliding,

(c) at confining pressure high enough to cause

suppression of cracking during the polycrystalline

tests, (d) at a strain rate which, for the materials

studied here, seems empirically to be about 10-ssec-1

for a 15 second indent.

(3) The yield stress data obtained from the hardness

measurements on olivine indicate agreement with models
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for thermally activated glide with a non-linear stress-

dependent activation free energy. A1203 also shows

good agreement with such models, but MgO and NaC1 do

not.

III



TABLE 5: VALUE OF CONSTANTS mn, T IN EQUATION 11
P

FOR A1 20 3 , OLIVINE, AND QUARTZ

kbMaterial m[ ] a [kb] Remarks

A1 2 0 3 4.67 ± .1 175 ± 5

2.31 ± .09 90.5 ± 3 Stress relaxation tests
at 800°C [Raleigh and
Kirby,-1970] indicate an
activation ethalpy of
F = 120 + 40 kcal.

Si 02 5.6 200 Not a least squares
fit because of
scatter in data

Olivine

.ýi i1611A O* " it.g - - - . 1, go . 6-wh --w," ý w-a4 owwo, 1 , ý Ri - W m ý , " -1- , --l · ~ -P i l f ~ l
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CHAPTER II

THE VARIATION OF THE HARDNESS OF QUARTZ AS A FUNCTION

OF TEMPERATURE AND IMPURITY CONTENT AND ITS IMPLICATION FOR

POLYCRYSTALLINE YIELD STRESS

Abstract. Comparative hardness tests are well established

as a means of determining relative mechanical effects of an-

nealing or compositional variations in solid-solution series

or isostructural compounds. In this chapter, the hardness

technique is used to compare the relative strength of quartz

with structural hydroxyl impurities. Even though the samples

measured span the range of structural hydroxyl impurity con-

tents which are expected to be found for reasonable geologic

conditions, no impurity weakening was discovered. In order to

see if high pressure would induce weakening that is associated

with the gel hydroxyl impurity commonly found in synthetic

quartz, two samples were annealed at 1.5 GPa in the presence

of water for two days at 800WC. When the samples were sub-

sequently tested by the hardness method in dry argon up to

500WC, the strengths were within the 30% of the hardness of

natural quartz at the same temperature. Heating quartz in an-

hydrous environments for periods of several hours at tempera-

tures above 600 0C seems to harden the crystals. The cause of

the hardening is not yet known.



The hardness data may be reduced to hardness derived

yield stresses. The data thus obtained agree well with pre-

viously published natural polycrystals. The fully ductile

yield strength of quartz is indicated to rise well above 5

GPa at temperatures below 500°C, reaching values near or above

10 GPa at room temperature.

Room temperature hardness phenomena such as form aniso-

tropy, directional anisotropy and adsorbed water layer effects

correlate with other studies of surficial and mechanical proper-

ties and are consistent with the idea that the hardness proper-

ties are controlled by fully ductile flow.
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Introduction

Many field observations strongly suggest that quartz may

be deformed ductily during tectonic events. Despite many at-

tempts quartz resisted laboratory efforts to produce detect-

able ductile flow until the experiments of Griggs and others

(1960). A vigorous scientific effort has ensued in an at-

tempt to describe the natural deformation of this important

mineral. (See Carter, 1976 or Nicolas and Poirier, 1976 for

reviews.) Despite this prodigious effort by many workers,

many questions remain unanswered.

In particular, one troubling inconsistency was that the-

stresses necessary for ductile flow as inferred from labora-

tory examinations were much higher than those which were

estimated to be operating in the earth. This paradox was ap-

parently resolved by the discovery that synthetic crystals

were much weaker at given strain rates and temperatures than

natural crystals (Griggs and Blacic, 1964; Griggs, 1967).

Natural single crystal quartz deformed in the presence of de-

hydrating talc at 15 kb confining pressure and 800 0 C was also

observed to deform at low stresses. These discoveries sparked

an intensive investigation of the mechanical properties of

synthetic quartz single crystals (Griggs, 1967; 1974; Heard

and Carter, 1968; Baeta and Ashbee, 1969a and b; 1970a and b,

1973; McLaren et al., 1970; Blacic, 1971, 1975; Hobbs et al.,

1972; Ardell et al., 1973; Balderman, 1974; Kirby, 1975,

1977; Morrison et al., 1976; and McCormick, 1976; among

1----`-' -- r.L- -- -- ' ' -- - III-I C~



others). Beginning slightly prior to and continuing concur-

rently with the discovery of the so-called hydrolytic weak-

ening phenomena was a burgeoning literature concerning trace

impurities in quartz.(For a review of the early literature,

see Frondel, 1962; Cohen, 1954, 1956, 1958, 1959, 1960; or

Dennen, 1965 . Among the impurities discovered residing in

the quartz structure was hydrogen (Kats and Haven, 1960; Kats,

1961; 1962; Brunner et al., 1961; Bambauer, 1961; Bambauer

et al., 1961a,b, 1962; Haven and Kats, 1962) and this was

widely interpreted as indicating that hydrolytic weakening

mechanisms were operative in the earth. The influence of

the impurities other than hydrogen on the mechanical proper-

ties has been neglected except for a single investigation

using indentation hardness testing (Nadeau, 1970).

The Nadeau (1970) study and the several previous studies

of hot hardness of quartz (Westbrook, 1958, 1966; Brace, 1961)

have been overlooked by workers examining the ductility of

quartz. It is one of the purposes of this paper to compare

these hardness studies as well as new hardness experiments

on quartz to the results obtained using uniaxial and triaxial

compressive apparatus. It will be seen that not only can

the two types of test be related, but also that the incorpor-

ation of the hardness data into the body of yield data on

quartz allows some interesting conclusions to be drawn.

Hardness tests have been widely used in the metallurgical

and ceramics literature to investigate the flow properties of



even quite strong materials (see McClintock and Argon, 1966;

or Tabor, 1970 for reviews). Rice (1970) has suggested

that single crystal hardness tests may be used to predict

polycrystalline flow stress. In a previous paper, Evans

and Goetze (1978) have presented experimental evidence that

the hardness test can be used to relate the indentation hard-

ness and yield stresses using the theory of Johnson (1970).

Regardless of the exact relation of hardness to yield stress,

the use of hardness as a relative measure of ductility is

well documented. Thus a second purpose of this paper is to

compare the hardness, and by inference, the yield stress, of

several natural crystals of widely differing natural impurity

states.

Yield Studies of Quartz

The first unequivocal evidence of experimentally pro-

duced plastic flow was given by Carter et al. (1961) using

a simple squeezer. The results of those experiments and

other experiments conducted in a cubic anvil apparatus are

discussed in Carter et al. (1964a,b). Experiments were done

both on polycrystalline material and single crystals allowing

Carter et al. (1964b) to analyze slip tracings on the

polished faces of the single crystal and to identify a basal

slip system. Christie et al. (1964) used a piston and cylin-

der device to deform single crystals at room temperature and

2.7 GPa confining pressure using bismuth as the confining
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medium, Analysis of the deformed specimens revealed rup-

tures which appeared to be crystallographically controlled.

Thin zones of optically isotropic material which coated the

rupture surface and some small crystals of coesite were

detected. Christie et al. (1964) suggested that slip along

the rupture planes caused brittle fractures to form which

were then propagated to complete the rupture. The stress to

rupture, that is, the maximum principal stress difference

a1-a3) depended on the orientation, varying between -4.2-

4.3 GPa when a1 was perpendicular to the r(lll), z(Ol1l),

or ml100) planes and 4.6 GPa when a1 was perpendicular to

the cC0001) plane.

The disparity between the observed natural ductility

and intransigence of quartz in the laboratory was apparently

resolved when Griggs and Blacic (1965) discovered a phenom-

enon which has come to be called hydrolytic weakening.

Griggs and Blacic (1964; see also Griggs, 1967) were able to

deform synthetic hydrothermally grown crystals at much lower

stresses than natural crystals deformed in dry environments.

They also made the observation that natural crystals were

weakened when deformed in an environment (950 0C, 1.5 GPa con-

fining pressure) which was rendered hydrous by the presence

of dehydrating talc. This discovery sparked a large number

of studies of the properties of synthetic crystals. Only a

brief summary of a few of the more important points is given

here; for a more complete review, particularly concerning



the controversy over the development and use of deformation

lamellae, please see Carter (1967) or Nicolas and Poirier

(1976). A comparison of data available for single crystal

experiments for both natural and synthetic crystals is given

in Figure 1, and the data sources and a few pertinent exper-

imental details are given in Table 1.

(1) For low strains (E < 10-15%, and at temperatures

between 300-800 0C, synthetic quartz crystals compressed in

directions which activate the basal and unit prism slip sys-

tems (see below for a listing of slip systems in natural and

synthetic quartz) are much weaker than natural crystals

(Griggs and Blacic, 1965; and many others).

(2) The stress-strain curves are often found to be sig-

moidal in shape (Baeta and Ashbee, 1970a; Hobbs et al., 1972)

having a yield point, a stage of low work hardening, and a

stage of greater work hardening (Hobbs et al., 1972; Morri-

son-Smith et al., 1976).

(3) Synthetic crystals contain grown-in inclusions which

are one or more of the following: a solid second phase, being

perhaps acmite (Morrison-Smith et al., 1976); a colloidal sus-

pension of water, silica and/or sodium hydroxide, possibly

ordered in some fashion (Kirby, 1975; McCormick, 1976); water

in gaseous or liquid phases probably with some dissoived com-

pounds (observed in crystal X° by McCormick, 1976).

(4) Bubbles containing liquid water are produced in

many deformation experiments (Kirby, 1975; McCormick, 1976;



Figure 1. Single Crystal Yield Data for Synthetic Quartz:

Yield Stress versus Temperature.

The yield stress is plotted for experiments at strain

rates of 10 5 5 s for strain of .08 (when possible). The

orientation of each crystal is given near the end of each

data curve along with the hydroxyl content in H/106 Si. For

the sources, symbols, and experimental details see Table 1.
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TABLE 1. SYNTHETIC SINGLE CRYSTAL YIELD STUDIES

Balderman
(1974)

Blacic (1971)

Heard and Carter
(1968)

Hobbs (1968)

Hobbs et al,
(1972)

Baeta and Ashby
(1970)

Kirby (1975)

McCormick (1976)

Morrison-Smith
et al. (1976)

Temperature (OC)

250-500

300-600

500-1020

350-900

400-900

600-100
900

400-616

400-555

475-900

Orientation

0o+

0+

Various

0+

0+
C

0+

Strain Rate (s- 1)
-37x10 -

5x10-8

10-5

10-6

8xl-68x10-

10-5

10-5

10-3-10"5

10-4-10-7

7x10 - 3

6x10-7

Ir

Max. Strain Symbol

,06-,10

.60

.12

.35

.05

.20

NOTE: 0+ orientation is 450 from <0001> and <1210>.
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Morrison-Smith et al., 1976). The bubbles are mobile in ex-

periments at high confining pressure and temperature and com-

monly-are found at triple nodes of dislocations (McCormick,

1976; Morrison-Smith et al., 1976). It is not known whether

the water which forms the precipitated bubbles migrates

through the bulk lattice or along the dislocation cores.

A substantial fraction of the hydroxyl which is present in

the synthetic crystal resides in the form of inclusions

(Kirby, 1975; see also Chernov and Khadzi, 1968 and the fol-

lowing section on impurities).

(5) Crystals in which the bubbles have been precipitated

are much stronger (Jones, 1975; Kekulawala et al., 1978).

(6) Although most crystals have been deformed in an

orientation which exerts maximum resolved shear stress on the

basal and unit prism slip systems (Griggs and Blacic, 1965;

Heard and Carter, 1968; Kirby, 1975; McCormick, 1976) several

studies have been done to discover the effect of orientation

(Baeta and Ashbee, 1969; Hobbs et al., 1972); those crystals

deformed with al 1 to the basal plane are strongest.

(7) Inhomogeneity in water content causes an inhomogen-

eity in dislocation generation which is frequently, but not

always, found to occur near the grown-in inclusions (Morrison-

Smith et al., 1976).

(8) Climb and recovery processes including recrystalli-

zation are competitive with glide and dislocation generation

at strain rate = 10-5/s and 800°C (Baeta and Ashbee, 1973) andat strain rate = 10 /s and 8300C (Baeta and Ashbee, 1973) and



there is a suggestion that climb and other recovery processes

are active at temperatures as low as 550 C to 600 C (Morrison-

Smith et al., 1976; Baeta and Ashbee, 1973).

