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ABSTRACT 

The phenomenon of indentation creep in ionic 

crystals under loads in the range from 25 to 500 grams 

has been investigated. The load range used was suffi

ciently high to result in indentations having a depth 

greater than three microns. Other investigators have 

studied this phenomenon using a lower-load range with 

correspondingly shallower indentations (less than three 

microns deep). In the lower-load range, indentation 

creep in ionic crystals has been interpreted variously 

as being due to the effect of adsorbed water, charged 

complex ions, or highly polar solvents on the movement 

of near-surface dislocations. 

It was found in the present investigation that 

indentation creep is not limited to shallow indentation 

depths as reported by other investigators, but that it 

occurs at indentation depths much deeper than three 

microns, which results from the use of higher indenting 

loads. Comparison of indentation creep in the higher-

load range with that in the low-load range shoxved that 

marked differences exist between the creep characteris

tics in each load range. These differences in creep 

xix 



characteristics suggest that different mechanisms are 

rate-controlling in the higher- and low-load ranges. 

In the present investigation i.t was found that 

indentation creep did not exhibit the anomalous response 

to temperature which has been reported by other investi

gators working in the low-load range. It was found that 

in the higher-load range indentation creep is relatively 

insensitive to temperature. Other investigators have 

also reported that in the low-load range the presence 

of highly polar solvents enhances indentation creep in 

certain crystals. In this investigation it was found 

that, in the higher-load range, the same polar solvents 

inhibit indentation creep in similar crystals. In this 

investigation it was observed that in the low-load range, 

indentation creep in MgO is accompanied by movement of 

the edge components of dislocation loops lying in the 

£lio} 2Q slip planes, while in the higher-load range, 

edge dislocation movement only occurs on the {1103 45 
slip planes. 

It was found that the major factor influencing 

indentation creep in the higher-load range was the 

magnitude and polarity of the electrical charge on the 

particular dislocations involved in the creep process. 

MgO and AgCl behave as though their dislocations are 



positively charged. NaCl, CsCl, CsBr, Csl, and LiP 

behave as though their dislocation loops are negatively 

charged. Indentation creep could be either inhibited 

or enhanced by an externally applied DC voltage. In

dentation creep in the higher-load range is therefore 

interpreted in terms of the electrical charge on the 

dislocations involved in the creep process. 



I. INTRODUCTION 

The time-dependent motion of a hard indenter 

under constant load into a solid is known as indenta

tion creep. It is generally recognized that indenta

tion creep occurs in polymeric materials at all 

temperatures and in metals at homologous temperatures 

above 0.5. Indentation creep in metals at homologous 

temperatures above 0.5 exhibits a normal temperature 

dependence, i.e., the rate of creep increases with 

increasing temperature, according to the general rela

tionship: 

£ = f (exp - ]£) . (1) 

In this equation, <c is the creep strain rate, "U" is 

the activation energy, k is Boltzmann's constant and 

T is the absolute temperature. 

Indentation creep also occurs in ionic and 

covalently bonded crystals at much lower homologous 

temperatures ranging from 0.05 to 0.30. Mitsche and 

Onitsch (1948) were first to observe this phenomenon in 

a variety of minerals. The discovery of Mitsche and 

1 
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Onitsch was later confirmed by Walker and Demer (1964), 

Westbrook and Jorgenson (1965),  and Westwood (1966).  

These two later studies were made using a very light 

indenting load, resulting in indentations less than 

one micron deep. Results of these studies disclosed 

that: (a) indentation creep was not observed at indenta

tion depths greater than one micron, (b) indentation 

creep was intimately associated with the adsorption of 

water and other polar contaminants on the surface being 

indented, and (c) the temperature dependence of indenta

tion creep in ionic and semi-conductor crystals was 

anomalous in that the creep rate decreased with increas

ing temperature and the phenomenon disappeared altogether 

at a low homologous temperature. Indentation creep at 

indentation depths of less than one micron will hereafter 

be called "anomalous-indentation creep". The load range 

in which it occurs will be designated as the "low-load" 

region. 

Walker and Demer (1964) observed that indenta

tion creep also occurred at indentation depths much 

greater than one micron in ionic crystals. Preparatory 

work by the author, moreover, has shown that when employ

ing higher loads with their attendant deeper indentations, 

the temperature dependence is not anomalous in a temperature 



range from 20° - 200°C. Indentation creep at indenta

tion depths greater than one micron, which does not 

exhibit an anomalous temperature dependence, will be 

hereafter referred to as "higher-load" creep. Similarly, 

the load region where it occurs will be called the 

"higher-load" region. 

This investigation, therefore, was undertaken 

(a) to examine indentation creep of ionic crystals in 

the as yet unexplored higher-load region, (b) to deter

mine if the creep observed is inherently associated 

with the adsorption of polar molecules at the surface 

of the crystal, and (c) to attempt to determine the 

mechanisms of indentation creep in ionic crystals in 

the higher-load region. 



. II. LITERATURE REVIEW 

Introduction 

The literature on indentation hardness testing 

is extremely voluminous. Complete reviews such as 

those offered by O'Neill (1934), Williams (1942) and 

Mott (1956) include several hundred references. In 

all of this mass of literature, no comprehensive re

view has yet been published on the subject of indenta

tion creep, that is, on the effect of the time of load 

application on the apparent hardness of a solid body. 

In order to fill this obvious gap in the literature, 

a general chronological survey of the subject of 

indentation creep will first be presented. This will 

be followed by a detailed review of indentation creep 

in non-metallic crystals at low homologous tempera

tures. The previous literature on this specialized 

portion of the general field of indentation creep will 

then be critically evaluated in order to establish 

the present state of knowledge concerning the phenome

non. 

4 
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A General Chronological Survey of 

Indentation Creep in Crystals 

The phenomenon of indentation creep in solids 

is inextricably bound to the allied subject of the 

effect of temperature upon hardness. However, even 

reasonably complete reviews on the temperature"depend

ence of hardness of metals, such as that of Westbrook 

(1953)* do not explicitly consider the subject of in

dentation creep. At best, most publications on "hot 

hardness" only acknowledge that creep effects occur 

and caution against excessively long loading periods. 

Nevertheless, for completeness here, the subject of 

"hot hardness" will also be reviewed in detail. 

2.1 Early Investigations 

The first investigator to note the consider

able effect of the time of loading on the apparent 

hardness of a metal was Meyer (1908). Meyer observed 

that in the Brinell hardness testing of lead there 

appeared to be no limit to the increase in the size 

of the impression with duration of loading. He found 

20 minutes loading was required to attain equilibrium 

in copper and that 3-5 minutes was sufficient for 



ferrous alloys. All of Meyer's tests were conducted 

at room temperature, 

Kurth (1909) was the first to report that 

creep effects occurred in ordinary ferrous and non-

ferrous alloys at higher temperatures. He did not 

investigate this creep phenomenon but did suggest that 

a standard loading time be adopted. Previous investi

gators of hot hardness such as Brinell (1905) and 

Robin (1908) had not reported any creep effects. 

During the next two decades, many studies 

were made of the hardness of metals at homologous 

temperatures greater than 0.5. These fall into two 

classes: (a) those concerned with the hardness of 

soft, low-melting-point metals (such as lead) at room 

temperature, and (b) investigations of the effect of 

temperature upon the hardness of ferrous and non-

ferrous alloys at temperatures above ambient. 

The great interest in the hardness of low melt

ing metals and alloys during the 1920's stemmed from 

the Beilby-Rosenhain amorphous cement theory which 

was then much in vogue. Notable publications on the 

Brinell hardness of low-melting metals such as lead, 

eutectic alloys and soft solders were presented by 

Norbury (1923a),  O'Neill (1923),  Hargreaves (1927),  



Hargreaves and Hills (1928) and Saldau (1929).  The 

culmination of all of these investigations of low-

melting metals and alloys was the publication of 

Hargreaves1 theory of intercrystalline cohesion 

(Hargreaves and Hills, 1929). This theory was essen

tially an extension of the Beilby-Rosenhain amorphous 

cement hypothesis. With the exception of Norbury's 

(1923a) work, the phenomenon of indentation creep was 

generally neglected in these studies. Norbury recog

nized that indentation creep occurred in these soft 

materials and devised a special Brinell-type testing 

machine to minimize the loading time. 

During this same period, extensive work was 

being carried on concerning the hot hardness of con

ventional ferrous and non-ferrous alloys. Significant 

among the many publications of this period were those 

of Robin (1908), Ludwig (1916), d'Arcambel (1921), Lea 

(1921a), Waizenegger (1921), Hoyt and Schermerhorn 

(1923), Norbury (1923b), Ito (1923), Guillet (1924), 

Sauerwald (1924), Sauerwald and Kneuhans (1924), Slater 

and Turner (1926), Hoyt and Schermerhorn (1926) and 

Pomp (1927). In all of this work the effect of indenta

tion creep was generally ignored, and since the loading 

times varied significantly between the various 
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investigators, much conflicting data on hot hardness 

was published. In fact, the only investigation of 

indentation creep during the hot hardness test was 

that of Lea (1921b). Lea established that indentation 

creep occurred in aluminum alloys at homologous tem

peratures above 0.5 and suggested that the time of 

loading be standardized. 

Not only was much conflicting data published 

concerning the high temperature Brinell hardness of 

metals, but agreement could not even be reached as to 

the correct indentation time at room temperature. For 

example, Hargreaves (1927) noted that Meyer (1908) 

found that 20 minutes was required to attain equili

brium in copper, whereas Mailander (1924) found no 

evidence of indentation creep in copper. Similarly, 

Norbury (1923b) found no evidence of indentation creep 

in copper, whereas Hoyt and Schermerhorn (1926) used 

a minimum loading time of one hour in their experiments 

to insure that equilibrium was achieved between the 

copper specimen and the Brinell indenter. 

The first comprehensive investigation of in

dentation creep itself was by Hargreaves (Hargreaves, 

I927; Hargreaves and Hills, 1929). Hargreaves measured 

the room temperature indentation creep of pitch, 



vulcanite, lead, tin, cadmium, zinc, aluminum, copper, 

and a variety of binary and ternary eutectic alloys. 

For all of these materials, he established the follow

ing general relationship: 

d = cts 

or 

log d = s log t + log C 

where d is the diameter of the Brinell impression in 

mm, t is the indentation time in seconds, and C, s are 

material constants. 

This Hargreaves relationship is frequently 

cited in the literature in a more convenient form: 

p = Ht"h 

or 

log p = log H - h log t 

O 
where p is the mean pressure in kg/mm , t is the time 

in seconds and H, h are the Hargreaves constants. 



Hargreaves believed that the material constant 

"s" was of fundamental importance. In his original 

paper (Hargreaves, 1927) the factor "s" (Eq. 2) was 

used to explain differences in the work-softening beha

vior between eutectics and their constituent elements. 

In a later paper (Hargreaves and Hills, 1929), the 

factor "s" was used as a measure of the ability of 

interfacial boundaries to flow viscously. This viscous 

flow behavior in turn formed the basis for the theory 

of intercrystalline cohesion referred to earlier. 

Although the Hargreaves theory of intercrystalline 

cohesion together with the Beilby-Rosenhain amorphous 

cement theory have since been superceded, Hargreaves' 

experimental observations still stand unchallenged. 

It would be very interesting to re-examine the problem 

of indentation creep in soft, low-melting metals in 

light of the modern theories of metal plasticity. 

One of Hargreaves' other observations is im

portant. He found that the creep rate described by 

his equations was very temperature sensitive. Unfor

tunately, he did not pursue this line of investigation, 

and the combined effects of time and temperature were 

not studied until much later. 



An immediate result of the publication of 

Hargreaves1 paper on indentation creep was the rapid 

development of dynamic hardness methods for hot hard

ness testing. Although dynamic methods of hardness 

testing (such as the Shore Scleroscope) had been known 

for decades prior to 1928, in only three instances 

(Robin, 1911; Kayser, 1920; and Korber and Simonson, 

1923) had these been used for hot hardness testing. 

Shortly following publication of Hargreaves' paper, 

dynamic methods of hot hardness testing became popular, 

largely due to the efforts of Sauerwald in Germany 

(Sauerwald, 1928; Sauerwald, Rakosi and Schylla, 1929). 

For a complete review of the development of dynamic 

methods for hot hardness testing the reader is referred 

to Fetz (1942). Dynamic hardness methods have remained 

popular for high temperature investigations to the 

present day (Smith, 1950; Fitzgerald, i960) due to the 

fact that.they inherently minimize the indentation creep 

effect. 

During the 1930's and early 1940's, many static 

hot hardness studies of technical importance were com

pleted, principally as a result of the higher tempera

ture service environments foreseen for metals. During 

the same period, interest in the mechanical properties 



of soft low-melting metals declined as a result of the 

failure of the amorphous cement hypothesis. 

The major significant work on indentation 

creep during this period was that of Shishokin and 

his associates in Russia (Shishokin, 1929, 1930, 1938; 

Shishokin, Ageyeva and Vikhoreva, 1940; and Shishokin 

and Vikhoreva, 19^0). 

In his earlier publications Shishokin developed 

a time dependence for hardness which was identical to 

that of Hargreaves (1928). He also developed an ex

pression relating extrusion pressure and temperature 

for any given metal being extruded at a fixed velocity: 

p = A exp(- AT) 

where p is the extrusion pressure in kg/mm , T is the 

absolute temperature in °K, A and A are material con

stants. 

The similarity between this expression and the 

expression for the temperature dependence of hardness 

indicates that a relationship should exist between 

hot hardness and extrusion pressure. Pearson (1953) 

has confirmed the existence of such a relationship. 

Petty and O'Neill (1961) have suggested that the hot 



hardness test should be useful in establishing the 

temperature range for extrusion. 

In later publications Shishokin et al. reviewed 

the previous work of Ito (1923). Ito (1923) had 

established the following relationship between the 

mean pressure under the indenter (p) and the absolute 

temperature (T): 

log p = J - jT 

where J, J are material constants. Ito did not investi

gate the effect of varying the loading time. 

Shishokin et al. extended Ito's work and found 

a relationship involving indentation time: 

j = S + s log t 

where j is the appropriate Ito constant, S and s are 

Shishokin material constants, and t is the indentation 

time. 

Substituting the expression for j into the Ito 

equation, we have: 

log p = J - TS - Ts log t 
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or 

log p=J-T(S+s log t) (10) 

where p is the mean pressure beneath the indenter, J 

is the appropriate Ito constant, S and s are Shishokin 

constants, t is the indentation time, and T is the abso

lute temperature. 

In the modern literature (Atkins et al., 1966) 

on indentation testing, this equation has become known 

as the Hargreaves-Ito-Shishokin equation and is given 

in the form: 

log p = A - BT - CT log t (11) 

where p is the mean indentation pressure at any time, 

T is the absolute temperature, t is the indentation 

time, and A, B, and C are material constants. 

The only other indentation creep study during 

the 1930's and early 1940's was that of Engl and 

Heitkamp (1935). Engl and his associates (Engl and 

Heitkamp, 1935; Engl and Polmer, 1936; and Engl and 

Katz, 1937) performed a comprehensive series of studies 

on the hot hardness of various non-ferrous metals and 

alloys. In the first of these studies, Engl and Heitkamp 



performed a limited study of indentation creep in poly-

crystalline copper in the temperature range from 220 

to $65°C. These investigators found that a linear 

relationship existed between the logarithm of the 

hardness number and the logarithm of the loading time. 

A normal temperature dependence was observed for in

dentation creep. They developed the expression: 

H = H-jf11 (12) 

where H is the Brinell Hardness at t seconds, is 

the Brinell Hardness at 1 second, t is the time in 

seconds, and n is an exponent which increases linearly 

with increasing temperature. It should be noted that 

this expression is identical to the Hargreaves-Ito-

Shishokin relationship. 

The major hot hardness studies of the 1930ls 

and early 1940's were made by: Herbert (1932); Jeffries 

(1932); Davis (1935); Engl and Heitkamp (1935); Harder 

and Grove (1933); Engl and Folmer (1936); Ballay (1936); 

Herbert (1937a); Herbert (1937b); Engl and Katz (1937); 

and Fetz (1942). With the exception of Engl and Heitkamp 

(1935)J none of these studies considered the effect of 



loading time on the apparent hardness number (i.e., 

indentation creep). 

2.2 Recent Investigations 

Since the end of World VJar II, there has been 

a marked resurgence of interest in indentation creep 

and a continued interest in hot hardness. This has 

been due to (a) fundamental studies resulting from the 

rapid development of dislocation theory on the one hand, 

and (b) the need for a quick-screening-test for creep 

resistance of metals on the other hand. 

The first of these modern studies was that of 

Bens (1947). Bens devised a hot hardness tester cap

able of determining the Vickers hardness of metals up 

to 1700°F. He determined the hot hardness of chromium, 

iron, molybdenum, tungsten and certain alloys up to 

1700°P. He also successfully correlated hot hardness 

of the various metals and alloys tested v/ith the con

ventional tensile stress-rupture life. He did not 

investigate indentation creep and avoided it in his 

tests by using a fixed loading time. 

The first investigation of indentation creep 

in non-metallic crystals was that of Mitsche and 

Onitsch (1948). In a study of the microhardness of 



minerals, it was found that significant indentation 

creep occurred at low homologous temperatures. This 

investigation will be reviewed in much more detail 

later and is only included here for sake of continuity. 

During the late 1940's, several studies of the 

indentation creep in polymeric materials were published. 

Although these are too lengthy for detailed review 

and are not germane to the general subject, some men

tion should be made of indentation creep in plastics. 

Indentation creep occurs in all noncrystalline poly

mers at all temperatures. It is normally temperature 

dependent and has been interpreted in terms of the 

Newtonian viscosity-temperature relationship (Williams, 

1942). In recognition of this fact, all specifica

tions for hardness testing of plastics limit the indenta 

tion time. 

The first study which attempted to derive 

fundamental significance from the hot hardness test 

was by Schwab (19^9)• Schwab investigated the effect 

of temperature on the Brinell hardnesses of various 

phases of the alloy systems: copper-zinc, copper-fcin, 

silver-cadmium, and silver-zinc. He demonstrated that 

the slope of the Brinell hardness-temperature curve 

passed through an inflection point at an homologous 



temperature of^ 0.5 and deduced that the activation 

energies should be different above and below this tem

perature. Prom this, he developed a bi-exponential 

relationship: 

1 O 
A exp( - j^) + B exp( -

where H is the Brinell hardness at any temperature, 

is the activation energy below 0.5 T/T
m* E2 is ^he 

activation energy above 0.5 A and B are material 

constants, and R and T have their usual significance. 

Schwab did not explain the fundamental signi

ficance of the low-temperature activation energy, E^, 

but did interpret the high-temperature activation 

energy E2 in terms of the degree of electron satura

tion of the first Brillouin zone. He did not investi

gate indentation creep in other than a very cursory 

manner. In the silver-zinc system, he established that 

an exponential creep effect occurred and, as a result, 

standardized the indentation time for all tests at one 

minute. 

In 1952, Tabor published the first of a con

tinuing series of studies of indentation creep (Moore 
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and Tabor, 1952). As part of a study of the adhesion 

characteristics of indium, it was established that 

the apparent indentation hardness decreased logarith

mically with time. The test was conducted at room 

temperature which is, of course, at-a homologous tem

perature of greater than 0.5 for indium. No explana

tion was offered for this indentation creep. 

dependence of the hardness of metals is that of 

Westbrook (1953). V/estbrook reviewed all the earlier 

hot hardness work available in the literature and 

looked for correlations with the fundamental physical 

parameters. VJestbrook examined the various fundamen

tal relationships which had been proposed previously. 

These are listed below: 

The most complete review of the temperature 

Source Relationship 
Implied 

Dependence 

(n-2) 

Kurth (1909) H = H0 - ct L 

Ludwik (1916) H = HQ(l-a ^ 

n He* T 

H O C  T  
mp 

Ito (1923) Log H = Log(Ho + aT) where 

a = - 0.000145 
mp 

Log H©< Log T 
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Implied 
Source Relationship Dependence 

Shishokin (1930) H = A exp(-at) In HO( T 

Schwab (1949) H = A - BT1/2 He^T1/2 

Schwab (19^9) H = g— In H <* ̂  

A exp( - ijr-) + B exp( - ^) 

In this tabulation, the various symbols have the follow

ing meaning: H is hardness at any temperature, H0 is 

hardness at absolute zero, T is test temperature in °K, 

Tmp is melfcinS Point in °K* is test temperature in 

°C, and L is load in kg. All other symbols represent 

constants. 

It will be noted that none of the functional 

relationships considers the effect of the time of load

ing. Westbrook himself ignored loading time other than 

to acknowledge that indentation creep occurred and to 

note that this effect has led to a marked preference 

for dynamic methods for hot hardness testing. 

Westbrook stated that he felt intuitively that 

an exponential expression of the form proposed by Ito 

and Shishokin was the most reasonable expression. He 

then tested this expression with the best hardness 

data available in the literature. He found that an 



expression of the form H = A exp(-BT), where constants 

A and B have different values above and below a homo

logous temperature of 0.55* best represented the data. 

Westbrook (1953) then correlated the constants 

A and B with various physical parameters. Constant A 

in the low temperature range was found to be related 

to the crystal structure and the enthalpy in the liquid 

metal at the melting point. For a given thermal 

energy of melting, the A values increased with decreas

ing crystal symmetry. The constant B was related in 

the low temperature range (<0.55 Tmp) to the rate of 

change of heat content with increasing temperature. 

Westbrook did not find any good correlations 

of A and B with the physical parameters at tempera

tures greater than 0.55 Tmp. He believed that the 

primary deformation mechanism in the low-temperature 

region was slip. He did not identify the high-tempera

ture deformation mechanism other than to point out that 

grain boundary rotation was unlikely since the same 

type of temperature dependence was seen in both single 

crystal and polycrystalline metals. 

It would be very interesting to re-examine 

Westbrook's work in the light of modern dislocation 

theory. Thus, if the low temperature mechanism is 



slip as he suggested, what relationship is there 

between dislocation glide and the thermal energy of 

melting? Furthermore, is dislocation climb the con

trolling mechanism for the high temperature region? 

In the same year that Westbrook's classic 

paper appeared, an extensive study of the static hot 

hardness of ferritic and austenitlc steels was pub

lished by Garofalo, Malenock and Smith (1953). As 

part of their investigation, these workers performed 

a limited study of the creep of their samples at room 

temperature. The ferritic alloys showed only a 

slight hardness dependence on indentation loading 

time. The austentic alloys, particularly Type 321 

stainless steel, exhibited a marked indentation creep 

effect. Their indentation creep curves indicate an 

initial induction period of about l/2 minute, followed 

by a marked transient creep curve which reached a 

condition of steady-state creep after about two minutes 

under full load. The steady-state creep behavior per

sisted to eight minutes, the limit of the test. This 

creep effect was much more pronounced on as-machined 

surfaces, indicating that strain hardening affects 

indentation creep in metals. They did not determine 

indentation creep at any elevated temperature. No 



explanation of this creep effect was offered, since the 

purpose of the test was only to determine a standard 

loading time. These results are considered highly signi 

ficant since their testing procedure was normal. All 

indentation hardness tests are designed on the premise 

that the indenter achieves equilibrium with the speci

men as soon as the load is fully applied. The results 

of Garofalo, Malenock and Smith make this premise ques

tionable even for conventional polycrystalline metals 

at room temperature. 

The next investigation of indentation creep was 

by Rubenstein (1954). Rubenstein measured the creep of 

the Brinell indenter into annealed lead and indium and 

work-hardened zinc at room temperature. Rubenstein 

confirmed that the Meyer analysis is inapplicable in 

metals in which appreciable indentation creep occurs. 

Rubenstein interpreted his creep data in terms 

of the Dushman viscous creep mechanism (Chalmers, 1936, 

1937; and Dushman et al., 1944). Dushman et al., (on 

the basis of Chalmers experimental data) proposed a 

creep equation of the type: 

= B exp(e< P) ( 
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where <£ is the creep strain, p is the applied stress, 

t is the time, and oi , B are constants. 

Dushman et al. also assumed that this type of 

creep behavior was due to viscous sliding of grain 

boundaries. 

Rubenstein applied the Dushman equation to his 

data and arrived at the following indentation creep 

equation: 

p = zr ln t gxg " zr ln b (15) 
*< ĉp d °< 

where p is the mean indenting pressure, D is the dia

meter of the Brinell Ball, t is the time, ©C is the 

appropriate Dushman constant, and C is a constant 

having dimensions of (time) 

It should be noted that this equation does not 

predict the same behavior as the Hargreaves-Ito-Shishokin 

relationship. Rubenstein1s equation is on even less 

solid theoretical ground. Although grain boundary slid

ing might account for indentation creep in polycrystal-

line metals at an homologous temperature higher than 

0.5, this mechanism cannot be applied to indentation 

creep in either single crystals at any temperature or 



In austenitic steels at room temperature as observed 

by Garofalo, Malenock, and Smith (1953). 

During the late 1950's, hot hardness measure

ments were correlated with allotropic phase changes 

(Chubb, 1955) and with hot tensile strengths, creep-

rupture behavior and the Larson-Miller parameter 

(Underwood, 1957). Chubb's work is significant since 

he proved that the BCC structure is always the softer 

structure when it is involved in an allotropic trans

formation. Close-packed and more complex structures 

are inherently harder and therefore should be better 

base materials for high-strength alloys. Underwood's 

correlation of hot hardness with the Larson-Miller 

parameter is predictable since Hargreaves-Ito-Shishokin 

relationship: 

log H = HQ - T(B + C log t) 

is of the parametric form and will describe the Larson-

Miller creep-rupture relationship with the correct 

values of the constants B and C. 

Since 19^9, the indentation creep effect during 

the hot hardness test has been used by the Renault 

Laboratories in France as a simple means for sorting 
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out new creep-resistant alloys (Pomey et al., 1957, 

1959)• The Renault investigators use a standard hot 

Vickers hardness tester and determine the length of 

the diagonal of the DPH impression as a function of 

indentation time. They assume that the effective 

strain is proportional to the diagonal of the Vickers 

indentation. They make use of the Lacombe relation

ship for tensile creep under constant stress: 

£ = A (7atb (17) 

where £ is the tensile creep strain, <r is the con

stant creep stress, and A, a and b are temperature 

dependent constants. 

The use of the Lacombe relationship is question

able in view of the fact that the stress is constantly 

decreasing as indentation creep continues. Neverthe

less, the work of the Renault group is highly signifi

cant in that it successfully correlated indentation 

creep behavior with tensile creep behavior. All tests 

reported by Pomey et al. were performed at homologous 

temperatures greater than 0.5. 

An interesting form of indentation creep was 

discovered by Wei and Beck (1958) during a study of 



dislocation phenomena in zinc single crystals. Wei 

and Beck were specifically investigating the dimpling 

of zinc and subsequent polygonization of the dimple 

by annealing. One of their methods of deforming 

zinc was to press a steel needle under constant load 

against a basal plane on one side of a zinc crystal 

and observe the resulting dimple on the basal plane 

on the opposite side by either the Lambot or Schulz 

microfocus X-ray technique. They reported that the 

dimple size increased linearly with the logarithm of 

the loading time out to lCr seconds. This indenta

tion creep effect was subsequently investigated in 

more detail by Stuwe (1957# 1958). Stuwe (1957) inves

tigated this form of indentation creep in zinc at room 

temperature and confirmed Wei and Beck's results. 

Stuwe observed a critical shear stress effect which 

was dependent upon impurity content, Stuwe (1958) 

extended his creep studies to liquid nitrogen tempera

ture and found that both the creep behavior and the 

critical shear stress effect persisted. The critical 

shear stress effect was interpreted in terms of the 

effect of impurity atmospheres on moving dislocations. 

During the late 1950's, various attempts were 

made to correlate hardness with dislocation theory. 



Pugh (1954) derived an equation for the hardness-

temperature -time relationship in the form: 

py. T t 
% = ^ + f(-£- ) (18) 

m 

where is the Brinell hardness, G is the elastic 
p 

shear modulus in kg/mm , b is the Burgers vector in 
o o 
A, T is the test temperature in K, T is melting 

point of the metal in °K, t is the time of loading, 

and c is a constant depending on crystal structure. 

Pugh further stated that for metals melting 

above 1000°C, thermally activated processes can be 

ignored in room temperature hardness testing, hence: 

HB = (19) 

This latter relationship indicates that indenta

tion creep should not occur in austenitic steels at 

room temperature, contrary to the observations of 

Garofalo, Malenock, and Smith (1953). 

Garofalo, Smith, and Marsden (1957) investigated 

the hardness-temperature coefficient B in relationship 

to material purity. They suggested that the constant 

B in the Westbrook relationship: 
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H = A exp(- BT) (20) 

is different above 0.55 Tm due to rapid recovery at 

this temperature. They arrived at this conclusion 

after showing that steels treated in moist hydrogen 

to remove carbon and nitrogen behave like pure metals 

(i.e., their B exponent value was similar to pure iron 

at homologous temperatures over 0.55 Tm. 

Petty (1957) reviewed all earlier theoretical 

work on hot hardness and attempted to correlate the 

hardness-temperature relationship with various physi

cal parameters. He showed a good correlation between 

the hardness of various pure metals and derived an 

equation similar to Westbrook's: 

T 
log H = 2.3 - 3.1 (m~), (21) 

m 

where H is the Brinell hardness, is room tempera

ture (300°K), and Tm is the melting point in °K. 

The application of this equation to all metals 

is questionable in that log A = 2.3 for all of them. 

That is, the hardness of all metals at 0°K is assumed 

to be identical, which is not reasonable. As Petty 

points out, however, there are few good experimental 

values at 0°K in the literature. 



Petty reviewed the various dislocation mechan

isms for the inflection of the hardness-temperature 

curve at 0.55 Tm, including that of Pugh' (1954) and 

Garofalo, Smith, and Marsden (1957). He did not ad

vance any particular view about the inflection point. 

He also reviewed in detail the previous empirical 

correlations between hot hardness and tensile creep 

parameters which had been published previously. He 

found that the correlation between H and Gb suggested 

by the Pugh equation for room temperature creep was 

not too successful but that the correlation between 

(hardness)*1'/2 and the apparent activation energy for 

tensile creep, (AH ), was excellent. Interpolating 

from Petty's correlation curve: 

vt = 0.1 ahc 

where /h" is the (Brinell number)and AH is the 
V 

apparent activation energy for tensile creep in 

Kcal/mole. 

As a result of this correlation with the 

activation energy for creep, Petty concluded that 

the controlling deformation mechanism above 0.55 

is dislocation climb. 



After 1958, the use of the hot hardness test 

for determining tensile creep rupture became quite 

popular. Notable publications include: Semchysen and 

Torgerson (1958)* Chubb et al. (1958), Goffard and 

Wheeler (1959)» Davies and Dennison (i960), and Underwood 

(i960). 

Goffard and Wheeler (1959) derived an equation 

relating the Meyer hardness and the time and tempera

ture for stress-rupture: 

H» " f [ln I + I J (23) 

where Hm is the Meyer hardness, t is the creep-rupture 

time in hours, T is the absolute temperature for the 

hot hardness or the creep-rupture test in °K, and K is 

a material constant. 

Their use of the Meyer hardness expression is 

questionable in viev/ of its proven inadequacy in mate

rials which exhibit appreciable indentation creep 

(Rubenstein, 1954). Since their hot hardness tests 

were conducted at an homologous temperature of over 

0.55, indentation creep can be assumed to have been 

appreciable. However, the correlation of the experi

mental data appeared to be excellent. 



In i960, Tabor and his associates published 

the second in a continuing series of studies on creep 

and hardness of metals (Mulhearn and Tabor, i960). 

Mulhearn and Tabor studied the effect of loading time 

on the indentation hardness of lead and indium from 

liquid air temperature to 50°C below the melting point. 

Both polycrystalline and single crystal samples were 

studied. In indium, no creep was observed at -195°C. 

