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Abstract 

This research was a study of liquid enhanced creep in cold compressed 

potassium chloride whose grain boundaries were filled with saturated 

aqueous solution of KC1. This liquid was found to greatly accelerate 

the rate of creep in the material. 

It was found that two independent deformation mechanisms operate. 

The first occurs at low stresses (0.163 MPa and below) and it is charac¬ 

terized by a linear stress dependence. The second mechanism dominates 

at higher stresses (0.32 MPa and above), and is characterized by a 

stress exponent of two. The mechanisms are documented in terms of dif¬ 

ferences in volumetric strain behavior, creep ductility, and grain size 

dependence. 

It is suggested that the low stress mechanism 1s a diffusional one, 

similar to Coble creep with the liquid acting as a rapid diffusion path 

for transport of the solid. The high stress mechanism is not yet 

clearly understood, but is shown to involve grain boundary sliding acco¬ 

modated by internal cavitation. 
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Chapter 1^: Introduction 

It has been observed that the presence of a liquid phase at the 

boundaries of a polycrystalline material can affect its mechanical prop¬ 

erties. For example, liquid phase effects have been observed in alumi¬ 

num alloyed with small amounts of B1,Cd and Pb. These three alloying 

elements have relatively low melting points (275-325°C) and have very 

limited solubility in aluminum. They are present as small inclusions 

within the matrix and along the grain boundary. It has been found that 

the energy absorbed during high temperature Charpy impact tests drops 

suddenly close to the melting points of the alloying agents. Further¬ 

more, the alloys exhibit ductile behavior below and brittle behavior 

above the transition temperature, associated with the reduction of the 

fracture surface energy during intergranular failure, in the presence of 

the liquid metal [1]. 

Tensile tests on aluminum-tin systems have shown that the maximum 

fracture stress is dependent on the test temperature and on the alloy 

content. A sharp drop in the fracture stress is observed at the melting 

point of tin, while specimens with large tin content give a lower frac¬ 

ture strain at all temperatures [23. 

Sintering additives have been used 1n many ceramic systems to aid in 

densification [3]. These additives form liquid phases at or below sin¬ 

tering temperatures. The addition of small amounts of L1F to MgO acts 

initially as a lubricant for rearrangement of particles, and later a 

material transport medium for pressure -enhanced-liquid phase sintering 

[4-7]. 
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Many inorganic glasses, upon devitrification, yield materials in 

which the volume fraction of the crystalline material is as much as 95%. 

The various phases have different thermal expansion co-effecients and 

distribution of internal stresses generated during cooling from crystal- 

ization temperatures is sometimes such that fracture is inhibited. 

Materials of this kind have a high room temperature strength and are 

known as glass ceramics. At high temperatures, 1t is expected that the 

response of a glass ceramic to an applied load will be that of a solid- 

liquid mixture. The viscosity of the non-crystalline material will 

decrease with increasing temperature causing the crystals to remain more 

or less rigid [8], 

The plasticity of glass ceramics 1s similar to that exhibited by the 

hot basalt-granite mixture in the earth's upper mantle. Liquid-enhanced 

creep has been suggested to be responsible for deformation at these 

regions, where solid and molten phases co-exist [9]. 

Geologists have been interested in the phenomena of pressure solution 

(their term of liquid-enhanced creep) for many years. Their initial 

works date back to 1862 [10]. Pressure solution 1s a process whereby 

solid dissolves at points of high pressure and diffuses through the film 

liquid that resides between particles and deposits at regions of lower 

pressure [30], 

A considerable amount of geological field data are available which 

confirm pressure solution as a deformation mechanism. Typical examples 

are truncated fossils. When two fossils are in contact, and under pres¬ 

sure, mutual penetration occurs as the material is removed from the 
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interface without disturbing the fossils. Another example is the pit¬ 

ting of pebbles in contact [11]. 

Microstructural studies of naturally deformed silicate rocks and sed¬ 

iment compactions, show evidence of pressure solution [12-14]. Further¬ 

more stylolite formation and "welding" of granular material in lime¬ 

stone, dolomites and sandstone are all results of pressure solution 

[15]. 

Stylolites are one of the most dramatic illustrations of pressure 

solution. A clay film acts as an interstitial media for diffusion 

between minerals. The clay film consists of a collection of clay pla¬ 

telets that contain water. The clay therefore provides a path for dif¬ 

fusion of the pressure- dissolved solute, making it possible for 

material to be removed from zones of contact of the mineral grains and 

reprecipitate on a favorable surface. A similar situation may arise if 

the clay is replaced by a porous material saturated with water and with 

a smaller grain size than that of the mineral. The material should not 

be subject to rapid pressure solution itself [16]. 

Laboratory experiments have shown that the compaction of quartz sand 

and St. Peter's sandstone is enhanced by the presence of water or brine 

[17,18]. 

Experiments have been carried out to study the compressive creep 

behavior of frozen saline soils. It has been shown that the unfrozen 

brine fraction, which is a function of temperature and salinity, is an 

important rate controlling factor in the creep behavior of these materi- 
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al s [19]. 