(9) At lower temperatures (<6500-7500C) most of the

strain is taken up building dense tangles of dislocations

which may become visible as optical lamellae or deformation

bands (Christie et al., 1973; Morrison-Smith et al., 1975).

The tangles spread to other portions of the crystal, some-

times dividing the crystal into zones which contain disloca-

tions of primarily one slip system (Morrison-Smith et al.,

1976)- but which may form intersecting tangles which involve

two slip systems (Baeta and Ashbee, 1973).

(10) Recrystallization takes place on a very fine scale

in the experiments when there are dense tangles of disloca-

tions and water is present but much higher temperatures are

required for completely dry systems (Hobbs, 1968).

(11) There have been several attempts to determine acti-

vation parameters such as apparent activation enthalpy and

the exponent of strain rate (E) sensitivity (n) in an expres-

sion such as

n Q= A n exp -RT (Eq. 1)

(Baeta and Ashbee, 1969b; Balderman, 1974; Griggs, 1974)

a is the yield stress.

A is an empirical constant but which may actually be a

function of temperature, microstructure or other variables.
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n is an empirical "constant" which strictly applies only

in the limits of stress, temperature, strain rate,

pressure,...space in which it was determined.

R is the gas constant.

T is the absolute temperature (K).

However these efforts are cast in severe doubt due to the

observed complexity in generation of dislocations around the

inclusions and their subsequent entanglement in complex tangles

of dislocations as well as the uncertain effect of precipitat-

ing water (Kirby, 1975; McCormick, 1976; Morrison-Smith, 1976).

(12) Recent experiments by Kirby et al. (1977) and Kirby

(1975, 1977) show that the generation of dislocations depends

on the hydroxyl content but that the velocity of the disloca-

tions (Vdis) can be represented by an Arhennius type equation

which contains an apparent activation enthalpy which does not

depend on the water content:

AH
Vdis = Vo exp -- (Eq. 2)

where AH = 40 5 kcal/mole;

Vo = some constant which may depend on the concentration

of hydroxyl.

(13) The slip systems which are found to operate in both

synthetic and natural quartz are listed below in Table 3. The

basal (0001) slip systems and the unit prism {11001 slip sys-

tems have approximately the same apparent activation enthalpy

(Baeta and Ashbee, 1970b) and yield stress at 8000C (Baeta

and Ashbee, 1969; Hobbs et al., 1972; Morrison-Smith,



Table 3: Slip Systems Observed in Quartz by TEM

Plane

--

(2110)

(0001)

(1010110 o10

{2110}

{1012}

(1013}

plus all

Burger's vector

1/3<2110>

[0001]

1/3<2113>

<2110>

<1213>
<0001>
< 210>

[0001]

<1210>

<1210>

of the above

Source

McCormick (1976)

n "i

Morrison-Smith

n n

n n

" n

et al.

n n

H H

I, "

n " "

Baeta and Ashbee (1973)

H H n n

WI "

1976) but which of these systems operate under given condi-

tions may be affected by hydroxyl content (Blacic, 1975).

Concurrently with the intensive effort which was being

lavished on synthetic crystals, a much more modest effort

was being expended on natural single crystals and natural

polycrystalline experiments. Griggs and Blacic (1964; see

also Griggs, 1967) deformed natural single crystals in the

0+ orientation, which develops high shear stresses on the

basal and prism planes. Subsequent TEM observations (McLaren

and Phakey, 1967) revealed no dislocations in the experiments

deformed below 6000C; glassy fracture zones similar to those

described by Christie et al. (1964) were observed as well as
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twinning according to the Brazil law. At somewhat higher

temperatures, 600 0 -750 0C, many basal dislocations were ob-

served in addition to the basal faults.

Heard and Carter (1968) performed a series of experi-

ments on natural and synthetic crystals and a natural poly-

crystal, the Simpson orthoquartzite. Subsequently a reanaly-

sis of the Simpson experiments, and a new set of experiments

on the Canyon Creek orthoquartzite which was deformed at

1.0 GPa confining pressure under hydrous conditions, was pub-

lished by Parrish et al. (1976). Heard and Carter (1968)

observed optical deformation lamellae in their suite of -sc-

ples and attempted to define the operating slip systems from

these observations. Although in some cases lamellae may in-

dicate the predominant slip system operating (Carter, 1976;

Twiss, 1974) they need not necessarily form parallel to slip

planes (Christie and Ardell, 1974; Ardell et al., 1976).

Heard and Carter (1968) do not identify recrystallization

as occurring, nor do the photographs in their report evi-

dence recrystallization to any significant degree. By con-

trast the experiments of Parrish et al. (1976) on the Canyon

Creek orthoquartzite are replete with recrystallization

fabrics. A previous study of the Canyon Creek rock (Ave'

Lallement and Carter, 1970) had shown that recrystallization

occurred at temperatures above the dehydration of the talc

confining medium but not below it. The rocks were strong

when deformed at the same temperature when no water (and
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also no 'recrystallization) were present. Tullis (1972) and

Tullis et al. (1973) deformed samples of the Simpson and Can-

yon Creek quartzites and, in addition, a Black Hills quart-

zite in order to investigate the development of fabric with

strain. Many experiments were conducted using talc confining

medium but in some experiments above the dehydration tempera-

ture AlSiMag 222, boron nitride or salt were used. Similar

observations were made concerning recrystallization, and in

addition they note that below 800 0C, there was no recrystal-

lization even for quite large strains. The deformation was

very inhomogeneous, and some grains oriented with the (0001)

axis parallel to the greatest principal compressive stress

survived the deformation relatively unstrained. Figure 2

contains a comparison of the polycrystalline data; the

sources of the data and some of the pertinent experimental

details are listed in Table 2.

A recent set of experiments conducted by Kekulawala et

al. (1978) are particularly interesting in that they failed

to discover any significant hydrolytic weakening in natural.

single crystals except for amethyst at confining pressures

of 300 MPa. It may be possible to reconcile these results

with Griggs and Blacic (1964) if the weakened state is more

easily attainable under the higher confining pressure used

by the latter (1.5 GPa). However, at present, this question

is unresolved.
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Figure 2. Previous Natural Single and Polycrystalline Yield

Studies: Yield Stress versus Temperature.

The yield stress was taken at .08 strain where possible

-5±. 5and at a strain rate of 10 - 5± . For data sources, symbols

and experimental details see Table 2.
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Reference

Heard and Carter
(1968)

Ave' lallement
and Carter (1973)

Tullis (1972

Parrish et al.
(1976)

Griggs (1967),
Blacic (1971)

Heard and Carter
(1968)

Blacic (1971)

Christie et al.
(1964)

TABLE 2.

Tempera-
ture (°C)

500-1000

600-1050

400-1100

860-1160

NATURAL SINGLE AND POLYCRYSTAL YIELD STUDIES

Orientation
& Type

Simpson Ortho-
quartzite;
polycrystal

Canyon Creek;
polycrystal

Simpson, Can-
yon Creek,
Black Hills;
polycrystals

Canyon Creek;
polycrystal

200-750 Single crystal
O+

500-1000

700-1000

23

Single crystal
0+

Single crystal
0+

Single crystal;
various

Strain Rate
(s-1)

.8x10-5

,8xl0 - 5

3x10 - 4

Maximum
Strain

.10

up to ,60

.08-.10

Rupture

Confining
Pressure

(GPa) Symbol

Argon
1.0-.6

Talc
2,0-.4

Talc
Alsimag
Halite

Talc
1.0

1,5 GPa

Argon
1.0-.6

Talc
1.5-.6 GPa

Bismuth
2,7-3.0

10-4-10-6.4 ~.15

~.10



Room Temperature Hardness Studies of Quartz

Early room temperature studies of indentation hardness

quartz were primarily-aimed at the use of hardness as a diag-

nostic tool (Winchell, 1945) or as a device to study the de-

formation mechanisms including fracture in quartz single

crystals (Migge, 1898). These studies and others of a simi-

lar nature are reviewed extensively by Brace (1961, 1963,

1964). Brace's (1961, 1963) detailed explanation of the mor-

phology of Knoop indentations (Winchell, 1945; McClintock

and Argon, 1966), using a replication technique observed by

SE4, revealed markings on the facets of the indentations which

he likened to slip tracings observed in halite and metals

(Figure 3a). Brace suggested that these might in fact be evi-

dence of plastic flow on these planes. He also examined the

patterns of cracks about the indentations (Figure 3c) and the

actual shape of the indent itself, which was found to depart

from the shape of the indentor, particularly, in that the

ratio of the diagonals was 10:1 instead of 7:1 (Figure 3d)

and the sides of the indentation were slightly concave out-

ward. These painstaking observations are pertinent in the

correlation of hardness and yield properties and are dis-

cussed below.

Comparison of results of room temperature tests led to

the discovery that hardness varied as a function of the

crystallographic face being tested (Winchell, 1945; Brace,

1961, 1963). A second sort of anisotropy of hardness exists
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Figure 3a. Knoop Indentation Morphology.

High resolution scanning electron micrograph of a replica

of a Knoop microhardness indentation in quartz made by Brace

(1961). The arrow shows the direction of shadowing of the

replica. The orientation of the crystal axes with respect

to the long axis of the indentation are the same as the rela-

tive orientation of the diagram shown in Figure 3b. In the

inset is shown a scale length for 1 pm. (From Brace, 1961)
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Figure 3b. Crystallographic Orieintation of Figure 3a.

The trace which several important crystal planes make

on the plane of the shaded facet of the indeantation is shown.

The symbols and their corresponding planes axe.:

M unit prism OO1100}

A secondary prism {2110)

R + rhombohedrai {101)I

Z - rhombohedral fO{lI}
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M
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Figure 3c. Cross Section of Knoop Indentation.

A scale drawing of a Knoop indentation on the + rhombo-

hedral face of quartz (from Brace, 1961, 1963). The ring

cracks shown often form upon unloading or shortly after un-

loading. In addition, there may be median cracks which ex-

tend parallel to the trace of z{l1101} planes into the crystal

half-space.
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Figure 3d. An Idealized Knoop Indent for Quartz.

The birefringent zone is an upwarped area which may be

observed optically. The indentation departs from the ideal

shape, the ratio of the long axis to the short axis being

10:1 instead of the ideal ratio 7:1. The illustration is

taken from Brace (1961, 1963).
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when using the Knoop geometry: the hardness has been found

to vary as a function of the crystallographic direction of

the long axis of the Knoop brale in the plane of the crystal

form being indented. These two types of anisotropy of hard-

ness will be called form anisotropy and directional anisotro-

py respectively. Because of the relative symmetry of the

Vicker's brale, Vicker's diamond pyramid (VDP) hardness usually does

not show directional anisotropy (Westbrook and Jorgenson,

1968). Form anisotropy, when it exists, is shown by all

brale geometries (Mott, 1956). Form anisotropy and its rela-

tionship to minerals is discussed first, followed by a pre-

sentation of directional anisotropy theories.

The form anisotropy of hardness of nonmetallic compounds

was initially attributed to intrinsic mechanical differences.

(See Table 4 for the form anisotropy of quartz.) However,

Westbrook and Jorgenson (1968) have shown that the form ani-

sotropy disappears when absorbed water is removed by heating

to approximately 350 0 C for several hours and the material is

subsequently tested in scrupulously anhydrous conditions.

Tests have shown that water is the causative agent during

testing in laboratory environments and not other common

gases in the environment including H2, N2 , and CO2 . The

hardness of crystals from which water has been desorbed is

found to approach a common value which is greater than the

hardness in the presence of the adsorbed layer. This soften-

ing effect may be suppressed by increasing the load during



TABLE 4. FORM ANISOTROPY OF ROOM TEMPERATURE HARDNESS -OF QUARTZ

Source

Westbrook &
Jorgenson
(1968)

Winchell (1945)
Taylor (1949)
Brace (1961)

Nadeau
(1970)

Westbrook
(1950,1966)

This study

Crystal

Natural
Desorbed
natural

Natural
Synthetic #705
#704
#690-1
#690-2
#WE
#HQ
Natural Brazilian
Same crystal annealed
Hydrogen doped
Synthetic

Herkimer diamond
Herkimer diamond
U.Q.
C105
HBQ275
HBQ338
R H Hoffman (syn.)
HBQ329 (annealed)
HBQ275 (annealed in

PH20 = 15 kbar)

Form: Hardness in k/mm2
(0001) {0oill {01111 {1010}

935
1240

1103

1100
1300
850
900

653-748

1000-870
870 40
795 45
810 60
750 30
790 50
790 20

1020
1245

870
1140

674-748 834-902
1260

950-890 1100-950

Cond.