An appreciable logarithmic creep behavior was observed 

at -75°C. The creep rate was essentially independent 

of temperature between 0°C and 130°C. Lead exhibited 

a slight creep at -195°c^ The creep rate increased 

uniformly with temperature to 100°C and was independent 

of temperature between 100°C and 200°C. At tempera

tures greater than 0.5 Tm, the activation energies for 

indentation creep were very close to the activation 

energies for self diffusion, indicating a dislocation 

climb mechanism was active. At very short loading 

times between 10 J and 1 second, the hardness increased 

toward a maximum. Since these short loading times 

approximate those encountered in the dynamic hardness 

test, they raise a doubt as to the usefulness of dyna

mic hot hardness tests. In both metals the deformation 



mechanism changed from slip to twinning at either very 

low temperatures or very short loading times. 
> 

Petty (1961) investigated the dependence of 

hardness on temperatures in the region of low homolo

gous temperatures and found that another inflection 

point existed below 0.1 T . No explanation was offered 

for this behavior. 

Petty and O'Neill (1961) extended Petty's pre

vious work (Petty, 1957) on the correlation of hot 

hardness with other physical parameters. A direct 

relationship was found between the thermal coefficient 

for softening and coefficient of thermal expansion. 

Cubic metals were found to exhibit a linear relation

ship between the hot hardness and the elastic modulus 

at the same temperature. These workers also confirmed 

previously established relationships between hot hard

ness and creep stress and stress-rupture life. Their 

analysis also implies a relationship between indenta

tion creep and tensile creep properties as found by 

Pomey et al. (1957). 

In 1962, Nunes and Larson published a different 

relationship between hardness and temperature than the 

commonly accepted Hargreaves-Ito-Shishokin equation 

(Nunes and Larson, 1962). 



Nunes and Larson found an inverse temperature 

relationship with hardness instead of the usual direct 

relationship. The Nunes and Larson equation is: 

Hv - ? + Ho 

where Hv is the Vickers hardness, HQ is the hardness 

at absolute zero, T is the absolute temperature, and 

N is a material constant. This equation was developed 

to explain the low temperature (<0.1 T ) inflection 

observed by Petty (1961). Nunes and Larson base their 

equation on the Cottrell-Bilby-Pisher equation: 

G2 
= -fp- x constant 

where 0" is the tensile yield stress, G is the shear y 
modulus, and T is the absolute temperature. They 

relate the Vickers hardness to Cf~~ by the Tabor rela-
«y 

tionship (Tabor, 1951) 

Hv - 3 *7 

In 1963, Parker published a study correlating 

indentation creep parameters with conventional tensile 

stress-rupture properties in high-temperature alloys. 



Parker reviewed previous correlations of hot hardness 

and stress-rupture strength, and showed that while 

reasonably consistent results are observed within any

one group of similar alloys, extrapolation of the data 

to another type of alloy can be misleading. Parker 

attributes this lack of correlation betv/een diverse 

alloy types to differences in indentation creep. He 

therefore adopted the indentation creep technique of 

Pomey et al. (1959) to measure stress-rupture proper

ties. Parker used the difference in Vickers hardness 

at 1000 seconds as his indentation creep parameter. 

He found a good correlation between this hardness 

difference and the conventional 100-hour and 1000-hour 

rupture strength. This indentation creep technique 

has been adopted by the Imperial Metal Industries, Ltd., 

Witton, as a routine screening test in alloy develop

ment programs. The only two laboratories in which 

indentation creep is used routinely for determining 

the relative stress-rupture properties are thus the 

Imperial Metal Industries, Ltd. in England and the 

Renault group in France (Pomey et al., 1957). Con

sidering the amount of time and materials that this 

method should save in alloy development, its use should 

be much more widespread. 
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Merchant (196^) investigated indentation creep 

using a standard Brinell tester with a spherical in-

denter in a series of ferrous alloys. In H-13 steel 

at temperatures from 71°P to 500°F, he observed a 

short-time logarithmic creep behavior which ceased in 

from 7 to 10.seconds. At temperatures below 500°F no 

further creep was observed out to 10,000 seconds. At 

1000 and 1200°F, however, logarithmic creep persisted 

out to approximately 1000 seconds. After approximately 

1000 seconds, the creep rate increased. Merchant 

started from Cottrell's expression for the generalized 

time law for creep: 

d = k ' t~n (27) 

• 

where d is the creep rate, t is the time, k and n are 

constants, and developed an expression for the time 

dependent hardness (the indentation creep) of H-13 

steel at homologous temperatures greater than 0.5. 

Merchant's expression for indentation creep at homolo

gous temperatures over 0.5 was: 

k,W f Antn 1 _A„ 

d = L~ j exp 



In this equation, d is the Brinell indentation 

diameter at time t, dQ is the Brinell indentation dia

meter at 1 second, AH is the apparent activation energy 

for creep, ¥ is the indenting load, R and T have their 

usual meaning and k^, k, n and are constants. This 

expression is considerably more complex than the 

Hargreaves-Ito-Shishokin equation but it does expressly 

include an activation energy term and therefore it may 

provide a better insight into high temperature indenta

tion creep. 

To the writer's knowledge, the only comprehen

sive investigation of indentation creep in metals at 

homologous temperatures less than 0.5 is that of Steele 

and Donatchie (1965). These investigators applied an 

approach similar to that of Mulhearn and Tabor (i960) 

to the study of indentation creep of Armco iron at 

temperatures between 0.26 Tm and 0.55 Tm< Loading 

times were varied from 10 to 60,000 seconds. Particu

lar attention was paid to the intermediate range from 

0.32 to 0.48 T . Review of the data presented shows 

that (a) the creep rate appears to decrease with in

creasing temperatures, (b) the total activation energy 

increases with increasing temperature, (c) the total 

activation energy increases with increasing time at any 



given temperature except 1100°F, where it is indepen

dent of indentation time, (d) isochronal plots of"the 

apparent hardness versus indentation temperature show 

an inflection point at about 0.38 T . This inflection m 

point is different from the well-known one at about 

0.55 Tm (Cf Westbrook, 1953) and the one which occurs 

at approximately 0.1 Tm (Petty, 1961). Steel and 

Donatchie interpret the time-dependent hardness beha

vior of Armco iron in terms of rate theory. They 

interpret indentation creep below the O.38 Tm inflec

tion point as being consistent with the concept of 

migration of impurity atmospheres. Above 700°P (0.38 

the mechanism is characterized by an activation nr ' 

energy of 0.5 ev at 700-800°P. Above 800°P, this acti

vation energy increases with increasing temperature 

until it reaches 1.1 ev at 1100°F. Steele and Donatchie 

suggest that this activation-energy behavior is due to 

deformation-produced vacancies which interact with jogs 

to permit continued indentation creep. 

The work of Steele and Donatchie is significant 

in that it represents the first attempt to investigate 

indentation creep of metals in the important range 

between room temperature and 0.5 T . However, the 

validity of their theoretical treatment is quite 



questionable. Their rate-theory treatment depends upon 

the assumptions that (a) the work-hardening coefficient, 

2C J remains constant over the entire range of tempera

tures and times, (b) the average strain beneath the 

indenter does not change with either temperature or 

time, and (c) the critical flow stress does not decrease 

with temperature. All of these assumptions are of very 

questionable validity. Moreover, the rate-theory 

approach itself is on a questionable fundamental basis. 

Rate-theory is a valid approach in the case of thermally 

activated creep. However, in this study, the creep 

rate decreases with increasing temperature. Such beha

vior appears inconsistent with the concept of thermal 

activation. 

The great number and complexity of questions 

that were raised by this pioneering effort of Steele 

and Donatchie serves to illustrate how little is known 

about indentation creep below 0.5 Tm. It would be 

interesting to repeat this study with an FCC alloy 

such as stainless steel and compare results to those 

of Steele and Donatchie. 

Walker and Demer (1964) extended the work of 

Mitsche and Onitsch (1948) on indentation creep in 

minerals. These investigators confirmed the indentation 



creep effect in LiP and MgO, but did not observe it 

in copper. This -work will be reviewed in more detail 

later and is only included here for continuity. 

Westbrook and Jorgenson (1965) reviewed the 

previous work of Mitsche and Onitsch (1948) and Walker 

and Demer (1964). This study indicated that indenta

tion creep in non-metallic crystals v/as due to adsorbed 

polar molecules on the crystal surface. This refer

ence will be reviewed in more detail later. 

The latest publication on indentation creep 

is that of Atkins et al. (1966). This is also the 

latest in the continuing series of studies of indenta

tion creep by Tabor and his associates. It is the 

most comprehensive publication in the literature on 

indentation creep. 

The work of Atkins et al. was primarily an 

extension of the work of Mulhearn and Tabor (i960). 

They first briefly reviewed the previous published 

literature on hot hardness and indentation creep. A 

detailed review of Mulhearn and Tabor's results was 

presented and it was pointed out that the steady-state 

viscous creep interpretation was in error and that 

indentation creep should be treated in terms of a 

transient-type creep phenomenon. For long-time hardness 
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tests, a relationship based on Mott's treatment of 

Andrade transient creep behavior was developed: 

£ Tr = A3 exP (3§t) t 2//3 (29) 

where £ Tr is the transient creep rate, CT is the 

applied stress, Q is the activation energy, t is the 

time, m are constants, and HT have their usual 

meaning. 

On the basis of continuum mechanics, they were 

able to show that indentation creep is independent of 

indenter shape. Also, as a result of the same analy

sis, they modified the previous relationship (Eq. 26) 

as follows: 

p-»/3 . Po-m/3 _ ^ exp(|S_) (.tl/3 . ̂ 1/3, (3o) 

where p is the hardness at time t, p0 is the hardness 

at the time the load is applied, Q is the activation 

energy, t is the time, t is the time at which the full 

load is applied, A^ and m are constants, and RT have 

their usual significance. 

The constant M has a value of 10 for the high 

stress conditions existing around a hardness indentation. 



Equation (30) was found to agree well with experimental 

data for crystals at homologous temperatures greater 

than 0.5. The indentation creep at short times (less 

than 10 to 20 seconds) was also analyzed and experi

ments were conducted at times as short as 10"^ seconds. 

The following equation was developed for short-time 

hardness tests: 

d = A ext (-q/RT) Wy tx ( 

where d is the diameter of the indentation, q is the 

short-time activation energy, ft is the loading rate, 

t is the time, A, y and x are constants, and R and T 

have their usual significance. 

Although the activation energy (q) was about 

1/15 of the long-time activation energy (Q), the de

formation mechanism was assumed to be the same in both 

cases. 

The deformation mechanism v/as identified with 

the expansion of the plastic zone into the elastic 

continuum. No specific dislocation mechanisms were 

suggested to support this continuum mechanical pic

ture . . . 

The publication of Atkins et al. has two serious 

shortcomings. Only indentation creep at homologous 



temperatures greater than 0.5 was considered. Hence, 

it isn't known if the analysis presented is applicable 

at lotv homologous temperatures. Secondly, it is diffi

cult to correlate the continuum mechanics view of a 

hemispherical plastic zone expanding into an elastic 

matrix with the oriented slip patterns found in single 

crystals. It should be noted, however, that their 

single crystal MgO data fit their equation quite well. 

It is unfortunate that these workers did not cleave 

their MgO crystals and determine the actual shape of 

the plastic zone beneath the indentation by etch-pit 

techniques. 

A Survey of Topics Relevant to the Specific 

Objectives of the Present Investigation 

2.3 Literature Review 

The scope of the present investigation is limited 

to the study of indentation creep in non-metallic crystal 

at low homologous temperatures. Those references which 

are particularly relevant to the specific objectives 

of the present investigation will, therefore, be reviewed 

in detail in this section. 



To the writer's knowledge, the following are 

the only investigations of indentation creep in non-

metallic crystals which have been published to date: 

1. The initial discovery of indentation 

creep in non-metallic crystals was by 

Mitsche and Onitsch (1948). These investi

gators reported that the diamond-pyramid 

hardness of sodium chloride, galena, fluor-

ite, calcite, and corundum decreased signi

ficantly (under very low testing loads 

ranging from 8 to 96 grams) for load appli

cation times up to 60 seconds. The creep 

behavior for longer load-application times 

and for higher indentation loads was not 

reported. 

2. Walker and Demer (1964) extended the pio

neer work of Mitsche and Onitsch (19^8). 

These investigators studied indentation 

creep of lithium fluoride crystals for 

load-application times up to 50*000 seconds 

using indentation loads varying from 25 to 

500 grams. Less extensive studies of 

indentation creep were performed on magne

sium oxide and copper single crystals. 
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Walker and Demer found that for indenta

tion loads of 25 and 100 grams, lithium 

fluoride exhibited an initial load-dependent 

induction period with a very low creep rate. 

This was followed by a period of exponen

tial creep which exhausted itself when a 

specific critical strain was attained. The 

creep rate then decreased and the behavior 

followed a logarithmic rate law to at least 

50,000 seconds. For higher indentation 

loads of 300 and 500 grams, the initial 

induction period was absent and indenta

tion creep followed an exponential creep 

law until a critical strain was again 

attained. The creep then became logarith

mic and continued to at least 50,000 seconds. 

The creep during the exponential period was 

markedly load dependent and decreased with 

increasing indentation loads. No signifi

cant differences were noted in surface 

deformation markings about indentations 

in the lithium fluoride at short and very 

long indentation times. Increased dura

tion of loading was found, however, to 



cause glide of those dislocation loop 

portions of edge orientation lying on the 

four families of {no} planes which inter

sected the indented surface at 45°. Limited 

tests on magnesium oxide and copper single 

crystals revealed that magnesium oxide also 

exhibited low-temperature indentation creep, 

whereas copper did not. 

In a separate, unpublished investigation 

Walker (1962) found that indentation creep 

was not related to recovery of the indenta

tion upon removal of the indentation load. 

Westbrook and Jorgenson (1965) reviewed 

the prior work of Mitsche and Onitsch (1948) 

and Walker and Demer (1964) and extended 

these previous studies to include a variety 

of ionic, covalent and metalically bonded 

crystals. These workers found that indenta

tion creep in magnesium oxide, lithium 

fluoride, potassium bromide, corundum, 

titanium carbide and germanium exhibited 

an anomalous temperature dependence. They 

also determined that the anomalous creep 



did not occur in copper, an aluminum-nickel 

intermetallic compound (Ni Al), or tin. It 

was further demonstrated that in the very-

low load region (from 3 to 25 grams), anoma

lous indentation creep was associated with 

the adsorption of surface water during 

testing. 

Westbrook and Jorgenson (1965) believed that 

the anomalous indentation creep which they 

observed was a manifestation of the Rebinder 

Effect and occurred as a result of surface 

adsorption of water during testing. They 

also considered the anomalous indentation 

creep phenomenon to be very important for 

the light it sheds on other surface adsorp

tion processes. The results of this study 

show that surface adsorption of water affects 

the plastic behavior of non-metallic solids. 

Other phenomena involving the effects of 

adsorbed water on mechanical properties, 

such as stress-corrosion cracking and the 
1 

Joffe effect, have been previously interpreted 

in terms of cracking instead of plastic pro

cesses. 



Westwood (1966) and Westwood et al. (1967) 

reviewed the previous work of Mitsche and 

Onitsch (1948), Walker and Demer (1964) 

and Westbrook and Jorgenson (1965). Westwood 

and Westwood et al. accept Westbrook and 

Jorgenson's findings that (a) indentation 

creep is associated with the presence of 

adsorbed water and that its temperature 

dependence is anomalous and (b) that indenta

tion creep only occurs with the use of loads 

less than 25 grams which produce indenta

tions less than 3 microns deep. Walker 

and Demer (1964), on the other hand, found 

that creep occurred at much higher loads 

with correspondingly deeper indentations. 

The necessity for adsorbed water and the 

anomalous temperature dependence is still 

unproven in this higher-load region. 

Westwood also reviews other environment 

sensitive phenomena such as the electro

mechanical effect in germanium (Westbrook 

and Gilman, 1962). 

Westwood's experimental program included 

studies of: (a) the effects of environment 



and illumination on the low-load (10 gram) 

indentation creep in MgO and AgCl, and 

(b) the effect of highly polar solvents 

on indentation creep in MgO and LiP. He 

found that the presence of charged complex 

ions and organic molecules having highly-

polar end groups enhanced creep in AgCl 

and MgO. Westwood used the expansion of the 

etch-pit rosette (110)^0 edge glide bands 

as a measure of indentation creep. He found 

that in AgCl and MgO this dislocation creep 

was quite sensitive to environment, but 

that in LiP no change in the surface etch-

pit pattern occurred. This confirms the 

observation of Walker and Demer that no 

observable change occurred in the surface 

etch-pit pattern in LiP during indentation 

creep. 

Westwood discussed several possible mechan

isms for Westbrook and Jorgenson's anomalous 

indentation creep effect. He considered 

that for the silver halides, indentation 

creep was probably related to the presence 



of a high concentration of charge-carrying 

point defects in the surface layers. These 

charged defects react with complex charged 

ions in the environment in such a way as 

to either impede or enhance dislocation 

motion. In the alkali halides and oxides, 

such as MgO, he considers that environmental 

factors cause variations in the electronic 

structure of the cores of dislocations 

leading to indentation creep. 

Atkins, Silverio, and Tabor (1966) investi

gated MgO as part of their comprehensive 

study of indentation creep discussed 

earlier in this review. They found that 

the indentation creep behavior of MgO in 

the high homologous temperature range was 

similar to that of the metals they investi

gated. It is interesting to note that 

the activation energy for long-time indenta

tion creep (96-97 kcal/mol) is very similar 

to that reported by Rothwell and Nieman 

(1965) for creep during 3-point bonding 

of MgO in the same temperature range. 



2.k A Critical Evaluation of the Literature 

A critical comparison of the work of Walker 

and Demer (1964) with that of other investigators indi

cates that more than one mechanism may be responsible 

for indentation creep under significantly different 

indentation loads. Westbrook and Jorgenson (1965) have 

demonstrated that very extensive creep occurs upon 

initial load application when very low indentation 

loads are used. Walker and Demer, on the other hand, 

found that no creep occurred upon initial load applica

tion at loads ranging from 25 to 100 grams. Westbrook 

and Jorgenson infer that the anomalous creep effect 

should not occur if the initial indentation depth is 

greater than about one micron. Walker and Demer, on 

the other hand, found that significant creep occurs 

even when the initial indentation depth was over 13 

microns. Moreover, their observation that indentation 

creep is accompanied by dislocation movement on slip 

planes within the lithium fluoride crystal is incon

sistent with the surface adsorption mechanism suggested 

by Westbrook and Jorgenson. It should be further noted 

that the surface adsorption mechanism advanced by 

Westbrook and Jorgenson will not explain the type of 



creep curve found by Walker and Demer. That is, the 

Reminder Effect (Rebinder, 1931) invoked by Westbrook 

and Jorgenson cannot explain the induction period 

followed by the rapid exponential creep rate which, 
N 

in turn, was replaced by a logarithmic creep behavior 

to 50,000 seconds. 

A comparison of the results of Walker and 

Demer (1964) for indentation creep of lithium fluoride 

at room temperature with those of Westbrook and Jorgenson 

(1965) is shown in Pig. 1. It is highly significant that 

Walker and Demer reported indentation creep in the range 

of indentation loads from 25 to 100 grams, whereas 

Westbrook and Jorgenson note that anomalous indentation 

creep disappears at indentation depths of the order of 

one micron.. This depth limitation corresponds to a 

load in the range in which Walker and Demer observed 

an induction period. The length of the induction period 

was found to be inversely proportional to the indenting 

load. Thus, in this very low load range, Westbrook 

and Jorgenson's observation of the lack of indentation 

creep at over a limiting indentation depth is supported 

by observations of the induction period by Walker and 

Demer. 
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Figure 1. Comparison of Room-Temperature Creep Data on LiP. 



It is interesting to speculate that Westbrook 

and Jorgenson would have also observed the same type 

of creep as Walker and Demer if they had carried their 

tests on LiF beyond 200 seconds, that is, beyond the 

observed induction period. 

Walker and Demer (1964) purposely worked in 

the higher indenting load range in order to stay ouc 

of the well-known "low load anomaly" region of micro-

indentation hardness (Mott, 1956). 

Walker (1962) found that, on the basis of a 

Meyer analysis on the indentation hardness of lithium 

fluoride, the low load anomaly region lay below a 

limiting indenting load of 25 grams. Since the cause 

of the low load anomaly in indentation hardness is 

unknown (Mott, 1956), investigation of indentation 

creep in this region appeared rather fruitless. It 

should be noted in passing that Bernard (1941) suggested 

that the low load anomaly is a surface effect and hence 

would be markedly affected by adsorption of polar mole

cules as suggested by Westbrook and Jorgenson in their 

mechanism for anomalous indentation creep. 

An analysis of Pig. 1 affords a rather complete 

picture of indentation creep in a typical ionic crystal. 

At extremely low loads (in the low load anomaly region) 



the type of anomalous indentation creep reported by 

Westbrook and Jorgenson (1965) appears. As the in

denting load is increased until an indentation depth 

on the order of one micron is reached, the anomalous 

indentation creep disappears and no indentation creep 

occurs until the end of the load-dependent induction 

period, after which an exponential creep law becomes 

effective. As the load is increased still further, 

the induction period becomes shorter and finally dis

appears altogether at some load between 100 and 300 

grams. As the load is increased even further, the creep 

exponent decreases and, at some high load, exponential 

creep ceases. Extrapolation of creep exponent data 

cited by Walker (1962) indicates that exponential 

creep will cease at an indentation load of the order 

of one kilogram. It is unknown if creep recurs at yet 

higher loads in the macrohardness range. 

No similar critical comparison can be made 

between the work of Walker and Demer (1964) and 

Westwood (1966), and Westwood et al. (1967). Westwood 

and Westwood et al. did not consider indentation creep 

in the higher load region. Although Westwood's pro

posed mechanisms appear applicable to Westbrook and 

Jorgenson's low-load anomalous indentation creep, at 



this time there is no evidence that they are equally 

applicable in the higher load region. 

No critical comparison can be made between 

Atkins, Silverio and Tabor's work and any of the other 

publications due to the different ranges of homologous 

temperatures which were used. 



III. THEORETICAL AND EXPERIMENTAL BACKGROUND FOR 

INDENTATION CREEP IN IONIC CRYSTALS 

Introduction 

The following observations have been made by-

various investigators concerning indentation creep in 

ionic crystals. Certain of these observations have 

been mentioned previously in Chapter II. These will 

be discussed again here for purposes of clarity. 

1. Indentation creep occurs to a signifi

cant degree at low homologous tempera

tures in ionic and covalently bonded 

crystals (Mitsche and Onitsch, 1948; 

Walker and Demer, 1964; Westbrook and 

Jorgenson, 1965; Westwood, 1966; and 

Westwood et al., 1967). 

2. Indentation creep does not occur in 

metallic crystals at low homologous tem

peratures (Walker and Demer, 1964; 

Westbrook and Jorgenson, 1965; Westwood, 

1966; and Westwood et al., 1967). 

3. Indentation creep in LiF (at both high 

and low loads) does not produce any 
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changes in the etch-pit pattern on the 

indented surface (Walker and Demer, .1964; 

W e s t w o o d ,  1 9 6 6 ;  a n d  W e s t w o o d  e t  a l , ,  

1967). 

Indentation creep in LiP in the higher-

load region is accompanied by movement 

of edge dislocation components inside 

the crystal on those slip planes which 

intersect the surface at 4-5° (Walker 

a n d  D e m e r ,  1 9 6 4 ) .  

In MgO those edge components that lie 

in the family of slip planes which inter

sect the indented surface at 90° glide 

extensively during indentation creep at 

low loads (Westwood, 1966; and Westwood 

e t  a l . ,  1 9 6 7 ) .  

At low loads two different creep beha

vior patterns are observed in both ionic 

and covalent crystals. In plots of the 

apparent hardness as a function of the 

logarithm of the indenting time, the data 

for MgO, KBr, TiC and Ge all behaved 

linearly, whereas that for LiP and Al^O^ 

exhibited marked curvature (Westbrook 

and Jorgenson, 1965)• 



7. Initial exploratory work by this investi

gator has shown that indentation creep 

in ionic crystals at higher loads is 

markedly influenced by the nature of the 

charge on the dislocation. The presence 

of highly polar solvents, which other 

investigators found to be the controlling 

factor (Westbrook and Jorgenson, 1965; 

Westwood, 1966), had only a minor effect 

on the degree of indentation creep in 

ionic crystals in the higher-load region. 

Observations 3, 4, and 5 above indicate that 

indentation creep in ionic crystals in both the very 

low- and higher-load ranges is a dislocation glide 

phenomenon. A number of physical models, derived from 

dislocation mechanics have been proposed to explain 

creep behavior (Weertman, 1955; Weertman, 1959; Johnston, 

1962; Akulov, 1964; Haasen, 1964; Gilman, 1965a; and 

Webster, 1966). These models have been found to be 

very useful in predicting tensile creep behavior in 

metals under conditions of constant stress. Unfortu

nately, indentation creep does not occur under condi

tions of constant stress but under constant load and 



continuously decreasing applied stress. Hence, these 

models are not strictly applicable. 

Woodford (1967) has recently attempted to 

apply dislocation mechanics to the constant load ten

sile test. Woodford found that in the constant load 

tensile creep test, the creep rate may be approximated 

by the equation: 

«' - T 
where £ is the creep rate, 6 is the nominal strain, 

and (T0 is the initial stress. Also in Eq. (32), O"1 

is the stress for unit dislocation velocity, C is a 

constant containing the mean density of mobile dislo

cations, and n is a measure of the stress sensitivity 

of dislocation velocity. 

It is possible to modify the Woodford equation 

for the decreasing stress condition encountered in 

indentation creep. This modified model, however, 

cannot explain the absence of indentation creep in 

metal crystals (Observation 2). Similarly, a modified 

Woodford model does not predict observed differences 

in edge dislocation-glide modes in different species 

of ionic crystals having the NaCl crystal structure 



(Observations 3, 4, and 5). Moreover, the model fails 

to predict the different creep behavior in ionic and 

covalently bonded crystals at very low loads (Observa

tion 6). Finally, the model, which is based on con

ventional dislocation mechanics, cannot explain the 

d i s l o c a t i o n - c h a r r -  e f f e c t  ( O b s e r v a t i o n  7 ) .  

Any successful model of indentation creep in 

ionic crystals at low homologous temperatures must be 

able to explain all of these observations. Such a 

model must therefore take into account: (a) the nature 

of the indentation creep, (b) conventional dislocation 

mechanics, and finally (c) the unique properties of 

dislocations in ionic and semiconductor crystals as 

compared to metals. 

The Nature of Indentation Hardness and 

Indentation Creep 

3 . 1  Indentation Hardness 

Although hardness testing is the most widely 

used test method in materials technology, the fundamen

tal significance of hardness itself is still uncertain. 

Early investigators (Cf. Hertz, l88l; and Auerbach, 

1891) defined hardness entirely in terms of the elastic 



properties of the solid. Although this definition may 

have some validity for dynamic or rebound hardness 

testing methods, it is scarcely valid for indentation 

hardness tests in which the solid is demonstrably de

formed in making the indentation. The indentation 

hardness of a solid is, in fact, generally expressed 

in terms of the stress (frequently in kg/mm ) neces

sary to plastically deform the solid by making a per

manent indentation in its surface. Indentation hardness 

is, therefore, primarily a measure of the plastic, not 

the elastic, properties of a solid (Tabor, 1956). In 

crystalline solids, these plastic properties must in

volve the appropriate dislocation mechanisms. The major 

problem in any investigation of indentation hardness 

testing then becomes one of identifying the controlling 

dislocation mechanism and studying it in detail. 

A full understanding of the controlling plas--—-

tic deformation mechanism in the indentation hardness 

test is presently not possible because a detailed know

ledge of the stress and strain distribution around the 

indentation is lacking. Until more is known about the 

states of stress and strain around indentations in real 

mono and polycrystalline solids, no general theory 



for indentation creep can be formulated (Larsen-Badse, 

1967). 

Initial progress toward an understanding of 

the states of stress and strain has "been made with 

various theoretical analyses of ideal plastic solids: 

Prandtl (1921), Hencky (1923), Ishlinsky (1944), Hill, 

Lee and Tupper (19^7), and Hill (1950). Tabor (1956) 

has extended these theoretical treatments to indenta

tions in real crystalline solids. The principal 

results of these studies as discussed by Tabor (1956) 

are: 

1. Approximately two-thirds of the contact 

pressure between the indenter and the 

indentation surface manifests itself as 

hydrostatic stress, leaving the balance 

as shear stress. Therefore, only about 

one-third of the applied pressure is 

available for plastic deformation. 

2. Normally brittle solids such as rock 

salt crystals are prevented from crack

ing during indentation by the hydrostatic 

component of the applied stress. 

3. The same distribution between hydrostatic 

and shear stresses holds for all shapes 

of indenters. 



4. Real solids which work harden behave 

similarly to ideal plastic solids if 

the work hardening which occurs during 

formation of the indentation is taken 

into account. 

5. The process of forming the indentation 

results in a hemispherically-shaped zone 

of plastically deformed material (the 

plastic cap) which is separated from the 

elastic matrix by a boundary. 

It is difficult to relate this hemispherical 

plastic cap with the actual deformation patterns ob

served in real single crystals. Ionic bonded, NaCl-

type crystals prefer to slip only in the <110> direc

tions and generally prefer to slip only on £110^- planes 

at low temperatures (Van der Walt and Sole, 1967). 

Limiting of deformation to specific slip systems is 

incompatible with the hemispherical plastic zone model 

resulting from analyses of the ideal plastic solid. 

It is very apparent that much further work must be 

done before the indentation hardness test is truly 

understood. 
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3 . 2  Indentation Creep 

Only the nature of indentation creep in non-

metallic crystals at low homologous temperatures will 

be considered in this section. Indentation creep at 

higher temperatures and in polycrystalline metals has 

been discussed in detail in the Literature Review. 

Preliminary work by the writer has shown that 

various species of ionic crystals all exhibit the same 

general type of creep behavior in the higher-load re

gion. Figure 2 is a generalized schematic illustrating 

this typical behavior in an ionic crystal. 

It should be noted that the complete curve in 

Fig. 2 can be divided into several unique states (marked 

I, II, and III). Each stage can, in turn, be treated 

as a combined transient and steady state curve. The 

separate stages can, therefore, be described by the 

Andrade equation: 

7 = y0 + Btn + kt (33) 

where y is the strain at time t, yQ is the instanta

neous creep strain upon application of the load, t is 

the time, and B, n, and k are specific material con

stants for the particular stage. 
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Figure 2. Schematic Illustration of Indentation Creep in 
Ionic Crystals. 



The values of B, n, and k, in general, are 

different for each stage, indicating that different 

mechanisms may be rate controlling at various times. 

This type of creep curve should not be confused with 

the discontinuous or oscillating creep behavior first 

observed in the microcreep of tin (Chalmers, 1936). 

In oscillating creep the same constants apply to each 

stage. 

It is not known if the creep behavior under 

very low loads is also a multistage type. Neither 

Westbrook and Jorgenson (1965) nor Westwood (1966) 

have carried out creep experiments for sufficiently 

long times to detect separate stages. 

Several differences exist between indentation 

creep at very low loads and at higher loads in non-

metallic crystals. Under low loads indentation creep 

has exhibited an anomalous response to temperature in 

that the degree of creep decreased with increasing 

temperature and creep ceased completely at some ele

vated temperature (Westbrook and Jorgenson, 1965; 

Westwood, 1966; and Westwood et al., 1967). Prelimi

nary experiments by the writer have shown that under 

higher loads the degree of indentation creep is gene

rally temperature independent. With very low loads, 



indentation creep was also found to be dependent upon 

the specific environment in which the test was carried 

out. Under higher loads, the presence of highly polar 

solvents was found to exert only a minor influence on 

indentation creep. These differences strongly indi

cate that different mechanisms are rate controlling 

for indentation creep of- non-metals at very low and 

higher loads. 

Preliminary experiments have also shown that 

creep may be either enhanced or inhibited by an elec

trical potential difference between the indenter and 

the crystal. Whether the degree of creep is enhanced 

or inhibited appears to depend upon the polarity of 

the charge on the dislocations involved in the creep 

process. 

In summary, indentation creep in ionic crystals 

in the higher-load range is characterized by a multi

stage creep curve. Detailed examination of this creep 

behavior indicates that at least two competing mech

anisms may be rate controlling during long time creep 

experiments. The two creep mechanisms are believed 

to be (a) non-electrical dislocation mechanisms and 

(b) a superimposed electrostatic effect which may 

either enhance or inhibit indentation creep. The 



balance of this chapter will, therefore, be devoted 

to detailed discussions of non-electrical dislocation 

mechanisms and the electrical nature of dislocations 

in ionic crystals. 