Studies on creep of alkali halides have shown that the creep of such 

material is greatly accelerated when placed in brine or an atmosphere of 

high humidity [20]. It was found that the rate of creep of non-fully 

dense cold compacted potassium chloride is increased by several orders 

of magnitude when the pores were filled with saturated KC1 solution 

(Fig.l) [21]. However when the pores were filled with kesrosene, a liq¬ 

uid in which KC1 has no solubility, the aggregate exihibited creep 

behavior similar to that of the unsaturated material and no enhancement 

of the creep rate was observed. This phenomena is illustrated in Figure 

(1). Note that 1f a power law stress dependence 1s assumed (i.e. 

essAcrn) the data obtained for the specimens whose pore fluid was satu¬ 

rated KC1 solution yield a stress exponent of one, while the data for 

the dry specimen and that saturated with paraffin oil yield a stress 

exponent of seven. 

It was based on the above findings and experimental observations, 

that the current study of the effect of a liquid on the creep behavior 

of a solid material was undertaken. Two goals were set from the start- 

first, the documentation of the creep behavior of a sol1d/liqu1d system, 

and second, based on the experimental data, an attempt to designate the 

prevailing creep mechanism. 

Potassium chloride was chosen as the model material because of the 

following reasons: 

i) Availability 
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FIGURE ±. The stress dependence ofthe creep rate for KC1 samples crept at 
20°C. Note that KCl solution greatly enhances the creep rate but 
paraffin oil does not. 
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il) The ease with which porous specimens of cold-compacted KC1 could 

be be sarurated with the desired liquid. 

i 11 ) Significant creep enhancement of the material 1s observed after 

the introduction of the appropiate liquid (Fig.l). 

iv) Experiments could be carried out at room temperature. 

v) Control over grain size by direct sieving of the powder prior to 

specimen preparation. 

vi) Specimens could be tested in a triaxial cell (Fig.7) and the 

fluid flow into or out of the specimen may be monitored during the 

test. 

v11) Previous experiments by Pharr and Ashby [21] on KC1, using simi¬ 

lar procedures, proved to be successful. 
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Chapter JU: Creep General Background 

During constant load tests, most materials exhibit an initial instan¬ 

taneous strain which is partly elastic and partly plastic, followed by a 

period of decreasing strain rate known as primary or transient creep, up 

to the point where plastic deformation occurs it constant strain rate. 

This region is referred to as secondary or steady state creep, during 

which the material is plastically deforming while retaining a constant 

microstructure. Finally there is a period of accelerating flow, terti¬ 

ary creep, terminating in the failure of the material [22]. A typical 

creep curve showing strain as a function of time is presented in Figure 

(2). 

Laboratory creep tests can be carried out with the aim of identifying 

the dominant creep mechanism during the steady state region. This is 

often accomplished by correlating the empirical observations of the 

steady state creep rates with the predictions of different models incor¬ 

porating a variety of mechanisms. 

A generalized relationship for the steady state creep rate, which 

holds for almost all mechanisms, is given by [23]: 

where the constant "A", the inverse grain size exponent "m", and the 

stress exponent "n" are all dimensionless constants. It should be noted 

that other variables are defined in Appendix A. The value of "A" is not 
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well defined and it may vary depending on the approach and assumptions 

of a particular model [22]. The validity of this generalization will 

become apparent once the creep mechanisms are reviewed in the next chap¬ 

ter. 

Often two or more creep processes can operate simultaneously. These 

can be independent (parallel) or sequential (in series). When two or 

more creep processes operate independently of each other, the measured 

creep rate is the sum of the individual creep rates: 

ê ■ I ei (2) 
i 

where ê 1s the creep rate of the ith process. It is therefore clear 

that the fastest mechanism will dominate. Figure 3 shows schematically 

the steady state creep rate as a function of stress for two Independent 

mechanisms having stress exponents of na and n2 for a general case. 

Note that for independent processes, the mechanism with lower stress 

exponent will dominate at low stresses and the mechanism with a higher 

stress exponent will dominate at higher stresses. The exact nature of 

the transition region of the curve (i.e. transition from one mechanism 

to another) depends on the activation energy of each process and their 

relative magnitudes [22]. 

However sequential processes are interdependent. One process is 

required for the operation of the other. In this case the measured 
. i 

creep rate is given by: e = (3) 



Figure 3. Independent Mechanisms [22] 
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For the sake of simplicity consider the case where only two mechanisms 

are involved. The above equation becomes: 

. £lE2 
e = •—— 

Cl + £2 

(3a) 

where the suffixes denote the two processes. The slowest mechanism 

therefore dominates the creep behavior. Figure (4) 1s a schematic rep¬ 

resentation of two sequential mechanisms. Note that the mechanism with 

the larger value of "n" dominates at lower stresses [22]. 



Figure 4. Sequential Mechanisms [22] 
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Identification of the Rate Controlling Creep Mechanism 

Frequently, the rate controlling creep mechanism is identified by 

comparing the empirical values obtained for the exponents "n" and "m", 

and the activation energy for creep, with that of available theories. 