VDP 50g
VDP 50g

KHN
VDP
KHN

I,It

I'
"

100g
50g
lOOg
10g

tI
"I

"?

1050

1220
1240(not oriented)
1290
1170
1310
1280
1120
1100

727-658
990-850
1225

KHN 300g
" 100g

VDP "
It II

I, J!

I, "

Notes: (1) VDP signifies Vickers diamond pyramid hardness while KHN signifies the
Knoop hardness test.

(2) The crystals used in this study are described in the Experimental Section.
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indentation. When the indentor penetration is on the order

of 3 pm in InSb the weakening cannot be observed (Hanneman

and Westbrook, 1968). Desorbed crystals are observed to

weaken in a time period of several days for laboratory humidi-

ties or several minutes if immersed in water. In mostocases

the magnitude of the weakening (Hdry-Hwet/Hdry) is about .25

for materials of geologic interest. Etching of the indenta-

tions frequently .reveals a characteristic pattern of disloca-

tions around the indentation (the dislocation rosette).

These rosettes have been used to assess the apparent increase

in dislocation mobility with the adsorbed layer present

(Hanneman and Westbrook, 1968). Three mechanisms are presen-

ted as being likely to be responsible for the weakening effect:

(1) Adsorbate-point defect dislocation interactions.

(2) Adsorbate alteration of surface bond strengths.

(3) Release of friction between the brale and the test
material.

No new evidence is presented in this study which bears on the

selection of one of these mechanisms, but the information

gained about the relative adsorption of water to the crystal

surfaces of quartz appears to mesh with information obtained

in synthetic quartz impurity studies. However, it should be

noted that the surface water weakening persists to tempera-

tures as low as -700C so that strongly thermally activated

processes are unlikely (Westbrook and Jorgensen, 1965).

Directional anisotropy was discovered during the origi-

nal development of the Knoop hardness test (Knoop et al.,
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1939; Winchell, 1945; Thibault and Nyquist,-1947). Several

attempts to understand the nature of the anisotropy have

been made (Daniels and Dunn, 1949; Feng and Elbaum, 1958;

Garfinkle and Garlick, 1968; Brooks et al., 1971). Brookes

et al. (1971) were able to explain the form of the hardness

anisotropy curve for calcium fluoride, aluminum oxide, lithium

fluoride and magnesium oxide using a modification of the ear-

lier theories. Subsequently anisotropy of hardness in niobium

carbide (Morgan and Lewis, 1974) and titanium carbide (Han-

nink et al., 1972) were explained using the Brookes et al.

(1971) theory. In brief, Knoop hardness anisotropy results

from the activation of preferred slip systems which allow

the accommodation of strain elements required by the geometry

of the brale. Thus a crystal would appear to be least

hard when the indentor orientation was such that it resulted

in the greatest resolved shear stress on the preferred slip

system and that it also allowed rotation of the crystal dur-

ing plastic deformation such as to displace material to the

crystal surface. This is to say, if the axis of rotation

of the primary slip system is codirectional with the zone

of an indentor facet and the surface being indented, the slip

system will be preferentially activated. [Although VDP hard-

nesz tests sometimes show phenomena called barrelling and

pincushioning (see Figure 4; and Tabor, 1966), one cause of

which may be directional anisotropy of flow, the effect is

not large enough to cause the magnitude of the VDP hardness
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Figure 4. Barreling and Pincushion Shapes.

Vicker's diamond pyramid indentations may depart from

the shape of the brale by exhibiting barreling (A) or pin-

cushioni-Lg (fB). The concavity or convexity of the indentation

sides is thought to result either from work hardening con-

straints or anisotropy of yield stress (Tabor, 1970). An

additional factor may be large changes in the elastic modules

as a function of direction. Brace (1961, 1963) has observed

that indentations in quartz are typically pincushioned shape

(B) although the reason or combination of reasons for this

shape is unknown. The amount of pincushioning has been

greatly exaggerated for purpose of illustration.
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Figure 5. Directional Anisotropy Factor (T) for a Knoop In-

dentation on the i011) Face of Quartz.

Shown are the directional anisotropy factors (T) calcu-

lated using the theory of Brook et al. (1971) for the

(0001)<1120>, (1120)<0001> and the fli00}<1120> slip systems

in quartz. The angle (6) measures the angle between the

long axis of the indentation and the <1120> direction. Since

T is proportional to the mean of the critical resolved shear

stresses developed by the four facets of the indentor, large

T implies lessening hardness.
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to be a function of direction in quartz.. For each slip sys-

tem on a given facet, one may write an equation of the form:

1T= cos X cos D(cos V + sin y)

The angles are as follows:

X is the angle between the stress axis (line of steepest
descent on the facet) and the slip direction.

4 is the angle between the rotation axis of the slip
system and the zone of the facet and the test surface.

y is the angle between the zone of the facet and the
test surface and the slip direction.

.- is the angle between the stress axis and the normal
to the slip plane.

T is proportional to the resolved shear stress on the slip

plane generated by the particular indentor facet. The mean

of the values of T for the primary slip system for the four

facets gives an indication of the relative magnitude of the

hardness. Thus those.orientations of the brale which gener-

ate the largest mean of resolved shear stresses on the pri-

mary system will be the weakest. Figure 5 shows the direc-

tional anisotropy factor (T) vs. or orientation curve for

indentation on the (1100) plane of quartz for the slip sys-

tems (0001)<1210> {1210}<0001> and {1100}<1210> as computed

by the expression given above (Brookes et al., 1971). By

matching the form of the T versus orientation curves

for possible slip systems to that
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observed experimentally, one can potentially identify the

primary slip system. Thus Knoop hardness can be used as a

quick method to identify slip systems in minerals for which

they are not known.

Previous Hot Hardness Studies

The temperature dependence of hardness of quartz has

been examined by several authors (Fig. 6): Westbrook (1958,

1966) used a VDP brale on the basal and prism planes of syn-

thetic crystals up to approximately 900 0 C. Brace (1961) used

both VDP and Knoop geometries in the .temperature range 230

800 C, on rhombohedral planes of natural single crystals and

the Knoop geometry on a quartzite where the indentation

spanned many grains. Nadeau (1970) dertermined the VDP hardness of

a natural Brazilian crystal as received and after being

doped electrolytically with lithium and hydrogen impurities

up to temperatures of about 900 0 C.

Some interesting comparisons and conclusions may be

made by considering the aggregated data. Firstly,Westbrook (1958)

suggested that the break in the trend of his data near the

e-B transition point (573 0C) was caused by the difference in

deformation characteristics of those two phases. However,

the data of Brace (1961) and Nadeau (1970) do not show this

effect even though Nadeau exercised special care to observe

the discontinuity. Secondly, the effect of impurities may

be qualitatively assessed from the,hardness-temperature curve.
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Figure 6. Hardness versus Temperature for Quartz.

Shown are the collected hardness data from Nadeau (N,

1970), Westbrook (W, 1958, 1966), Brace (B, 1961) and this

study (see Appendix B and the Results section). The small

scale bar near the ordinate axis shows the probable magni-

tude of error for the points from this study. The heavier

line is an attempt to indicate the trend of the aggregated

data.
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Brace indented a natural hydrothermal crystal from Herkimer

County, New York while Westbrook indented synthetic crys-

tals. The impurity content of neither is known, but as will

be discussed in some length in a following section, the syn-

thetic crystal might be expected to contain much larger

amount of hydrogen impurity. Yet, the hardness of West-

brook's crystals was only slightly less than the Herkimer dia-

mond hardness from Brace. The natural Brazilian crystal

tested in the "as-received" condition by Nadeau (1970) was

comparable in hardness to Herkimer diamond at temperatures

less than 500 C but was weaker at higher temperatures. In

order to vary the content Nadeau (1970) electrolytically

injected alkali and hydrogen ions into the natural crystal

after annealing it at 14000C for 24 hours. Annealing streng-

thened thecrystals while injecting hydrogen appeared to lower

the annealed curve by a factor of approximately 30%. Elec-

trolytic injection of lithium caused only slight weakening

at temperatures up to 550 C but caused rapid weakening (as

compared to the annealed curve) at higher temperatures. Both

the impurity state of the natural crystal as received, as well

as the doped impurity states were unstable upon heating to

800 C. Additionally, material around the lithium doped crys-

tals was observed to have undergone alteration to a phase

which was unstable to laboratory conditions.

A second indication of the importance of the impurity

state to the mechanical properties was shown by Brace (1961).
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Shown in Figure 7 are the Knoop hardness numbers of different

growth regions of a synthetic quartz. Since the impurities

are known to exhibit zonal specificity in synthetic quartzes

(Cohen and Hodge, 1958), Brace subsequently irradiated the

crystal to develop the color centers due to aluminum impuri-

,ties and measured the darkening of the growth zones (Cohen,

1960; see also the following impurity discussion). There

was a general correlation between darkening after irradia-

tion and the hardness: those growth zones which darkened

most were weakest.

Thus hardness studies have shown that alkali impurities

as well as hydrogen impurities can affect the mechanical

strength of quartz. One aim of this study is to further

investigate the relationship of mechanical properties and

impurity states which can be expected to occur in natural

geologic settings. In the following section, I review pre-

vious studies of the impurity state of quartz in some detail

in order to point out some differences between natural quartz

and synthetically grown quartz, and to outline the natural

impurity states which have been investigated thus far.

The Impurity Content of Quartz

The primary impurity elements in quartz are (in no par-

ticular order) Li, Na, Al, H, Ti, Fe, Mg, Ge, K, Co, Ca, Ag

and sometimes B and Mn (Frondel, 1962; Cohen and Hodge, 1958).

A great deal of interest has centered around the role of
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Figure 7. Hardness versus Impurity Content of a Synthetic

Crystal (after Brace, 1961).

Indentation hardness tests were made in different growth

zones of a synthetic crystal slab. After hardness testing

the crystal was irradiated to develop the color centers of

the quartz (see dicussion of impurities). There is a rough

correlation of impurity content with decreasing strength

(after Brace, 1961, 1963).
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impurities in the production of color centers in quartz and

its colored varieties amethyst, citrine, and smokey quartz

(Cohen, 1954, 1956, 1959, 1960; Dennen, 1970; Dennen and

Puckett, 1972; Lehmann, 1969; and other more recent authors).

-Hydroxyl was identified as an impurity in quartz which could

give rise to infrared absorption bands by Kats (1961, 1962)

and Brunner et al. (1961). The impurities may be incorpora-

ted into the quartz lattice as substitutional ions for Si in

the case of Al, Fe and Ge and possibly Ti and as interstitial

ions in the case of all the above mentioned ions. Hydroxyl

ions may be associated as charge compensating ions to

a substitutional ion, e.g. an alkali or hydrogen ion compen-

sating a trivalent aluminum which, in turn, is substituting for

quadrivalent Si. Hydroxyl ions or water may also occupy

a site in the channels of the quartz structure, and in this

case, need not be associated with a trivalent substitu-

tional ion. Interstitial ions of this sort may be the charge

carriers during electrolytic ionic current flow through

quartz (Verhoogen, 1952). A third possibility in the case of

water (rather than OH ions) is the occlusion during growth

to form ordered water (Kats, 1962; Dodd and Fraser, 1965)

called gel hydroxyl by Kekulawala et al. (1978). This col-

loidal water is thought to cause such severe disturbance to

the lattice that the mobility of ions under electrolysis is

reduced (Dodd and Fraser, 1965).

The earliest studies investigating hydrogen in a-quartz
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Figure 8. Comparison Impurity Content of Natural and Synthe-

tic Quartz.

In natural quartz the sum of the atom concentrations of

the alkalai impurities including hydroxyl is often observed to

equal the atom concentration of aluminum (natural quartz data

from Bambauer, 1961). Quartz with large concentrations of

water (e.g. HBQ338 of this study) are observed to be weakly

biaxial and are termed "lamellar quartz' by Bambauer (1961).