3.3 Dislocation Creep Theories 

All theories of creep based upon dislocation 

mechanics start from first principles, that is from 

the Cottrell equation: 

£ = b fv 

where £ is the strain rate, b is the Burgers vector, 

P is the density of mobile dislocations which in turn 

is a function of the strain ( 6 ), and v is the velo

city of the mobile dislocations which is a function 

of the shear stress {*Y ). 

The Cottrell equation is merely a statement 

of a basic concept of dislocation theory: plasticity 

depends on dislocation motion. As such, it bears the 

same relationship to dislocation mechanics as does 

the First Law to thermodynamics. 

Development of an operational creep equation 

from the Cottrell relationship is approached from 



either of two different general viewpoints. The first 

is that of constant stress (Johnston, 1962; Li, 19^3; 

Akulov, 19^4; Haasen, 1964; Gilman, 1965a; and Webster, 

1966). This approach is consistent with most creep 

theories not based on dislocations in that it consi

ders only constant-stress creep even though the con

stant-load creep test is very widely used. The second 

and more realistic approach is that of Woodford (1967) 

which considers constant-load, not constant-stress 

conditions. In Woodford's analysis, the dislocation 

density is held constant for purposes of simplifica

tion and the creep rate is interpreted in terms of 

the relationship between applied stress and velocity 

of mobile dislocations. 

The earlier constant-stress theories will 

first be discussed, although they are not directly 

applicable to the constant-load conditions encountered 

in indentation creep. 

An early dislocation-based theory of creep in 

ionic crystals is that of Johnston (1962). Johnston 

considered that only pure edge and pure screw dislo

cation components were present and modified the 

Cottrell equation to: 

% 

€  =  b  (  f  svs + feve> 
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where the subscripts s and e refer to screw and edge 

components, respectively. 

By making the assumption that v_ = v_ and that 
6 S 

the density of the screw components was equivalent to 

the total density of mobile dislocations (i.e., only 

screw components were mobile), it was found that: 

6 « 2 b f v B  ( 3 6 )  

where (> is density of all mobile dislocations and 

vg is velocity of screitf components. 

Johnston applied the previously developed rela

tionships for and v_ (Johnston and Gilman, 1959) ' • s 

f> = C (37) 

where o( is a proportionality constant and € is the 

instantaneous strain at any time. 

v = (-p-)"1 (38) s 

where f is the shear stress, D is the characteristic 

drag stress, and m is a constant. 

By inserting equations (37) and (38) into 

equation (36), it was found that 



€ = 2b * 6  ( ^ - ) m  
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(39) 

Johnston then took work hardening into account 

and arrived at his final creep equation, viz: 

1 = 2b <* € (3^- _ 

where € is the creep rate, £ is the creep strain at 

any time t, To is the constant applied stress, H is 

the work hardening coefficient, D is the characteris

tic drag stress, and b, i  and m are constants. 

By numerical integration of equation (40), 

using simulated values for variables and experimen

tal values for the constants, Johnston developed a 

series of theoretical creep curves. He then tested 

LiF crystals in compression and compared his experi

mental points with the theoretical curves. Good 

agreement was found between experimental results and 

theory in the initial time period encompassing the 

induction period and the part of the transient creep 

curve in v/hich creep rate was increasing. In the 

later part of the transient curve and in the steady 

state portion of the creep curve, marked deviations 

occurred between experiment and theory. 
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The next notable contribution to the disloca

tion mechanics of creep was that of Li (1963). Li 

pointed out that transient creep may be understood 

in terms of the change in mobile dislocation density 

with time of the form: 

5̂- - kiP - k
2f2 

where p is the density of mobile dislocations, t is 

the time, is the rate constant for the first-order 

kinetics of dislocation multiplication, and k2 is the 

rate constant for the second-order kinetics of dislo

cation exhaustion. 

It should be noted that Li's method of des

cribing dislocation multiplication and exhaustion in 

terms of the formalism of chemical kinetics allows 

immediate application of rate-process theory to the 

subject of creep. A rigorous application of rate-

process theory to the dynamics of mobile dislocation 

density should be very fruitful. This, however, has 

not been attempted as yet and is beyond the scope of 

the present study. 

Using equation (4l), Li (1963), Akulov (1964), 

and Gilman (1965a) have all found very good agreement 



with transient creep curves for a number of materials. 

All of these investigators assumed that at the start 
p 

of the transient creep period, k^ >» kg f . As 
p 

creep progressed, f decreased while k^ in

creased, giving rise to the typical shape of the tran-
p 

sient curve. When k^ f became equal to f , a 

steady-state creep rate was obtained at constant stress. 

The Li approach hence explains the complete transient 

and steady-state portions of the general creep curve, 

but does not explain the induction period. 

Haasen (1964) extended the previous model of 

Li (1963), and Akulov (1964) to explain tertiary creep 

also. Although Haasen's model .can qualitatively 

account for primary, secondary, and tertiary creep, 

it does not account for the induction periods. More

over, this analysis does not give an explicit relation

ship for strain, and numerical integration is again 

required to obtain a creep curve. 

The most complete theoretical model for con

stant stress creep is that of Webster (1966). Webster 

developed a physical model for creep based on the 

average behavior of large numbers of dislocations. 

Although constant stress conditions were assumed, both 

dislocation density and velocity were considered to 



change during creep. Velocity was assumed to decrease 

after the dislocation density increased beyond a criti

cal point due to work hardening or, more specifically, 

to interaction of the dislocation density with the 

critical drag stress (Gillis and Gilman, 1965). The 

density of mobile dislocations obeyed zero-, first-, 

and second-order kinetics. The general form of the 

Webster equation is 

£ = At + Din l-B) exp (-0 T)J + 

{" C(l-B) <• 1-exp ( - f t t)> -1 

L B + (l-B) exp (-pit) J 
where £ is the creep strain at time t, t is the time, 

and A, B, C, D, and J2f are coefficients which vary with 

the specific experiment. 

Webster found excellent agreement between his 

theory and experimental creep data on (a) monocrystal-

line AlgO^, (b) polycrystalline brass, and (c) monocrys 

talline LiF. 

Webster's theory is particularly important 

since no implicit assumptions are made as to the con

stancy of either velocity or density of mobile dislo

cations. Instead, the model accounts for dynamic 



interaction between the density and velocity in a 

logically consistent manner. 

None of the mechanisms reviewed to this point 

is directly applicable to indentation creep. Indenta

tion creep involves constant-load conditions in which 

creep takes place under continuously decreasing stress. 

Therefore, the implicit assumption of constant stress 

and a resulting constant dislocation velocity is not 

realistic for indentation creep. 

Most tensile creep tests also involve constant-

load, not constant-stress conditions. A more realistic 

approach is, therefore, that of Woodford (1967). In 

Woodford's analysis, constant-load rather than constant-

stress tensile creep is considered. Woodford assumes 

that stress continuously increases rather than either 

(a) remaining constant or (b) decreasing as in the 

indentation creep test. A more fundamental difference 

between constant-load tensile creep and constant-load 

indentation creep, however, lies in the fact that the 

stress in the tensile test is reasonably homogeneous 

whereas in indentation creep the stress is highly 

concentrated. 

Even with these objections, however, Woodford's 

analysis does provide a more rational starting place 
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for the development of a model of conventional indenta

tion creep than is afforded by previous (constant-

stress) analyses. For this reason, it will also be 

discussed in some detail. 

Woodford (1967) first considers the effect of 

dislocation density on transient creep in terms of Li's 

kinetic relationship (Eq. 40). He then goes on to 

show that in the constant-load tensile test, the 

stress-controlled dislocation velocity term has a 

much greater effect on the creep strain than does the 

density of mobile dislocations. 

In detail, Woodford starts, classically, with 

the Cottrell relationship (Eq. 32). He then makes the 

following assumptions: (a) the mobile dislocation 

density is constant, (b) one constant, C, can there

fore be utilized to combine the Burgers vector, b, and 

the constant glissile dislocation density, f , and 

(c) the constant C allows any convenient choice of 
ft 

units for the tensile creep rate, € . The Cottrell 

equation then becomes 

I 

G = C v 



Woodford next invokes the Johnston (power 

function) dislocation velocity relationship (Johnston, 

1962). 

V - (-£)» 

where v is the dislocation velocity, is the instan

taneous shear stress on the active slip system, D is 

the characteristic drag stress, and n is a temperature 

dependent exponent. 

By combining Eqs. (43) and (44), Woodford 

arrives at the following expression for constant-load 

tensile creep strain: 

€ = c (-fl)n 

By invoking the various interrelationships 

between stress and strain in the tensile test, Woodford 

then arrives at his final expression: 

where € is the tensile creep strain rate, is the 

instantaneous tensile stress, £ is the tensile creep 

strain, D is the characteristic drag stress, and n is 

a temperature dependent exponent. 



For purposes of comparison of his creep rela

tionship (Eq. 46) with experimental data, Woodford 

also develops the integrated form of equation (46), 

viz. : 

-  C ( < £ ) ° t  +  B  

By utilizing equation (47) in the form of plots 

of (l+€,)1_n as a function of t, Woodford demonstrated 

excellent agreement with experimental values. 

Woodford's analysis presents a pioneering 

attempt to describe constant-load tensile creep in 

terms of conventional dislocation mechanics. Unfor

tunately, as shown by Gilman (1965b), it suffers from 

a fundamental weakness in its use of the Johnston 

velocity-stress relationship. Gilman (1965b) shows 

that the Johnston equation, v = vQ (-^p)n, can have 

little physical validity since (a) it places no upper 

limit on the velocity, (b) and if n is large, then 

values of O""/D > 1 can lead to dislocation velocities 

greater than the velocity of sound. 

Gilman had previously proposed an alternative 

expression for dislocation velocity (Gilman, i960): 



V = v0 exp {y) 
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(48) 

where v is the velocity at shear stress Y , vQ is 

the limiting velocity imposed by relativistic consi

derations, D is the characteristic drag stress, and 

y is the appropriate shear component of the applied 

stress. 

If the Gilman velocity-stress relationship is 

used instead of the Johnston power function, then the 

Woodford creep equation (46) becomes: 

It is interesting to note that, while Gilman's 

objections to the fundamental physical meaning of the 

Johnston power function are no doubt valid, neverthe

less Eq. (49) will not produce agreement with Woodford's 

selected experimental data, whereas the agreement of 

Eq. (46) with the cited data is excellent. 

This completes the review of those conventional 

dislocation-based theories which are most applicable 

to indentation creep. In this section it has been 

shown that (a) all theories start from the basis of 

the Cottrell equation, (b) most constant-stress models 



consider that creep strain is dependent upon disloca

tion density only, (c) the only constant-load model 

available (Woodford, 1967) considers that the density 

is constant and creep strain depends solely upon 

velocity of the moving dislocations, and (d) at least 

one theory (Webster, 1966) considers the simultaneous 

effect of both density and velocity of the glissile 

dislocations. 

None of these theories is directly applicable 

to the case of indentation creep in single crystals. 

Woodford's constant-load analysis approaches the 

conditions encountered during indentation creep, but 

even it cannot be used directly. To overcome this 

obvious lack, an attempt was made, as part of this 

investigation, to develop a dislocation-based mechanism 

for indentation creep (see Appendix B). The deriva

tion given in Appendix B starts from the Cottrell 

equation and develops an expression for the strain 

rate in terms of the reciprocal applied shear stress. 

Real data in terms of strain rate and the reciprocal 

of applied shear stress were then computed and plotted. 

A lack of linearity was noted between the strain rate 

and the reciprocal applied shear stress. This lack 

of linearity indicates that the expression derived in 



Appendix B is invalid for indentation creep. This 

suggests that the relationship between the dislocation 

velocity and shear stress is more complicated than 

that proposed by Gilman (i960) for homogeneously 

applied stress. 

3.4 The Unique Properties of Dislocations in 

Ionic and Covalent Crystals 

It has been established that indentation creep 

in ionic crystals involves the glide of edge disloca

tions (Walker and Demer, 1964; Westwood, 1966; Westwood 

et al., 1967). It has also been established that 

indentation creep does not occur in metal crystals 

(Walker and Demer, 1964; Westbrook and Jorgenson, 1965). 

This immediately poses the question, "What is different 

about metallically-bonded crystals which would prevent 

glide of their edge-dislocation components and corres

ponding indentation creep?" 

An apparent difference in the nature of dis

locations in metals and those in ionically-bonded 

crystals lies in the fact that in metal crystals the 

dislocations must be electrically neutral, whereas the 

dislocations in ionic crystals are thought to carry 

an electrical charge. Due to the possible significance 



of charged dislocations to low-temperature indentation 

creep, the nature of charged dislocations will be dis

cussed in some detail. 

The theoretical groundwork for the charge on 

dislocations in NaCl crystals is due to Lehovic (1953). 

He pointed out that because of the difference in the 

free energy of formation of sodium ion vacancies and 

chlorine ion vacancies, an excess of vacancies of one 

sign will predominate at all free surfaces leading to 

a net positive charge on these surfaces. Immediately 

below the surface, vacancies of the opposite sign 

predominate, resulting in an electrical double-layer 

effect. Because of this electrical double-layer, a 

potential difference exists between the surface and 

interior of the crystal. Pratt (1957) extended Lehovic' 

suggestion by noting that vacancies can be formed at 

dislocations as well as at a free surface. These pio

neer considerations were extended and placed on a firm 

theoretical basis by Eshelby et al. (1958). 

Eshelby et al. (1958) presented the first 

comprehensive paper dealing with the relation between 

the charge on dislocations and the strength of ionic 

crystals. These authors first generalized Lehovic's 

results for the case where mobile divalent impurities 
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are present. They then extended this treatment to 

the case of the charged dislocation and derived the 

force necessary to break the dislocation away from 

its charge cloud and set it in motion. They found 

that the stress to pull a dislocation away from its 

cloud is: 

rroax - °-8 -fl1 (5°) 

where £ is the static dielectric constant, K is a 

parameter involving the various electrostatic terms, 

CT is the charge per unit length of dislocation line, 

and b is the Burgers vector. 

Eshelby et al. next attempted to correlate 

.their theory for the force to move charged disloca

tions in NaCl with observed yield strength-temperature 

relationships. They found good qualitative agreement 

between their theory and experimental data. 

Pischbach and Nowick (1958) were the first 

workers to attempt a definitive investigation of the 

phenomenon of stress-induced electrical effects in 

crystals. Their investigation of NaCl concerned two 

different transient electrical effects of plastic 

deformation: (a) the Gyulai-Hartly Effect (i.e., the 



stress-induced increase in ionic conductivity) and 

(b) the Stepanow Effect or the heterogeneous defor

mation-induced charge flow in the absence of an exter

nal electric field. 

In general, most of Fischbach and Nowick's 

work concerns the Gyulai-Hartly Effect and will not 

be considered further in this discussion. They did, 

however, investigate the current produced by inhomo-

geneous plastic deformation such as indentation or 

bending (the Stepanow Effect). They measured the 

charge flow resulting from inhornogeneous deformation 

using a very sensitive vacuum tube electrometer cap-

1 
able of measurements as low as 5 x 10" amp/mm. 

The stress level was varied in the range from 0.02 
p 

to 0.64 kg/mm . Pischbach and Nowick found that the 

deformation-induced charge flow has the following 

characteristics: 

"l. It is associated with inhornogeneous 
plastic deformation and the direction 
of transient current is determined by 
the sense of the applied stress gradi
ent. 

2. Under conditions of constant inhornoge
neous stress, the transient current 
decays with time in an approximately 
hyperbolic manner. 

3. The current drops almost to zero abruptly 
when the stress increment which produced 
it is removed. 



4. The magnitude of the current flow at a 
given time after deformation by"*a given 
stress increment decreases slowly with 
increasing total stress. 

5. The current is insensitive to tempera
ture in the range from room temperature 
to 100OC. 

6. The deformation-induced current is 
observed even with an opposing applied 
electric field of 1000 v/cm." 

Pischbach and Nowick interpret these findings 

in terms of electrically charged dislocations in the 

NaCl. In the normal state of the crystal a disloca

tion line is expected to have as many negative as 

positive jogs and, hence, be electrically neutral. 

However, when a dislocation line is in motion, vacan

cies may be "evaporated" at a jog, thus changing the 

sign of the jog. A dislocation line in motion may be 

expected to have equal numbers of positive and nega

tive jogs only if cation and anion vacancies are 

formed or "evaporated" with equal ease. In most 

ionic crystals, the ease of formation of the vacancies 

(as evidenced by the free energy of formation) is 

markedly different, hence, in ionic crystals, disloca

tions in motion can be expected to generate a net 

electrical charge. 

Having established the rationale for the elec

trical charge on the dislocations in NaCl, Pischbach 



and Nowick next developed a model for the specific 

case of induced charge flow by inhomogeneous plastic 

deformation. This is given as: 

"When the (indentation) load is applied 
to the crystal, large numbers of disloca
tions carrying a net charge are set in 
motion in the region of high compressive 
stress (near the indentation). Initially 
these dislocations have a high kinetic 
energy but as they move into regions of 
lower stress they may be expected to slow 
down and finally become stuck on obstacles. 
Further motion of the dislocations, which 
leads to further charge separation, will 
then be time dependent (creep type) motion. 
The immediate cessation of current flow 
upon removing the stress increment which 
produced deformation is explained by the 
fact that the creep motion of disloca
tions is strongly stress dependent (i.e., 
is a highly non-linear phenomenon). When 
the load increment is reapplied, creep 
deformation resumes and a current is 
again produced in the external circuit. 
If the load is left on, the charge flow 
continues until the charged dislocations 
have moved completely across the crystal 
or become permanently stuck on obstacles." 

The next publication which has a bearing on 

the electrostatic effect in ionic crystals was Machlin' 

discovery of the effect of high voltage on the ducti

lity of ionic crystals (Machlin, 1959). Machlin found 

that the yield stress was loitered and that the strain 

to fracture in tlie outer fiber of rock salt was in

creased by imposing a potential of 6 kv to the sample 

during three-point bending tests. Quantitatively, the 



yield stress was reduced by an average of 52$ and the 

strain to fracture was increased by approximately 8 

times by imposing the potential. Machlin offered no 

explanation for this effect. 

The study of charged dislocations in ionic 

crystals was next taken up by Amelinckx and his co

workers in Belgium (Amelinckx et al., 1959; Remaut et 

al., i960; Remaut and Vennick, 1961; Vennick et al., 

I96I; Remaut et al., I96I; Rueda and DeKeyser, 1961a; 

and Rueda and DeKeyser, 1961b). In an extensive series 

of studies lasting for several years, these workers 

investigated the current resulting from the following 

types of inhomogeneous deformation: (a) cyclic bend

ing, (b) three-point static bending, and (c) indenta

tion. 

The principal results of these studies are: 

1. In cyclic bending the magnitude of the 

electrical effect is a function of the 

amplitude of vibration. 

2. Moving dislocations in NaCl and LiP be

have as though they are negatively 

charged. 

3. Continuous cyclic stressing causes the 

signal to decay in amplitude. 



4. The effect is not due to piezoelectri

city but is truly due to the charge on 

the dislocations. 

5. MgO behaves as though its moving dislo

cations are positively charged. 

6. The sign on moving dislocations may be 

reversed by the presence of divalent 

impurities in the crystal. 

Amelinckx et al. firmly established the Stepanow 

Effect as being due to the charge on the dislocations. 

They also showed that the effect may be used to great 

advantage in studies of fatigue properties of ionic 

crystals. Unfortunately, no one has attempted to 

follow up the use of the Stepanow Effect as a tool 

for fatigue and damping studies as yet. It appears 

to offer a very fertile field for further study. 

One unusual result of the studies discussed 

thus far is that the polarity of the charge on the 

dislocations could not be positively identified. For 

example, Eshelby et al., on the basis of theoretical 

arguments, showed that the sign of the dislocations 

in NaCl should be positive. On the other hand, experi

mental results of Remaut et al., and others, indicated 

that the charge on the dislocations in NaCl is negative. 



Caffyn and Goodfellow (1962) attempted to resolve this 

discrepancy by an ingenious mechanism involving motion 

of dislocations in both directions. In the case of 

indentation, Caffyn and Goodfellow assumed that dis

locations near the indentation moved toward the dis

location, whereas those at a greater distance moved 

away from the indentation. The charged dislocations 

reaching the indentation discharged their electrical 

component and thus effectively charged the indenter 

itself. A similarly ingenious explanation is offered 

for the case of cyclic bending. Unfortunately, Caffyn 

and Goodfellov;1 s interpretations do not allov; unambi

guous determination of the polarity in all cases. 

More recent studies of the charge on disloca

tions in ionic crystals are those of Whit\^orth (1965) 

and Brantley and Bauer (1966). Both of these investi

gations attack the problem from the strictly geometric 

viewpoint, and ignore any electrostatic considerations. 

The results of these studies, for the NaCl structure, 

as discussed by Brantley and Bauer (1966) are: 

1. Pure edge and pure screw components do 

not possess an effective electric charge. 

2. Edge dislocations which possess a jog 

a V7~ length of or an abrupt kink length 



of - -F will possess a virtual charge 

of + ^ /2 (where a is the lattice para

meter and + £ is the ionic charge). 

Screw dislocations possessing a jog 

length of a V2/4 or an abrupt kink 

length of a/4 will possess a virtual 

charge of + £ /2. 

Edge components having a jog length of 

a Y2/2 or an abrupt kink length of 

a v/2/4 are electrically neutral. Simi

larly, screw components possessing a jog 

length of a V2/2 or an abrupt kink length 

of a/2 are electrically neutral. 

Intersection of dislocations on orthogo

nal systems yields only neutral jogs. 

Intersection of dislocations on oblique 

systems yields only charged jogs and 

neutral kinks. 

Nodes formed between n edge components 

possess a charge of + £ /2 when n is 

odd and are electrically neutral when 

n is even. 

In general, the presence of a charge of 

+ ^ /2 indicates an infinite vacancy 



source or sink whereas a charge of + Q 

indicates an expendable source. 

This completes the review of the literature 

on charged dislocations in ionic crystals itself; how

ever, certain peripheral effects must still be discussed. 

The first of these is the effect of environmental fac

tors (stress, shock, etc.) on the ionic conductivity 

of NaCl-structured crystals. Starting with the work 

of Fischbach and Nowick (1958), many studies have been 

made of the effect of certain environmental conditions. 

The effects of stress on the conductivity of NaCl were 

studied by Fischbach and Nowick (1958) and Sutter and 

Nowick (1962). In general, uniform stress caused a 

transient increase in ionic conductivity. Changes in 

ionic conductivity during high temperature creep were 

observed in NaCl by Christy and Daniels (1961) and in 

A12°3 Chang (1963). Linde et al. (1966) observed 

a shock-induced enhancement of conductivity in various 

alkali halides. 

Special consideration should be given to the 

electric-field or Neiman effect in MgO (Neiman and 

Rothwell, 1963; Rothwell and Neiman, 1965; and Rothwell, 

1966). These workers applied a constant potential of 

up to 750 V. D.C. to MgO during steady state creep at 



1000°C. It was found that the applied voltage induced 

a marked transient enhancement of the creep rate, and 

that the creep rate would eventually decay back to its 

steady state value prior to applying the potential. 

The Neiman effect has been interpreted (Rothwell, 1966) 

in terms of an increase in mobile dislocation density 

due to the applied potential. Rothwell developed an 

analytical expression the results of which satisfied 

experimental observations. The mechanism by which the 

applied potential increases the mobile dislocation 

density was not identified. 

Assuming that the Cottrell equation describes 

the creep of MgO at 1000°C, it appears that the creep 

rate could be increased equally well by an increase 

in the velocity term (v) instead of the density term 

(f). Hence, at least qualitatively, the Neiman 

effect could be interpreted in terms of the effect of 

the potential on the velocity of charged dislocations. 

Although it is beyond the scope of this investigation, 

a reinterpretation of the Neiman effect in terms of 

potential-enhanced dislocation velocity would prove 

fruitful., 

The final topic to be considered in this sec

tion will be certain phenomena which appear to be 



related to the electronic properties of the disloca

tion cores. These are (a) the electro-mechanical 

effect in semiconductors (Westbrook and Gilman, 1962), 

(b) the photo-mechanical effect in alkali halides 

(cf. Nadeau, 1964), and (c) the four-point bending 

creep of gallium doped germanium (cf. Shea et al., 

1966). Since none of these phenomena is directly 

related to the indentation creep of ionic crystals in 

the higher-load range, they -will not be described in 

detail. They are only included since it is thought 

(Westwood, 1966; Westwood et al., 1967) that all of 

them, together with the low-load indentation creep of 

Westbrook and Jorgenson (1965), are due to the same 

cause. Westwood (1966) identifies this cause as the 

modification of the electronic structure of the 

dislocation by surface environmental effects. He 

proposes that this modification of the electronic 

core structure in effect changes the electrical field 

around the dislocation and hence, causes the anomalous 

effects enumerated above. 

None of the theories discussed in this section 

can be applied directly to observations of indentation 

creep in ionic crystals in the higher-load region. 

Since experimental observations indicate that indentation 



creep in the higher-load region is markedly influenced 

by electrostatic effects, an attempt has been made to 

develop a simple electrostatically based model (see 

Chapter VIII). 

Summary 

Experimental observations have shown that 

indentation creep in the higher-load region (a) is a 

dislocation-glide phenomenon, (b) is characterized by 

a multistage creep curve, (c) cannot be explained 

solely on the basis of dislocation mechanics, and 

(d) is markedly influenced by electrostatic effects. 

Any successful theory of the type of indentation creep 

studied in this investigation must account for these 

diverse observations. To this end, the literature 

bearing on these observations has been discussed in 

detail. The purpose of this review of the theoreti

cal background is to establish the state of current 

theory as a basis for development of a more advanced 

model to specifically explain indentation creep at 

higher loads in ionic crystals. 



IV. OBJECTIVES OP THIS INVESTIGATION 

The general purpose of this investigation was 

to study the phenomenon of indentation creep in ionic 

crystals in a higher range of loads than those used by 

other investigators. Other investigators have limited 

the load range to those loads which produce indentations 

not over 3 microns deep. This investigation studied 

indentation creep in ionic crystals at loads which pro

duced indentations much deeper than 3 microns. 

The detailed objectives of this study were 

(a) to determine the factors which influenced indenta

tion creep of ionic crystals in the still unexplored 

higher-load region, (b) to determine if indentation 

creep of ionic crystals at higher loads exhibited the 

same anomalous temperature response that has been 

reported by others who studied the phenomenon at light 

loads, (c) to determine if the indentation creep in 

the higher-load region is inherently associated with 

the adsorption of polar molecules at the surface of 

the crystal, and (d) to attempt to determine the mech

anisms of indentation creep in ionic crystals in the 

higher-load region. 
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V. MATERIALS AND TEST EQUIPMENT 

Materials 

The principal ionic crystal species used in 

this investigation were: LiF, MgO, NaCl, U02, CsCl, 

CsBr, Csl, and AgCl. These species were selected in 

order to provide the widest possible range of: (a) 

crystal structure type, (b) electronegativity differ

ence between cation and anion, and (c) intrinsic 

hardness. 

In addition to these principal ionic crystals, 

a variety of natural minerals and metallurgical pro

ducts was also studied in order to determine the 

generality of the phenomenon. The details of the 

materials used in this investigation are given in 

Tables I and II. 

Specimen Preparation 

5.1 Cleaving of Crystals 

Crystals of MgO, LiF, and NaCl were generally 

tested for indentation creep characteristics on freshly 

cleaved surfaces to be consistent with other investigators. 
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TABLE I 

Principal Materials 

Hardness 
Material Shape Purity (DPH)(7) 

MgO Pre-cut Blanks (l) Highest 
Available (2) 67O.O 

LiP Pre-cut Blanks Optical 
Quality(3) 100.0 

NaCl Pre-cut Blanks Optical 
Quality 18.1 

CsCl Single Crystal 
Chip (4) 

Optical 
Quality 19.5 

CsBr Single Crystal 
Chip 

Optical 
Quality 12.0 

Csl Single Crystal 
Chip 

Optical 
Quality 13.5 

AgCl Machined Blank(5) Optical 
Quality 6 A  

U°2 Plat Ground 
Crystal 

Total Impuri
ties <200 
ppm (6) 640.0 

(1) Pre-cut blanks are rectangular shaped crystals 
that have been cleaved by following the natu
ral cleavage planes of the crystal. 

(2) The composition of the magnesium oxide crystals 
as given by the Norton Co. was as follows: 
Si02-0.03$; Ti02-0.03Ca0-0.04#j Al203-0.07^; 

Fe^-O.S* and the remainder MgO. 

(3) The NaCl and synthetic LiP supplies by the 
Harshaw Chemical Co. are of such quality as 
to make them suitable as lenses and as other 



I—Continued 

optical parts in infrared microscopy and infra 
red spectroscopy. 

The single crystal chips were small rectangu
lar samples approximately 1 cm x 1 cm x 0.5 cm 
in size. They were furnished by Semi-Elements 
Inc., and were of such quality as to make them 
suitable as lenses in infrared microscopy and 
infrared spectroscopy. 

The machined blank was a small rectangular 
piece of AgCl single crystal which had been 
cut from a larger single crystal. It was 
furnished by Semi-Elements, Inc. 

The UOg was furnished by the Hanford National 
Laboratory. Analyses cited are spectrographic 
analyses by Hanford. 

The diamond pyramid hardness was determined 
using a 100-gram load and an indentation time 
of 10 seconds. All values reported are for a 
{100 \ crystal face with the indenter diagonal 
in a <100> direction. All hardness data are 
for room temperature (20°C). 



TABLE II 

Subsidiary Materials 

Crystal 
Species Form 

Type 
of 

Pace 
Tested 

Hardness 
HKN(3) 

Fluorite (l) 

Fluorite (l) 

Plagioclase (l) 

Quartz (1) 

Galena (l) 

Sylvite (l) 

Cubic 
crystal 

Octahedral 
cleavage 

Single 
crystal 
fragment 

Single 
crystal 

Cubic 
crystal 

Cubic 
crystal 

{100} 

£ioo5f 

£1010} 

£100} 

{100} 

132 

95 

500 

360(4)-
980(5) 

60 

50 

Source of Material 

Collected at Rosiclare, 
Illinois. 

Purchased from Museum of 
Natural History, Dayton, 
Ohio. 

Collected by author in 
Santa Catalina Mountains, 
Arizona. 

Collected by author at 
Hot Springs, Arkansas. 

Collected in Tri-State 
Lead Zinc District. 

Collected in Death Valley, 
California. 



TABLE II—Continued 

Crystal 
Species Form 

Type 
of 

Face 
Tested 

Hardness 
HKN(3) Source of Material 

Covellite (l) 

Zinc (2) 

Copper (2) 

WC (2) 

FeV (2) 

Massive 
mineral 

Single 
crystal 

Single 
crystal 

Single 
crystal 

Single 
crystal 

£00-1} 

fiu} 

{mi 

{100} 

145 

35 

45 

3500 

1750 

Collected at Bisbee, 
Arizona. 

Grown from high-purity zinc 
at University of Arizona. 

Dr. Tomizuka, University 
of Arizona. 

Kennametal Corp., Scheelite, 
Nevada 

Unknown 

(1) Natural mineral 

( 2 )  Synthetic metallurgical product 

(3) Knoop hardness number determined at 100-gram load and an Indentation 
time of 17.5 seconds. In general, the indenter was parallel to the 
edge of the particular face tested. Tests were performed at room 
temperature (20°C). 



TABLE II—Continued 

(4) Prism face a 

( 5 )  Prism face £ 

direction 

direction 

o 
ro 



These crystals were cleaved on a flat, brass plate 

using a steel chisel ground to a sharp V-shaped edge 

having an included angle of 30°. Whenever practical, 

crystal blanks were cleaved into specimen size through 

successive halving parallel to the longest dimensions 

of the crystal. 

The zinc single crystal was cleaved parallel 

to the basal plane after cooling to 78°K in liquid 

nitrogen. Cleaving was performed with the type of 

chisel described above. 