Shown for comparison are impurity contents for several synthe-

tic quartzes as given by Chakraborty and Lehmann (1976), for

which the correlation clearly does not hold.
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were done on large crystals naturally gzown in hydrothermal

environments (Kats and Haven, 1960; Kats, 1961; Brunner et

al., 1961; Bambauer, 1961; Barmbauer et al., 1962). Studies

by Brunner et al. (1961), Kats and Haven (1960), and Kats

(1961) showed that sharp absorption bands in the 3 pm wave-

length region of the IR spectrum were due to hydrogen impur-

ity. Shifts in the bands due to deuteration of the crystal

confirmed this hypothesis. Bambauer (1961) showed that the

concentration of hydroxyl impurity could be associated with

other impurities such that the sum of the concentration of

the monovalent impurities roughly equalled the concentration

of the aluminum impurity (Fig. 8). Furthermore, the concen-

tration of hydroxyl as detected by infrared absorption could

be correlated to regional differences in metamorphism. Den-

nen et al. (1970) extended this idea using the thermodynamics

of ideal dilute solutions, showing that for quartz growing

in hydrothermal environments with aluminum present in suffi-

cient quantity to saturate the quartz, the aluminum content

was a function of temperature (Fig. 9). They presented argu-

ments that this geothermometer should be relatively insensi-

tive to pressure. Some investigations of natural samples

from other than hydrothermal environments exist (Dennen,

1964; Bershov et al., 1975) but they do not include hydroxyl

contents as well as other impurity concentrations. Bershov

et al. (1975) used an electron spin precession resonance

technique and also detected increasing aluminum content with
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Figure 9. Aluminum Geothermometer (after Dennen et al.,

1970).

Measured relation of temperature and aluminum solubility

for natural and synthetic quartz crystals grown in aluminum

saturated environment (Dennen et al., 1970). Aluminum con-

centrations were measured by atomic absorption spectroscopy,

while the temperature of growth was determined from geologic

mineral assemblages, inclusion thermometry, and biotite geo-

thermometers or direct measurement in the case of the syn-

thetic crystals.

The natural samples came from contact metamorphosed and

gneissic rocks as well as vein quartzes (Dennen, 1970).
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increasing metamorphic grade. However, the impurity levels

implied temperatures which were untenable using Dennen's geo-

thermometer.

The detailed structure of the defects of the associated

alkali-aluminum impurities, called Al-H, Al-Na,... defects

is the subject of continuing research (Kats, 1961; Dodd and

Fraser, 1965; Staats and Kopp, 1974; Chakraborty and Lehmann,

1976). Suggestions for the site of the hydrogen ion range

from substitutional for 0=, to the hydrolysis of the Si-O-Si

bond, to more complicated structures involving several ions

(Figure 10). Figure 10 is probably not comprehensive, and is

only intended to indicate the range of suggestions tendered.

Furthemore, no evaluation of the relative merits of any of

the models will be given. Clearly further work in this area

is needed to delineate the specific structure of the impurity

centers in natural quartz.

The defect structure and content of synthetic quartz is

strikingly different from that of natural quartz (Dodd and

Fraser, 1965; Chakraborty and Lehmann, 1976). Kirby (1975)

has reviewed the impurity structure of synthetic quartz and

only a brief summary will be given here. Synthetic crystals

grown in nutrient solutions relatively free of aluminum, no

longer exhibit the Al-alkali correspondence discovered by

Bambauer (1961; see Fig. 8). Chernov and Khadzi (1968) have

observed trapping of inclusions of colloidal water on the

surface of quartz crystals grown above a critical rate. The
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Figure 10. List of Some of the Proposed Defect Structures for

Quartz.

Some of the proposed defect structures, not including

so-called gel or colloidal hydroxyl impurities, are shown in

this figure in schematic form to indicate the latitude of the

models currently discussed in the literature. Clearly, the

exact configuration of the "structural" hydroxyl impurity is

not known and probably includes several of the structures

shown. (Me stands for a univalent metal ion).
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critical velocity of growth (Vc ) is proportional to an

Arhennius term

UVct exp -T (Eq. 3)

where U is some activation energy for growth.

The threshold rate, Vc, depends also on the crystal form.

The order of threshold velocities from least to greatest

follows.

(0001) < (1120) < (1122) < (1101) < (1011) < (1170)

The sectoral zonation of impurities can thus be explained by

an increased number of impurities adsorbed on the face of a

growing crystal zone. There seems to be no particuar pressure

dependence of the amount of colloidal inclusions (Chernov and

Khadzi, 1968; Helgeson, 1967; also see Lias et al., 1973);

however, the concentration of alkali ion appears to be larger

in the inclusion than in the growth solution. The infrared

spectra of synthetic quartz grown above the critical velocity

no longer shows the sharp absorption peaks of natural quartz

but instead shows a broad band of absorption (Kats, 1962; see

also the following section). This suggests that the water

impurity is not structurally bound to a specific site. Wal-

rafen and Luongo (1975) have conducted a Raman and infrared

investigation in which they suggest that the hydroxyl in

hydrothermal quartz is present as H20 and not the Si-O-H

groups proposed by some earlier studies.
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Experimental Methods

Characterization of the Samples

The samples used in this study included some crystals

which had been carefully characterized in previous studies by

several different methods and some crystals which were rela-

tively poorly characterized. A description of the samples,

their genesis where known, and their chemical analyses when

known are given in Table 5. The impurity contents of three

of the samples were reported by Bambauer (1961) and redeter-

mined by Dennen (private communication). A description of

the procedures used in the atomic absorption analysis is given.

by Dennen (1964). Although particular care was used to ana-

lyze only fragments which contained no inclusions, some inclu-

sions which were below the size optically detectable may have

been present. The accuracy and precision of the determina-

tions is not high owing to the diluteness of the concentra-

tions involved; Dennen (1964) suggests that by replication one

may achieve 30-40% variation of the mean of the analyzed quan-

tity. For the purposes of this study, these analyses are cer-

tainly sufficient to give a qualitative indication of the

impurities present.

Measuring the hydrogen content of minerals has proven to

be a difficult task and wide discrepancies often exist when

hydrogen contents are measured using different methods. The

several methods used include (a) infrared spectroscopy (Brun-

ner et al., 1961; Kats, 1962), (b) ion beam spectroscopy,
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TABLE 5: CHARACTERIZATION OF QUARTZ SAMPLES USED IN THIS
STUDY

The chemical analysis of some samples was not available

at this time, but, when available, the impurity concentration is

given in atoms of impurity / 106atoms of Si. Also given are

the sources of the crystal, a brief geologic description and

the methods of analysis.



TABLE 5. CHARACTERIZATION OF QUARTZ SAMPLES USED IN THIS STUDY

Source

W.H. Dennen

" " "

Harvard Min-
eral Museum

Genesis

Single crystal

hydrothermal

ve- quartz

from Swiss Alps

Hydrothermal
crystal, Hot
Springs, Ark.

W.F. Brace Hydrothermal
crystal, New
York State

" " " Synthetic

HBQ275(ET1) W.H. Dennen As given above
(HBQ275)

" " " As given above
(HBQ329)

J. Dickey Unknown massive
quartzite

Al Li Ca Na Mg

60 20 2.1 <1 2.1

23 17

H Fe Ti

9+ 1.5 3.2

(Atoms/10
6 
atoms Si)

K Method

Atomic absorption
infrared

Reference

Bambauer (1961)

<2 2.1 13+

750 424 2.0 8.5 352
+

9 5 4 26
+

1 2 Infrared
atomic absorption
chemical

Not analyzed

Frondel and Hurl-
bet (1954)

Brace (1961, 1963)

Not analyzed

Annealed in PH20 = 1.5 GPa, 800°C for 2 days
not analyzed after annealing

Annealed in PH20 = 1.5 GPa, 800
0C for 2 days

Not analyzed; many small inclusions

*Qualitative estimate obtained during this study.
+The published hydrogen content was corrected by a factor of .506 as pointed out by Kirby (1975).

Sample

HBQ275

HBQ329

HBQ338

C105

Herkimer
diamond

R.H. Hoff-
man (syn-
thetic)

HBQ329(ET1)

" " "
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called IBSCA (Tsong et al., 1976) and a similar, but lower

energy technique called SCANIIR (White et al., 1972), (c) an

electrolytic technique (Wilkins and Sabine, 1973) and (d) a

classical chemical ignition technique (Godbeer and Wilkins,

1977). Godbeer and Wilkins (1977) analyzed a synthetic cry-

stal X-O which had previously been the subject of infrared

(Blacic, 1975; Kirby, 1975) mechanical (Griggs and Blaci2,

1965; Heard and Carter, 1968; Blacic, 1975; Balderman, 1974;

Kirby, 1975; and McCormick, 1976) and ion beam spectroscopic

analysis (Tsong et al., 1976). Using both infrared and chem-

ical ignition tests, Godbeer and Wilkins (1977) showed that

the IBSCA determined hydrogen impurity contents were approxi-

mately fifty times larger than the values given by the classi-

cal chemical ignition studies. The infrared determined im-

purity contents differed by only 30%. One possible cause of

the discrepancy between the two types of analysis is an adsorbed

and possibly chemically adsorbed surface layer which resists

desorption to fairly high temperatures (see the preceding dis-

cussions on form anisotropy of hardness and impurities in

quartz). It is also possible that because the infrared

method measures only C-H bond density, hydrogen may be pres-

ent in a form which is not analyzed by infrared techniques.

Several infrared spectra were taken in order to complete

the characterization of the analyzed samples in this study

(see Figure 11). In particular the published analysis of

C105 (Frondel and Hurlbert, 1954) did not include hydrogen
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Figure 11. Infrared Spectra of Samples HBQ329, C105, and RHH

(Synthetic).

Ila. Infrared spectrum of sample HBQ329 taken in a liquid

N2 cryogenic holder. The sharp peaks indicate struc-

turally bound hydroxyl impurity with associated alkali

impurities (see Dodd and Fraser,- 1965). The broad ab-

sorption band at -320 mm- 1 is due to background con-

tamination in the cold chamber (see lld).

llb. Infrared spectrum of sample C105 taken in a liquid N2
cryogenic holder.

1lc. Background contamination as shown by the infrared spec-

trum of a plate of KBr at liquid N2 temperatures. KBr

is transparent to infrared radiation of these wave-

lengths.

lld, Room temperature spectrum of RHH (synthetic) quartz

taken with the radiation path I to (1210). This syn-

thetic quartz does not show the broad hydroxyl absorp-

tion band typical of many synthetic quartzes of high

hydroxyl content (cf. Fig. 2 of Blacic, 1975). Because

of pleochroism, the magnitude of hydroxyl content of

this sample remains uncertain.



V3ýGkflN

0OP2

3A VI

09£7

I I

0971

0 30

Qd~

C /-PvkvJ

_



1.2

S1.0

03
c))

.8

K -1F ~-"-~ 1 -I

~*"I"CF~pf"J~ui
k4~l ~) -IZ 

mm

i~f7 II
360 340 320

WAVE NUMBER CMM- 1)

H
H·

- -,-

mn
iii h_



400° 390 380 370 360 350 340 330 320 310 300 290 280

WAVE NUMBER CMM ')3
thi

1.90

0) .

8

x:( /.70

1.60

1.50

H

H-0Q



I0

C-)

(0;

£12

250400 350 300
MM-!



144

impurity content. The determination of O-H bond content de-

pends on the Lambert-Beer law:

IEdvc - (Eq. 4)atm

where c is the concentration; E is the absorption and is

equal to log I /I; Io , the intensity of the reference beam,

and I the transmitted beam intensity; am, the molar extinc-

tion coefficient; t the thickness of the sample, v is the

frequency of the absorption.

Kats (1962) showed that absorption in the bands 347.9,

343.5, 337.1 and 331.1 mm-1 were due to O-H stretching vibra-

tions and that these peaks were shifted to lower frequencies

by deuterization. In a series of experiments, he was able

to electrolytically exchange alkali ions for hydrogen ions

and the reverse with the subsequent enhancement or reduction

of the bands. The molar absorption coefficient can be calcu-

lated by measuring both the current in an electrolytic ex-

change experiment and the change in the integrated absorption.

As pointed out by Kirby (1975), Bambauer (1961) used an

incorrect conversion factor and thus the values reported by

Bambauer (1961) are in error by a factor of -.51. In order

to obtain a qualitative estimate of the hydrogen bond con-

tent of C105, infrared measurements were made and the follow-

ing equation was used:
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C =22.5x0 Edv
22.4xlO

The explanation of the numerical factors is as follows:

22.5xl03 is the correct conversion factor from gH/ZSiO, to

atoms H/106 atoms Si (Kirby, 1975). 22.4x103 is the molar

extinction coefficient as determined by Brunner et al. (1961).

The integrated molar absorbance was calculated using only the

peaks at 347.9, 343.5, 337.1, and 331.1 mm- 1 (Kats, 1962).

The spectra were taken on a Digilab 14 Fourier Transform

-i
Spectrometer. The resolution was ±.4 mm . A standard cryo-

genic holder was used and the spectra were taken at liquid

nitrogen temperatures. The reference beam chamber was purged

with dry N2 and the cryogenic chamber was evacuated. How-

ever, it was discovered that the vacuum was not sufficient to

exclude all water vapor from the chamber. Included in Fig.

11 is a background spectra obtained on a sample of KBr which

is transparent in this region. By measuring only the inte-

gral absorbance in the four bands mentioned above, the effect

of the background is at least partially negated. However a

similar determination of hydrogen bond content for sample

HBQ329 differs from the previously determined impurity con-

tents (Bambauer, 1961; and Dennen, private communication) by

a factor of two. For the purposes of comparison of hardness

in this study, this accuracy is regarded as sufficient, and,

in fact, might even result from the zonal variation in im-

purity content mentioned in the previous section.
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Hardness Testing and Sample Preparation

The apparatus used for the hardness testing was de-

scribed in Chapter 1 and by Mott (1956) and Brace (1961).

The specimens were prepared by polishing with grinding powders

mixed with water. Nadeau (1970) concluded that within the

limits of the scatter of his data there was no difference

between the hardness of ground and polished faces of quartz and faces

produced by cleavage, etching in HF and chemical polishing

in hot KOH. Furthermore, all crystals received very nearly

the same preparation. For the comparative tests conducted

on quartzes of different impurity contents, surface prepara-

tion should have only a very small effect. Throughout the

study the loading rate remained constant, -.8 mm/sec. In

order to conduct hardness tests with increased dwell times

the loading and unloading cycle could be interrupted to allow

the brale and the test surface to be in contact for any de-

sired period. The motion of the brale was measured by a low

voltage differential transformer. Thus, the dwell time could

be determined to an accuracy of less than 1 sec. At the ter-

mination of the test. the brale was then unloaded at the same

constant rate. At several times throughout the study, hard-

ness tests were performed on a calibration block of known

hardness provided by the Wilson instrument company. All the

room temperature tests were made in laboratory humidity; no

special effort to desorb the surface water layer was made.

However the load use in all tests, 100 grams (weight), for
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the VDP tests is probably sufficient to suppress the weaken-

ing caused by the surface layer (Westbrook and Jorgensen,

1968). During the Knoop anisotropy tests it was found to be

necessary to use a 300 gram load in order to obtain more

reproducible results. All the high temperature tests were

made in an atmosphere of argon dried by bubbling through mag-

nesium perchlorate. Since the possibility exists that some

impurities were removed by annealing during the experiment,

several experiments were conducted at constant temperature,

to see if hardness was a function of time at temperature.

Additionally 'measurements were made both during heating and

cooling cycles. All measurements were done on a reflecting

microscope at 500x magnification using a travelling Filar

micrometer. Each diagonal was measured five times and thus

the average of 10 measurements determined the hardness value.

Indents whose diagonals differed by 1.0 pm were excluded.
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Results

Room temperature tests

The data for the room temperature hardness tests are

presented as averages in Table 4 and Appendix A. The room

temperature VDP tests agree well with previously published

data. Little form anisotropy is shown by the VDP tests and

the values obtained agree with the desorbed values of West-

brook and Jorgensen (1968). Westbrook and Jorgensen (1968)

observed that the effect of the adsorbed layer was suppressed

by increasing the load and I interpret the agreement with the

desorbed values as indicating that the water layer effects

have been suppressed by the larger load used here (100 g).

Although the 100 g Knoop hardness data also agrees with pre-

viously published values, reproducibility was not sufficient

for the directional anisotropy studies and therefore a larger

load (300 g) was used. It is not known, therefore, if the

decrease in hardness when the larger load is used is statis-

tically significant. However, because the depth of the Knoop

indentation,approximately .15 of the Vicker's impression,

larger relative loads would be needed to suppress surface

effects such as surface hardening caused by polishing work

hardening or slip band effects (McClintock and Argon, 1966,

p. 458), or surface weakening caused by an adsorbed water

layer. The room temperature directional anisotropy results

are presented in Figure 12.
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Figure 12. Knoop Hardness Anisotropy at Room Temperature on

a Prism Face of Quartz

8 is the angle between the long indentor axis and <0001>.

The room temperature directional anisotropy is a small fraction

of the average Knoop hardness, = .05, as compared to .13

for A1 2 0 3 , (0001); .12 for Ca Fz, .35 for Mg O (001). Since

the geometrical factor (T) predicted by calculations using the

Brookes et al. (1971) equation is larger than this for any

single slip system (see Figure 5) if the directional anisotropy

is controlled by plastic properties, the small variation could

be accounted for by flow on two slip systems with roughly equal

ease. The form of the curve is consistent with flow on either

or both of (0001)<1210> and/or (1210)<0001> in that there is

a hardness maximum when e - 0Q. The hardness maxima at 8 = 900

are consistent with slip on (l010)<1210>. These three slip

systems are most frequently mentioned as being the primary

low temperature slip systems for quartz (cf. Table 3).



0

Lr)

09 O Onc' niC

)

w w V
lir I ........



151

Hot hardness data

The hot hardness data for the natural crystals with no

heat treatment is tabulated in Appendix B and plotted with

the previous hot hardness data in Figure 6. The new data

are coherent and show good agreement with previously pub-

lished data with the exception of Westbrook's 1958 data which

is consistently low up to temperatures of ~6000 C. No discon-

tinuity was observed at or near the a-8 transition tempera-

ture (~-573 0C at 10 MPa). High temperature (>7500 C) values

for the Herkimer diamond seemed to be higher than either

Brace's (1961) data or Westbrook's (1958) curves. This dis-

crepancy may be a manifestation of the hardening with time

at temperature which was observed by Nadeau (1970). There-

fore several annealing experiments were conducted. In one

set, the samples were brought to temperature rapidly (-150C/

min) in the dried argon atmosphere held at a fixed tempera-

ture and the hardness measured as a function of annealing

time and temperature (Appendix B). A second set of hardness

experiments were done on samples that had been annealed for

two days at -8500 C and 15 kb confining pressure by Dr. J.

Tullis of Brown University in a modified Griggs apparatus

(see Tullis and Yund, 1977 for a description of this appara-

tus). The samples were sealed in a heavy walled plaLinum

capsule with approximately 37 mg of water; however on removal

from the apparatus, it was discovered that the samples had

lost approximately 33 mg in weight and so the exact partial
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pressure of water during the annealing is in some doubt.

Finally, one set of hardness data was collected on a sample

which had been annealed at 600 0 C for 3 hours in the dried

argon atmosphere. The argon annealed hardness data are dis-

cussed below and the hardness of the specimens annealed

in the high pressure experiment are plotted in Figure 13.

The relation between yield stress and hardness

The previous chapter discussed the relationship between

hardness and yield stress. The constraint factor computed

using the methods discussed previously, is presented in Fig-

ure 14. At temperatures below the a-ý transition, the ratio

of Young's modulus to the yield stress is very low,v20 (see

the discussion below), therefore the hardness behavior of

quartz is more akin to that of a highly elastic material such

as a polymer, as contrasted to that of pure metals which in

some cases approach perfectly plastic behavior (cf. Johnson,

1970). The limiting value of H/o for a cone indenting an

elastic material which does not yield plastically is .67

(Sneddon, 1951; Johnson, 1970), if one assumes Poisson's

ratio (v) = .1 and that the "hardness" of an elastically

yielding material is defined as the ratio of the load to the

actual contact area of the indentor and the specimen. How-

ever, in a series of experiments on a range of materials

using a VDP brale, Marsh (1964) found that the values of

the constraint constant approach 1.1 as more highly plastic

materials were indented. 1.1 is the value to be expected
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Figure 13. Hardness versus Temperature for Previously Heat

Treated Samples.

Samples HBQ329ETl and H2ET! were annealed in a sealed

platinum capsule containing a few milligrams of water in a mod-

ified Griggs apparatus at 825 0 C for two days under 1.5 GPa

confining pressure. Apparently, some water was lost during

the experiment and therefore the partial pressure of water is

not known, however some water remained in the capsule through-

out the experiment. The sample marked "annealed" was HBQ275-

127 and had been previously annealed for 2 hours at 6000 C

in dry argon. The arrows show the path of crystals during

the heating and cooling cycle.
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Figure 14. Constraint Factor for Quartz as a Function of

Temperature.

The constraint factor for quartz computed from the hard-

ness and the variation of the elastic modulus (see Chapter I)

is shown as a function of temperature. Because the ratio of

the Young's modulus to the yield stress increases very rapidly

at the a-8 transition temperature, the constraint factor in-

craeses quite rapidly. Below 5001C, the hardness values indi-

cate that the yield stress is an appreciable fraction of the

modulus (E/a - 20) and elastic strains are an appreciable

fraction of the total strain. The constraint factor is some-

what uncertain in this range (.7-1.1) but VDP experiments

indicate that the best empirical value is 1.1 (see Results

and Discussion section).
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when a sphere indents a perfectly elastic material (Sneddon,

1951). Realizing that the constraint factor may be uncertain

by a factor of -1.6, I have chosen to use the empirically

determined value (C = 1.1). The values of the constraint

factor as well as the hardness derived yield stresses are

tabulated with the hardness temperature and dwell times in

Appendix B.
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Discussion

Hardness at Room Temperature

As discussed previously, the room temperature hardness

values agree well with the desorbed values published by West-

brook and Jorgensen (1968) presumably because a relatively

large load was used (100 g). Although the form anisotropy

was suppressed in this study, it is instructive to compare

the form anisotropy of hardness with the tendency to adsorb

hydroxyl impurity as indicated by the critical velocity of

growth (Table 6). There are some discrepancies in the data

sets, but in a rough way, the two quantities correlate, with

(0001) being "softest" and also showing the greatest tendency

to adsorb impurities, and the prism planes showing lesser

tendency to adsorb impurities and also exhibiting greater

hardness.

Considering the aggregated room temperature data the

normal or desorbed value of (VDP) hardness for natural a

quartz is indicated to be 1200±120 kg/mm2 at room tempera-

ture. From this value, one may set constraints upon the

polycrystalline yield stress for quartz at room temperature.

For instance Christie et al. (1964) measured rupture strength

of quartz at 2.7 GPa confining pressure. Suppose their maxi-

mum measured rupture strength (4.5 GPa) represented the yield

stress measured in the hardness test, then assuming a value

of Young's modulus of 94 GPa, using the empirical and theo-

retical curves for the constraint factor from Johnson (1970),
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TABLE 6. FORM ANISOTROPY OF HARDNESS COMPARED TO

CRITICAL VELOCITY OF GROWTH FOR ENTRAPMENT OF IMPURITIES

Sna.llest Wet Hardness Greatest Wet Hardness

fiiool {ioio}

(0001) floil}

(0001) {1010O

{o10o10 {lOi0 {0111}

(KHN) Winchell (1945)

(VDP) Taylor (1949)

(VDP) Young & Millman (1964)

(VDP) Westbrook & Jorgen-
sen (1968)

Least Critical Velocity Greatest Critical Velocity

(0001) (1120) (1122) (1i01) (1011) (1120) Khadzi and Khadzi
(1968)
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E tan V/Y = 7.5 and the constraint factor must equal 1.4

which would require the hardness to be 630 kg/mm2. Since

this is in error by a factor of two, the processes occurring

during the indentation test must not be the same as those in

the test conducted by Christie et al. (1964). Rice (1970)

has suggested that the yield property being measured is the

polycrystalline flow stress.

At this point, it is instructive to consider the high

resolution scanning electron micrographs of Brace (1963; and

Figure 3 of this study).