5.2 Preparation of Uncleaved Crystals 

Of the principal materials listed in Table I, 

crystals of CsCl, CsBr, Csl, and AgCl were found to 

be too soft to cleave. These crystal species were 

tested on the as-received ^lOO*} faces without further 

preparation. These surfaces were unpolished and un-

etched as received. The U02 was tested on the flat-

ground, as-received surface without further preparation. 

All single crystal mineral species listed in 

Table II were tested on natural growth or cleavage 

surfaces. The plagioclase specimen was mounted in 

plastic to facilitate testing since it was very irre

gular in shape. The massive covellite specimen was 
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prepared by mounting in plastic, grinding on successively 

finer emery paper, followed by lapping with 6 micron and 

1/2 micron diamond paste. This mechanical polishing 

produced a scratch-free surface. 

The intermetallic compound crystals WC and FeV 

were tested on their as-grown faces without further 

preparation. 

Preparation of the copper specimen has been 

described elsewhere (Walker, 1962). No further speci

men preparation was undertaken prior to its use in the 

present investigation. 

5.3 Polishing and Etching Ionic Crystals 

In certain phases of the present investigation 

it was necessary to polish and etch MgO, NaCl, and 

LiP crystals. The polishing agents and etchants used 

to bring out the dislocation etch-pit configuration 

are listed below for each crystal: 

Material 

MgO 

LiP 

NaCl 

Polishing Solution 

Boiling Orthophos-
phoric acid. 

2$ NH4OH Solution 

Distilled Water 

Etchant 

NH4CI: 5, H2SO4: 1, 
H20: 1 

2$ conc. HP saturated 
with PeCl3 in 50-50 
solution of HF and 
acetic acid. 

0.4 gr FeCl3 in 100 cc 
of acetic acid. 



Details of polishing and etching of these 

crystals are given elsewhere (Walker, 1962; Kreyns, 

1965) and will not be repeated here. 

5.4 Thermal Pretreatments of Crystals 

Two different thermal pretreatments were used 

on certain of the crystals studied. Some LiP speci

mens were cleaved from a blank which had previously 

12 been hardened by irradiation by a 10 nvt flux in a 

Triga Reactor (Kreyns, 1965). These specimens were 

then annealed in air in an electric tube furnace at 

400°C for three hours. Following annealing the crystal 

were cooled at maximum rate of 25°C per hour to 200°C, 

followed by air cooling. 

A second group of LiP and MgO specimens was 

thermally pretreated to remove possible adsorbed water 

films, in accordance with the method of Westbrook and 

Jorgenson (1965). These crystals were heated in a 

tube furnace in dry argon for one hour at 300°C. They 

were then quenched in xylene, a nonpolar liquid with 

very low solubility for water. The specimens were 

subsequently stored under xylene for further testing. 

To prevent moisture pickup by the xylene during stor

age, elemental sodium was also added to the xylene 



since sodium metal has a much higher affinity for 

water than do either xylene or the ionic crystal speci

mens. 

5.5 Preparation of Crystals for Electrical Tests 

and Measurements 

During this investigation it was necessary to 

make certain electrical tests and measurements on the 

crystals during indentation creep. MgO and NaCl were 

selected for this part of the investigation. These 

were prepared for electrical measurements as follows: 

1. The crystals were first polished and 

etched as  described in  Sect ion 5.3. 

2. The surfaces selected as electrical con

tact points were next painted with an 

electrical conducting paint. This is 

an air-drying paint composed of silver-

metal powder in a butyl-acetate vehicle, 

manufactured by the G. E. Electronics 

Company of Los Angeles, California. The 

paint was allowed to dry in accordance 

with manufacturer's instructions, 

3. After the paint was dried, the surfaces 

were brush-electroplated with copper to 
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approximately 0.002" total thickness. 

Brush-plating was carried out using a 

proprietary acid copper bath at an applied 

potential of 7 volts and an average current 

density of 8 amps/sq. cm. 

4. Tin-coated 24-gage copper leads were sol

dered to the plated surfaces using rosin-

core lead-tin eutectic solder. 

Test Equipment 

5.6 Hardness Testing 

Three different hardness testers were used 

during the course of this investigation. These were 

(a) the Leitz Durimet microhardness tester located in 

the Department of Metallurgical Engineering at the 

University of Arizona, (b) the Wilson Tukon tester 

located in the Materials and Processes Laboratory at 

Hughes Aircraft Company., Tucson Engineering Laboratory, 

and (c) the Wilson Tukon tester located in the Works 

Laboratory of the Hughes Aircraft Company, Tucson Divi

sion. 

Each hardness testing instrument was cali

brated in accordance with the method outlined by Mott 



(1956). The following general procedure was used in 

calibration: 

1. The optical system was first calibrated 

against a stage micrometer, 

2. The weight system was calibrated by 

determining the average diagonal length 

of the diamond pyramid indenter corres

ponding to a given load. The same test 

block was used to calibrate each tester. 

The load in kilograms was then plotted as 

a function of the square of the diagonal 

length in millimeters on coordinate paper. 

By extrapolating to zero diagonal length, 

the relative loading error was determined. 

3. The hardness of a certified steel test 

block was determined on each tester. Each 

tester was found to give reproducible 

hardness values within the range for which 

the test block was certified. 

In order to determine the reproducibility of 

results between each instrument, the following test was 

made on all three instruments. 

An annealed LiP crystal was selected and 

cleaved. The indentation creep was then measured on 



the same crystal on all three testers and the results 

were compared. Figure 3 shows the results of these 

tests. As seen by Pig. 3, the data from all three 

testers agreed within the experimental limits of the 

test. 

5.7 Continuously Measuring Creep Strain 

Although the strain resulting from indentation 

creep is difficult to define in ordinary tensile or 

compressive strain terms (inches/inch), it is obvious 

that the increase in depth of the indentation during 

creep provides a relative measure of the indentation 

creep strain. The increase in depth of the indenta

tion with increasing loading time was, therefore, 

adopted as a measure of creep strain in the dynamic 

or continuous creep tests. 

A sensitive linear variable differential 

transformer (LVDT) was used as a transducer to mea

sure creep strain. As shown by Fig. H, the LVDT (Day-

tronic Model DFI60) was coupled to the indenter by 

means of a rigid cantilever beam. The output from the 

LVDT was fed through a Daytronic Type 70 differential 

transformer plug-in unit into a Daytronic Model 300D 

transducer amplifier-indicator. The output from the 
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transducer amplifier-indicator was, in turn, fed into 

a Minneapolis-Honeywell Brown strip chart recorder. 

The magnitude of mechanical relaxation of the 

system was first determined by running a series of 

simulated creep tests on a hardened steel test block. 

The hardened steel test block had previously been 

subjected to long indentation periods under a variety 

of loads and had not exhibited any indentation creep. 

A slight creep effect was indicated on the strip 

chart, although optical measurements of the diagonal 

length of the indentation indicated that no true in

dentation creep occurred. The strip chart "creep" 

measurement was attributed to mechanical relaxation 

of the system, perhaps because of bending of the canti

lever beam. The machine relaxation "creep" values for 

corresponding loads were subtracted from the recorded 

indentation creep during subsequent experiments with 

ionic crystals, and these corrected values were taken 

as the true indentation creep of the crystal. 

The continuous creep strain measuring system 

was next calibrated by comparing the depth recorded 

on the strip chart with depth of the indentation com

puted from optical measurements of the diagonal 

length. 



5.8 Compression Testing 

One phase of the investigation involved com

pressing LiF to different degrees of compressive strain 

followed by indentation-creep testing. This compres

sive straining was carried out on a conventional Tukon 

microhardness tester. 

A special flat platen was fabricated and sub

s t i tuted for the microhardness indenter (Pig. 5). The 

normal Tukon loading cycle (17.5 seconds to full load) 

was utilized in compression straining. The dimensions 

of the crystal were first carefully measured. The 

crystal was then successively compressively strained 

at 20 kg, 25 kg, 30 kg, 40 kg, and 50 kg loads. The 

dimensions were measured after each loading cycle and 

the stress (kg/mm2) and the strain ($ reduction) were 

computed for each measurement. The resulting stress-

strain curve is shown in Pig. 6. 

5 . 9  Elevated Temperature Testing 

Elevated temperatures were initially achieved 

in either a DC 2000 silicone oil bath or a bath of a 

low-melting metal alloy (Cerrotru). These baths were 

heated on an electric hot plate mounted on the Leitz 
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Durimet microhardness tester stage. The baths were 

later abandoned in favor of simply heating the crystals 

in air directly on the electric hot plate during test

ing. No attempt was made to separately preheat the 

indenter, and at short testing times, it probably 

tended to chill the crystal slightly, although no 

difference in temperature was detected. 

Similarly, no attempt was made to reduce tem

perature gradients during tests at elevated tempera

tures by circulating the bath fluid. Early tests 

showed that any agitation of the fluid would cause 

vibration of the crystal and result in false hardness 

and creep results. Due to this limitation, the tem

peratures cited in this dissertation can only be 

considered as accurate to within + 5°K in the range 

of 195°K to 473°K. 

Temperatures and temperature gradients during 

testing were ascertained by means of ten (10) cali

brated chromel-alumel thermocouples placed at various 

locations around the specimen. These thermocouples 

were attached to a ten-position selector switch and 

the temperature of each thermocouple was read out on 

a Minneapolis-Honeywell Brown potentiometric strip 

chart temperature recorder. All temperatures were 

found to be within + 5°C of the desired temperature. 
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5.10 Optical Microscopy 

Two different microscopes were used in the 

course of this investigation. These were the Reichert 

"MeF" Metallograph located at Hughes Aircraft Company, 

Tucson Engineering Laboratories and the Reichert Zeto-

pan microscope in the Department of Metallurgical 

Engineering at the University of Arizona. 

5.10.1 Reichert "MeF" Metallograph. The 

"MeP" metallograph is a self-contained bench type 

instrument made by Reichert Ltd., Wien. This is an 

inverted LeChatelier type instrument capable of magni

fications from 75 X to 2000 X. Illumination is pro

vided by either a standard mechanical-type carbon arc 

or by a tungsten filament lamp. Magnification selection 

is accomplished by the choice of a variety of achromatic 

objectives and plane or huygenlan eye pieces. Photo

graphy was accomplished by the use of an accessory, 

Type 42 Polaroid Land camera attachment. 

5.10.2 Reichert Zetopan Polarizing Research 

Microscope. The Zetopan polarizing microscope is an 

upright binocular type research microscope capable of 

use in microscopy by either reflected or transmitted 



light. It is fitted with an extensive assortment of 

polarizing accessories. Illumination is provided by 

a tungsten filament lamp. The light path may be 

arranged for: (a) vertical illumination through the 

microscope tube, (b) substage illumination, or (c) a 

mixture of both types of illumination. Magnification 

from 100 X to 1500 X is possible by the simple ex

changing of ocular and objective lenses. Photomicro

graphy is possible by means of a conventional 135 mm 

camera mounted on the microscope tube. 

5.11 Electrical Equipment 

A variety of electrical equipment was used to 

study the charge on the dislocations during this investi 

gation. Three general types of equipment were used: 

(a) static-discharging equipment, (b) voltage-charging 

equipment, and (c) electrical measuring instruments. 

5.11.1 Static Discharging;. During explora

tory studies, it became evident that indentation creep 

might be influenced by a static electric charge on the 

indenter. In order to prevent the buildup of this 

static electric charge, a static eliminator was pro

cured. The replacement cartridge for a Model IC 50 



"Static Master" anti-static brush was purchased from 

Nuclear Products Company, El Monte, California. The 

active element, a 50 microcurie polonium 210 source, 

was removed from this cartridge. This source was in 

the form of a 0.010" thick Po2"1"0 foil approximately 

1/2 cm wide by 4 cm long. Polonium 210 is primarily 

an o< emitter having a half life of 138.4 days. It 

accomplishes static discharging by the reaction of 

the positively charged 0(- particles with the negatively 

charged static electrons on the indenter. In use, the 

foil was cemented to the indenter post immediately 

contiguous to the diamond indenter. 

5.11.2 Voltage Charging. Two different 

sources of DC voltage were used during this investi

gation. These are described as follows: 

1. Heathkit Variable Voltage, Regulated, DC 

Power Supply, Model PS-3. This power 

supply was secured from the Electrical 

Engineering Department1s Electrical 

Measurements Laboratory. This is a con

tinuous voltage and amperage source pro

viding voltages from 0-500 VDC and amperage 

from 0-200 ma DC. Voltage regulation was 

approximately + 5$ over the entire range. 
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2. Spellman, Model 2040, High Voltage, DC 

Power Supply. This is a high voltage, 

low power, DC power supply. Variable 

voltage was supplied in the range from 

15 to kO KV DC. In order to provide volt

ages in the range of 500 VDC to 15 KV DC, 

the output of the Spellman unit was fed 

into a series of voltage dividers. A 

schematic diagram of the experimental 

setup used is shown in Pig. 7. 

5 . 1 1 , 3  Electrical Measurements. Several 

different instruments were used in attempts to measure 

voltage and current changes relating to the charge on 

dislocations during indentation creep. The major 

instruments used are described below. 

1. Rubicon, High-Precision, Type B Potentio

meter. This is a highly sensitive instru

ment capable of accurately measuring EMF's 

from one microvolt to 1.6 volts. It was 

used with an external, standard one-ohm 

resistor, and an Eppley Laboratories 

Standard Cell which produced 1.01930 volts 

at 23°C. 
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2. Rubicon High Precision Galvanometer. This 

galvanometer was used in conjunction with 

the Rubicon High-J?recision Potentiometer. 

This galvanometer has a sensitivity of 

0.01 ua/mm, an internal resistance of 

37 XZ > and a period of 4.1 seconds. 

3. Keithly, Model 621, Vacuum Tube Electro

meter. This is a DuBridge (DuBridge, 1931) 

bridge-type, solid state electrometer. 

It has a built-in grid resistance 1011 

ohms which gives it a capability of mea

suring 10-14 amperes full scale. In use 

an extra resistor, in the form of a single 

rock salt crystal was inserted parallel 

to the grid resistor. This extended the 

sensitivity of the electrometer, while 

at the same time increasing zero drift. 

4. Precision DC Micro Ammeter-Galvanometer 

Model 700, Greibach Instrument Corp. This 

instrument was used as an accessory to the 

vacuum tube electrometer. The output of 

the electrometer was read on the precision 

galvanometer as deflection in mm, following 

the  method  o f  F i schbach  and  Nowick  (1958) .  



5. Hewlett-Packard Model 425A Microvolt-

Ammeter. This is a solid state precision 

instrument having dual capability as: 

( a )  A n  a m m e t e r  f o r  t h e  r a n g e  o f  1 0  u u a -

3 ma full scale, and 

( b )  a  v o l t m e t e r  f o r  t h e  r a n g e  o f  1 0  

microvolt-1 volt full scale. 

In addition to the major instrumentation described 

above, a variety of voltmeters, ammeters, switches, 

etc., were used in this portion of the investigation. 



VI. EXPERIMENTAL PROCEDURES 

Introduction 

Many diverse procedures were used throughout 

this investigation. Certain of these procedures were 

general in the sense that they were used widely in 

many of the experimental phases. These procedures 

will be discussed first. This discussion will be 

followed by a detailed description of the specific 

procedures used in each phase of the investigation. 

General Procedures 

6.1 Microhardness Testing 

The most v/idely used procedure in this investi

gation was the standard microhardness test. In general, 

indentation creep was studied in the loading range 

from 10 to 500 grams. Loads in the macrohardness range 

(e.g., those greater than 1 kg) were only used in a few 

experiments. 

As discussed in the previous chapter, three 

different microhardness testing instruments were used 

during the course of the investigation. Since the 

124 
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detailed procedure for the microhardness test varies 

somewhat between the Leitz Durimet instrument on the 

one hand and the Wilson Tukon tester on the other, 

both procedures will be reviewed. 

6 . 1 . 1  Leitz Durimet Tester. The crystal 

to be tested was first cemented to its mount with air-

curing epoxy or vinyl adhesive after first ascertaining 

that these cements did not contribute to creep. Crystals 

which were to be tested at room temperature, in air, 

and without supplementary imposed DC voltage were cemented 

directly to the microstage. Crystals which were to be 

tested at elevated temperatures were cemented to the top 

of an electric hot plate which, in turn, was cemented 

to the stage of the instrument. Crystals tested in 

polar solvents (such as dimethylformamide, for example) 

were cemented inside an aluminum cup. The aluminum 

cup was, in turn, cemented to the stage. Crystals 

which were tested with an imposed DC voltage were 

cemented to an inch-thick block of phenolic which, in 

turn, was cemented to the stage. In every case, cement

ing was required to reduce vibrations. 

The load was selected for the particular experi

ment and was placed on the load pan. The area of the 



crystal surface to be tested was observed at 100 X. 

The indenter was aligned over the selected target area 

and the load was released. Load application time was 

maintained at from 15 to 20 seconds by adjustment of 

the loading system dash-pot. The duration of the 

creep experiment was arbitrarily timed from the moment 

that the full load application was observed. At the 

end of the chosen creep period the indenter was with

drawn and the 100 X optical system was realigned with 

the resulting indentation. The diagonal lengths were 

then measured by means of the calibrated optical 

system and the hardness was computed from the rela

tionship: 

Hv = 1S55JL& 

In this expression Hv is the diamond pyramid 
p 

microhardness in kg/mm , L is the load in grams and 

d is the diagonal length in microns. 

In general, multiple indentations were made 

for each creep time and the average was recorded. For 

extremely long creep periods (over 1000 seconds), how

ever, only one indentation was made. The creep data 

at longer times are therefore less precise. 



6 . 1 . 2  Wilson Tukon Tester. The Wilson 

Tukon tester possesses several operational advantages 

over the Leitz Durimet, but exhibits no greater preci

sion of measurement. Cementing was unnecessary on the 

Tukon since its patented stage vise insures rigidity 

of the specimen. The load range on the Tukon is from 

10 gm to 50 kg, as compared to the Leitz Durimet range 

of 15 gm to 500 gm. Finally, the loading time and 

the load selection are both automatic on the Wilson 

tester. 

In performing standard diamond pyramid hard

ness microtesting on the Tukon instrument, the crystal 

was first mounted in the stage vise. The area to be 

tested was selected and the crystal was slid beneath 

the indenter. The preselected load was applied and, 

as soon as the crystal was fully loaded, the master 

switch of the machine was turned off. This maintained 

the crystal under the full dead weight of the load for 

the indentation creep period. At the end of the in

dentation creep period, the master switch was energized 

and the indenter was removed automatically from the 

crystal. The microhardness was determined in the 

manner described previously for the Leitz Durimet 

instrument. 



In certain experiments the Knoop hardness test 

was used instead of the diamond pyramid hardness test. 

In this case the Knoop indenter was exchanged for the 

diamond pyramid indenter and the beam was rebalanced. 

The procedure described in the preceding paragraph 

was used for Knoop testing also. In this case, how

ever, only the length of the long diagonal (d) was 

measured and the Knoop hardness number, Hk, was deter

mined from the relationship: 

Hk = — 
0.07028 d2 

In this equation, Hk is the Knoop hardness 

number in kg/mm , L is the load in grams, and d is the 

length of the long diagonal in microns. 

6.2 Optical Microscopy 

Standard reflected light microscopic methods 

were used throughout this investigation. The extremely 

low reflectivity of the transparent ionic crystals 

made photography difficult, however. The difficulty 

was overcome by: (a) backing the crystal with an 

ordinary mirror, (b) using special exposure techniques, 

and (c) using a fast film. Essentially, the same 
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procedures were used on both the Reichert "MeF" metal-

lograph and the Reichert Zetopan Microscope. 

6.3 Continuous Measurement of Creep Strain 

It became evident quite early in this investi

gation that some automatic method of following the 

progress of indentation creep was desirable. The manual 

creep test method described in Section 6.1 was not only 

laborious but also presented an inherently higher prob

ability for operator error than an automatic strain 

measuring and recording system would. Consequently, 

the LVDT system described in Section 5.7 was adopted 

for use. 

In experiments utilizing the continuous creep 

strain measuring system, the crystal was first cemented 

to the Leitz Durimet tester as described in Section 

6.1. The experimental setup is shown in Pig. 4. In 

practice, the load was first applied, allowing the 

indenter to sink into the crystal. The position of 

the indenter at the time of full load application was 

arbitrarily taken as the mechanical zero. The micro

meter was set accordingly. The transducer null was 

next adjusted to secure a minimum reading on the panel 

meter of the Daytronic 300D-70 Transducer Amplifier-

Indicator. The sensitivity range was next selected 
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and the system was calibrated using the micrometer. 

The calibration reference was then adjusted to full 

scale and the creep experiment was started by lower

ing the micrometer shaft until the cantilever beam 

floated freely. The indenter was allowed to creep 

into the crystal generally until it came to equili

brium, as indicated by cessation of indicated creep 

on the strip chart. 

Specific Procedures 

6.4 Elimination of Spurious Creep Causes 

Westbrook and Jorgenson (1965) ^id no^ observe 

any indentation creep at indentation depths greater 

than three microns. They therefore interpreted their 

observations in terms of surface phenomena. Walker 

and Demer (1964), on the other hand, observed indenta

tion creep in ionic crystals at much greater indenta

tion depths. Since the observations of Walker and 

Demer were not consistent with the surface phenomena 

mechanism, Westbrook and Jorgenson suggested that the 

results of Walker and Demer were due to spurious effects. 

Specifically, they suggested that the indentation creep 

observed by Walker and Demer was due to either: (a) 

vibration of the hardness tester, or (b) cracking of 



the crystal. Cracking was suggested since Walker and 

Demer used much higher indenting loads. It was there

fore first necessary to eliminate these spurious effects 

as causes of indentation creep in the higher load re

gion. 

6.4.1 Vibration. The method used to investi 

gate the effect of vibration was to perform an indenta

tion creep experiment on a crystal of LiF on three 

widely separated, diverse type hardness testers. The 

creep test was performed at room temperature on the 

as-cleaved surface of an irradiation hardened and 

annealed LiF crystal. The same experiment was used 

to determine the reproducibility of the three testers 

as described in Section 5.6. 

6.4.2 Cracking. A variety of procedures 

were used to determine if local fracturing did gene

rally occur and did cause the observed creep effects. 

These procedures involved (a) light microscopy, and 

(b) hardness testing using increasing loads until 

fracturing was observed. Procedures for each of these 

investigations will be discussed individually. 

1. Light Microscopy. Light microscope studies 

using the Reichert Metallograph were 



performed on a typical preindented LiP 

crystal. Standard reflected light micro

scopic techniques were used. Due to the 

inherent lack of depth of field in re

flected light microscopy, magnification 

was limited to 800 X. 

Increasing Load Study. In this study a 

polished and etched LiP sample was mounted 

on the Tukon microhardness tester and in

dentations were made using progressively 

increasing loads. The following loads 

were used: 0.1 kg, 1 kg, 2 kg, 3 kg, 

4 kg, 5 kg, 10 kg, and 50 kg. Three dif

ferent indentation times were used for 

each load: 17.5 seconds, 100 seconds and 

1000 seconds. After each time increment 

at each load, the indentation was examined 

for fractures. These limited creep data 

were plotted for each load. The tests 

were stopped when the crystal fractured 

completely upon application of the 50 kg 

load. 
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6.5 Effect of Load on Indentation Creep 

Two different hardness testers (the Leitz 

Durimet and the Tukon) were used in this study. The 

manual microhardness test described in Section 6.1 

was used with both instruments. 

For loads of from 15 grams to 500 grams, creep 

data were secured using the Leitz Durimet instrument 

as described in Section 6.1.1. For loads ranging from 

500 grams to 50 kg, the Wilson Tukon tester was used. 

This latter test was undertaken in conjunction with 

the cracking investigation described in Section 6.4.2. 

6.6 Effect of Temperature on Indentation Creep 

Elevated temperature tests were carried out 

on the Leitz Durimet using the manual microhardness 

procedure described in Section 6.1. Elevated tempera

tures were achieved using the equipment described in 

Section 5.9. Creep tests were carried out at 20°C, 

100°C, and 200°C. 

6.7 Effect of Indenter Orientation 

Indenter orientation effects were investigated 

using the Wilson Tukon tester and the general Knoop 



indenter procedure described in Section 6.1.1. All 

tests were carried out at room temperature using a 

load of 100 grams. In this investigation the long 

diagonal of the Knoop indenter was first lined up 

parallel to some known crystallographic direction. 

For example, in cubic crystals such as LiF or MgO, the 

indenter diagonal would be aligned parallel to a <100> 

edge. A creep curve would then be established for 

this direction. The indenter would next be aligned 

at 30° to its original orientation and the creep tests 

would be repeated. This procedure was repeated again 

at 45°, 60°, and 90° to the original direction. In 

this manner, the indentation creep behavior was estab

lished as a function of crystallographic direction. 

6.8 Effect of Prior Strain 

In order to determine the effect of prior 

strain on the characteristics of the indentation creep 

curve, the crystal was strained in compression. A 

polished and etched LiF crystal having dimensions 

approximately 0.6 x 0.7 x 0.6 cm was chosen for this 

study. The indentation creep characteristics were 

first established on this crystal. The crystal was 

then subjected to a compressive load of 20 kg as 



described in Section 5.8. The crystal was again 

tested for indentation creep using the manual creep 

test technique and 100 gram load. It was then com-

pressively strained with a higher load (25 kg) and its 

indentation creep behavior was again determined. This 

sequence of compressive straining, indentation creep 

testing, and compressive straining the crystal again 

at a higher load was continued until the crystal frac

tured during compressive loading at 50 kg. 

6.9 Effect of Electrostatic Charging the Indenter 

During this investigation it became evident 

that the electrical charge on the dislocations involved 

in indentation creep possibly affected the indentation 

creep behavior of the crystal. 

The method suggested by Westbrook and Gilman 

(1962) was used in order to determine if dislocation 

charge effects influenced indentation creep. 

In this method the indentation creep behavior 

at 100 gram load x^as initially determined. The 50-tt c 

polonium 210 source was then mounted on the indenter 

and the indentation creep behavior was again determined. 

The LVDT automatic creep measuring system was used for 

creep curves under both conditions. The effect of 
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dislocation charge on indentation creep was determined 

by comparison of the creep curves resulting from tests 

with and without Po2"1"0 foil. 

6.10 Effect of Environment 

The effect of the presence of polar solvents 

on indentation creep was investigated using the LVDT 

automatic creep strain measuring system. LiP and MgO 

crystals were selected for this study. These crystals 

had been pretreated as described in Section 5.5. Pour 

polar solvents \iere investigated: (a) xylene (D.M. = 

ft 
0.62 x 10 esu), (b) moist air (D.M. = (water) = 

1.85 x 10esu), (c) dimethylformamide (D.M. = 

3.82 x 10""1"® esu), and (d) dimethylsulfoxide (D.M. = 

4.3 x 10_1® esu). 

In this study the dry crystal was first removed 

from its storage environment of xylene and placed in 

an aluminum dish on the Leitz Durimet stage. Dry 

xylene was poured over the crystal and a piece of ele

mental sodium was added to insure desiccation. A con

tinuous creep run was then undertaken, using the LVDT 

system. This run was continued until the strip chart 

record indicated that the indenter had come to equili

brium with the crystal. The 50 jm c polonium 210 source 



was then mounted on the indenter and the run was re

peated. After this second run, the xylene was drained 

off the crystal and it was rinsed in ethyl alcohol 

followed by an ether rinse. 

The crystal was next subjected to a moist air 

environment. Moist air was provided by wrapping the 

crystal in a moistened cloth during the creep run. 

Periodically during the run the cloth was remoistened 

with distilled water from a medicine dropper. Again, 

two runs with and without the 50 A*. c source were 

made. After the end of the second run the crystal 

was again washed in ethyl alcohol and then ether. 

The crystal was next tested in dimethylfor-

amide and then in dimethylsulfoxide. The procedure 

used with these environments was identical to that 

described above for xylene. 

6.11 Effect of External emf 

210 
Results of the creep tests using the Po foil 

indicated that indentation creep behavior in the higher 

load region might be markedly influenced by a high 

voltage emf applied to the crystal during indentation. 

A study was made accordingly. The selection and pre

paration of crystals for this study are described in 



Section 5.5. An external emf was supplied by the DC 

power supply units described in Section 5.11.2. 

These tests were all run using the manual 

indentation hardness test method, as it was found 

that the LVDT instrumentation would short circuit 

the high voltage potential to ground. It was deter

mined that in order to be effective, the indenter, 

crystal, and all associated test equipment had to be 

completely isolated from ground. 

In this study the high voltage power supply 

was connected to either the indenter or to the lead 

attached to the bottom of the crystal. The high 

voltage power source was energized and stabilized 

and then the cable release was actuated to indent 

the crystal. The length of the creep run was timed 

from the moment that full load application was ob

served. At the end of the creep run, the high volt

age potential was turned off, the indenter was lifted 

from the crystal and the resulting indentation was 

measured. 

Precautions were taken to prevent arc-over 

since arcing caused extensive surface damage which 

might have resulted in hardness anomalies. 



6.12 Electrical Measurement Techniques 

The results of the tests using either an ex

ternal applied potential or a 50yU, c polonium 210 

source both indicated that an electrical emf or cur

rent v/as generated in the crystal during indentation 

creep. This signal manifested itself as (a) a build

up of static emf on the indenter and (b) as a small 

current generated in the crystal during indentation 

creep. Therefore, several tests were undertaken to 

attempt to detect and measure both the indenter emf 

and the crystal current. 

6.12.1 Indenter emf. The first attempt to 

detect the indenter emf was made using the Rubicon 

High Precision Potentiometer and Galvanometer. The 

schematic circuit diagram for this test is shown in 

Fig. 8. No systematic galvanometer deflection could 

be observed. 

Failure of the Rubicon High Precision Potentio

meter-Galvanometer system led to attempts to measure 

the indenter voltage on the Hewlett-Packard Model 425A 

DC Microvolt-Ammeter. The wiring diagram for this was 

similar to that used for the Rubicon instruments (Fig. 

8). Again, no systematic build-up of voltage could be 

detected during indentation. 
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6.12.2 The Crystal Current. The method 

adopted to measure the crystal current was originally 

developed by Fischbach and Nowick (1958). It was sub

sequently refined by Rueda and DeKeyser (1961a) for use 

in indentation studies. The circuit diagram for this 

experiment is  given in Pig.  9. 

In this experiment an NaCl crystal prepared 

as described in Section 5.5 was used. The crystal was 

mounted in the stage-vise of a Wilson' Tukon machine 

for indentation creep testing. The Keithly Electro

meter was connected as shown in Pig. 9-A. The crystal 

was then indented using a 100-gram load, and the elec

trometer indicator was observed. No deflections of 

the needle were observed. 

In a second experiment, an NaCl crystal was 

mounted in parallel with the electrometer grid to pro

vide infinite resistance and thus increase the electro

meter sensitivity. In this case, the circuit appeared 

as shown in Pig. 9-B. The general procedure discussed 

in the preceding paragraph was again followed. In this 

case, a signal was detected on the galvanometer but 

due to instability (zero drift), the current could not 

be measured. 
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This failure to measure the crystal current 

was predictable. Fischbach and Nowick (1958) observed 

currents on the order of 2-9 x 10 amperes. These 

investigators were working in the applied stress range 
p 

of 0.1 to 1 kg/mm . Fischbach and Nowick also show 

that the crystal current is an inverse function of the 

applied stress. Extrapolating their data, it can be 

easily shown that in the higher applied stress range 

used in this investigation, the current should range 

from 2-5 x 10 amperes. According to van Nie (1967), 

the present state of the art of measuring small cur

rents (using a vibrating reed electrometer) only allows 
1 /T 

reliable measurement down to 5 x 10" amperes. This 

limit on sensitivity is established by excessive zero 

drift and low conversion efficiency. 

6.13 Etch-Pit Pattern Studies 

Westwood (1966) found that in MgO indentation 

creep was accompanied by an increase in the length of 

the <110>£Q edge dislocation rosette pattern on the 

crystal surface, whereas no similar change in the sur

face etch-pit pattern was noted during indentation 

creep of LiF. Walker and Demer (1964) had previously 

observed that in LiF no changes occurred in the surface 
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rosette during indentation creep, but that slip.appa

rently did take place by glide of the edge components 

on the <110>^ slip system within the crystal. Westbrook 

and Jorgenson (1965) confirmed that no changes in the 

surface etch-pit pattern in LiP occurred during indenta

tion creep. Preliminary studies in the present investi

gation, moreover, confirmed Westwood's observation of 

an increase in the surface rosette size in MgO during 

creep. Based on these observations, it was suspected 

that a different dislocation glide mode was operative 

in MgO than in LiF during indentation creep. Therefore, 

an investigation was undertaken, utilizing the manual 

indentation hardness testing technique, to study the 

details of edge component glide during indentation 

creep. 

Typical unpolished crystals of LiF, NaCl, and 

MgO were selected for this study. These were first 

either scored with a razor blade in a <100> direction 

or partially fractured in the same direction. The 

crystals were then lightly polished and etched to 

reveal the initial dislocation density. Each crystal 

was then tested on the Leitz Durimet instrument with 

the scored or partially fractured surface down. In

dentations using a constant load and varying times 



were made on the opposite face directly over the scored 

or partially fractured area. The crystal was then re-

etched to reveal the surface rosette around the indenta 

tion and the lengths of the <110> edge component wings 

were measured. The crystal was then fractured through, 

along the scored or prefractured plane. This caused 

the fracture to propagate directly through the indenta

tions. The fracture surfaces were then re-etched and 

the etch-pit pattern on the <110>^ plane was studied 

and measured. 



VII. EXPERIMENTAL RESULTS 

General Presentation 

During this investigation many diverse aspects 

of indentation creep in ionic crystals were studied. 

Although each of these factors may affect indentation 

creep under certain conditions, they are not neces

sarily closely interrelated. This very diversity of 

loosely related topics requires a change from the 

usual report format of presenting all test results 

in one section with discussion of these results being 

given in a following section. Therefore, In this 

chapter the test data will be presented and discussed 

separately for each topic. A general discussion of 

the overall results of this investigation will be 

found in the following chapter. 

Elimination of Spurious Creep 

7.1 Introduction 

Walker and Demer (1964) observed that the size 

of the diagonal (d) of the indentation in liF and MgO 

increased systematically with increasing time under 
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constant load. This phenomenon was termed indentation 

creep by the authors, and it was postulated that this 

creep was due to edge dislocation glide within the 

crystal. 

Westbrook and Jorgenson (1965) have suggested 

that the observations of Walker and Demer with respect 

to increasing diagonal size were due either to (a) 

vibration or (b) indentation cracking. It was, there

fore, first necessary to eliminate these factors as 

possible causes of indentation creep in the higher-

load region. 

7.2 Vibration 

The indentation creep behavior of a typical 

LiP crystal was determined on three different micro-

hardness testers located in widely separated locations. 

Wide variations in indentation creep behavior between 

the various instruments would have indicated that 

vibrations might be an effective cause of the observed 

creep. If, on the other hand, the creep behavior was 

found to be identical within experimental limits, then 

vibration as a cause would be unlikely unless the ran

dom vibration spectra were similar in all locations. 
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Probability of the random vibration spectra being 

essentially the same in each location is very low. 

The results of this study are given in Table 

III. These data are also plotted as shown in Pig. 10. 

Figure 10 is a replot of Pig. 3 reproduced here for 

convenience. 

The precision of measurement for all three 

instruments is limited by the accuracy of the optical 

measuring system. In each case, the limiting preci

sion of measurement is +0.5 microns. A statistical 

analysis was made of the data in Table III. It showed 

that the Gaussian distribution was normal and that the 

standard deviation was less than the limiting preci

sion of measurement (i.e., less than + 0.5 microns). 

As Pig. 10 shows, the hardness values on each instru

ment were identical within the limits of experimental 

error. From this it may be inferred that vibration 

was not a cause of indentation creep. 

It should be further noted that the unique 

shape of the creep curve in higher-load range indenta

tion creep (cf. Pig. 2) is not consistent with vibra

tion. The multiple stages in the indentation creep 

curve are reproducible on all machines. If these 

stages are due to the vibration spectrum at the location 
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TABLE III 

Comparison of Indentation Creep Behavior on 

Different Testers 

Indentation 
Time 

(Seconds) 

Apparent Hardness 

(kg/mm2)**** 

Indentation 
Time 

(Seconds) 

Tester 
"A"* 

Tester Tester 

1 94 93 92 

5 91 91 90 

10 91 91 89 

20 92 90 90 

30 90 90 91 

45 92 91 90 

60 91 92 91 

100 90 89 90 

180 86 85 83 

300 82 81 80 

600 78 77 76 

1000 7 6 75 73 

1800 72.5 72 71 

3600 69 68 67 

7200 67 66 65 

60,000 64 65 63 
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TABLE III—Continued 

NOTES 

* Tester "A" - The Leitz Durimet Tester located 
in the Department of Metallurgical Engineering, 
University of Arizona. 

** Tester "B" - Wilson Tukon Tester located in 
Tucson Engineering Lab, Hughes Aircraft Co. 

*** Tester "C" - Wilson Tukon Tester located in 
Hughes Aircraft Co., Tucson Div. 

**** All tests conducted at 100 grams load. 
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of the machine used in a particular test, the curve 

could not be reproduced on other machines in other 

locations. Similarly, the induction period, followed 

by rapid transient and steady state creep, should not 

occur reproducibly at about the same time on the same 

hardness tester on many different crystals if vibra

tion is the cause. In summary, the reasons cited are 

considered sufficient to rule out vibration as a 

cause. 

7.3 Indentation Cracking 

Westbrook and Jorgenson (1965) have also sug

gested that indentation creep in the higher-load region 

may be due to indentation cracking. Indentation crack

ing is a common form of surface damage in the indenta

tion hardness testing of brittle materials such as 

certain ionic and all semiconductor crystals. Crack

ing around indentations in semiconductor crystals is 

a matter of great concern in semiconductor technology. 

As a measure of this concern it should be noted that 

the severity of cracking has been systematized in 

order to allow comparison of results between different 

investigators. This method of rating the severity of 

cracking was originally developed by Thibault and 



Nyquist (19^7). Thibault and Nyquist developed a 

numerical scale for rating indentation cracking damage 

in which a value of one indicates no visible crack and 

larger numbers indicate increasingly severe subsurface 

and surface cracks in the vicinity of the indentation. 

The Thibault and Nyquist scale is widely used in investi 

gations of electronic materials where it is referred to 

as  "microbritt leness",  (cf .  Palmour et  a l . ,  1963).  

Although indentation cracking is a common 

phenomenon in brittle materials, and as a result, 

indentation testing has been widely used t-o measure 

microbrittleness, no studies have yet revealed any 

connection between indentation cracking and indenta

tion creep. Nevertheless, even though cracking should 

not affect creep, several diverse studies were made to 

determine if indentation creep was connected with 

cracking. The methods used were (a) optical micro

scopy, (b) increasing the load in LIP to Induce crack

ing, and (c) creep studies in MgO crystals possessing 

observable cracks. 

7.3.1 Optical Microscopy. The optical 

microscopy study was performed on a pre-indented LIP 

crystal. The LiP crystal was pre-indented using an 



indenting load varying from 25 to 500 grams. Each 

indentation was observed at magnifications up to 

800 X but no cracks were found. Figure 11(a) shows 

a typical diamond pyramid indentation in LiP without 

cracks. For comparison, Fig. 11(b) shows a typical 

indentation in MgO with cracks. 

7 . 3 . 2  Increasing Load Study. Results of 

this study are shown graphically in Fig. 12. As shown 

by Fig. 12, the first small crack was observed with a 

load of 10 kg after 1000 seconds. Subsequent indenta

tion of the crystal with a 50 kg-load caused the 

crystal to fracture completely. As a result of this 

study, all further experiments in this investigation 

were conducted at loads less than 10 kg. 

7.3.3 Creep In MgO Crystals. During the 

investigation of the effect of temperature on indenta

tion creep, an MgO crystal was indented for various 

times at 20°C, 100°C, and 200°C. At 20°C and 100°C 

no creep occurred, even though all indentations had 

observable cracks (Fig. 13). At 200°C, indentation 

creep finally occurred after a long induction period 

(Fig. 14). Significantly, the cracks were much less 

severe at 200°C than at the other temperatures. 
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Figure 13 

Typical Cracks Around Indentation 
in MgO 
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These results conclusively prove that there 

is no direct connection between indentation creep and 

indentation cracking. Nevertheless, wherever possible 

throughout this investigation, the indentation load 

•was adjusted so as to prevent cracking. This was not 

possible in the case of MgO, however, since even the 

lowest load obtainable (15 grams) still resulted in 

occasional cracking of the crystal adjacent to the 

indentation. 

The Nature of Indentation Creep 

Having established that indentation creep in 

ionic crystals at low homologous temperatures was due 

to neither vibration nor cracking in the higher-load 

range, a comprehensive study was undertaken to deter

mine the nature of the phenomenon. 

7.4 Effect of Load 

In accordance with the principle of geometric 

similarity, the stress imparted by a diamond pyramid 

indenter to a solid should be independent of load 

(Tabor, 1956). Therefore, increasing the load should 

have no effect on indentation creep. To determine 

if the assumption were true, a series of experiments 



was performed by increasing the load and observing 

indentation creep. 

A detailed study was first made of the effect 

of increasing the indenting load on the indentation 

creep curve for LiP. Results of this study are shown 

in Tables IV through VII and Fig. 15. Examination of 

Pig. 15 shows that at times greater than 1000 seconds, 

all curves tend to converge, indicating that indenta

tion creep is independent of load under the steady-

state creep conditions. However, increasing the load 

tends to shorten and eventually completely eliminate 

the induction period. Increasing the load also affects 

the creep rate during the transient creep period be

tween the end of the induction period and approximately 

1000 seconds. 

In Tables IV through VII, d is the average 

length of the indentation diagonal, c{ is the indenta

tion depth, Hv is the diamond pyramid microhardness, 

P is the pressure between the indenter and the surface 

being indented, T £llO ̂  ̂  the resolved shear stress 

on the ^110 slip plane, V is the volume of the in

dentation, VQ is the volume of the indentation after 

10 seconds, is the true strain (In ^V ) and £ is 

the average strain rate. 



Time 
(Sees) 

10 

20 

30 

40 

50 

60 

75 

100 

200 

TABLE IV 

Effect of Load on Indentation Creep 

Load: 25 Grams 

d 

(-*) 

i 
U) 

Hv 

(^) 
mm 

(^) 
mm 

'Y 

{110J45 

(^) 
mm 

V 

(-U3) 

x 102 

V 
Vo 

(in 

21.4 3.07 101 107.5 3.03 -7.15 1.00 0 

21.5 3.07 100 107.0 3.00 7.15 1.00 0 

21.5 3.07 100 107.0 3.00 7.15 1.00 0 

21.5 3.07 100 107.0 3.00 7.15 1.00 0 

21.6 3.07 99.4 106.5 2.98 7.15 1.00 0 

21.5 3.07 100 107.0 3.00 7.15 1.00 0 

21.5 3.07 100 107.0 3.00 7.15 1.00 0 

21.5 3.07 100 107.0 3.00 7.15 1.00 0 

21.4 3.07 101 107.5 3.03 7.15 1.00 0 



TABLE IV—Continued 

Time 
(Sees) 

d 

(*) (*i) 

Hv 

(^2") 
mm 

(*%) 
mm 

300 21.5 3.07 100 107.0 

500 21.7 3.10 98.5 106.0 

700 22.0 3.14 95.8 103.0 

800 22.5 3.21 91.6 99.0 

1000 23.2 3.32 86.1 93.0 

1200 23.4 3.35 84.7 91.4 

1500 23.9 3.41 81.2 87.5 

2000 24.3 3.47 78.5 84.0 

3000 24.7 3.52 76.0 82.0 

4000 24.9 3.54 75.4 81.2 

5000 25.2 3.60 73.6 79.5 

6000 25.3 3.62 72.4 78.0 

'Y V 

{110} „5 (A*?)  ̂

(>sy x i02 v0 

mm 

3.00 7.15 1.00 0 0 

2.95 7.27 1.02 0.02 4.0 

2.87 7.60 1.06 0.06 8.6 

2.75 8.15 1.14 0.13 16.4 

2.58 8.92 1.25 0.22 22.0 

2.54 9.16 1.28 0.25 20.5 

2.44 9.25 1.30 0.26 18.5 

2.36 10.35 1.45 0.37 17.2 

2.28 10.70 1.49 0.40 13.3 

2.26 11.05 1.55 0.44 11.0 

2.21 11.40 1.60 0.47 9.4 

2.17 11.55 1.62 0.48 6.1 

Average 
Strain 

f1n V_x Rate 
V ' (per sec 

0 x 10-5) 



TABLE IV—Continued 

Time 
(Sees) 

d 

U) 

s  
( m  ) 

Hv 

mm 

P 

(^) 
mm 

(ll°K5 

(*%) 
mm 

V 

( * ? )  

x 102 
V 
Vo 

(in?-) 
O 

Average 
Strain 
Rate 
(per sec 
x 10"5) 

8000 25.4 3.63 71.9 77.5 2.16 11.70 1.64 0.49 5.5 

10,000 25.8 3.68 69.6 75.0 2.09 12.30 1.73 0.55 4.0 

15,000 26.2 3.74 67.5 73.0 2.02 12.90 1.80 0.59 3.9 

20,000 26.4 3.76 66.5 71.7 1.99 13.10 1.84 0.6l 3.0 

25,000 26.5 3.78 66.0 71.0 1.98 13.30 1.86 0.62 2.5 

30,000 26.9 3.84 64.1 69.2 1.92 13.70 1.92 O.65 2.2 

40,000 27.0 3.85 63.6 68.5 1.90 14.00 1.96 0.67 1.7 

50,000 27.1 3.87 63.1 68.0 1.88 14.80 2.00 O.69 1.4 

H 
cr\ 
to 
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TABLE V 

Effect of Load on Indentation Creep 

Load: 100 Grams 

V Average 

d S Hv P £n°}45 ( Rafe1" 

i M )  ^ x  10 2  h iPW-5)C mm mm N 2' o x 10 0 )  mm 

42.5 6.07 103.0 111.0 3.09 5.45 1.00 0 0 

42.4 6.06 104.0 112.0 3.12 5.42 1.00 0 0 

42.5 6.07 103.0 111.0 3.09 5.45 1.00 0 0 

42.6 6.08 102.0 110.0 3.06 5.5° 1.00 0 0 

42.6 6.08 102.0 110.0 3.06 5.50 1.00 0 0 

42.7 6.10 101.5 109.5 3.04 5.52 1.015 0.014 27.0 

42.8 6.12 101.0 109.0 3.03 5.56 1.02 0.020 30.0 

43.0 6.14 100.0 108.0 3.00 5.67 1.04 0.034 34.0 

44.0 6.28 95.8 103.0 2.86 6.06 1.15 0.074 37.0 

45.2 6.46 90.8 97.5 2.71 6.56 1.20 0.182 43.0 
M 
ON -P=-



TABLE V—Continued 

Time d S 5Y .2 
(Sees) (*.) {*.) (^) (^) 

mm mm 

500 

700 

800 

1000 

1200 

1500 

2000 

3000 

4000 

5000 

6000 

8000 

47.0 

48.0 

48.6 

49.2 

50.0 

50.2 

51.0 

51.6 

52.5 

52.7 

53.0 

53.4 

6.71 

6.86 

6.94 

7.03 

7.14 

7.17 

7.27 

7.37 

7.50 

7.53 

7.57 

7.63 

83.4 

80.5 

78.5 

77.2 

74.2 

73.6 

.71.3 

69.6 

67.3 

66.8 

66.0 

65.O 

90.5 

86.5 

84.5 

83.5 

80.0 

79.5 

77.0 

75.0 

72.5 

72.0 

71.0 

70.5 

-Y 

{no} 45 

(^) 
mm 

V 

(^3) 

x 102 
V 
Vo 

Unr-) 
0 

Average 
Strain 
Hate 
(per sec 
x 10-5) 

2.51 7.42 1.32 0.218 51.0 

2.41 7.85 1.42 0.351 67.0 

2.35 8.20 I.50 0.405 86.0 

2.31 8.50 1.56 0.445 45.0 

2.22 8.95 1.64 0.495 41.0 

2.20 9.05 1.66 0.507 34.0 

2.14 9.45 1.73 0.548 27.0 

2.08 9.75 1.79 0.582 19.0 

2.02 10.35 1.89 0.637 16.0 

2.00 10.40 1.90 O.663 15.0 

1.98 10.55 1.9^ O.667 11.0 

1.95 10.85 1.99 0.688 8.6 



TABLE V—Continued 

Time 
(Sees) 

d 

( A )  

<T 

( A )  

Hv 

mm 
(ir) 

mm 

T 

f110i45 

(*%) 
mm 

V 

(*v?) 

x 102 
V d » r )  

O 

Average 
Strain 
Rate 
(per sec 
x 10-5) 

10,000 53.6 7.65 64.5 69.5 1.93 11.00 2.02 0.703 7.0 

15,000 53.8 7.68 64.1 69.O 1.92 11.05 2.03 0.708 4.7 

20,000 54.0 7.72 63.6 68.5 1.90 11.20 2.05 0.718 3.6 

25,000 54.3 7.75 62.9 68.0 1.88 11.40 2.06 0.723 2.9 

30,000 54.5 7.79 62.4 67.5 1.87 11.65 2.04 0.761 2.5 

40,000 54.7 7.81 62.0 67.0 1.86 11.80 2.06 O.765 1.9 

50,000 55.0 7.80 61.3 66.5 1.83 12.00 2.20 0.781 1.4 

G\ 
0^ 
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TABLE VI 

Effect of Load on Indentation Creep 

Load: 300 Grams 

*Y 

d 6 Hv P C110} 45 

U) U) t^) (kS_^ 
mm mm v 2; 

mm 

73.7 10.52 102.8 111.0 3.08 2.85 1.00 . 9  

74.0 10.57 102.0 110.0 3.04 2.90 1.015 0.014 70.0 

74.2 10.61 101.0 109.0 3.03 2.93 1.025 0.024 80.0 

74.5 10.63 100.0 108.0 3.00 2.95 1.035 0.034 85.0 

74.7 10.67 99.7 107.5 2.99 2.99 1.045 0.043 86.0 

74.9 10.69 99.0 107.0 2.98 3.00 1.050 0.049 81.0 

75.0 10.72 98.9 106.5 2.97 3.01 1.055 0.053 71.0 

75.2 10.75 96.5 104.0 2.89 3.04 1.063 0.061 6l.O 

76.3 10.90 94.8 102.0 2.85 3.15 1.075 0.072 44.0 

77.0 11.00 93.8 101.5 2.84 3.25 1.14 0.131 35.5 

V Average 
/ ^,3\ Strain 

v Rate 
V  T O 2  V ~  ( P e r  s e c  
x 10 Vo 0 x 10-5) 



TABLE VI—Continued 

Time 
(Sees) 

d 

Cm) 
s 

(xO 

Hv 

(^) 
mm 

<IR) 
mm 

500 77.5 11 .07 92.7 100.0 

700 78.0 11 .13 91.4 98.5 

800 79.0 11 .27 89.1 96.0 

1000 80.5 11 .51 85.9 92.5 

1200 81.3 11.65 83.5 90.0 

1500 82.5 11.80 81.5 87.9 

2000 83.6 11 .95 78.0 84.0 

3000 85.5 12.20 76.2 82.0 

4000 87.O 12.45 73.5 79.5 

5000 87.5 12.50 72.7 78.5 

6000 88.0 12.55 71.8 77.8 

8000 89.0 12.72 70.2 75.7 

"V V Average 

fll0}̂  (^?) v_ Ratfn 

(JSg) *102 v; V (p-§f 
mm ' 

2.78 3.32 1.16 0.148 30.0 

2.74 3.39 1.19 0.174 26.0 

2.67 3.50 1.23 0.207 25.0 

2.57 3.59 1.26 0.231 24.5 

2.51 3.83 1.34 0.293 23.0 

2.44 4.00 1.41 0.344 23.0 

2.34 4.15 1.45 0.322 18.5 

2.29 4.42 1.55 0.438 14.5 

2.21 4.67 1.63 0.489 12.0 

2.17 4.76 1.67 0.513 10.3 

2.15 4.85 1.69 O.525 8.6 

2.11 5.03 1.76 O.565 7.1 



TABLE VT—Continued 

Time 
(Sees) 

d 

(x ) 

6 
C/O 

Hv 

{%) 
mm 

(ir) 
mm 

-r 

(*%) 
mm 

V 

(A3) 

x 102 
V 
Vo O 

Average 
Strain 
Rate 
(per sec 
xio-5) 

10,000 90.5 12.95 68.0 73.5 2.04 5.17 1.82 0.599 6.0 

15,000 91.5 13.09 66.5 71.8 1.99 5.22 1.89 0.610 4.1 

20,000 92.0 13.15 65.7 71.0 1.97 5.55 1.9^ 0.663 3.2 

25,000 92.0 13.15 65.7 71.0 1.97 5.55 1.94 O.663 2.6 

30,000 92.5 13.25 65.4 70.5 1.95 5.60 1.96 0.673 2.2 

40,000 94.0 13.45 63.0 67.8 I.89 5.93 2.08 0.732 1.8 

50,000 94.2 13.47 62.6 67.5 1.87 5.95 2.09 0.737 1.5 

M 
OS 
vo 



TABLE VII 

Effect of Load on Indentation Creep 

Load: 500 Grams 

V Average 

Time 
(Sees) 

d 

U) 

i 

(A4 ) 

Hv 

mni 
(SBg) 

mm 

£110J 45 

(^) 
mm 

(.*?) 

x 104 
V 
Vo 

( m f - )  
O 

Strain 
Rate 
(per sec 
x 10"5) 

10 96.5 13.60 99.7 107.5 3.00 6.40 1.00 9f 0 

20 97.4 13.80 97.8 105.3 2.99 6.60 1.03 0.030 100.0 

30 97.5 13.90 97.5 105.0 2.98 6.60 1.03 0.030 145.0 

40 98.2 14.05 96.7 104.5 2.90 6.80 1.06 0.058 150.0 

50 98.6 14.10 95.8 103.5 2.87 6.90 1.08 0.077 154.0 

60 99.0 14.15 94.6 102.0 2.83 6.95 1.09 0.086 143.0 

75 99.5 14.22 93.7 101.0 2.81 7.00 1.10 0.095 127.0 

100 100.0 14.50 92.7 100.0 2.77 7.14 1.13 0.107 107.0 

200 102.0 14.60 89.2 96.2 2.68 7.38 1.15 0.140 70.0 

300 103.0 14.70 87.4 94.0 2.63 7.80 1.22 0.191 65.O 



TABLE VII—Continued 

Time 
(Sees) 

d 

( M )  
6  

(^) 
Hv 

(Sfe) 
mm 

P 

(^) 
mm 

VJ
I o
 

o
 

104.5 14.95 84.9 91.5 

700 •105.0 15.00 84.0 90.6 

800 106.0 15.10 82.5 89.O 

1000 106.5 15.22 81.3 88.5 

1200 107.5 15.40 80.2 86.5 

1500 109.0 15.57 78.0 83.2 

2000 110.0 15.72 76.7 83.0 

3000 112.0 15.95 73.9 79.8 

4000 113.5 16.22 72.0 77.7 

5000 114.0 16.30 71.4 76.8 

6000 115.5 16.50 69.5 75.0 

8000 116.5 16.65 68.3 73.6 

Y 
fuoJ45 

V 

u3) 
<^) 

mm 
x 10^ 

2.55 7.83 

2.52 8.15 

2.48 8.30 

2.45 8.50 

2.41 8.70 

2.34 9.20 

2.30 9.40 

2.20 10.00 

2.16 10.30 

2.11 10.50 

2.08 10.70 

2.05 11.20 

Average 
Strain 

Mr, ¥_\ Rate 

* V ' (per sec 
° x 10-5) 

0.207 41.5 

0.239 34.1 

0.262 33.1 

0.285 28.5 

0.307 25.5 

0.364 24.2 

0.388 19.3 

0.438 10.8 

0.470 9.9 

0.495 8.9 

0.542 8.5 

0.560 7.0 

1.23 

1.27 

1.30 

1.33 

1.36 

1.44 

1.47 

1.56 

1.6l 

1.64 

1.72 

1.75 



TABLE VII—Continued 

Time 
(Sees) 

d 

U) 

s 
(*0 

Hv 

i**s) 
mm 

(ir) 
mm 

• £n°J 45 

(^) 
mm 

V 

(*c3) 

x 10^ 
V 
V 

0 
U n f O  

0 

Average 
Strain 
Rate 
(per sec 
x 10-5) 

10,000 118.0 16.70 66.6 71.7 1.99 11.60 1.81 0.593 5.9 

15,000 118.5 16.90 66.0 71.2 1.98 11.80 1.84 0.610 4.3 

20,000 119.0 17.05 65.5 70.6 1.96 12.00 1.87 0.626 3.1 

25,000 120.0 17.20 64.4 69.8 1.93 12.40 1.93 0.657 2.7 

30,000 121.0 17.30 63.3 68.3 1.90 12.60 1.96 0.673 2.2 

40,000 122.5 17.50 61.8 66.7 1.85 13.00 2.03 0.708 1.8 

50,000 123.0 17.60 61.3 62.4 I.87 13.20 2.06 0.723 1.4 
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The decreasing transient creep rate exhibited 

in Pig. 15 would seem to indicate that at a sufficiently-

high indenting load, indentation creep ceases. Extra

polation of the transient creep rates in Fig. 15 indi

cates that creep should cease at an indenting load of 

about 1000 grams. Another increasing load experiment, 

undertaken in connection with the cracking study des

cribed previously, however, shows that such an extra

polation is invalid and that indentation creep persists 

up to very high indenting loads in the macrohardness 

range (Fig. 16). 

In order to explore further the effect of the 

indenting loads on indentation creep, the experimental 

data were used to compute the resolved shear stress 

on the £110^215 slip plane and the true creep rate. 

These results are also given in Tables IV through VII. 

The resolved shear stress on the active slip plane, 

RSS {lio} 45*is plotted as a function of time in Fig. 

17. As seen by Fig. 17, the stress is initially inde

pendent of load as predicted by Tabor (1956). Some 

separation of the curves by load occurs during the 

transient creep period. During steady-state creep, 

stress is again independent of load. 
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Figure 16. Indentation Creep in Macrohardness Range for 
Various Loads. 
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In Fig. 18, the strain rates, £ , are plotted as a 

function of indentation time. For each load the strain 

rate initially increases to a maximum and then decreases 

exponentially out to 50,000 seconds. 

The observed differences in creep behavior are 

attributed to the fact that with increasing loads, creep is 

taking place farther from the surface and is thus less sen

sitive to surface environment. To determine if this hypo-

thesis was correct, the maximum strain rate (£max) was 

plotted as a function of indentation depth (Fig. 19). 

7.5 Effect of Temperature 

Historically, creep has been considered to be a 

high temperature phenomenon in crystalline materials. As 

a result, all theories of creep, even those applicable to 

low homologous temperatures, assume that creep is thermally 

activated. The general approach taken in most investiga

tions has, therefore, been to treat the phenomenon in 

accordance with rate-process theory and to experimentally 

determine some thermal activation parameter such as acti

vation energy or activation volume. The value of the expe

rimentally determined thermal activation parameter is then 

compared to known values for various conventional disloca

tion mechanisms in order to identify the rate-controlling 
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Figure 19. Maximum Strain Rate as a Function of 
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mechanism (Conrad, 1964). This was the approach adopted at 

the outset of the present investigation. Original plans 

called for a preliminary survey of the effect of temperature 

in the limited range of 20-200°C, to be followed later by a 

more definitive study of the effect of temperature over a 

much wider range. 

The preliminary study, however, resulted in the sur

prising discovery that indentation creep in the range from 

20-200°C was at most only slightly dependent upon tempera

ture. As a result, thermal activation was abandoned as a 

possible mechanism and only the preliminary temperature 

tests were run. The purpose of this section of the disser

tation is to describe the results of these preliminary tests. 

The effect of temperature on the creep curve was 

determined by measuring the apparent hardness (Hv) as a 

function of time at 20°C, 100°C, and 200°C. The results of 

these preliminary studies are given in Pigs. 20 through 30 

and Tables VIII through XVIII. In Tables VIII through XVIII, 

d is the length of the indentation diagonal and Hv is the 

corresponding diamond pyramid hardness. 

Review of Pigs. 20 through 30 discloses that, in 

general, raising the temperature lowered the intrinsic hard

ness of the crystal but had little effect on the creep rate. 