As remarked by Brace (1963) the trend of the features

observed on the facets of the indentation are in complete

agreement with traces of slip on planes (0001) and {11011;

comparison of Figures 3a and b also shows that certain of the

features observed by Brace (1963) could also be interpreted

as slip on the primary prism plane. Slip on these planes

with the Burger's vectors as observed by the later TEM stu-

dies would form a complete set of 5 independent slip systems,

while slip on the basal and unit prism planes with any combi-

nation of appropriate Burger's vectors can provide only 2 in-

dependent slip systems. This can be verified using the me-

thods outlined by Kelly and Groves (1970, p. 179) but al-

though, the calculations are simple they are relatively

tedious and will not be reproduced here. Because the fea-

tures were so small, no slip steps could be observed and

therefore Brace (1963) could not unequivocally prove that
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they were slip plane traces, the markings are certainly con-

sistent with the operation of enough slip planes to fulfill

the von Mises criterion for homogeneous polycrystalline flow

(reviewed by Paterson, 1969). Furthermore, Brace (1963) ob-

served that those traces were best developed which lay on a

set of planes that could have been either (0001), (1010), or

a particular set of {1T01} planes. This is consistent with

the observation that slip occurs most easily on the (0001) and

{1010} planes for quartz at low temperatures. To summarize,

the yield stress measured by the indentation hardness test

corresponds to a process which has a higher yield than the

primarily brittle rupture stress measured by Christie et al.

(1964) and observations of the details of the indentations

made by Brace (1963) are entirely consistent with the hypothe-

sis of Rice (1970) that the indentation process measures poly-

crystalline flow even at room temperature.

Impurities and Weakening in Natural Quartz Crystals

The ease of specimen preparation and testing has made the

hot hardness technique a popular method for comparative stu-

dies of materials such as members of solid solution series

(UC-PC series, Tokar, 1973; KCI-KBr series, Hopkins et al.,

1973); polymorphs (spinels, Dekker and Rieck, 1974); compounds

with varying impurity contents (quartz, Nadeau, 1970); members

of classes of materials such as carbides, borides and oxides

(Kohlstedt, 1973; Koester and Moak, 1967) and changes induced

by annealing (galena, Sangwal and Patel, 1974). Many other
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examples exist in the metallurgical and ceramics literature.

It is important to emphasize that such comparative studies do

not depend on the exact value of the ratio of hardness to yield

stress, but only on the presumption that the two are propor-

tional for a given temperature, a point that has been abun-

dantly illustrated for a wide range of materials. Thus such

comparisons can be used to assess the effect of changing com-

positional or microstructural parameters on the mechanical

strength of materials as was suggested for the case of minerals

by Brace (1961).

Kekulawala et al. (1978) have suggested that the weakened

state exhibited by synthetic quartz can be correlated with gel-

hydroxyl content and not with structurally bound impurities,

which may be distinguished from the gel-type or colloidal

inclusion hydroxyl by their relatively sharp infrared peaks.

All the crystals used in this study had some small inclusions,

as is common in natural quartz; however TEM observations of the

crystals, which had been heated to 700 0 C for several hours in

dry argon showed no precipitating water at 50,000 power.

This included the RHH synthetic crystal, but these observa-

tions do not include the pressure annealed specimens. Thus

as expected for natural crystals the impurity states tested

here were all of the structural impurity type. That this is

also true of the synthetic crystal is intimated by the room

temperature infrared spectra which does not show the broad

hydroxyl absorption band characteristic of synthetic crystals
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Figure 15. Comparative Hot Hardness of Natural Quartz.

The hot hardness of the quartz samples tested in this

thesis for four temperatures (230, 3500, 500', 700 0 C) do not

show a significant variation with increasing hydroxyl impurity.

The samples do seem to be affected by different heat treat-

ments: the pressure annealed samples are weakened slightly

-10% for temperatures up to 400 0 C. However, Sample Herk ET1

which was tested at 5000 only, showed an increase in hardness

which was similar to that observed by Nadeau (1970). The dry

argon annealed sample also showed hardening of a roughly sim-

ilar magnitude.
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with the gel type impurity (Dodd and Fraser, 1965). High

quality synthetic crystals without gel type colloidal inclu-

sions can be grown under the proper conditions (Chernov and

Khadzi, 1968; Kolb et al., 1972); it seems likely that the

RHH crystal is among that class of high quality crystals.

The crystals tested here included previously analyzed crys-

tals whose hydrogen impurity contents were as large as 700

H/10 6 si. Because of the correlation of aluminum and alkali

content (Bambauer, 1961), consideration of Dennen's (1972)

geothermometer shows that this range brackets the concen-

trations of hydrogen to be expected for reasonable tempera-

tures in the earth. The massive metamorphic quartz was inclu-

ded to show that metamorphic and hydrothermal quartzes do not

differ greatly in hardness properties. Therefore, although

the suite of samples tested here do not constitute a complete

set of natural quartzes they probably represent many of the

impurity contents which are found in common quartz bearing

rocks. Of course, this excludes such varieties as chalcedony,

flint, agate, amethyst and citrine quartz which are known to

contain relatively large weight fractions of water (Frondel;

1962, 1978) in the gel state (Katz, 1962). The comparative

hardness studies show that within the scatter of the data

(AH < 15%) there is no correlation of weakening and impurity

content. Brace (1963) observed a qualitative correlation of

aluminum color center impurity density as revealed by irradia-

tion and weakening as measured by the Knoop hardness test.
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However, this correlation may perhaps be explained by the co-

variance of aluminum and hydroxyl impurity in synthetic quartz

(cf. Cohen, 1960; Chernov and Khadzi, 1968; Chakraborty and

Lehmann, 1976). Nadeau (1970) observed some weakening at

temperatures from 6000 C to 8000C in crystals electrolytically

injected with lithium. Upon cooling to room temperature he

observed that the indentations in that temperature region

had formed a second, denser phase which was unstable over a

period of several days at normal laboratory conditions. No

such behavior was noted by Westbrook (1958), Brace (1961) or

this study. Cohen (1960) has observed precipitation of lithium

aluminum silicate in lithium doped synthetic crystals upon

cooling quartz through the a-ý transition. As stated pre-

viously (Chapter 1) the large hydrostatic pressure around the

indentor probably would cause 8 quartz in the region close to

the brale to revert to the alpha phase at any temperature

below 9000 C. Thus the production of the unstable phase around

the indentation in a highly lithium doped crystal is probably

related to this precipitation. To summarize, this study pro-

vides systematic experimental proof of the suggestion of Kirby

(1975) and Kekulawala et al. (1978) that the strength of

quartz containing hydroxyl incorporated as structural impuri-

ties can not be correlated to the amount of hydroxyl present

even when it is present in fairly large amounts (700 H/106 Si)

for temperatures up to ~750 0C.
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The Effect cf Pressure

As pointed out by Kekulawala et al. (1978) it is perhaps

possible that the weakened state in natural quartz may be

achieved under higher confining pressures than the 300 MPa

which they used. The pressure annealing experiment described

above represents a tentative step towards resolving the ef-

fect of high pressure. Hardnes.s tests conducted in dry argon

on the three samples annealed for two days at 15 Kb confining

pressure and unknown, but possibly high PH20 indicated that

the weakening effect was small (-15%) and confined to low

temperature (<400 0C). This agrees with the hardness tests

conducted on samples containing electrolytically injected hy-

drogen impurity (Nadeau, 1970) although the magnitude of

weakening of the pressure injected samples was not as large.

In neither Nadeau's (1970) study of electrolytically injected

hydrogen or the pressure injected samples was a dramatic

weakening (>30%) noticed at any temperature. This result is

despite the fact that calculations using the diffusion coeffi-

cient of hydrogen at 2.5 Mpa (~2.0x10 -8 sec/cm2 ) as determined

by Kats and others (1962) and the equation for diffusion of

hydrogen into a thin (1 mm) slab (Jost, 1960, p. 37) show

that the concentration of hydrogen under the conditions and

times of the pressure annealing experiment could have been

increased by a factor of 10. However, the samples were cracked

badly by the pressure treatment and infrared spectra could

not be taken. No increase of hardness was noticed as a func-
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tion of time at temperature in dry argon for the low tempera-

ture (<4000C) hardness tests on previously pressure annealed

samples, but one sample, H2ET1, indented at 5000C appeared to

have been hardened relative to the as-received crystal. No

TEM or optical observations have as yet been made on the

pressure annealed crystals. It is interesting to notice that

Chernov and Khadzi (1968) observed no pressure dependence for

trapping of colloidal inclusions for pressures up to -300 MPa

(see also Lias et al., 1973).

Although the pressure annealing results agree with Nadeau

(1970) and Kekulawala et al. (1978), 'it is clear from the re-

marks about the experimental difficulties in the pressure

annealing experiment that more tests should be conducted to

verify this conclusion.

Hardening of Quartz by Heating in Low PH20

In two cases, the hardening mechanism discussed by

Nadeau (1970) was observed: One of the early tests of the

Herkimer quartz appears to deviate from the trend of the

rest of the hardness data (Figure 6). A subsequent sample

HBQ275/125 (see Appendix B, and Figure 13), which had

been annealed at 6000 for two hours in dry argon showed

hardening during indentation creep runs at ~7000C. The same

specimen was hardened upon cooling to 5000C by the same magni-

tude that Nadeau (1970) observed in his annealed samples

(1970). The cause of this phenomenon is essentially unknown.

However, Johnson et al. (1973) have observed reduction of
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hydrogen solubility in rutile (TiO2) during annealing in

atmospheres with low PH20' Interestingly enough, the reduc-

tion of solubility of hydrogen occurs even if the rutile crys-

tals are annealed in dry hydrogen atmospheres. It is doubtful

if this mechanism of hardening has any significance for geo-

logic situations; however, it is clear warning to experimen-

talists, including those conducting hardness studies, of the

subtlety of the behavior of geologic materials at high tem-

peratures. Any further hardness tests, particularly those

conducted at very high tepseratures would have to take this effect

into account.

Polycrystalline Yield Stress of Quartz with Structurally Bound
Hydroxyl Impurities

Following the methods outlined previously the polycrystal-

line yield stress was computed from the hardness data. The

data are plotted in Figure 16 along with previously published

polycrystalline yield stress data and data thus far obtained

by single crystal deformation experiments. When possible the

yield data have been selected at 8% strain, which has been

shown to be the effective strain for the VDP hardness test

for strain hardening metals (Tabor, 1956) and at a strain rate

such that log e = -5±.5. Thus, for the purposes of comparison

of the hardness derived yield stress to the polycrystalline

yield stress, it is assumed that the strain rate of the inden-

tation hardness test is 10- 5 sec - 1 for quartz as was shown to

be true for olivine and Maryland diabase (see the previous
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Figure 16. Empirical Yield Stress versus Temperature Curve.

Hardness derived-yield stresses from Brace (V, 1961),

Westbrook (A, 1958, 1966) and this study (*) are plotted on

the same graph as the natural single and polycrystalline

,yield data (symbols the same as Figure 2). For comparison,

the "wet" and dry flow laws of Parrish et al. (1976) are

plotted.
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chapter). The plot does not incilude data determined in poly-

crystalline experiments in which the differential stress was

greater than the confining pressure. Such experiments in

quartz at high stresses exhibit a large pressure sensitivity

of yield stress (cf. experiments at 5000 and 6000 at E =

5*10 - 6 s- 1, Heard and Carter, 1968, p. 37). In a similar

manner, the single crystal data of Christie et al. (1964),

Griggs (1967) and Blacic (1971) fall below the hardness

derived yield stresses at temperatures less than 7000C.

McLaren et al. (1967), making observations on single crystals

deformed by Griggs and Blacic (Griggs, 1967; Blacic, 1971),

report that they observed no dislocations of any sort in crys-

tals deformed below 5000-6000C. At intermediate temperatures

600 0-7000C, basal dislocations were observed as well as the

basal faults characteristic of low temperature failure

(Christie et al.; 1964, 1967). At higher temperatures (<7500C)

no faults were observed, but only basal plane dislocations.

It is not surprising, therefore, that the low temperature

single crystal data points diverge from the hardness-derived

yield stresses, and in fact they do so exactly in the tempera-

ture range at which Christie et al. (1967) observed the forma-

tion of basal faults 6500C to 7500C, and lower. This is en-

tirely consistent with the idea that the hardness derived

yield stresses are the polycrystalline yield stresses for

fully ductile flow. Consideration of Figure 16 shows that

with the exclusions of polycrystalline and single crystal data
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where fracture processes are occurring, the hardness-derived

yield stress and the polycrystalline yield stress form a con-

sistent and coherent data set which may be regarded as the

experimentally determined yield stress of natural quartz at

-5 -18% strain and a strain rate of 10 s

One of the primary aims in mechanical studies of geologic

materials is the generation of a constitutive equation which

may be used to constrain naturally occurring deformation

parameters. Typically one presumes to know temperature and

pressure and desires to constrain either strain rate or stress

of some geomechanical process. The uncertainties in generat-

ing a constitutive equation of this sort fall into two cate-

gories: uncertainties in the determination of the empirically

determined flow law and uncertainties in the application of

the empirical flow law as an appropriate constitutive equation.

Difficulties in both categories preclude the extrapolation

of the empirical flow law for quartz.

Firstly, there appear to be serious discrepancies between

the "wet" and "dry" flow laws as published by Parrish et al.

(1976) on the one hand and the aggregated polycrystalline and

hardness derived data on the other. For instance, Heard and

Carter's (1968) data done at 1.0 GPa confining pressure fall

conzistently below Tullis's (1972) data, and the hardness data

in the region 500 0-7000C. Thus the "dry" flow law derived

from a reanalysis of Heard and Carter's (1968) data also

deviates from the body of the data. The reason may perhaps
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lie in the increased confining pressure present in the other

studies (1.5 GPa in Tullis's experiments and unknown but very

high pressure characteristic of the hardness test). Secondly

in the dry experiments, strains higher than 10% are seldom

achieved. Tullis's study (1972 and Tuilis et al., 1973) is

notable because even at the relatively large strains of these

experiments (up to 60% in some small portions of the sample)

the textures developed were extremely inhomogeneous. Because

of this inhomogeneity it is difficult to determine when the

conditions of steady state deformation are met. The determin-

ation of parameters in a flow law such as the familiar power

law

S= a o exp R0 RT

become complicated because so, n, and Q may be functions of

inadequately described structural parameters such as disloca-

tion density, subgrain size, or grain orientation among others.

One result could easily be changing "constants" co, n, and Q.

The addition of water compounds the problem. Its demon-

strated effect on recrystallization (Hobbs, 1968; Tullis et

al., 1973; and others) and possible effect on dislocation gen-

eration, should it enter the lattice in the appropriate impur-

ity structure under the influence of pressure, could pro-

foundly effect the recovery process and influence diffusional

deformation through changes in grain boundary diffusivity or

reduction in grain size. Clearly such situations render the
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extrapolation of the flow law over two orders of magnitude

uncertain to a high degree.

Summary and Conclusions

1. Hardness derived yield stresses form a coherent set

of data with previously published yield data and can be used

to establish an empirical flow law. Below the a-ý transition,

the hardness data are more uncertain, but indicate that the

strength of quartz under high confining pressure reaches

values which are at least ~ GPa at temperatures below

200 0C.

2. Comparative hardness tests show that structural

hydroxyl impurity does not weaken quartz even though it may

be present in large amounts. The samples tested spanned the

range of hydroxyl impurity contents to be expected in most

common crustal environments. A preliminary test of hydrous

annealing at high pressures did not show any significant

weakening; however the exact partial pressure of water during

the experiment is unknown.

3. Room temperature hardness phenomena such as form

anisotropy, directional anisotropy and adsorbed layer effects

correlate with other studies of mechanical and surficial

properties. Observations of the morphology of indents made

previously by Brace (1961) are consistent with the idea that

hardness properties of quartz are controlled by ductile flow

on a complete set of 5 independent slip systems.



APPENDIX A. ANISOTROPY OF KNOOP HARDNESS (300
TEMPERAlT-URE, 0 THE i100l FACE

# Indents Angle Indentor Axis/(0001)

4
5
3
6
4
2
5
4
5
4
6
4
2

-41
-30
-21

0
43
15
30
52
34
43
48

-39
-35
-84
+5
+9-

+85
+56

AT ROOM

Hardness
(kg/mm2 )

701±15
720±22
674±10
709± 18
684±27
695± 5
658±25
657± 7
691±18
727±11
727±10
720±20
684±10
724± 14
720±22
705±18
720±25
716±15

The hardness tabulated is the
iation is also indicated.

average value; the maximum var-
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APPENDIX B. COLLECTED HOT VDP HARDNESS

H (kg/mm2 )
(b) o(MPa )

DATA ON QUARTZ (a)

Clock Time
tsec (mins.)sec

Herkimer 1-1

1.1
1.1
1.1
1.1
1.1L
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1

9460
9000
8910
8830
8439
8279
8530
7010
7210
6200
6760
7110
7010

Herkimer 1-2

1.1
1.1
1,1
1.1
1.1
1.1
1.1
2.56
2.56
2.60,
2.60
2.60
2.60

9200
9230
9600
8560
8600
7930
7930
2810
2890
2990
3090
2790
2750

H2-215 ET1(e)

517
518
515
513
511
509

1100±60
1070
1150
1060
1170
1130

1.1
1.1
1.1
1.1
1.1
1.1

9810
9540
1030
9450

10400
10100

(a) All indentations were made with 100 grams load.
(b) Each axis was measured 5 times and the average of all mea-

surements for both axes were used as the hardness value,
The variations are an indication of the error of observation.

(c) The dwell time (in seconds) varied because of thermal expan-
sion of the parts.

(d) The running time (in minutes) from the commencement of heat-

T (OC)

177

283
286
288
288
440
436
427
523
525
525
528
530
530

1061±80
1010
999
991
946
928
957
786
809
696
758
798
786

36
19.2
18
20.4
21.6
14.4
12
18
36
32
16.8
16.8
16.8

260
260
260
260
465
470
465
816
816
820
820
820
820

1032±60
1035
1077
960
965
890
890
734
754
792
842
740
730

11
11
11
11
15
13
14

7
28
13,2
12
13
17



T (oC) H(kg/mm2 ) a (MPa) t sec

Clock Time
(mins.)

UQ

251
256
256
261
329
334
525
518
514
514
510
514
669
673
688
693
743
745
745
747
750
759
440
424
415
405

1061±80
1091
1078
1009
1043
879
883
901
943
855
951
887
782
751
741
657
692
680
724
730
719
678
851
830
897
930

1.1
1.1
1,1
1.1
1.1
1.1

1.1

1.1
1.1
1.1
1.1
1.1
2,08
2.09
2.10
2.11
2.20
2,20
2.20
2,21
2.22
2.26
1.1
1.1
1.1
1.1

9460
9730
9610
9000
9300
7840
7870
8030
8410
7620
8480
7910
3690
3520
3460
3050
3080
3030
3230
3240
3180
2940
7590
7400
8000
8290

15
18
21
21
23
24
23
29

5
22
24
22

5
14
16
13
10
12
10
12
14

8
16
13
12

8

HBQ338-1

3270
3270
3310
3250
3290
3200
3470
3390
3360
8730
7830
8180

ing is given for some runs.
(e) This sample was annealed in

iment (see text).
the pressure annealing exper-

178

726
726
726
726
726
760
720
723
730
550
550
327

721±60
721
728
715
724
737
767
750
747
979
878
918

2,16
2.162,16
2.16
2.16

2.26
2.17
2.17
2.18
1.1
1,1
1.1

18
18
18
18
18
19
14
14
15.6
11
11
12

85

115
125

160
175

185



T (OC) H(kg/mm2 ) a (MPa)

HBQ338-4

784 ±80
846
802
815
850
760
762
766
822
790
784
833
820
811
820
822
756
946
911
996
943

1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.,1
1.1
1.1
1.1
1.1
1.1
21.
1.1
1.1
1.1

6990
7540
7150
7270
7580
6780
6790
6830
7330
7040
6990
7430
7310
7230
7860
7330
6740
8430
8120
8080
8410

t sec

18
18
18
19
18
18
18
18
19

18
19
19
22
20
20
19
10
19
7.2
15

Clock Time
(mins.)

67
82

105

112
149
150

160

180
185

195

HBQ275-127 (f)

495
495
497
497
497
550
558
565
565
570
584
586
590
593
593
593
597
593-612
617
612-17
283
282
273

(f) This

902±60
800
806
835
846
770
820
805
731
711
758
766
782
732
762
715
730
675
774
670

1018
1002
1018

1.1
1.1
1.1
1,1
1.1
1.1
1.1
1.1
1.1
1.1
1.30
1,30
1,43
1.43
1.43
1.43
1.43
1.43
1.70
1.70
1.1
1,1
1.1

8040
7130
7190
7440
7540
6860
7310
7180
6520
6340
5720
5780
5360
5020
5230
4900
5010
4630
4460
3860
9080
8930
9080

19
22
20
20
22
26
13
15
17
18
18
4
7
17
23

162
30

786
26

1176
24
24
24

sample had been annealed at 6000C for 2 hours.

179

487
485
483
487
492
495
497
487
487
487
487
492
497
497
483
484
485
374
379
264
259



T (oC) H(kg/mm ) a (MPa) sec

Clock Time
(mins.)

HBQ275-125

2.00
2.00
2.00
2.08
2.11
2.10
2.10
2.10
2.10
2.10
2.10
2,10
1.1
1,1
1.1
1.1

3470
2410
3110
2590
3040
3230
3320
2900
3100
3270
3140
3820

10800
11800
9900

10800

HBQ329-1

1.1
1.1
1.1
1.1
1.24
1.56
1.56
1.56
2.12
2.19
2.20
2.10
2.07
1.96
1.1
1.1
1.1
1.1

6470
7030
6740
6910
6780
4480
4520
4490
3200
3080
3050
3410
3490
3630
6540
6700
8370
9380

180

641
647
652
664
687
683
683
683
683
683
683
683
462
454
448
436

707±40
492
634
550
655
692
710
621
663
701
672
818

1214
1320
1121
1206

25
26,4
32
31
20
20

144
80

1470
20

1710
20
18
18
18
18

33
35
37
39
52
53
54
56
80
81

110
111
146
148
150
152

473
484
491
507
586
593
603
603
702
735
738
683
662
641
569
441
436
431

726±55
788
756
775
760
712
719
715
691
688
684
730
737
726
734
752
853
957

23
6

28
20
20
18
18
18
25
31
30

7
7
7

24
39
16



T (OC) H(kg/mm 2) o (MPa) tsec

Clock Time
(mins.)

HB924 (ET1) (g)

1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
1.1
L11
1.1
1.1
1.1

10800
7840
7900
7760
8380
7180
7460
7270
8530
8130
8960
8730
9400

10000
9690
9600

10300

C105

1.1
1.1
1.1
2.13
2.14
2.16
2.11
2.11
2.11
2.10
2.10
2.12
2.13
2.13
1.1
1.1

6720
6590
6370
3290
3280
3070
3380
3320
3320
3400
3440
3420
3450
3220
8490
8360

(g) The sample had been annealed
the hardness test (see text).

at high pressure previous to

181

111i
138
228
309
334
331
362
367
369
362
255
241
224
151
150
142
140

1214±80
879
886
870
940
805
837
815
957
912

1005
979

1054
1124
1087
1077
1153

18
21
20
34
24
18
19
20
20
16
22
19
18
22
22
23
24

551
589
589
704
709
714
695
699
699
687
687
700
707
709
353
358

754±32
739
714
714
715
676
728
715
715
729
737
739
750
700
952
938

23
16
16
18
19
20
14
14
15
14
14
17
18
19
15.6
15.6



18 2

Clock Time
T (oC) H(kg/mma) C (MPa) tsec (mins.)

RHH-1

373 813±60 1.1 7250 26
367 960 1.1 8560 12
367 880 1.1 7850 14
367 882 1.1 7860 12
362 904 1.1 8060 13
357 851 1.1 7590 13
556 804 1.1 7170 10
560 807 1.1 7190 14
560 807 1.1 7190 13
565 782 1.1 6970 12
565 772 1.1 6880 11
546 840 1.1 7490 9
702 639 2.12 2960 17
702 694 2.12 3210 18
700 697 2.12 3220 18
697 714 2.12 3300 17
697 710 2.12 3280 16

RHH-3

381 985±60 1.1 8780 10.8
382 933 1.1 8310 13.2
384 940 1.1 8380 14.4
393 965 1.1 8600 15.6
391 971 1.1 8660 18
385 941 1.1 8390 14.6
384 960 1.1 8560 14.4
382 1040 1.1 9270 14.4
551 856 1.1 7630 12
551 870 1.1 7760 12
551 910 1.1 8110 13.2
556 842 1.1 6830 14.4
556 805 1.1 7180 14.4
556 825 1.1 7350 14.4
558 924 1.1 8240 14.4



T (OC) H(kg/mm2 ) o (MPa)

RHH-4

624
629
629
633
624-638
624-638
624-638
624-638
624-638
743
743
745
746
749

822 60
794
811
732
744
770
768
754
764
719
747
730
730
667

1.8
1.84
1.84
1.90
1.90
1.90
1.90
1.90
1.90
2.20
2.20
2.20
2.20
2.22

4480
4230
4320
3780
3840
3970
3960
3890
3940
3200
3300
3250
3250
2950

t sec

11
12
12
13.2

180
180
108
66
66
12
12
11
12
51

Clock Time
(mins.)