Only one of the crystals tested (U02) behaved in the anoma

lous manner described by Westbrook and Jorgenson (1965). 
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Figure 21. As-Received (Pure) LiF, 100-Gram Load. 
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Figure 25. Indentation Creep in AgCl, 100-Gram Load. 
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TABLE VIII 

Effect of Temperature on Indentation Creep 

As-Received (Impure) LiP 

Load: 100 Grams 

20°C 100°C 200°C 

H. H. 

mm mm 

H d v d v d 

C*.) (sees) (^) (IS5) (Sees) (&y 
mm 

42.5 103.0 1 45.2 91.0 1 62.5 47.5 

42.4 104.0 5 47.9 81.0 5 65.7 47.0 

42.5 103.0 10 48.2 80.0 10 67.7 40.5 

42.4 104.0 20 48.8 78.0 20 71.7 36.0 

42.5 103.0 30 49.7 75.0 30 7^.7 33.5 

42.6 102.0 40 50.2 73.0 40 75.^ 32.6 

42.6 102.0 50 51.0 71.3 50 76.1 32.0 

42.7 101.5 60 51.9 68.9 60 77.3 31.0 

43.0 100.0 100 52.8 66.5 100 78.0 30.0 

44.0 95.5 180 53.4 65.1 180 80.2 28.8 

45.3 90.8 360 55.9 59.3 360 82.8 27.0 

47.0 83.4 600 56.4 58.3 600 84.6 25.9 

49.2 77.2 1000 56.6 58.0 1000 85.3 25.5 

50.0 74.2 1200 57.6 55.8 1200 85.9 25.1 

50.2 73.6 1800 58.1 55.0 1800 86.4 24.5 
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TABLE VIII—Continued 

20 °C 100°C 200°C 

Time 
(Sees) 

d 

(/O 

Hv 

mm 

Time 
(Sees) 

d 

(M-) 

Hv 

(^) 
mm 

Time 
(Sees) 

d Hv 
(^) 

mm 

2000 51.0 71.3 2400 58.7 53.8 2400 86.8 24.1 

3000 51.6 69.6 3600 58.8 53.7 3600 88.4 23.7 

4000 52.5 67.3 4000 59.4 52.5 4000 91.3 23.2 

5000 52.7 66.8 5000 60.0 51.5 6000 90.3 22.7 

8000 53.4 65.0 6000 60.8 50.2 6000 94.0 22.2 

10,000 53.6 64.5 10,000 61.3 49.3 10,000 94.3 20.8 

20,000 54.0 64.1 20,000 62.2 48.0 20,000 96.0 20.0 

30,000 54.5 62.9 40,000 62.5 47.5 40,000 96.5 16.5 

50,000 55.0 61.3 60,000 63.0 45.5 60,000 95.0 19.0 
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TABLE IX 

Effect of Temperature on Indentation Creep 

As-Received (Pure) LiP 

Load: 100 Grams 

20°C 100°C 200°C 

d 

(/O 

Hv 

(Ssg) 
mm 

Time 
(Sees) 

d 

I/O 

Hv 

(SBg) 
mm 

Time 
(Sees) 

d 

(^) 

Hv 

mm 

61.0 99.7 2 68.0 80.2 2 90.0 45.8 

63.2 92.9 5 69.2 77.7 5 91.6 44.2 

63.6 91.7 10 72.4 70.7 10 96.4 39.9 

64.8 88.3 20 74.4 67.O 20 99.2 37.8 

65.2 &r. 5 30 74.8 64.0 30 100.8 36.5 

66.0 85.1 40 77.6 61.6 40 102.0 35.6 

66.4 84 IL 60 78.4 60.3 60 103.0 35.0 

67.2 82.1 100 80.0 57.9 100 104.0 34.3 

68.5 79.0 180 81.2 55.1 180 106.0 33.0 

70.8 74.0 300 82.8 54.1 300 108.0 31.8 

73.2 69.2 600 &T.6 48.3 600 111.2 30.0 

74.0 67.7 720 88.0 47.9 720 113.2 28.9 

74.8 66.3 1000 88.8 47.0 1000 114.0 28.5 

75.6 64.9 1200 90.0 45.8 1200 114.8 28.1 

76.0 64.2 1800 90.8 45.0 1800 115.5 27.8 
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TABLE IX--Continued 

20 °C 100°C 200°C 

Time 
(Sees) 

d 

</«•> 

Hv 

(^) 
mm 

Time 
(Sees) 

d Hv 

mm 

Time 
(Sees) 

d Hv 

(^) 
mm 

2400 76.4 63.5 2400 92.0 43.8 2400 117.0 27.1 

3600 76.8 62.7 3600 93.2 42.7 3600 119.0 26.2 

7200 77.6 61.5 7200 97.2 39.2 7200 121.4 25.0 

11,100 78.4 60.3 10,000 98.2 38.3 10,800 124.8 23.8 
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TABLE X 

Effect of Temperature on Indentation Creep 

Radiation Hardened LiP 

Load: 100 Grams 

20°C 100°C 200°C 

Time 
(Sees) 

d Hv 

mm 

Time 
( S e e s )  

d 

(/O 

Hv 

(*%) 
mm 

Time 
(Sees) 

d 

(^) 

Hv 

mm 

2 66.0 85.1 2 78.4 60.3 2 94.0 42.0 

5 67.0 82.6 5 78.7 59.8 5 94.6 41.4 

10 67.4 81.6 10 79.2 59.1 10 95.7 40.5 

20 68.8 78.4 20 79.6 58.5 20 99.2 37.7 

30 68.8 78.4 30 80.3 57.5 30 100.0 37.1 

40 70.0 75.7 40 81.4 56.0 40 100.8 36.5 

60 71.0 73.6 60 82.7 54.2 60 101.2 36.2 

100 71.4 72.7 100 84.0 52.5 100 102.8 35.1 

180 72.0 71.5 180 86.5 49.6 180 105.0 33.5 

360 74.0 67.7 360 89.3 46.5 360 109.0 31.0 

600 76.4 63.5 600 89.7 46.1 600 111.5 29.8 

1000 77.6 61.6 1000 92.7 43.1 1000 116.3 27.4 

1200 78.0 60.9 1200 93.2 42.7 1200 116.7 27.2 

1800 78.4 60.3 1800 94.4 41.6 1800 121.2 25.2 

2400 78.8 59.7 2400 93.0 42.0 2400 122.3 24.8 
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TABLE X—Continued 

20°C 100°C 200°C 

Time 
(Sees) 

d 

U-) 

Hv 

(**») 
mm 

Time 
(Sees) 

d 

i M . )  

Hv 

mm 

Time 
(Sees) 

d 

(^) 

Hv 

(SSg) 
mm 

3600 79.2 59.1 2600 95.2 40.9 3600 122.8 24.6 

7200 80.8 56.8 7200 96.3 39-9 7200 125.4 23.6 

10,800 82.4 54.6 11,000 100.0 37.1 43,000 136.0 19.8 

61,200 82.8 54.1 43,000 103.0 34.5 
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TABLE XI 

Effect of Temperature on Indentation Creep 

Radiation Hardened and Annealed LiP 

Load: 100 Grams 

20 °C 100°C 200°C 

Time 
(Sees) 

d 

(A) 

Hv 

(*%) 
mm 

Time 
(Sees) 

d 

(>*) 

Hv 

(J»5) 
mm 

Time 
(Sees) 

d 

{ " - )  

Hv 

(*85) 
mm 

1 44.5 93.6 1 53.6 64.5 1 82.8 27.0 

5 44.8 92.3 5 54.0 63.5 5 87.6 24.2 

10 45.0 91.7 10 53.8 64.2 10 87.9 24.0 

20 45.1 91.5 20 53.9 63.8 20 88.4 23.7 

30 44.8 92.3 30 54.0 63.5 30 96.4 20.0 

40 44.9 92.5 40 56.8 57.5 40 98.0 19.3 

60 45.1 91.5 60 60.3 51.0 60 99.2 18.7 

100 45.8 88.6 100 64.1 45.2 100 102.0 18.0 

180 48.2 80.0 180 66.8 41.5 180 104.0 17.0 

300 49.2 76.5 300 66.7 41.7 300 109.6 15.8 

600 49.9 74.5 1000 67.7 40.5 600 110.0 15.1 

1000 50.2 74.0 1800 67.8 40.3 1000 111.0 15.0 

1200 50.3 73.8 3600 70.8 37.0 1200 112.0 14.1 

2400 51.1 71.0 8000 73.2 34.6 1800 116.0 13.7 

7200 53.0 66.0 12,000 74.4 33.5 2400 118.5 13.3 



TABLE XI--Continued 
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20°C 100°C 200°C 

Time 
(Sees) 

d 
(/"-) 

Hv 
(JSs) 

mm 

Time d 

(Sees) (m~) 

Hv 
(JSg) 

mm 

Time 
(Sees) 

d 

UO 

"v 
(SB*) 

mm 

75,600 58.5 54.2 147,000 78.O 30.5 3600 121.0 12.8 

7200 128,0 11.3 

61,200 152.0 8.0 
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TABLE XII 

Effect of Temperature on Indentation Creep 

MgO 

Load: 100 Grams 

20°C 100°C 200°C 

Time 
(Sees) 

d 

<*•) 

Hv 

mm 

Time 
(sees) 

d 

(-*<-) 

Hv 

(^) 
mm 

Time 
(Sees) 

d 

(^) 

Hv 

(*%) 
mm 

1 17.2 627 1 18.0 572 1 19.8 473 

5 17.6 538 5 17.6 600 5 19.6 480 

10 , 17.0 640 10 17.8 585 10 19.9 470 

20 16.9 645 20 17.6 600 20 19.8 473 

30 17.1 635 30 17.8 585 30 20.0 465 

40 16.9 645 40 17.7 593 40 19.9 470 

60 17.0 640 60 17.7 593 60 19.8 473 

100 17.2 627 100 17.6 600 100 19.7 475 

180 17.0 640 180 17.8 585 180 20.0 465 

300 16.9 645 300 17.7 593 300 19.7 475 

600 17.2 627 600 17.6 600 600 19.8 473 

1000 17.0 640 1000 17.7 593 1000 19.9 470 

1800 17.0 640 1800 17.7 593 1200 20.2 453 

3600 17.0 640 3600 17.8 585 1800 20.7 434 

7200 17.0 640 7200 17.8 585 2400 20.9 425 



TABLE XII—Continued 
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20° C 100°C 200°C 

Time 
(Sees) 

d 

CAO 

Hv 
(Jay 

mm 

Time 
(Sees) 

d 

(>0 

Hv 

(***) 
mm 

Time 
(Sees) 

d 

UO 

Hv 
(J®*) 

mm 

50,000 17.0 640 12,000 17.7 593 3600 21.2 415 

50,000 18.0 572 10,000 

45,000 

50,000 

21.5 

21.7 

21.8 

400 

393 

390 

4 
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TABLE XIII 

Effect of Temperature on Indentation Creep 

NaCl 

Load: 100 Grams 

20°C 100°C 200°C 

d *V rpima d HV rpj _ _ d «V 

(X) (135.) (Sees) ( A )  (^) (Sees) (^) (KS_) 
mm mm mm 

102.0 18.2 1 124.0 12.3 1 158 7.4 

103.5 17.9 5 124.5 12.0 5 160 7.2 

104.2 17.8 10 124.0 12.3 10 164 6.9 

104.5 17.6 20 124.0 12.3 20 160 7.2 

105.0 17.2 30 125.5 11.8 30 156 7.0 

108.0 17.2 40 126.0 11.5 40 164 6.9 

109.0 17.0 60 128.5 11.2 60 168 6.5 

IO8.5 17.1 100 130.0 11.0 100 184 6.0 

109.0 17.0 180 132.5 10.5 180 182 5.8 

107.5 16.0 300 132.5 10.5 300 186 5.7 

111.0 15.0 600 138.5 9.8 600 190 5.1 

112.0 14.7 1000 139.0 9.5 1000 191 5.0 

114.7 14.1 1200 141.0 9.3 1200 193 4.95 

116.0 13.7 1800 144.5 9.0 1800 194 4.9 

116.5 13.6 2400 145.0 8.8 2400 198 4.7 
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TABLE XIII—Continued 

20 °C 100°C 200°C 

Time 
(Sees) 

d 

UO 

Hv 
(JAY 

mm 

Time 
(Sees) 

d 

U) 

Hv 
<*%) 

mm 

Time 
(Sees) 

d 

(/J 

Hv 
(^) 

mm 

1800 117.0 13.4 3600 147.5 8.5 3600 202 4.5 

2400 117.5 13.2 7200 150.0 8.2 7200 212 4.1 

3600 118.0 13.1 50,000 164.5 6.8 50,000 222 3.7 

7200 122.0 12.7 

9000 123.0 12.5 

50,000 126.0 11.7 
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TABLE XIV 

Effect of Temperature on Indentation Creep 

AgCl 

Load: 100 Grams 

20°C 100 °C 200°C 

Time 
(Sees) 

d 

(xO 

Hv 

(**5) 
mm 

Time 
(Sees) 

d 

(*0 

Hv 
(^) 

mm 

Time 
(Sees) 

d 

(/0 

Hv 
(J®*) 

mm 

1 170 6.4 1 192 5.0 1 236 3.5 

5 174 6.4 5 196 4.9 5 238 3.3 

10 176.6 6.0 10 199.5 4.8 10 240 3.3 

20 177 5.9 20 198 4.7 20 244 3.2 

40 179 5.5 40 201 4.6 30 236 3.5 

60 179.3 5.7 60 200 4.6 40 240 3.3 

100 179.5 5.7 100 202 4.5 60 240 3.3 

180 180 5.6 180 206 4.4 100 244 3.2 

300 180 5.6 300 211 4.3 180 246 3.2 

900 184 5.4 600 216.5 4.2 300 252 3.0 

1000 185 5.4 1000 211.5 4.1 600 260 2.7 

1200 186 5.2 1200 213 4.0 1000 270 2.5 

1800 189 5.1 1800 217 3.9 1200 280 2.4 

2400 192 5.0 2400 221 3.8 1800 288 2.2 

3600 197 • 4.7 3600 222.5 3.5 2400 240 2.2 
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TABLE XIV—Continued 

20°C 100°C 200°C 

Time 
(Sees) 

d 

(-K) 

Hv 

(^) 
mm 

Time 
(Sees) 

d 

U) 

Hv 

(^) 
mm 

Time 
(Sees) 

d 

(*J 

Hv 

(^2) 
mm 

7200 202 4.5 7200 233.5 3.2 3600 300 2.1 

16,700 206 4.4 15,000 237.7 2.9 7200 312 1.9 

72,000 208 4.2 52,200 266 2.6 50,000 356 1.7 
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TABLE XV 

Effect of Temperature on Indentation Creep 

CsCl 

Load: 100 Grams 

20 °C 100°C 200°C 

Time 
(Sees) 

d 

(««.) 

Hv 

mm 

Time 
(Sees) 

d 

(>0 

Hv 

mm 

Time 
(Sees) 

d 

C^-) 

Hv 

mm 

1 98 19.5 1 115.8 15.0 1 142 11.0 

5 98.5 19.2 5 118 14.5 5 144 10.8 

10 99 19.7 10 115.8 15.0 10 144 10.8 

20 100.2 18.2 20 118 14.5 20 148 10.5 

30 103 17.5 30 115 15.5 30 144 10.8 

40 105 17.0 40 115.8 15.0 40 155 10.2 

60 105 17.0 60 115.8 15.0 60 160 10.5 

100 108 16.8 100 122 14.0 100 160 10.5 

180 112 16.0 180 125 13.5 180 165 9.5 

300 113.5 16.5 300 127 12.5 300 170 8.0 

800 112 16.0 600 127 12.5 500 175 8.8 

1000 113.5 16.5 1000 130 11.5 1000 180 7.2 

1800 113.5 16.5 2400 130 11.5 1200 185 7.0 

3000 115 15.5 3600 133 11.2 1800 190 6.5 

6000 115.8 15.0 4800 135 11.5 2600 192 6.3 
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TABLE XV—Continued 

20 °C 100°C 200°C 

Time 
(Sees) 

d 

CA) 

Hv 

mm 

Time 
(Sees) 

d 

U) 

Hv 

(*%) 
mm 

Time 
(Sees) 

d 

UO 

Hv 

(^2") 
mm 

10,000 115.8 15.0 7200 140 11.1 4200 195 6.0 

54,000 116 14.5 56,000 142 11.0 8000 

70,000 

200 

204.5 

5.0 

4.5 
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TABLE XVI 

Effect of Temperature on Indentation Creep 

CsBr 

Load: 100 Grams 

20°C 100°C 200°C 

Time 
(Sees) 

d 

(-O 

"v 

(**5) 
mm 

Time 
(Sees) 

d 

( < « . )  

Hv 

(^) 
mm 

Time 
(Sees) 

d 

( < « . )  

Hv 

(%) 
mm 

1 122 11.0 1 152 8.2 1 156 7.5 

5 122 11.0 5 148 8.5 5 163 7.0 

10 122 11.0 10 152 8.2 10 164 6.9 

20 122 11.0 20 152 8.2 20 165 6.7 

30 126 11.2 40 152 8.2 30 166 6.6 

40 128 11.5 60 155 8.1 40 168 6.5 

60 126 11.2 100 160 8.0 60 170 6.3 

100 122 11.0 180 152 8.2 100 171 6.2 

180 125 10.8 300 152 8.2 180 173 6.1 

300 130 10.5 600 156 7.5 300 176 6.0 

600 138 10.2 1000 163 7.0 600 185 5.5 

1000 143 9.5 1200 165 6.5 1000 194 6.0 

1200 145 9.8 1800 167 6.4 1800 220 4.2 

7200 155 8.7 2400 168 6.3 3600 243 3.8 

26,000 160 8.0 3600 170 6.2 7200 265 3.2 
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TABLE XVI—Continued 

20°C 100°C 200°C 

Time 
(Sees) 

d 
(X) 

Hv 

mm 

Time 
(Sees) 

d 
(*0 

Hv 

mm 

Time 
(Sees) 

d Hv 

mm 

68,000 152 8.2 7200 172 6.1 72,000 295 2.1 

7200 154 7.8 25,000 

62,000 

174 

176 

6 . 2  

6.0 

78,000 300 1.9 
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TABLE XVII 

Effect of Temperature on Indentation Creep 

Csl 

Load: 100 Grams 

20°C 100°C 200°C 

Time 
(Sees) 

d 
(/<• ) 

Hv 
(JSg) 

mm 

Time 
(Sees) 

d 

U) 

Hv 
(JBg) 

mm 

Time 
(Sees) 

d 
(X-) 

Hv 
(J®*) 

mm 

1 116 14.0 1 123 13.5 1 127 12.5 

5 117 13.8 5 125 13.4 5 130 12.3 

10 116 14.0 10 123 13.5 10 136 11.8 

20 116 14.0 20 123 13.5 20 134 11.7 

30 116 14.0 30 127 13.7 30 136 11.8 

40 112 14.2 40 129 13.5 40 138 11.2 

60 118 14.1 60 127 13.7 60 142 11.0 

100 116 14.0 100 127 13.7 100 151 10.7 

180 116 14.0 l8o 128 13.6 180 157 10.8 

300 120 13.8 300 130 13.0 300 148 10.6 

600 125 13.2 700 132 12.2 600 160 10.5 

1000 130 13.0 1000 132 12.2 1000 165 9.2 

1200 131 12.9 1800 134 12.0 1800 168 8.5 

1800 132 12.8 2000 134 12.0 2400 172 8.2 

2400 133 12.7 2400 134 12.0 4000 176 7.8 
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TABLE XVII—Continued 

20°C 100°C 200°C 

Time 
(Sees) 

d 

U) 

Hv 

mm 

Time 
(Sees) 

d 

( A )  

Hv 

(^) 
mm 

Time 
(Sees) 

d 

(m ) 

Hv 

(^5) 
mm 

3600 134 12.0 7200 138 11.4 7000 180 7.2 

14,000 135 11.5 40,000 142 11.0 12,000 185 7.0 

100,000 -p
r 

ro
 

11.0 100,000 145 10.8 80,000 195 5.5 
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TABLE XVIII 

Effect of Temperature on Indentation Creep 

Load: 100 Grams 

20°C 100°C 200°C 

Time 
(Sees) 

d 

U) 

Hv 

mm 

Time 
(Sees) 

d 

U.) 

Hv 

mm 

Time 
(Sees) 

d 

U) 

Hv 

<*%) 
mm 

1 17.0 642 1 19.1 508 1 23.6 333 

5 17.1 634 5 19.0 514 5 23.6 333 

10 16.9 649 10 19.0 514 10 23.6 339 

20 16.9 649 20 19.0 514 20 23.5 336 

30 17.0 642 30 19.1 508 30 23.5 336 

60 17.0 642 40 19.1 508 50 23.5 336 

100 17.0 642 60 18.9 519 100 23.6 333 

180 17.0 642 100 19.1 508 180 23.4 339 

300 17.1 639 180 19.0 514 300 23.5 336 

750 17.2 627 240 20.0 459 600 23.5 336 

1000 18.2 560 300 20.8 429 1000 23.5 336 

1200 18.3 554 600 21.1 417 1800 23.5 336 

1800 19.1 508 1000 21.1 417 3600 23.6 333 

3600 20.2 454 1200 21.6 397 9000 23.5 336 

7200 20.7 433 1800 21.7 39^ 52,000 23.7 330 
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TABLE XVIII—Continued 

20° C 100°C 200°C 

Time 
(Sees) 

d 

(>o 

Hv 

(^%) 
mm 

Time 
(Sees) 

d 

( * )  

Hv 

mm 

Time 
(Sees) 

d 

CM ) 

Hv 

(^) 
mm 

24,000 22.4 370 2400 21.6 397 

60,000 22.8 357 3600 22.4 370 

75,000 23.5 336 7200 

40,000 

23.4 

23.6 

339 

336 
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The majority of crystals exhibited neither a marked normal 

nor a marked anomalous temperature response, but appeared 

to be little affected by temperature in the range from 20° 

to 200°C. 

Figure 31 shows the effect of temperature on the 

average strain rate of LiP. 

7.6 Activation Energies 

Although indentation creep in the higher-load region 

appeared at best to be only slightly thermally activated, 

nevertheless, activation energies were determined for selected 

crystals using the method recommended by Mulhearn and Tabor 

(i960). These investigators observed that if a slope of the 

plot of log Hv - log t is independent of temperature, then 

log t1 - log t2 = ^ £ ̂ r- - (53) 

where t^ and t2 are the times for equivalent strain at abso

lute temperatures, T^ and T2 and Q, and R have their usual 

meaning. The data for the selected crystals were thus 

plotted on log Hy versus log time plots and the apparent 

activation energies in electron volts were computed from 

the separation of the curves. Results of this study are 

given in Table XIX. 
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Figure 31. Average Strain Rate for Three Different Temperatures 



TABLE XIX 

Indentation Creep Activation Energies 

Crystal 
Species 

Crystal 
Pretreatment 

Temperature 
Range 

Apparent 
Activation 

Energy 

Average 
Apparent 

Activation 
Energy 

T 
1 

°K 

T 2 
°K 

Q 

e. v. 

Q 

e.v. 

LiF Old, impure material, as cleaved 300 
473 

373 
373 

0.45 
0.35 

0.40 

LiF New, pure, as-received mate
rial, as cleaved 

300 
473 

373 
373 

0.43 
0.35 0.39 

LiF Pure material, neutron irra
diated, as cleaved 

300 
473 

373 
373 

0.63 
0.80 0.71 • 

LiF Pure material, neutron irra
diated and annealed, as cleaved 

300 
473 

373 
373 

0.20 
0.27 0.23 

AgCl As-received 300 
473 

373 
373 

0.37 
0.37 0.37 

NaCl As cleaved 300 
473 

373 
373 

0.54 
0.54 0.54 

i 

ro 



7.7 Effect of Environment 
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Other investigators of indentation creep in the re

gion of very low loads (Westbrook and Jorgenson, 1965; 

Westwood, 1966; Westwood et al., 1967) have found that highly-

polar solvents enhance creep. The polarity of a solvent is 

measured by its dipole moment (D.M.). The effect of xylene 

(D.M. = O.62), water (D.M. = I.85), dimethylsulfoxide (D.M. = 

4.3) and dimethylformamide (D.M. = 3.82) on indentation creep 

in LiP was therefore determined. Results of this study are 

plotted in Pig. 32. As is obvious from Pig. 32, the effect 

of highly polar solvents is to inhibit, not enhance, indenta

tion creep in the higher-load region, at least for LiF. 

7 . 8  Diverse Miscellaneous Effects 

7 . 8 . 1  Introduction. Several minor facets of in

dentation creep in the higher-load region were also curso

rily studied as part of the exploratory effort. These three 

diverse factors were (a) degree of ionic character or polar-

izability of the crystal species, (b) the effect of indenter 

orientation, and (c) the effect of crystal structure type. 

7 . 8 . 2  Degree of Ionic Bonding. Since indenta

tion creep occurs in the microhardness testing of ionic 

crystals, but not in the microhardness testing of metal 

crystals (Walker and Demer, 1964; Westbrook and Jorgenson, 
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Figure 32. Effect of Polar Solvents on Indentation 
Creep of LiF. 
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1965)f the question naturally arose as to whether the de

gree of indentation creep (or creep rate) was a function of 

the degree of ionic bonding. A series of natural minerals 

and synthetic single crystals having a wide range of elec

tronegativity difference was tested for indentation creep 

characteristics. Pauling (1952) shows that a linear corre

lation exists between the electronegativity difference of 

the anion and cation and the degree of ionic character. 

Table XX lists the crystals tested. In these tests the ave

rage decrease in Knoop hardness in 100 seconds was deter

mined for each crystal species, using 100 gram loads. 

The results of these tests are shown in Pig. 33. 

Prom the scatter of experimental points in Fig. 33, it appears 

that correlation is poor between the electronegativity differ

ence (Pauling, 1952) and average decrease in Knoop hardness 

in 100 seconds. A statistical test (ASTM, 1962) was performed 

on the data listed in Table XX and no correlation between the 

electronegativity difference of the ionic species and the 

average decrease in Knoop hardness in 100 seconds was found 

at a 95$> confidence level. 

7 . 8 . 3  Indenter Orientation. Preliminary studies 

by the writer (Walker, 1962) indicated that the creep rate 

might be different for different indenter orientations with 

respect to a given crystallographic axis (Fig. 34). The 
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TABLE XX 

Crystals Tested in Degree of Ionic Bonding 

Tests 

Crystal 
Species Form 

Electro
negativity 
Difference 

Pace 
Tested 

PbS Cubic Mineral 0.50 {100} 

MgO Synthetic Single 
Crystal 2.30 {100} 

CsCl Synthetic Single 
Crystal 2.30 {lOOj 

AgCl Synthetic Single 
Crystal 1.10 {100} 

Csl Synthetic Single 
Crystal 1.80 (100} 

KC1 Natural Sylvite 2.20 {100} 

CuS Massive Mineral 0.60 Unknown 

LiP Synthetic Single 
Crystal 3.00 •{lOOj 

Copper Synthetic Single 
Crystal 0.00 {111} 

WC Synthetic Single 
Crystal 0.00 Unknown 

PeV Synthetic Single 
Crystal 0.00 Unknown 

CsBr Synthetic Single 
Crystal 1.00 •O-oo} 
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Q 

• 

• 
SYMBOLS 

G  - PbS 
A  .  MgO 

0 - CsCI 

0 - AgCI 

§ - Ct X 

x  - K CI 

+ - CuS 

-0-- LIF 

Cu,Zn 

• -WC 

*- FeV 

D . CsBr 

1 1 l 
1.0 2.0 3.0 

ELECTRONEGATIVITY DIFFERENCE (XA-XB) 

ire 33. Correlation of Degree of Creep with 
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Knoop hardness test is much more sensitive to variations 

in the indenter orientation than is the diamond pyramid 

hardness test (Mott, 1956). Therefore, in this study, the 

time dependence of Knoop hardness was measured as a function 

of indenter orientation with respect to a given crystallo-

graphic axis. In order to cover a wide range of hardnesses, 

the following crystals were selected for testing. 

Crystal Species Mohs Hardness Number 

LiP 3 (approx.) 

Pluorite 4 

Feldspar 6 

Quartz 7 

Neither LiF nor fluorite exhibited any tendency for 

the indentation creep behavior to vary with crystallographic 

direction of the Knoop indenter (cf. Fig. 35). Quartz 

showed a marked change in creep behavior with indenter 

orientation (Fig. 36). Feldspar exhibited a slight change 

in creep behavior with Indenter orientation. 

7 . 8 . 4  Crystal Structure Type. To date, all in

vestigations of indentation creep in ionic crystals have been 

limited to the NaCl crystal structure type, possessing the 

typical 110 <110> slip system. Ionic crystals, however, 

also occur in the CsCl and fluorite structural types. It was 

therefore deemed advisable to determine if indentation creep 

occurred in other than the NaCl structural type. 
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The crystals selected for this study were: 

Crystal 
Structure 

Type 

NaCl 

CsCl 

Fluorlte 

Crystal 
Selected 

For Testing 

NaCl 

CsCl 

UO„ 

Crystal 
Slip 

System 

{,110 i 

£100$ 

l00l1 

<110> 

<110> 

<110> 

Diamond pyramid hardness tests using a load 

of 100 grams were performed on these crystals, and the 

creep behavior was determined. 

It was found that all three crystal structures 

exhibited typical higher-load range indentation creep. 

Figure 37 exhibits the room temperature creep behavior 

of NaCl and CsCl. Figure 38 shows the room tempera

ture behavior of UO^. 

Comparison of Indentation Creep 

Characteristics in the Very Low-

and Higher-Load Ranges 

7.9  Introduction 

Extensive studies have been made of indentation 

creep of ionic crystals using very light indenting loads 

resulting in indentations less than three microns deep 
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(Westbrook and Jorgenson, 1965* Westwood, 1966; Westwood 

et al., 1967). The various mechanisms which have been 

proposed to explain indentation creep in the low-load 

region (surface adsorption effects, energy band bending 

at the surface, etc.) cannot be applied to the higher-

load indentation creep phenomenon studied in this pre

sent investigation. It was therefore deemed necessary 

to compare critically the characteristics of indentation 

creep in ionic crystals at low loads and at higher loads 

to determine if different phenomena were involved in 

each load range. 

Indentation creep at very low loads is char

acterized by the following behavior: 

1. An anomalous temperature dependence 

exists in which the creep rate conti

nuously decreases with increasing tem

perature and indentation creep ceases 

altogether at some low homologous tem

perature. This anomalous temperature 

dependence led Westbrook and Jorgenson 

(1965) to name the phenomenon the "anoma

l o u s - i n d e n t a t i o n - c r e e p  e f f e c t " .  

2. The "anomalous-indentation-creep effect" 

is associated with the presence of adsorbed 
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moisture on the surface being indented 

(Westbrook and Jorgenson, 1965). The 

anomalous-indentation-creep effect is 

furthermore greatly enhanced by the pre

sence of highly polar solvents on the 

surface (Westwood, 1965). 

3. In MgO, indentation creep is accompanied 

by motion of the edge dislocation compo

nents in the {"lioj gQ slip planes 

(Westwood, 1966; Westwood et al., 1967). 

In LiP, on the other hand, no changes in 

the surface rosette etch-pit pattern was 

observed during anomalous indentation 

creep (Westbrook and Jorgenson, 1965; 

Westwood, 1966). 

The above criteria were therefore selected for 

a critical comparison of low load and higher load 

indentation creep. Results of this study are as follows. 

7.10 Temperature Response 

Review of Pigs. 20 through 30 show that of 

eight crystal species tested, only one (U02) exhibited 

the type of anomalous temperature response described 

by Westbrook and Jorgenson (1965). One other species, 



MgO, exhibited no indentation creep except at 200°C 

after an induction period of over 1000 seconds. In 

other crystal species, indentation creep was essen

tially independent of temperature. 

It is interesting to compare the initial indenta 

tion depth at one second and 20°C with the temperature 

dependence. This comparison is shown in Table XXI. 

Review of Table XXI shows that at loads which produce 

indentations deeper than 3.0 microns, the temperature 

dependence is not anomalous in the sense described by 

Westbrook and Jorgenson (1965). 

7.11 Environmental Response 

The effect of highly polar solvents on the in

dentation creep of LiF in the higher-load range has 

already been discussed in Section 7.7. In this section, 

the data presented in 7.7 will be compared to environ

mental response data for the very low-load range. 

Table XXII shows this comparison. 

One difference between the high- and low-load 

ranges is the behavior of pre-dried crystals in a non-

polar solvent. Other investigators have found that 

if the crystal is pre-dried at 300°C and quenched in 

a nonpolar solvent such as toluene or xylene, no 
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TABLE XXI 

Initial Depth of Indentation 

Crystal 
Species 

Initial Depth 
of Indentation 

Temperature 
Dependence 

LiP 

MgO 

NaCl 

AgCl 

CsCl 

CsBr 

Csl 

UCU 

(* ) 
6.0-9.0 

2.3 

14.0 

24.0 

14.0 

17.0 

16.0 

2.0 

Creep occurs independent 
of temperature 

No creep occurs except at 
200OC after 1000 seconds 

Creep occurs independent 
of temperature 

Creep occurs independent 
of temperature 

Creep occurs independent 
of temperature 

Creep occurs independent 
of temperature 

Creep occurs independent 
of temperature 

Temperature dependence is 
anomalous 



TABLE XXII 

Environmental Effects 

Crystal 
Species Solvent 

Dipole 
Moment 

xlO"18 
esu 

Higher-Load Range 

Results 

Low-Load Range 

Results Crystal 
Species Solvent 

Dipole 
Moment 

xlO"18 
esu Ratio Source of 

data 
Ratio Source of data 

X 0.00 1.00 This inves
tigation 

1.00 Westbrook & Jorgenson(1965) 

LiF 
Water 1.85 0.60 1.56 it 

LiF DMSO 4.30 0.40 n 

DMF 3.82 0.20 » 

X 0.00 1.00 This inves
tigation 

1.00 Westwood (1966) 

MgO • Water 

DMSO 

1.85 

4.30 

0.50 

0.18 

M 

11 
17.5 

25.5 

11 

It 

DMF 3.82 0.01 If 
75.0 

11 

Notes: (l) X - Xylene 
(2) DMSO - Dlmethylsulfoxide 
(3; DMF - Dimethylformamide 

ro {JO 
U) 
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indentation creep occurs in the low-load range (Westbrook 

and Jorgenson, 1965; Westwood, 1966; Westwood et al., 

1967). In this study it was observed that pre-drying 

did not appreciably change the indentation creep effect 

from that normally observed when the crystals were not 

pre-dried and were tested in air. Furthermore, test

ing pre-dried crystals in a series of solvents of 

increasing polarity inhibited rather than enhanced 

indentation creep (Table XXII). Based on these obser

vations, it is concluded that the response to environ

ment is different in the higher-load range than in the 

low-load range. 

7.12 Etch-Pit Observations 

One of the many enigmas of the general field 

of indentation creep in ionic crystals in the low-load 

range is the observation that the dislocation loops on 

the £llOslip planes expand during indentation 

creep in MgO, whereas similar expansion is not observed 

in LiF during indentation creep (Westwood, 1966; Westwood 

et al., 1967). The corresponding increase in length of 

the wings of the surface rosette has provided a sensi

tive means of studying indentation creep of MgO in the 

low-load range (Westwood, 1966; Westwood et al., 1967). 
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A time-dependent increase in the length of the 

rosette wings corresponding to an expansion of the dis-

observed in the present study. This increase in the 

length of the rosette wings was observed to accompany 

indentation creep in MgO at 200°C. Figure 39 shows 

the results of measurements of the lengths of the rosette 

wings in the <100> and <110> directions. An interest

ing feature illustrated by Pig. 39 is that the length 

of the rosette wings lying in the <100> direction is 

independent of temperature, whereas the length of the 

wings lying in the <110> direction appears to be quite 

temperature sensitive. 

tive lengths of the rosette wings lying in the <100> 

and <110> directions. Table XXIII shows the relative 

values of the ratio: 

wing lying in the <110> direction. This rosette wing 

is composed of etch-pits marking the locations of 

location loops on the fnoJ^o slip planes has also been 

Various investigators have measured the rela-

Ds I110] 45 

In Eq. 54, is the length of the rosette 

(54) 
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TABLE XXIII 

Rosette Pattern Length Ratios for MgO 

Test Temperature 
De {n o] 

22. 
DS i110i 45 

Source of Data 

20°C 

20°C 

20° C 

100°C 

200°C 

1 to 1000 sees. 