183
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CHAPTER .II

LIMITATIONS OF THE METHOD AND

ADDITIONAL SUGGESTIONS FOR FURTHER WORK

Abstract

The application of indentation hardness is limited by

several factors. Uncertainties in the determination of the

constraint factor (C) caused by errors or lack of knowledge

in the values of the temperature variation of the elastic

modulus, and uncertainties in the constraint factor theory

near the elastic limit; difficulties in observing the

developing microstructure; and difficulties in the

interpretation of indentation creep tests.

The hardness technique seems particularly appropriate

for surveys of mechanical behavior of solid solution series

such as the feldspars and as a tool combined with yield

studies to extend the range of stresses achievable.

Introduction

Much of the foregoing material has attempted to convince

the reader that hardness is a useful tool for the investigation

of the mechanical properties of minerals. The technique has

the advantage of being relatively rapid as compared to other

creep tests. In addition, it is fairly reproducible, and one

may achieve an accuracy of 4% with some effort. Only small

amounts of material are necessary, which increases the

efficiency of the samples used. For instance, many hardness

tests were conducted on one single solid medium test sample
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(see the discussion of pressure annealing samples HBQ 329 ETI).

In addition, the hardness test. can be, used to explore a region

of stress-temperature space which has only been attained

heretofore in the diamond cell apparatus.

This chapter attempts to provide a more neutral

perspective of the hardness technique and discusses some of

the limitations of the test, a way in which its usefulneEs

could be extended, and some problems of geologic interest to

which it could be usefully applied.

Some limitations of the hardness technique

As is true of any experimental method, indentation

hardness testing is not without its limitations. For example,

in quartz at temperatures below 5730, the amount of elastic

strain can be a significant fraction of the total strain during

indentation. In terms of Johnson's (1970) constraint theory,

the ratio of E/a may be surprisingly small (10-15) for quartz

at room temperature. In this region, because of the departure

of experimental data from the Johnson theory, the determination

of the constraint factor may be somewhat uncertain. Secondly,

some knowledge of the variation of the elastic constants with

temperature is required and error in those values has concomitant

error in the reduction of hardness data to hardness-derived

yield stresses.

There are, however, other limitations to the use of

hardness data, which if overcome,would greatly increase the

efficacy of the method: difficulties in interpreting indentation

creep tests and difficulties in tracing microstructural
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development. The former problem is discussed in some detail

below. Mivicros-tructural observations are invaluable in postulating

constitutive equations. Without their aid, one has a much more

difficult time establishing that an empirical relationship may

be extrapolated from regions of laboratory accessibility to

regions of theoretical (and particularly geological!) interest.

The advwent of the decoration technique for olivine (Kohlstedt

et al., 1976-) made rapid and detailed observations of the

dislocation structure possible. Unfortunately, such a happy

circumstance does not emerge for quartz. Several attempts

have been made to observe indented and ion-thinned sections of

quartz, but they have not yet been successful due to the small

size of the indents and the intensity of the deformation in the

yielded region.

Indentation creep

In order to compare creep and hardness tests, one needs

to determine an effective strain rate for the hardness test.

In this thesis, that problem was approached by an empirical

determination. High quality stress-strain rate data happened

to be available for two readily accessible and geologically

interesting materials: olivine (Kohlstedt et al., 1974) and

Maryland diabase (Yves-Caristan, unpublished data). The

empirical determination is interesting in several respects.

The olivine hardness data were obtained using the mutual

indentation technique. During those experiments no cracking

at all was observed. The hardness points also partially span

a region where the dislocation mechanism has been demonstrated
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to be changing from glide, cross slip and climb processes to

predominantly glide alone (Durham, 1975). Yet, except for a

single anomalously low data point, the empirically determined

strain rate remains reasonably constant. The Maryland diabase

(VDP) experiments show at least coincidental agreement of two

different materials. It should be recognized, however, that

both the diabase and the higher temperature peridot experiments

were conducted in roughly similar temperature regimes

T T(-= -. 55 to .8 for olivine and -= -8 for the diabase,T Tm m
assuming T = 12501C). There is, therefore, some uncertaintym

in extending the empirical correlation of strain rate into the

region where the power law is not likely to apply, e.g., the

high stresS "power law breakdown" region. This uncertainty

is lessened by the fact that such high strength regions are

quite likely to be relatively athermal and thus less strain

rate sensitive.

However, to fully exploit the hardness test, it would

be desirable to be able to discover the yield properties using

indentation creep. Hargreaves (1928) reported for several

metals that the effect of increasing dwell time (t) could be

expressed as an equation of the form

log H = Al - B1 log t (1)

where A, and BI are constants for a given temperature.
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Subsequently Ito (1923) and Nunes and Larson (1963)

published similar equations of empirical correlations of log

hardness and temperature and hardness and the reciprocal of

the temperature. It now seems clear that the proper

relationship of hardness and temperature is

QH
H = A. exp + nRT (Sherby and Armstrong, 1971) (2)

where n may be identified as the exponent of strain rate

sensitivity of stress, QH is an apparent activation energy

which may be identified with the operative deformation mechanism,

and A2 is a pre-exponential "constant" factor which contains a

modulus of elasticity dependence.

From the discussions above concerning the variation of

the constraint factor, it is clear that a better method of

describing the hardness-temperature relationship would be

H = A3 exp + nRT (3)

where GH = H/C and is the hardness-derived yield stress

discussed above. A3 might still contain an elastic modulus

term (Johnson, 1970; see also Chapter I and Sherby and Armstrong,

1971). Sherby and Armstrong (1971) indicate that QH is correlated

with the appropriate activation energy for plastic deformation

for many materials. Thus by determining an empirical strain

rate for indentation as was done in the case of olivine and

diabase, the hardness derived yield curve can be used with data

collected at constant temperature and varying strain rate to

determine the material and deformation process parameters of a
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flow law such as

" " e (4)
C 60o H eXp RT

as was done in the case of olivine (although a different form of

the flow law was indicated).

During the investigation of flow regimes which are

unattainable by ordinary deformation experiments, it would be

highly desirable to be able to determine flow law parameters

using only the hardness test. In this regard, the indentation

creep test appears to be extremely attractive. Several attempts

to exploit this test have been made (Atkins and others, 1.966;

T. Evans and Sykes, 1973; Yu and Li, 1977). However, the

interpretation of the indentation creep test differs in these

studies. Atkins et al. (1966) describe the process as involving

the expansion of a growing plastic hemisphere into an elastic

half space, assuming that the effective strain behaves as though

it were proportional to the diameter of the indent cubed (d3).

The following indentation creep relation obtains after further

assuming that the material deforms according to a transient

strain relation:

* _• m/3 Q 2Transient relation: tr = r exp(- ) t (5)tr otr 3RT

Indentation creep

relation: H-m /3- H -m Aexp=(- )(t - t) (6)o 3RT o

where otr and A4 are constants.

T. Evans and Sykes (1973), using equation (6) (Atkins et al.

(1966), determined creep parameters for diamond at 15000C to

1850'C, but they conclude that the correct stress exponent (m)
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to use in equation (6) is the steady state exponent (i.e., n

in equation (4)). Yu and Li (1977) have developed an

indentation punching experiment which shovs excellent agreement

with single crys-tal studies on lithium fluoride. They use

still another method to determine the strain rate-dwell time

relation, namely the correspondence that the velocity of

punching is directly proportional to ý in a single crystal

test. The punching experiment uses a cylindrical flat tipped

brale as the indentor.

Some indentation creep experiments were done on olivine

and quartz. They are insufficient to distinguish between the

various approaches to indentation creep, however, for the

following reasons: Indentation creep tests are needed at

several different temperatures in order to determine Q and m

in equation 6. Experiments in quartz at temperatures ~700-8000 C

were plagued by the hardening mechanism discussed earlier. In

the case of olivine, many replications of the tests are necessary

to achieve precision in the data since the deformation regime

under investigation is relatively insensitive to strain rate

(T < 10000C, oH > .2 GPa). Furthermore, it will be necessary

to reconsider the problem of a plastic sphere expanding into

an elastic material which deforms by a stress activated flow

law (see Chapter I, Conclusions). Several attempts were made

to duplicate the punching experiments of Yu and Li (1977).

They were unsuccessful because stress concentrations around

the blunt punch caused fracture of the specimens. With further

effort some of these problems are probably surmountable; however,

for the present, I merely summarize the results obtained.
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(1) Both quartz and olivine appear to approximately obey the

Hargreaves (1928) r(elation.

For olivine (5000C): iog[H(ii]/mm)]=2.908-2.2 x 10-3log[t(s)]

For quartz (6001C): log[H] = 2.914 - 3.0 x 10 31log[t]

(2) For the correct exponent (in), equation 6 predicts linear

(-m/3 mplots of (H H ) and (t3 - to ) with slope of unity

where to is 1.00 and H is determined from the Hargreaves

relation. These two conditions are not satisfied by the

present data set on quartz at 600WC by any of the

exponents: 10 (suggested for MgO by Atkins et al., 1966),

6.5 (suggested for the flow of "dry" quartz, Parrish et al.,

1976) or 3 ("wet" flow law exponent, Parrish et al., 1976).

(3) The data sets are inadequate in quality and quantity to

distinguish the appropriate approach to indentation creep

or to determine flow law parameters.

Further work on this problem could develop a potentially

useful technique.

Some suggestions for future applications of indentation hardness

Many common minerals are members of solid solution series

which may contain several components. Two examples of great

geologic interest are the plagioclase and alkali feldspar

series, Na[Al Si30 8] - Ca[Al2Si208] and K[Al Si306 ] - Na[Al Si30 8 ].

Since it would take an inordinate amount of time to perform creep

tests on an inclusive range of minerals in these series, the

method of indentation hardness testing suggests itself as a

viable alternative. Although little data on the variation of
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elastic constants exist, comparative strength measurements

could be made without thisi data. Unfortunately, the effort

necessary to measure the elastic modali as a function of

temperature would be considerable because of the low symmetry

of these materials, even though it- would also be very useful.

In the absence of the elastic moduli-temperaturce variation, an

estimate could be made using a "typical" temperature variation

of Young's modulus computed using an average of values for other

minerals. I have done this and used the Johnson (1970) theory

to compute hardness derived yield stresses for hardness data

obtained on feldspars in two samples of anorthitic rocks from

Split Rock, Minnesota, and Essex City, New York. Young's

modulus was assumed to vary according to = 3 x 10 '/K,
E E

which is an intermediate value bettw-een quartz ( -E 4 x 10 /K)E DT

and olivine ( - 2 x 10 /K) (Sinmmons and Wang, 1971). The
E aT

applicability of polycrystalline indentation data is not well

established, but may depend on the likelihood of impingement on

pre-existing cracks. Frederick diabase is very fine-grained

and is known to have a very low density of cracks (Feves et al.,

1977). It may be that, in such materials, polycrystalline VDP

experiments are controlled by ductile flow. Figure 1 shows the

reduction of this data using the methods described above.

For comparison the yield stress from Y. Caristan's

experiments on Frederick diabase at .5 GPa confining pressure

and 990 0C is shown. It goes without saying that the curves

shown in Figure 1 should be regarded only as estimates, there

being uncertainty in the elastic moduli and the applicability

of the polycrystalline indentation test. Furthermore, the
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Figure 1. Hardness Derived-Yield Stress as a Function of

Temperature for Two Anorthitic Rocks (solid tri-

angles) and Frederick, Maryland Diabase.

The diabase is a very fine-grained rock, primarily bi-

minerallic (pyroxene and feldspar) and with very low crack

density. Brace's (1961) hardness indentations (open triangles)

spanned many mineral grains. Shown for comparison is data

from Y, Caristan, conducted at confining pressure of .5 GPa

and at a strain rate of 10-5/s.
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hardness points on the feldspar samples scatter rather widely

because in some cases the crystals contain pre-existing cracks

which perturb the stress field around the indentation. The

intention of presenting this data has been simply to indicate

fruitful avenues of investigation using the indentation method.

These experiments could be extended without great difficulty

and the results used to guide a thorough investigation of the

mechanical properties of the feldspar series.
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