1800 sees. 

2400 sees. 

3800 sees. 

66,000 sees. 

1.4 

1.6 

1.98 

1.67 

1.46 

1.59 

2.10 

3.80 

4.50 

Keh (i960) 

Kreyns (1965) 

Fig. 39 

Fig. 39 

Fig. 39 

Fig. 39 

Fig. 39 

Fig. 39 

Fig. 39 
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emergent edge components of dislocation loops lying 

on the ^llo} 0̂ slip planes. In Eq. 54, Dg {lioj^ is 

the length of the rosette wing lying in the <100> direc

tion. This rosette wing is composed of etch-pits at 

the locations of emergent screv/ components of the dis

location loops lying on the {110} ̂  slip planes. 

The data shown in Table XXIII were obtained by 

testing MgO with an indenting load of 100 grams which 

resulted in shallow indentations. A further study was 

undertaken to determine if the increase in the length 

of the rosette wing lying in the <110> direction 

occurred at both low and higher loads. An as-cleaved 

MgO crystal was indented at room temperature (20°C) 

using two different loads (25 grams and 500 grams) and 

varying the indentation time from 2 to 50*000 seconds. 

After all indentations were completed the crystal was 

etched to reveal the presence of etch-pits at the posi

tions of emergent dislocation loops. The relative lengths 

of the rosette wings were determined for each indenta

tion. The crystal was then cleaved through the indenta

tions and the freshly-cleaved surfaces were etched. The 

etch-pit patterns on the cleaved surfaces were studied 

and the lengths of the dislocation glide bands on the 

^liojj^ slip plane were measured. Results of this study 



are shown in Figs. 40 and 41. Figures 40 and 41 show 

that indentation creep at 25 grams load is accompanied 

by movement of only those edge components of the dis

location loops lying on the £noJgo slip planes. In

dentation creep at 500 grams load is accompanied by the 

movement of only those edge components of the disloca

tion loops lying on the £llO^^ slip planes. 

Investigation of Creep Mechanisms 

7.13 Introduction 

Preliminary studies by the writer (Walker, 

1962) and the etch-pit pattern studies reported in 

Section 7.12 both imply that indentation creep in the 

higher-load region is due to dislocation glide of edge 

components on the £llo] ̂  slip planes. It was there

fore considered important to determine if dislocation 

mechanisms were rate-controlling. Since apparently 

only edge dislocation glide is involved and also since 

the investigation was carried out at low homologous 

temperatures where diffusion is slow, the number of 

possible rate-controlling mechanisms is limited. The 

feasible rate-controlling mechanisms are (a) opposition 

to edge-dislocation glide by the Peierls stress, 
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(b) intersection of edge-dislocation components with 

precipitates, and (c) intersection of edge-dislocation 

components with forest dislocations. It has been 

shown by Johnston (1962) that the Peierls stress in 

LiP at room temperature must be less than fifty grams 

per square millimeter. This Peierls stress is at 

least one order of magnitude lower than the applied • 

shear stress on the £ 110J ̂ 5 slip plane derived in 

Appendix A. For this reason, overcoming the Peierls 

stress was not considered to be a rate-controlling 

mechanism and attention was concentrated on the inter

section of edge-dislocation components with precipitate 

and impurities. 

Repeated etch-pit patterns studies failed to 

reveal any changes in the screw-component patterns 

with increasing indentation creep and hence, cross-

slip of screw components was considered unlikely. 

Nevertheless, a study was also undertaken in an attempt 

to determine if cross-slip was an active mechanism. 

Results of this study are described as follows. 

7.14 Results 

7.14.1 Intersection with Precipitates. Pre

vious work by this investigator (Walker, 1962) was 



performed on LiP which possessed as much as 75 ppm 

magnesium. This material, which was purchased from 

Harshaw Chemical Company, was relatively hard and 

cleavable. This material will hereafter be referred 

to as "impure" LiF. In recent years, Harshaw has been 

producing LiP with less than 10 ppm magnesium. This 

material, which is soft and very difficult to cleave, 

will be called "pure" LiP. Intersection with preci

pitates was studied by comparing the indentation creep 

characteristics of the pure and impure materials. 

Figure 42 shows typical room temperature indentation 

creep curves for pure and impure LiF. 

Review of Fig. 42 indicates that the creep 

strain rate should be greater than that of the pure 

material. In order to investigate the strain rate 

effect, true strains and strain rates were derived 

from the data and are plotted as shown in Fig. 43. 

Figure 43 confirms that the impure LiF exhibits a 

higher maximum strain rate and an overall higher strain 

rate than does the pure material. 

Finally, apparent activation energies were de

rived as described in Section 7 .6 .  Referring to Sec

tion 7.6, it is seen that the apparent activation 

energies for creep are similar in both materials. 
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7.14.2 Intersection with Forest Disloca

tions. In order to investigate the effect of increas

ing density of forest dislocations, a LiP crystal was 

prestrained in compression by increasing amounts. At 

each degree of prestrain, limited indentation creep 

data were determined. Results of this study are shown 

in Pig. 44. Review of Pig. 44 shows that increasing 

prestrain increases the intrinsic hardness of the 

crystal due to work hardening. Although the initial 

hardness is greater, all creep curves tend to converge 

at long times. The creep rate is therefore effectively 

increased by increasing the density of the trees in 

the dislocation forest. 

7.14.3 Cross-Slip. In this study NaCl and 

AgCl, which are of similar hardness, were tested under 

equivalent conditions. NaCl exhibits little cross-

slip at room temperature, while AgCl cross-slips 

easily. The typical room temperature creep curves 

are shown in Pig. 45. Review of Fig. 45 shows that 

the degree of creep and creep rate of AgCl is much 

less than NaCl. This difference is not reflected in 

the activation energies discussed in 7.6. AgCl possessed 

an apparent activation energy of 0.37 ev, whereas in NaCl, 
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the activation energy for indentation creep for the 

same temperature range was 0.5^ ev. 

Dislocation Charge Effects 

7.15 Introduction 

It is generally recognized that dislocations 

in ionic crystals may possess an electric charge, 

whereas dislocations in metals must be electrically 

neutral. This obvious parallel between the presence • 

of indentation creep and the existence of charged dis

locations in ionic crystals on the one hand and the 

lack of indentation creep and lack of an electrical 

charge on dislocations in metals on the other hand 

leads to a study of the effect of electrical charges 

on indentation creep. It is the purpose of this sec

tion of the dissertation to describe the results of 

experiments involving the electrical nature of ionic 

crystal dislocations. 

7.16 Static-Discharging Effects 

Westbrook and Gilman (1962) observed that elec

trical effects lowered the indentation hardness of 

semiconductor crystals. They found that if the 
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indentation phenomenon being studied is electrical 

in nature, then the presence of a static discharging 

device near the indenter would affect apparent indenta

tion hardness. A similar type of experiment was adopted 

in the present investigation. A fifty micro-curie alpha 

source in the form of polonium 210 foil was mounted 

around the Indenter post, and indentation creep with 

and without the foil was compared. A typical result 

of this experiment in LiP is shown in Pig. 46. Data 

for Fig. 46 were transcribed from the LVDT-Recorder 

chart. In Fig. 46, it is obvious that the presence 

of polonium foil exerts a powerful effect in indenta

tion creep of LiF. 

In order to determine the quantitative effect 

PLO 
of Po foil on the indentation creep characteristics 

of various crystals, a series of tests was run with 

and without foil and the ratio of indentation creep 

with foil to indentation creep without foil was mea

sured. Results of this study are given in Table XXIV. 

The following conclusions may be drawn from 

the data given in Table XXIV: 

1. AgCl and MgO behaved as if the disloca

tions possessed a positive charge. 
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TABLE XXIV 

The Effect of a Static Discharger on 
Indentation Creep 

Crystal 
Species 

Crystal 
Condition 

Crystal 
Surface 
Condi
tion 

Environ
ment 

Ratio 

Creep with foil 
Creep without foil 

AgCl AR AR Lab Air 5.40 

MgO Predried Cleaved X 5.30 

MgO Predried Cleaved Moist Air 3.50 

MgO Predried Cleaved DMP 2.70 

MgO Predried Cleaved DMSO 2.00 

MgO AR Cleaved Lab Air H
 

• ro
 

O
 

CVJ 
o

 AR AR Lab Air 1.00 

Csl AR AR Lab Air 0.88 

CsBr AR AR Lab Air 0.80 

LiP Hard Cleaved Lab Air 0.72 

CsCl AR AR Lab Air 0.63 

LiP AR AR Lab Air 0.54 

HP Annealed Cleaved Lab Air 0.50* 

LiP Predried Cleaved Moist Air 0.50 

LiP Annealed Cleaved Lab Air 0.38* 

LiP AR Cleaved Lab Air 0.27 

NaCl AR Cleaved Lab Air 0.20 

Notes: AR - As Received DMSO - Dlmethylsulfoxide 
X - Xylene * - Average of 3 runs 
DMF - Dimethylformamide 



2. U02 exhibited no difference between runs 

with foil and without foil. This is pre

dictable since UOg is a stronger o( -

particle emitter than Po210. 

3. LiP, NaCl, CsCl, CsBr, and Csl all behaved 

as if they possessed a negative charge. 

4. Increasingly polar solvents had an increas

ingly inhibiting effect on the enhancement 

due to Po2"1"® foil. 

7.17 Effect of Applied Voltage 

Review of Table XXIV indicates that the charges 

on the dislocations in MgO and NaCl are of opposite 

polarity. If this is the case, they should respond 

differently to an applied electric field. Indentation 

creep experiments were therefore conducted in the pre

sence and absence of a DC potential and the results 

were compared. Figures 47 and 48 illustrate the effect 

of different DC voltages on the indentation creep of 

MgO and LiP. Actually, tests were conducted at 1, 5> 

10, 15, 20, 30, and 40 kilovolts, but for clarity, not 

all curves are shown in Figs. 47 and 48. 

The following observations were made from the 

data presented in Pigs. 47 and 48: 
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1. A DC voltage applied to the indenter 

inhibits creep in NaCl and enhances creep 

in MgO. 

2. A DC voltage applied to the lower surface 

of the crystal enhances creep in NaCl 

and inhibits creep in MgO. 

3. The inverse behavior of NaCl and MgO 

supports the conclusion that the polarity 

of dislocation charge is opposite in MgO 

and NaCl. 

4. The general effect of an applied voltage 

is to enhance or inhibit indentation 

creep during the transient creep stage. 

An applied potential apparently has 

little effect on steady-state indentation 

creep. 

The effect of applied potential on the tran

sient creep rate is given in Figs. ^9 and 50. Review 

of the data shown in Pigs, kg and 50 leads to the 

following conclusions. 

1. An applied potential decreases the natu

ral transient creep rate of the crystal 

regardless of the direction of the 

potential gradient. 
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2. The transient creep rate-applied potential 

relationship is linear; however, the 

slopes are different for different direc

tions of the electric field gradient. 

Summary of Experimental Results 

The following general observations may be made 

from the data presented in this chapter of the disserta 

tion. 

1. Indentation creep in LiP in the higher-

load region was not due to spurious 

effects such as fracturing or vibration. 

2. Increasing the load increased the maxi

mum creep rate in the higher-load region. 

3. Indentation creep in the higher-load 

region was essentially independent of 

temperature. 

4. Increasingly polar solvents tended to 

inhibit indentation creep in the higher-

load region. 

5. Indentation creep in the higher-load 

region was not a function of either the 

degree of ionic bonding or the indenter 

orientation. 



Indentation creep occurs in all ionic 

crystal structural types. 

Indentation creep at higher loads involves 

a different phenomenon than that encoun

tered at very low loads. 

Increasing the impurity level and prior 

straining of LiF crystals enhanced in

dentation creep. 

Electrical (dislocation charge) effects 

are responsible for indentation creep in 

ionic crystals in the higher-load region. 



VIII. GENERAL DISCUSSION 

Introduction 

It is apparent from the results of this investi

gation that the most potent factor affecting indenta

tion creep of ionic crystals in the higher-load region 

is the electrical charge on the dislocations. It is 

the purpose of this chapter of the dissertation to 

examine the various diverse experimental observations 

in the light of current fundamental knowledge concern

ing the electrical nature of charged dislocations. 

The specific experimental findings to be re

viewed are: 

1. The effect of temperature. 

2. The effect of environment. 

3. The effect of conventional creep mechanisms. 

4. Static discharging and applied voltage 

effects. 

5. Comparison of indentation creep in the 

very low-load and higher-load regions. 

6. The effect of crystal structure type. 

7. Miscellaneous effects. 
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The Current State of Knowledge of 

Charged Dislocations 

Although a more thorough discussion of the 

problem of charges on dislocations may be found in 

Chapter III, it appears appropriate to review the 

present state of knowledge anent charged dislocations 

again in this section. 

The existence of an electrical charge on cer

tain dislocations in ionic crystals is well estab

lished, both theoretically and experimentally. A 

detailed description of the nature of the charge is 

still lacking and considerable dispute exists about 

it. For example, Rueda and DeKeyser (1963) observed 

experimentally that in LiP, the charge existed on the 

edge components inside the crystal on the {HO} SUP 

planes, whereas both Whitworth (1965) and Brantly and 

Bauer (1966) show that, on the basis of geometrical 

considerations, it is impossible for a pure edge com

ponent to possess a charge. The polarity of the charge 

on dislocations in various crystals is also in dispute 

and Rueda and DeKeyser (1966) have found that reversal 

of polarity is possible, depending upon the prior ther

mal history of the crystal. The current state of theory 
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about charged dislocations is therefore in poor shape 

and experimental findings are very contradictory. 

The plastic behavior of crystals is, in general, 

to be understood in terms of the generation, motion, 

and interaction of dislocations behaving in accordance 

with nonelectrical dislocation mechanisms. The effects 

which the electrical charge on dislocations have on 

crystal plasticity have never been investigated, although 

various studies have indicated that electrical charges 

may have a potent effect on plasticity. For example, 

Machlin (1956) observed that a high voltage DC poten

tial could increase the plasticity of NaCl. Similarly, 

it was observed by Stepanow over 30 years ago that 

inhomogeneous plastic deformation such as encountered 

during indentation hardness testing resulted in a 

detectable current or charge flow (Stepanow, 1933). 

It is beyond the scope of the present study to deve

lop a general theory of the effect of charged disloca

tions on plasticity. It is hoped, however, that 

review of a typical plastic phenomenon such as in

dentation creep, in terms of charged dislocation 

theory, will provide the basis for further research 

toward such a general theory. 



The Effect of Temperature 

The lack of dependence of indentation creep 

upon temperature which was observed in this study is 

quite inexplicable in terms of nonelectrical disloca

tion mechanisms, all of which are thermally activated. 

It might be argued that the temperature range used 

(20 - 200°C) was too narrow to detect thermal activa

tion. It should be noted, however, that Rogan and 

Alexander (1966) recently investigated the tensile 

creep of mild steel, low alloy steel, and copper over 

the same temperature range and observed very marked 

thermal activation. 

The lack of response to variations in tem

perature can only be interpreted in terms of some 

unconventional dislocation phenomenon, such as the 

electrical charge effect. The creep of charged dis

locations constitutes a current traveling through 

the material and, therefore, it is believed that the 

creep observed in this study is a manifestation of 

the Stepanow Effect (Fischbach and Nowick, 1958). 

Fischbach and Nowick observed that deformation-induced 

current or the Stepanow Effect is essentially indepen

dent of temperature. Caffyn and Goodfellow (1962) also 
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noted the same lack of response to changes in tempera

ture. The lack of thermal activation is explained on 

the basis of Whitworth's analysis (Whitworth, 1965). 

Whitworth showed that the possible mechanisms for 

transport of charge by dislocations in ionic crystals 

are: 

1. Glide of jogs parallel to the Burgers 

vector. 

2. Motion of bound vacancies parallel to 

the Burgers vector. 

3. Motion of bound vacancies perpendicular 

to the Burgers vector. 

Whitworth established that mechanism (l) does not re

quire thermal activation, and mechanisms ( 2 )  and ( 3 )  

may or may not require thermal activation in any given 

material. Thus, thermal activation is not necessarily 

required. 

If nonelectrical dislocation-based mechanisms 

are negligible as compared with electrical charge 

effects, the lack of temperature dependence is quite 

understandable. 

The Effect of Environment 

The effects of highly polar solvents observed 

in this study vie re truly anomalous in comparison with 
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the behavior in the low-load region observed by Westbrook 

and Jorgenson (1965), Westwood (1966), and Westwood et 

al. (1967). In the low-load range, it was observed 

that these polar solvents increase the extent of in

dentation creep, whereas in the higher-load range, the 

presence of polar solvents inhibits creep. 

Westwood et al. (1967) explain creep enhance

ment in the very low-load range on the basis of chemi-

sorption of the polar solvent on the surface being 

indented. The chemisorption of polar solvents induces 

a bending of energy bands in the vicinity of the sur

face. Such bending in turn causes some (as yet 

undetermined) variation in the electronic core struc

ture of near-surface dislocations, thus enhancing their 

mobility. 

The results of the present investigation 

cannot be explained on the basis of the mechanism 

proposed by Westwood et al. (1967). The marked dif

ferences between the low-load and higher-load ranges 

in the response of indentation creep to the presence 

of polar solvents indicates that further work is 

needed. 



Creep Mechanisms 

The expected responses to increasing numbers 

of forest dislocations and concentration of Impurities 

would normally be to inhibit slip and reduce the creep 

rate. Instead, the creep rate was enhanced. The 

experiment involving cross-slip was inconclusive, but 

activation energy relationships indicate that cross-

slip was not the rate-controlling mechanism. It is, 

however, possible to explain the anomalous results on 

the basis of charged dislocations. 

8.1 Impurity Effects 

Rueda and DeKeyser (1966) have shown that in 

"hard" LiF (containing up to 90 ppm Mg+ ions), the 

edge-dislocation components on the £lloJ^ slip plane 

are much more negatively charged than are similar edge-

dislocation components in soft (i.e., purer) LiF. If 

we make the assumption that the degree of indentation 

creep in the higher-load range is directly proportional 

to the degree of charge on the edge components, 

then enhanced creep in the impure material is explain

able. 
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8.2 Forest Dislocation Effects 

The enhanced creep rate with increasing amounts 

of prior plastic strain observed in the present investi

gation is also explainable on the basis of electrical 

charge effects. Johnston and Gilman (1959) show that 

the multiple-cross-glide mechanism provides the simplest 

means for the production of charged jogs on dislocation 

lines at low temperatures. Increasing the number of 

prior plastic-strain-induced forest dislocations in

creases the probability for the multiple-cross-glide 

process to occur. Hence, the total number of charged 

jogs should be increased and the total charge should 

be correspondingly increased. Therefore, the creep 

rate, if it depends linearly upon the total charge, 

should also increase as observed. 

8.3 Cross-Slip 

No definitive explanation is offered for the 

cross-slip mechanism, since it is felt that experi

mental results were inconclusive. It should be pointed 

out, however, that, had AgCl (which cross-slips easily) 

exhibited a much higher creep rate than NaCl, it would 

not necessarily have indicated that the conventional 



cross-slip mechanism itself is rate-controlling. Ease 

of cross-slip is compatible with increase in multiple 

cross-glide and hence, again, a greater number of 

charged jogs would have been generated. 

Static Discharging and Applied 

Voltage Effects 

8.4 Static Discharging 

The major effects of mounting a static dis

charger on the indenter were: 

1. The decrease of the induction period in 

certain crystals. 

2. The enhancement of the transient creep 

rate in certain crystals and the decrease 

in the transient creep rate in others. 

3. Very little effect on the steady-state 

creep rate. 

These observations can only be explained on the 

basis of the charge on dislocations. 

8 . 4 . 1  Negatively-Charged Dislocations. The 

effect of the charge on dislocations will be discussed 

in terms of the model shown in Pig. 51. When the in

denter first enters the crystal dislocations are set in 



-x - X-
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'Y X" 
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ON INDENTER 
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(c) WITH Po2,0FOIL 

Figure 51. Model for Charge-Induced Indentation Creep in Ionic 
Crystals. 

o 
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motion on the ^110^^ slip plane as shown (Pig. 51-a). 

These dislocations soon become immobilized and no 

further plastic deformation takes place unless a charge 

is present on the dislocations. In metals, the charge 

never develops and creep never occurs. In ionic 

crystals such as NaCl and LiF, a negative charge deve

lops on the dislocations (Remaut et al., I96O; Rueda 

and DeKeyser, 1961a, 1963, and 1966). Simultaneously, 

a negative charge develops on the indenter (Fischbach 

and Nowick, 1958) (Fig. 51~b). The repulsion between 

the negative charge on the indenter and the negative 

dislocations gives rise to indentation creep. Since 

Coulomb repulsion forces are very short range, indenta

tion creep would soon stop were it not for the fact 

that the high compressive residual stresses around the 

indenter are continually creating new negatively charged 

dislocations which, in turn, repel the leading disloca

tions. Indentation creep should then continue unless 

some factor is introduced to eliminate the driving force 

provided by the negative charges on the indenter. Such 

a factor is provided by the 50 yU. c polonium 210 foil 

static discharger which discharges the negative charge 

cloud on the indenter and effectively introduces a posi

tive charge field in its place (Fig. 51-c). 



272 

With the static discharger, the induction period 

(in which the negative charge cloud is building up on 

the indenter) will be eliminated since the charge cloud 

can never build up. The positive charge cloud on the 

indenter will also inhibit transient creep by neutra

lizing the charge on newly produced dislocations in 

the highly strained matrix around the indentation. 

Any creep which still takes place in the presence of 

PIO 
the Po foil is primarily due to the elastic repul

sion between edge-dislocation components on the same 

slip plane. 

8 . 4.2 Positively-Charged Dislocations. Cer

tain crystals such as MgO have been observed to behave 

as though their dislocations were positively charged 

(Rueda and DeKeyser, 1961b, 1963). The inverse beha

vior of MgO as compared with NaCl in this investigation 

can be explained on this basis. Referring again to 

Pig. 51, assume that a positive charge is acquired by 

the dislocations and a negative one by the indenter. 

In this case, the indenter would exert an attractive 

force on the dislocations and creep would be inhibited. 

PI 0 
When the Po foil is mounted on the indenter, however, 

the negative cloud is neutralized and creep is enhanced 

again by Coulomb repulsion forces. 



The major features of the static discharging 

experiment can thus be explained on the basis of this 

simple model. Unfortunately, this model must remain 

qualitative until much more is known about the charge 

on dislocations in ionic crystals. 

8.5 Applied Voltage Effects 

The effect of an applied DC voltage was quali

tatively similar to that observed in the static dis

charging study. Again, the behavior of MgO was 

diametrically opposite to that of NaCl, indicating 

a difference of polarity on the dislocation charges. 

It was hoped at the outset that the applied 

voltage study would provide quantitative data for 

Improving the model shown in Pig. 51. Unfortunately, 

other effects were encountered which tended to mask 

the basic indentation creep phenomenon. Much of the 

experimental difficulty is attributed to the fact that 

the crystals were polarized by the applied electric 

field leading to increased conductivity. For these 

reasons, observations concerning the effects of an 

applied potential should be treated with caution. 
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Comparison of Indentation Creep In the 

Low-Load and Higher-Load Regions 

The differences observed in indentation creep 

behavior between the very low-load "anomalous" indenta

tion creep region and the higher-load region were 

quite marked. The very marked variations in indenta

tion creep behavior indicate a different mechanism is 

operative in each load range. 

The complete absence of both "anomalous-indenta

tion-creep" and the inverse environmental responses 

indicate that the rate-controlling mechanism for indenta

tion creep is different in the low- and higher-load 

ranges. 

The Effect of Crystal Structure Type 

The occurrence of indentation creep in the 

CsCl and fluorite crystal structure type crystals is 

particularly interesting in view of the fact that 

Seitz's original theoretical prediction (Seitz, 1950) 

of charges on ionic dislocations is only applicable 

to the NaCl structure. All other treatments of charged 

dislocations have considered only the NaCl structural 

type. The fact that the present investigation indicates 



that indentation creep is found in all types of ionic 

crystals and that indentation creep also is a mani

festation of the charge on dislocations indicates that 

Seitz's mechanism is more generally applicable than 

previously suspected. 

Miscellaneous Effects 

The miscellaneous effects which will be dis

cussed here are: (a) the effect of load, (b) the degree 

of ionic bonding, and (c) the effect of indenter orienta 

tion. 

8.6 The Effect of Load 

As discussed in Chapter VII, the major effect 

of load is the displacement of site of the dislocation 

reactions from the surface to the inside of the crystal. 

The result of this displacement is that the mechanisms 

which are present at the surface (e.g., in the low-load 

region) are no longer effective. 

8.7 The Degree of Ionic Bonding 

The lack of any effect due to the degree of 

ionic bonding is predictable in view of the charged 

dislocations proposed in this dissertation. The 
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charge on dislocations arises from the geometry of ionic 

slip systems and the fact that the free energy of 

formation of cation vacancies is different from that 

of anion vacancies, but this difference generally is 

sufficiently great that any variations due to ionic 

bonding are not noticeable. 

8.8 The Effect of Indenter Orientation 

As described in Appendix A, the effect of 

indenter orientation can be adequately explained on 

the basis of the resolution of shear stresses around 

an indenter 

Summary 

The major experimental observations obtained 

in this study have been examined in light of current 

fundamental knowledge concerning the electrical nature 

of charged dislocations. The results of this examina

tion have shown that all the experimental observations 

obtained in this investigation can be explained on the 

basis of electrically charged dislocation phenomena. 

A qualitative model for indentation creep, based on 

charged dislocation mechanisms has been developed. 



IX. CONCLUSIONS 

An investigation has been made of indentation 

creep in ionic crystals using loads which result in 

indentations having a depth greater than three, microns. 

Loads which produce indentations that are deeper than 

three microns are referred to by the author as higher 

loads and the range of loads is called the higher-load 

region. The conclusions reached in this investigation 

of indentation creep in ionic crystals in the higher-

load region were as follows. 

Spurious Creep Effects 

1. Indentation creep in the higher-load 

region is not due to spurious vibration 

effects. 

2. Indentation creep in the higher-load 

region is not affected by indentation 

cracking. 

Comparison Between Low- and Higher-Load Ranges 

1. The temperature response of indentation 

creep is not anomalous in the higher-load 

region. 
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The environmental response of indentation 

creep is inverse to that observed in low-

load regions. 

At low loads in MgO, indentation creep 

is accompanied by movement of the edge-

dislocation components on the 

slip planes. At higher loads, edge dis

location movement on the {no}9o slip 

plane ceases and is replaced by edge com

ponent movement on the £110lit5 slip plane 

Nature of Higher-Load Indentation 

Creep in Ionic Crystals 

Increasing loads increase the maximum 

creep-strain rate. 

Indentation creep is independent of tem

perature in the range from 20° to 200°C. 

Polar solvents inhibit the indentation 

creep rate. 

Indentation creep is not related either 

to degree of ionic bonding or to indenter 

orientation. 

Indentation creep occurs in the rock salt 

cesium chloride, fluorite structural 

types of crystals. 
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Nonelectrical Dislocation Mechanisms 

1. Increasing the forest dislocation density 

by pre-straining up to one percent increases 

the creep rate. 

2. Increasing impurity concentration in the 

range from 10 to 100 ppm increases the 

creep rate. 

Observations of Electrical Properties of 

Dislocations 

1. The presence of a static discharger adja

cent to the indenter may enhance or inhibit 

creep, depending upon the polarity of the 

dislocation charge. 

2. An applied DC voltage may enhance or inhi

bit creep, depending upon the polarity 

of the dislocation charges involved and 

the direction of the electric field vec

tor. 

3. Indentation creep in the higher-load region 

is due to dislocation charge effects. 



APPENDIX A 

The Stress Distribution Around an Indentation 

Introduction 

A detailed picture of the distribution of stress 

and strain around an indentation is presently not avail

able. However, initial progress has been made toward 

understanding this complex subject by several investiga

tors through their theoretical analyses of the behavior 

of an ideal plastic solid under various shapes of in-

denters (cf. Prandtl, 1921; Hencky, 1923; Hill, 1950J 

and Tabor, 1956). Although these various analyses are 

based on different plastic yielding criteria (either 

the Tresca-Mohr-Guest shear-stress criterion or the 

Huber-von Mises maximum shear-strain energy criterion), 

they all lead to the same conclusion: two-thirds of the 

mean pressure between the indenter and the indentation 

(P) is in the form of hydrostatic pressure and plays no 

part in producing plastic flow. Only one-third remains 

effective in producing plastic flow. P can be related 

to the measurable Vickers hardness number, and Tabor 

(1951) has found that 
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Hv := 3Y 
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(A-l)  

in which Hv is the Vickers hardness number and Y is 

the yield stress of an ideal plastic material. Tabor 

(1950) also found that this same relationship will 

hold as well for real polycrystalline metals if Y 

is taken as the stress equivalent to eight percent 

tensile strain. Tabor (195l) points out that this 

equation is the basic relationship between indentation 

hardness and the bulk properties of a metal. Unfortu

nately, this relationship apparently does not hold 

for ionic monocrystals (Westbrook, 1958). However, 

it is possible to start with the fact that only one-

third of the indenter pressure is available as shear 

stress and to use this information to gain some in

sight into the stress distribution around an indenter 

in an ionic crystal during higher-load indentation 

creep. This is the purpose of Part II of Appendix A. 

Stress Distribution 

A. Assumptions 

The following conditions are assumed to apply 

in this analysis: 



The analysis is generally applicable only 

to indentation creep of ionic single 

crystals in the higher-load range and at 

low homologous temperatures. 

The specific conditions for this analysis 

are that a polished and etched LiP single 

crystal is being tested for indentation 

creep at room temperature at a constant 

load of 100 grams with varying indenta

tion time. The indenter diagonals are 

parallel to the <100> direction in the 

crystal. 

Indentation creep occurs by glide of the 

edge-dislocation components on the ̂ lioj 

<110> slip systems. 

The dislocation loops are assumed to have 

the shape defined by Kreyns (1965). 

No accessory static dischargers are used. 

No high voltage is being applied to either 

the crystal or indenter. The environment 

in which the test is conducted is dry 

air. 

Approximately one-third of the total pres

sure between the indenter and indentation 



is available as shear stress for deforma

tion of the crystal (Tabor, 195l). This 

shear stress component acts only on the 

two-thirds of the total pressure acts as 

a hydrostatic component and does not con

tribute to the deformation process. 

During indentation creep in an ionic NaCl 

structured crystal, edge-dislocation com

ponents can move on two ^llO^o slip 

planes and on four (110>45 slip planes. 

Due to the geometry of the dislocation 

loops on the ^LIO^q slip planes, the 

edge components can move in opposite 

directions from the indentation. On the 

components can only move in one direction. 

There are thus eight specific combinations 

of slip planes and slip directions on 

which the shear stress can act. It is 

initially assumed to act equally on all 

eight. 

available {110} slip planes. The other 

slip planes, however, the edge 
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Derivation 

1. The Vickers or diamond pyramid hardness 

number (Hv) is defined at the ratio of 

the load to the pyramidal area of the in

dentation. The hardness number (Hv) is 

therefore less than the mean pressure (P) 

by a numerical factor, which for the 

standard diamond pyramid hardness indenter 

shape is 0.927. Thus: 

P = Hv (A-2) 
r 0.927 K 1 

2. The mean pressure P, however, acts equally 

on the four pyramidal faces of the indenta

tion, hence, for each face: 

p - Hv _ Hv_ 
(per face) ~ 4(0.927) " 3.7 K ' 

3. Only one-third of the total mean pres

sure per face is available for crystal 

deformation as shear stress. The shear 

stress available per face is therefore 

p 
T - Per face _ Hv / A_i, \ 

(per face) 3 3*(3.7) 



*T (per face) 11.1 

4. Nov/, it was assumed that the total shear 

component (^total/^ acts equally on all 

eight available slip plane-slip system 

combinations on the six available slip 

planes (see Assumption No. 7). There

fore, the average shear stress per face 

must act equally on any two: 

T(face) * 2(11.1) = (22^2) ^A~6^ 

5. With the indenter diagonals aligned in 

the <100> direction, it may be assumed 

that (face) acts equally on one £llo}^0 

slip plane and on one {110>45 slip plane. 

It is next necessary to derive the effective 

shear stress on each type of slip plane. 

In order to determine the effective shear 

stress on the £110}^ plane, the resolved 

shear stress on this plane must be deter

mined. Douglass' (1961) reasoning will be 

followed that the stress vector is normal 
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(A-5) 
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to the pyramidal indenter face instead of 

acting parallel to the indenter facets as 

suggested by Daniels and Dunn (1949). 

Douglass (1961) then shows that the resolved 

shear stress (RSS) is given by: 

in which 3k is the angle between the slip 

plane and axis of loading and A is the 

angle between the slip direction and axis 

of loading. Other relationships which 

have been suggested (cf. Daniels and Dunn, 

19^9) appear less valid. The applicable 

equations are then: 

RSS = (face) Sin ̂  Cos ^ (A-7) 

RSS {llo}45 = (22^2) Sin % Cos A (A-8) 

and 

RSS ( 110\ 90 22.2 
Hv Sin y~Cos A (A-9) 

Determination of the applicable values of 

and A for each case yields the following 

values: 
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RSS{HO}45 - °ifs%f 

= 3.0 X 10"2 Hv (A-10) 

and 

Rss {110}90 = °'la^gH" 

« 1.7 x 10~2 Hv (A-ll) 

The validity of these relationships can 

be checked by comparing them with Kreyns1 

(1965) results. 

Kreyns found that in MgO, the relative 

distance traveled by the leading edge dis

location (De) on the £llO^^ and 

slip planes, respectively, was: 

De {lio}45 = 1.40 De {ll0}90 (A-12) 

Kreyns assumed that hindrance to the 

motion of edge components on ^llo}^0 

should be no greater than on l110U 5 

planes and therefore, attributed this 



difference in edge component travel to 

the larger resolved shear stress on these 

planes. 

The relative difference in resolved shear 

stresses derived in this analysis is: 

RSS {110}45 = 0.668 7 faee 

RSS {110i90 " °"375 y face 

= 1.78 (A-

The 23.6$ difference between Kreyns' data 

and this analysis may indicate that dif

ferences between De {110)45 and De 1110>90 

may be partially due to factors other than 

merely the difference in resolved shear 

stresses. For example, since the edge 

dislocations on the {iioJ-^q plane emerge 

at a free surface, their motion may be 

impeded by surface effects. 

To summarize the derivation, the resolved 

shear stresses acting on the {110)45 and 

^IIoJ^q slip planes are: 



rss {no] i(5 •  ° - 6 6 8  
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= 3.0 X- 10~2 Hv (A-14) 

rsŝ iio}90 = 0.375 (̂ g) 

= 1.7 x 10"2 Hv (A-15) 

C. Applications 

The derived resolved shear stress relationships 

will now be used to seek answers to three different 

problems in higher-load indentation creep in ionic 

crystals at low homologous temperatures. The questions 

to be answered are: 

1. Why is movement on the £lloJ^ slip planes 

preferred by edge components to that on 

the ^LIO^q slip planes during indentation 

creep in LiP? 

(l) Comparison of the £lloJ^ and the £ho|q q  

Slip Planes. In order to secure typical data of indenta

tion creep in LiF, ten indentation creep tests were 

randomly selected and the indentation creep data were 

averaged. Results are shown in Table A-I. The resolved 

shear stress on typical {no}1(5 and (llo}go slip planes 



Time 
Sees 

10 

20 

30 

40 

50 

60 

75 

100 

200 

300 

500 

700 

800 

1000 

1200 

1500 

2000 

3000 

TABLE A-I 

Typical Stress Data for LiF 

Resolved Resolved 
RSS Shear Stress 

{110} h5 RSS £IO}90 

p p 
kg/mm kg/mm 

103 111 3.09 1.75 

104 112 3.12 1.77 

103 111 3.09 1.75 

102 110 3.06 1.73 

102 110 3.06 1.73 

101.5 109.5 3.04 1.72 

101 109 3.03 1.71 

100 108 3.00 1.70 

95.8 103 2.86 1.68 

90.8 97.5 2.71 1.54 

83.9 90.5 2.51 1.41 

80.5 86.5 2.41 1.37 

78.5 84.5 2.35 1.33 

77.2 83.5 2.31 1.31 

74.2 80.0 2.22 1.26 

73.6 79.5 2.20 1.23 

71.3 77.0 2.14 1.21 

69.6 75.0 2.08 1.18 

Average Average 
Hardness Pressure 
(Hv) 2 (P) 2 

kg/mm kg/mm 
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TABLE A-I—Continued 

Time 
Sees. 

Average 
Hardness 

& 

Average 
Pressure 

kg/mm2 

Resolved 
RSS 

kg/mm 

Resolved 
Shear Stress 

RSS {110$90 

O 
kg/mm 

4000 67.3 72.5 2.02 1.14 

5000 66.6 72.0 2.00 1.13 

6000 66.0 71.0 1.98 1.12 

8000 65.0 70.5 1.95 1.11 

10,000 64.5 69.5 1.93 1.10 

15,000 64.1 69.O 1.92 1.08 

20,000 63.6 68.5 1.90 1.07 

25,000 62.9 68.0 1.88 1.06 

30,000 62.4 67.5 I.87 1.05 

40,000 62.0 67.0 1.86 1.04 

50,000 61.3 66.5 1.83 1.03 



were computed using equations A-14 and A-15. Results 

are also given in Table A-I. 

The critical resolved shear stress (CRSS) was 

computed from Westbrook's empirical relationship, 

CRSS = Hv/35 (Westbrook, 1958). The average CRSS was 

1.73 kg/mm2. 

The applied resolved shear stress data from 

Table A-I and the average CRSS data are plotted as 

functions of log time in Pig. A-l. Prom a review of 

Pig. A-l, it is apparent that slip on the £llO }45 plane 

is preferred since the resolved shear stress is greater 

than the CRSS of LiP, whereas the resolved shear stress 

on the £110}is generally less than the average CRSS. 

Now the stress equations, A-14 and A-15 are 

derived from theoretical analyses of the ideal plastic 

solid and the extension of this analysis to real in

dentations in LiP. As a result, Eqs. A-14 and A-15 are 

quite general. Por this reason, this analysis should 

be applicable to all indentation hardness and indenta

tion creep studies of ionic crystals in the higher-load 

range. In all ionic crystals, edge dislocation glide 

should occur preferably on £lio}^ slip planes unless 

it is enhanced by surface conditions at dislocation 

etch-pit sites on the Plane* 
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2. Why is LiP apparently softer when the 

indenter diagonals are parallel to the 

<110> direction than when they are 

parallel to the <100> direction? 

(2) Comparison of Resolved Shear Stress with 

Indenter Orientation. Walker (1962) noted that softer 

diamond pyramid hardness readings were obtained on 

ionic crystals when the indenter was oriented with 

diagonals parallel to the <110> direction than when 

the diagonals were parallel to the <100> direction. 

Walker observed that the difference in hardness num

bers between the <100> and <110> diagonal directions 

varied from one to twenty percent. This difference 

can be explained at least qualitatively by the stress 

relationship derived in this analysis. 

When the indenter is rotated so that the 

diagonals lie in the <110> instead of the <100> direc

tion, the resolution of forces within the crystal is 

changed. This change in resolution is summarized as 

follows: 
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Slip Plane Stress Relationship 

Indenter Indenter 
Orientation Orientation 

<100> <110> 

{lio} 45 RSS = 0.668/^7g J RSS = O.899 

£10} g0 RSS = 0.375 [2^2} RSS = 0.375 

Hence, it is seen that rotating the Indenter 

increases the resolved shear stress on the £110}^ 

planes by about thirty percent. No equivalent change 

occurs on the £lloJ^Q planes. This increase is not 

completely reflected in changes in hardness which sug

gests that other factors, such as mechanical recovery 

upon removal of the indenting load, may be operative. 

Qualitative measurements of the recovery indicate that 

this factor could account for the difference (Walker, 

1962). 

3. Why does LiP exhibit indentation creep, 

whereas copper (which has somewhat simi

lar hardness) fails to creep under equiva

lent test conditions? 

(3) Comparison of Indentation Creep in Copper 

and LIP. Walker (1962) observed that while single crystals 
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of LiP and copper were in the same diamond pyramid 

hardness range, the former exhibited extensive indenta

tion creep in the higher-load range, whereas the latter 

did not. Westbrook and Jorgenson (1965) made a similar 

observation concerning metallic and ionic crystal in

dentation creep behavior in the lower-load region. 

Although the difference in indentation behavior has 

been attributed to differences in crystal bonding type 

(Walker, 1962; Westbrook and Jorgenson, 1965), never

theless, a comparison should be made based on the 

stress considerations discussed in this appendix. 

In this comparison, the LiP specimen can be 

represented by the data given in Table A-I. Por copper, 
p 

the initial hardness value Hv is assumed to be 47 kg/mm . 

A s s u m e  t h a t  t h i s  s p e c i m e n  i s  i n d e n t e d  o n  a  f a c e  

with one indenter diagonal parallel to the <110> direction. 

Applying the relationship 

RSS = 1&~2. Sin * SjLn * 

for copper, it is found that RSS ^lll} <110> is 2.53 
p  

kg/mm . 

Compare the relative indentation creep tenden

cies of LiP and copper. Assume that the driving force 
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for indentation creep is the difference between the 

resolved shear stress on the active slip systems 

around the indentation and the critical resolved shear 

stress for the crystal species. This comparison is 

shown as follows: 

Crystal 
Species RSS CRSS Difference 

o p  p  

kg/mm kg/mm kg/mm 

LiP 3.09 1.73 + 1.36 

Cu 2.53 7.83 - 5.00 

Thus, we see that in LiF, RSS > CRSS and creep 

occurs while in copper RSS < CRSS and creep is not 

possible. 

In summary, a simple derivation has been made 

of the resolved shear stresses around an indentation, 

starting from the relationship that P = 3 , wheret 

is the portion of the mean indentation pressure avail

able for indentation creep. It has been shown that 

this derivation is useful in obtaining qualitative 

information about indentation hardness and indentation 

creep. 



Strain Distribution 

A. The Definition of Indentation Strain 

Before any attempt is made to discuss the dis

tribution of strain around an indentation, it is 

necessary to define the nature of indentation strain. 

When a hard indenter penetrates a softer crystal, the 

crystal is deformed in two ways: (a) surface rumpling 

around the indentation, and (b) by the displacement of 

a volume of material equal to the volume of the indenta 

tion. In the case of indentation of an ionic crystal 

with a standard Vickers' indenter, the surface rumpling 

deformation is negligible compared to the volume dis

placement and hence may be neglected (Keh, i960). In

dentation strain can therefore be described as the 

displacement of a volume of material equal to the in

dentation volume. Since the crystal being indented 

does not change size and since surface rumpling is 

negligible, this volume of material must be literally 

mashed into the crystal matrix during indentation. The 

displacement of a volume of crystal into a relatively 

incompressible crystal matrix must result in an ex

tremely high residual compressive stress around the 

indentation. Indentation strain, therefore, describes 
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the zone around the indentation in which the crystal 

lattice is both plastically and elastically distorted. 

in terms of the indentation volume. According to 

several investigators of indentation hardness (Wust 

and Bardenhener, 1920; Honda and Takahasi, 1924; 

Matsumura, 1932; and Chatterjee, 1951* 1956), the 

concept of hardness based on work done per unit volume 

of indentations offers the simplest and most scienti

fic definition of hardness. The volume of the indenta

tion was therefore adopted as the measure of indentation 

strain in this investigation. The volume of the indenta

tion is directly related to two measurable parameters: 

the apparent diagonal length (d) and the indentation 

depth (<£ ). Since £ may also be defined In terms of 

d, the volume, V, may be computed from: 

The strain rate during indentation creep is determined 

by differentiating equation A-16: 

Plastic strain in indentation may be defined 

(A-16) 

(A-17) 
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where V is the volume at any time t and d is the dia

gonal length in the same time. 
JTT 

In indentation creep the true strain, is 

of more fundamental significance than the volume change 

itself. The integrated form of the true strain is: 

€ = in (r*) (A"l8> 
O 

where £ is the instantaneous creep strain, V is the 

instantaneous volume and V is the volume at the time o 

of full load application. 

B. The Distribution of Indentation Strain 

Most investigators of indentation creep (cf. 

Mulhearn and Tabor, i960; Atkins et al., 1966) consider 

that the stress and strain are distributed in a hemi

spherical zone around the indentation which they called 

the plastic cap. This picture of the stress and strain 

distribution is quite at variance with observed disloca

tion etch-pit patterns in single ionic crystals. The 

plastic cap model is generally applicable to fine-grained 

polycrystalline metal matrix in which the indentation 

area covers several grains (Tabor, 1951y 1956). It is 

obviously not applicable in ionic crystals which 



possess a limited number of slip systems at low homo

logous temperatures. 

It might be argued that the hemispherical de

formation zone model should be applicable to at least 

the elastic stress and strain distribution. This 

assumption is also questionable, however, since the 

modulus of elasticity varies markedly with crystallo-

graphic direction in many real crystals. 

In conclusion it is suggested that the strain 

distribution follows the stress distribution and is 

limited to the £110^ <110> slip systems. A detailed 

picture of this stress and strain distribution might 

be achieved through the use of photoelastic techniques 

(Kreyns, 1965). Such a study is beyond the scope of 

the present investigation. 

C. Applications 

The true stress and strain were computed for 

each time increment from the data in Table A-I. The 

true stress was arbitrarily taken as the total shear 

stress on the indentation (P/3). The true strain was 

computed from the volume corresponding to each true 

stress. Results are given in Table A-II. In Table 

A-II, P is the mean pressure on the indentation, P/3 
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Sec 

10 

20 
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40 
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1200 

1500 

TABLE A-II 

True Stress and True Strain Data for LiF 

True 

Pressure S Tru^iOata 
p P/3 d V V 6 

kg/mm2 kg/mm2 Vo 

111.0 37.0 42.5 5,450 1.000 0 

112.0 37.4 42.4 5,420 0.995 0 

111.0 37.0 42.5 5,450 1.000 0 

110.0 36.8 42.6 5,500 1.010 0 

110.0 36.8 42.6 5,500 1.010 0 

109.5 36.6 42.7 5,520 1.015 0.019 

109.0 36.3 42.8 5,560 1.002 0.020 

108.0 36.0 43.0 5,670 1.040 0.034 

103.0 34.4 44.0 6,060 1.115 0.074 -

97.5 32.4 45.2 6,560 1.200 0.182 

90.5 30.2 47.0 7,420 1.325 0.218 

86.5 28.8 48.0 7,850 1.420 0.351 

84.5 28.2 48.6 8, 200 1.500 0.405 

83.5 27.8 49.2 8,500 1.560 0.445 

80.0 26.7 50.0 8,950 1.640 0.495 

79.5 26.4 50.2 9,050 1.660 0.507 

77.0 25.8 51.0 9,450 1.730 0.548 
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TABLE A-II—Continued 

True 

Time Pressure ISress True Strain Data 
Sees p 

kg/mm 

P/3 
O 

kg/mm 
d 

AA 

V 

>H3 

V 
VC 

€ 

3000 75.0 25.0 51.6 9,750 1. vo
 

0
 

0.582 

4000 72.5 24.2 52.5 10,350 1. 

0
 

ON 00 

0.637 

5000 72.0 24.0 52.7 10,400 1. 910 0.647 

6000 71.0 23.6 52.0 10,550 1. 940 0.663 

8000 70.5 23.4 52.4 10,850 1. 990 0.688 

10,000 69.5 23.2 53.6 11,000 2. 020 0.703 

15,000 69 .0 23.0 52.8 11,050 2. 030 0.708 

20,000 68.5 22.9 54.0 11,200 2. 

0
 

in 0
 0.718 

25,000 68.0 22.6 54.3 11,400 2. 060 0.723 

30,000 67.5 22.5 54.5 11,650 2. 140 0.761 

40,000 67.0 22.3 54.7 11,800 2. 160 0.765 

50,000 66.5 21.8 55.0 12,000 2. 200 0.788 



is the true shear stress on the indentation, d is the 

average diagonal length, V is the volume of the indenter, 

V\ is the volume of indentation after 10 seconds and £ 
. 0  

is the true strain. 

The data given in Table A-II were plotted as a 

function of log time to make a true strain-time creep 

curve (Pig. A-2). It was hoped that such a curve would 

yield more information about indentation creep than is 

available from the conventional hardness-log time plots. 

Figure A-2 indicates that several different competing 

mechanisms may be operating during a 50,000 second creep 

test. 

The data were also plotted as a conventional creep 

curve (Fig. A-3). As seen by Fig. A-3, indentation creep 

in LiF exhibits conventional transient plus steady-state 

behavior between 600 and 6000 seconds. Separate stages 

may be present at lesser and greater times, however. 

The creep behavior in LiF should obey the general 

relationship between true stress (f" ) and true strain 

( € ) 

t = k €n (a-19) 

where K and n are constants. The exponent n possesses 
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different values in transient and steady-state creep. 

Plots of r as a function of €. should therefore indi

cate if n has different values at different times. 

Two such plots (Pigs. A-4 and A-5) were therefore made. 

Review of Pigs. A-4 and A-5 shows markedly 

different slopes at different times, indicating that 

at least two mechanisms may be operative during indenta

tion creep test of 50,000 seconds duration. 

Summary 

A simple analysis of the stress and strain 

around an indentation has been made. The results of 

this analysis have been shown to be useful in providing 

qualitative insight into indentation creep. The pur

pose for undertaking this analysis, to provide a tool 

for interpretation of indentation creep data, has thus 

been realized. 
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APPENDIX B 

A Simple Dislocation-Based Mechanism for 

Indentation Creep in Ionic Crystals 

Introduction 

Review of Chapter III of this dissertation 

shows that, at present, there is no adequate theory 

available for indentation creep, particularly In ionic 

crystals in the higher-load region and at low homolo

gous temperatures. Dislocation climb has been identified 

by many Investigators as the rate-controlling mechanism 

for indentation creep in metals at homologous tempera

tures greater than 0.50. Steele and Donatchie (1965) 

have suggested that dislocation interactions with im

purity atmospheres is the rate-controlling mechanism 

for indentation creep in Armco iron at lower homologous 

temperatures. Finally, environmental pinning and unpinning 

of surface dislocations has been proposed as the rate-

controlling mechanism for indentation creep of ionic 

crystals at low homologous temperatures and with very 

low loads (Westbrook and Jorgenson, 1965; Westwood, 1966). 

310 



None of these proposed mechanisms can account for in

dentation creep in the temperature and load range used 

in this investigation. The purpose of this appendix 

is therefore to attempt to derive from fundamental 

principles alone a simple dislocation-based theory for 

higher-load indentation creep of ionic crystals. 

Assumptions 

1. A LiP crystal is being tested for indenta

tion creep by indenting v/ith a diamond 

pyramid hardness indenter for various 

periods of time at room temperature using 

an indenting load of 100 grams. 

2. The average resolved shear stresses and 

the critical resolved shear stress values 

in this crystal are identical to those 

described in Appendix A. 

3. The diamond pyramid hardness indenter dia

gonal is parallel to the <110> crystal 

direction. 

4. Indentation creep occurs by glide of only 

the edge components of those dislocation 

loops lying on the /lioj^ slip planes. 
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5. Environmental effects and electrostatic 

forces are assumed to be negligible. 

Since all dislocation movement is taking 

place inside the crystal, environmental 

effects must be negligible. The edge 

components are also assumed to carry no 

net electrical charge, thus eliminating all 

electrostatic effects. 

6. Creep is manifested by a simultaneous and 

interrelated decrease in stress and increase 

in strain. Therefore, both stress- and 

strain-activated mechanisms must be con

sidered. 

7. It is assumed that there exists a 1:1 cor

respondence between the macroscopic strain 

(in V/V ) as defined in Appendix A and the 

microscopic dislocation-based strain ( £ ) 

in dislocation lines per cm, as defined by 

Cottrell (1953). Also, the microscopic 

strain rate, 6, , of Cottrell (1953) is 

assumed to be equivalent to the macroscopic 

strain rate, d(ln V/Vs)/dt. 

8. Only fresh dislocations introduced by the 

indentation process itself are considered 

to glide. 



9. It is assumed that the creep phenomenon 

is not thermally activated since prelimi

nary studies by the author have shown that 

indentation creep was essentially indepen-

dent of temperature in the range from 20° 

to 200°C. 

10. Dislocation multiplication during creep 

is assumed to be due to the Koehler-Orov/an 

multiple cross-glide process (Koehler, 

1952; Orowan, 195*0. It has been shown 

that this is the most likely multiplica

tion mechanism for LiF at room temperature 

(Johnston and Gilman, 1959). 

Derivation Based on Fundamental Principles 

A. Introduction 

Most theories of creep based upon dislocation 

mechanics start from the Cottrell equation (Cottrell, 

1953) as modified by Gilman and Johnston (1959): 

<5 = b P V (B-l) 

where £ is the creep strain rate, b is the Burgers 

vector, and f> is the density of mobile dislocations 
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and >/ is the average velocity of mobile dislocations. 

This derivation will therefore start from the same 

equation, although it is recognized that it was de

rived for homogeneously stressed crystals and may be 

inappropriate for the concentrated stress field around 

an indentation. 

Now, in accordance with assumption No. 6, no 

a priori decision may be made as to whether either P 

or V (or both) vary with time during indentation 

creep. It is first necessary to examine the nature 

of both the density and velocity of moving dislocations 

and determine if both f° and v are variables in indenta

tion creep. 

B. Mobile Dislocation Density 

The density of mobile dislocations in a crystal 

Is a function of the difference between the rate of 

multiplication and the rate of immobilization. Li 

(1963) has mathematically described the density-time 

relationship with a differential equation of the fol

lowing form: 

TT - kl P - k2 C 2 (B"2> 
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in which is the density of mobile dislocations, t 

is the time, and and k2 are the rate constants of 

multiplication and immobilization, respectively. Al

though the Li equation was developed to explain trans

ient creep in metals, it is perfectly general and 

applicable to this derivation. 

In accordance with assumption No. 10, the mul

tiplication process in LiF at room temperature is 

considered to be multiple cross-glide (Johnston and 

Gilman, 1959). A simple description of this type of 

multiplication is provided by Gilman and Johnston 

(1959). They found that when a single half loop is 

subjected to a shear stress, the half loop expands and 

this expansion may be measured by etch-pit studies. 

It was also observed very early in the study of Gilman 

and Johnston that new half loops formed in the wake 

of the expanding half loop. These new dislocation 

loops nucleated at much lower applied stresses than 

could be accounted for by either classical nucleation 

theory (Fisher, 1955) or the conventional Prank-Read 

mechanism. Subsequent increases in applied stress 

caused filling of the original loop, followed by lateral 

growth of the single loop into a x^ide glide band. 
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This description may he applied directly to 

the present study following Johnston and Gilman (1959). 

When a ^100^ surface is indented, dislocation half 

loops having a <110> Burgers vector are generated on 

the £llo}^ slip planes. It is assumed that the load 

on the indenter induces a shear stress in the indented 

surface with this stress lying in a <100> direction. 

This shear stress will then tend to cause the {HO}45 

half loops to expand. The screw components of these 

loops (which intersect the indented surface) cannot 

cross-glide on a primary glide plane, since each <110> 

Burgers vector is associated with only one {llO^ glide 

plane in the rock salt structure, but they can cross-

glide on the £l00} planes. The double cross-glide 

mechanism originally suggested by Koehler (1952) and 

Orowan (1954) may then take place, leading to the forma

tion of prismatic loops. Johnston and Gilman (1959) 

found that this mechanism could account for all ob

servations of dislocation multiplication in LiF. 

Therefore, this mechanism should account for any multi

plication taking place during indentation creep. 

In accordance with the above description, mul

tiplication should be observable by changes in the 

£llo}^ screw etch-pit pattern during creep. The leading 
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screw components in the £110} ̂  pattern should first 

move away from the indentation due to expansion of the 

loop. This should be followed by filling of the ini

tial glide bands and lateral expansion of these single 

glide bands into wider, multiple glide bands. Repeated 

observations by many investigators (Walker, 1962; 

Walker and Demer, 1964; Westbrook and Jorgenson, 1965; 

Westwood, 1966; and the present study) have all failed 

to indicate any changes in the surface etch-pit rosette 

pattern in LiP during indentation creep. It is, there

fore, concluded that multiplication by the multiple 

cross-glide mechanism does not take place to a signi

ficant extent. Since this is the most probable multi

plication mechanism, it is further concluded that 

dislocation multiplication is not significant in LiF 

during indentation creep. 

Returning to Eq. B-2, this conclusion above 

may be written mathematically as k^ = 0, hence, 

*?[£- - -k2f2 (B"3) 

where k2, P and t have the same meaning as before. 

The term on the right hand side of Eq. B-3 

indicates that the mobile dislocation density should 
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decrease with increasing time. Such a decrease can 

only take place by the immobilization of moving dis

locations by impurities, sessile dislocations, etc. 

Again, if this decrease in density is significant, it 

should be observable in the etch-pit patterns. As 

stated previously, no changes are observed on the sur

face rosette pattern. Similarly, the present study 

has revealed that, although the length of the edge 

glide bands on the £llo}j^ slip plane increases with 

indentation time, no increase or decrease in disloca

tion density was observed. Prom this it may be con

cluded that the density term (^ ) is essentially 

constant during indentation creep. This does not, 

however, infer that either multiplication or immobili

zation is completely absent during indentation creep 

but only that the net change in dislocation density 

with time is very slow, and hence is not a significant 

factor in indentation creep. 

C. Mobile Dislocation Velocity 

In view of the previous discussion of disloca

tion densities, equation (B-l) may now be rewritten in 

the form 

k ' v  ( B - 4 )  
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where £ is the strain-rate, V is the average velocity 
i 

of all moving dislocations, and k is a constant equal 

to the product of the constants b and P . 

Equation B-4 permits the use of the following 

simple model for the dislocation movement taking place 

during indentation creep in ionic crystals: 

1. Consider a linear array of edge-dislocation 

components in motion on the £110]n5 sliP 

planes during indentation (Fig. B-l). 

2. The dislocations move viscously under 

the action of the applied stress 

The applied stress, in turn is equal Cl 

to the difference between the resolved 

shear stress (RSS) at any time (t) and the 

critical resolved shear stress (1.73 kg/mm ). 

Both of these stress values are discussed 

in Appendix A. 

3. The mean velocity at any given time is 

directly proportional to the applied 

stress, C However, since 0"~_ = 
a a 

f -CRSS, when CRSS is a constant, it is 

permissible to use the instantaneous re

solved shear stress instead of the 

applied shear stress, ^ For purposes 
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of clarity, the instantaneous resolved 

Shear stress (f ) will be used instead 

of the applied shear stress ( CT* ). 

The velocity at any time will be a function of T 

and what ever stresses exist in the crystal which oppose 

the motion of the edge^-dislocation component. Following 

Oilman and Johnston (1959)* the opposing stress in the 

crystal will be called "characteristic drag stress" and 

it will be denoted as D. 

Gilman (i960) showed an exponential relation

ship between dislocation velocity and applied stress of 

the form 

where v is the dislocation velocity, v* is the limit

ing terminal dislocation velocity, D is the characteris

tic drag stress, and "T is the resolved shear stress. 

Gilman developed the exponential relationship , Eq. B-5, 

for homogeneous stress conditions. Substituting Eq. 

B-5 into B-4 yields 

v v* exp (^p-) (B-5) 

£ » k'v* exp (^p-) (B-6) 

Where ail "terms have the same meaning as before. 



Since v* is assumed to be constant, Eq. B-6 

may be rewritten as: 

<L = k' ' exp (B 

• 11 
where 6 Is.the strain rate, k is a constant which 

includes b, f* , and v*, D is the characteristic drag 

stress and ^ is the resolved shear stress. 

Equation (B-6) is then the theoretical rela

tionship sought in this portion of the appendix. To 

determine the validity of this relationship, the strain 

and stress values from Appendix A were utilized and 

the value of the strain rate, <r , was determined for 

a typical LiP crystal as shown in Table B-I. The 

logarithm of strain rate ( £ ) was plotted as function 

of the reciprocal shear stress (-^-), Pig. B-2. As 

seen by Pig. B-2, no linear relationship exists between 

log £ and ^7- . 

Conclusion 

Prom the data shown in Pig. B-2, it is con

cluded that Eq. B-7 is inappropriate for the particular 

conditions used and the assumptions made in this deri

vation. The assumptions which are considered question

able are: 
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TABLE B-I 

Strain and Strain-Rate : Relationships in LiF 

Cumulative* 
Time 
Sees 

Cumulative* 
Strain 
in V/V0 

Instantaneous 
Strain Rate 

per see x 

10 "5 

* 
T 

mm2 

1 
T 

mm2 

kg 

10 0 0 3.10 0.323 

20 0 0 3.13 0.319 

30 0 0 3.10 0.323 

40 0 0 3.07 0.326 

50 0 0 3.07 0.326 

60 0,019 30.0 3.04 0.329 

75 0.020 27.0 3.03 0.330 

100 0.034 34.0 3.00 0.333 

200 0.074 37.0 2.86 0.350 

300 0.182 43.0 2.71 0.368 

500 0.258 51.0 2.51 0.398 

700 0.351 67.0 2.41 0.414 

800 0.405 86.0 2.35 0.425 

1000 0.445 45.0 2.31 0.432 

1200 0.495 41.0 2.22 0.450 

1500 0.507 34.0 2.20 0.454 

2000 0.548 27.0 2.14 0.465 
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TABLE B-I—Continued 

Cumulative* 
Time 
Sees 

Cumulative* 
Strain 
in V/V0 

* 

Instantaneous 
Strain Rate 

per sec x 
r- mm 

10"5 

1 

mm2 

kg 

3000 0.582 19 .0 2.08 0.481 

4000 0.657 16 .0 2.02 0.495 

5000 0.647 15 .0 2.00 0.500 

6000 O.663 11 .0 1.98 0.505 

8000 0.688 8 .6 1.95 0.512 

10,000 0.703 7 .0 1.93 0.520 

15,000 0.708 4 .7 1.92 0.525 

20,000 0.718 3 .6 1.90 0.533 

25,000 0.723 2 .9 1.88 0.525 

30,000 0.761 2 .5 1.87 0.537 

40,000 0.765 1 .9 1.86 0.539 

50,000 0.782 1 .4 1.83 0.541 

Notes: * - Prom Appendix A 

r is the applied shear stress. 
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1. The assumption that the Cottrell equation 

is directly applicable to indentation 

creep in ionic crystals in the higher-load 

range is perhaps invalid. The Cottrell 

equation was developed for conditions in

volving homogeneous stressing of crystals 

instead of the highly concentrated stress 

and strain states which exist around an 

indentation. The creep strain rate may 

depend upon other factors than the disloca

tion velocity and density. 

2. It has recently been shown that the Gilman 

exponential relationship between the velo

city of the moving dislocations (v) and 

the reciprocal of the shear stress (^p~) 

cannot be applied to the concentrated stress 

distribution around an indentation. Lye 

and Westwood (1967) have analyzed the dis

tribution of dislocations around an indenta

tion and have found that the Indentation 

technique is not capable of revealing any 

effect which depends upon a sensitive rela

tionship between the velocity of moving 

dislocations (v) and the shear stress (*Y ). 



It is therefore concluded that a simple dis

location-based mechanism for indentation creep in ionic 

crystals in the higher-load range cannot be developed 

on the basis of existing knowledge of dislocation 

mechanics. All existing theories are based upon the 

Cottrell equation and the Gilman velocity-shear stress 

relationship, both of which are apparently not applic

able to indentation creep. This difficulty in applying 

the existing knowledge of dislocation mechanics to 

indentation creep emphasizes the fact that much further 

theoretical and experimental work must be done before 

a full understanding of indentation creep is attained. 
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