These parameters are derived from creep data as follows; 

(1) Grain Size Dependence; 

m _ 9tne 3Jlnd o,T 
(4) 

This expression is a direct derivation of equation I. A series of creep 

tests may be carried under identical stress and temperature conditions, 

whereby the only variable is the grain size of the specimen being 

tested. Subsequently the value of "m" may be derived from a plot of 

ln(e) vs. ln(d). The slope of the curve will be "m". 

(ii) Stress Dependence; 

_ 3&ne 
3£na d,T 

(5) 

Once again the above equation is a direct derivation of equation 1. 

Similarly, a series of creep tests may be carried out keeping tempera¬ 

ture and grain-size constant and varying the stress. The slope of the 

ln(e) vs. ln(a) plot 1s the stress exponent "n". 

In order to avoid experimental scatter between specimens, a stress 
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increment technique may be used. A single specimen is stressed by 

increments and the steady state creep rates are measured. However one 

must be cautious not to approach the tertiary region, where structural 

changes in the specimen may yield misleading results. 

(iii) Activation Energy for Creep: 

The apparent activation energy for creep is given by: 

« = -RW) (6> 

If tests are carried out such that the stress and grain size are kept 

constant, the slope of the plot log(ê) vs. 1/T will yield -Q/2.3R. How¬ 

ever, one must be cautious of the fact that the temperature change may 

span a region where a change in mechanism may occur. 
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Chapter III: Models for Liquid-Enhanced Creep 

Most of the models proposed by materials scientists and geologists for 

liquid enhanced creep may be categorized into two types: (i) lubrica¬ 

tion mechanisms or (ii) diffuslonal mechanisms. 

(i) Lubrication models: 

As can be deduced from the term, in the lubrication mechanism the 

liquid phase acts as a lubricating film between grains while grain 

boundary sliding occurs. Using a simple geometry of cube-shaped grains 

of size "d", arranged in a symmetric array (F1g.5a), and a liquid phase 

of constant thickness "w" that wets all the grain boundaries, one can 

see that this system will undergo a viscous deformation once a shear 

stress is applied. The resulting shear strain rate is given by [21,24]: 

where 'Vi" 1s the viscosity of the liquid. Note that this model predicts 

a linear dependence of the strain rate on stress, an inverse grain size 

dependence, and an exponential dependence on temperature through 1/Q. 

The key assumptions Involved in this model are that there is a layer of 

fluid of constant thickness between all grains irrespective of the 

stress state and that its dimension 1s small with respect to the grain 

size. Note that the above equation holds only for the ideal geometry of 

Figure (5a), where accommodation of sliding at grain boundary intersec¬ 

tions is not needed. 



SIMPLE MODELS 

FIGURE ST. Schematic illustrations of three simple model, for liquid phase 

enhanced creep. 
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Lange [24] has developed this model further to predict the creep 

behavior of a polycrystal where grain boundary accommodation is neces¬ 

sary. He assumes that the grains do not deform plastically nor rotate 

during the creep process. During grain boundary sliding, the movement 

of the grains is restricted by the presence of their surrounding grains. 

An accommodation process must therefore be accounted for if the grains 

are to surpass these obstacles (e.g. jamming together of grains at grain 

boundary triple points). If the grains themselves do not accommodate 

the deformation by dlffusional or plastic flow, then cavities must form 

at boundaries. Lange has examined the case for which accommodation 

takes place by grain boundary separation. He has shown that if the 

strains are less than or equal to ten percent and if the volume fraction 

of the liquid phase is small, the time required to produce a certain 

strain via grain boundary sliding is much less than that of grain bound¬ 

ary separation. He therefore concludes that grain boundary separation 

is the rate controlling step. 

As the boundaries separate, liquid from adjacent regions should flow 

Inward to account for the increased volume. The resulting vapor-liquid 

interface is free to move or to borrow liquid from surrounding bounda¬ 

ries, which would cause some boundaries to approach one another. Based 

on the above approach, Lange argues that the rate of approach of grain 

boundaries is much slower than the rate of separation and since the vol¬ 

ume of liquid phase is constant, the vapor bubbles remain intact and 

grow during deformation. 

Even though Lange concedes that polycrystals with viscous boundary 
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phase exhibit greater strain rates in tension than in compression, he 

does not address the case of compressive creep systematically. He 

assumes that the mechanism of deformation during compression is gov¬ 

erned by local tensile stresses which cause boundary seperation (because 

rate of grain seperation is greater than that of approach). Since these 

local tensile stresses are not comparable in magnitude with applied 

external stresses, Lange shows that a much larger compressive stress, 

between three to eight times larger, is required to produce the same 

deformation Incurred by a tensile stress. 

The main flaw of this model is its oversimplified geometry. In poly¬ 

crystalline material, grains are not identical 1n shape, and boundary 

thickness may vary. The irregularities of the grain geometry may change 

the mechanics of deformation by affecting the local stress states during 

the application of shear stresses. Furthermore the normal stresses 

across boundaries may change the local thickness of liquid layers and 

their distribution [21]. 

(11) Dlffusional Models: 

The basic feature of diffusinal models is a high diffusivity path 

provided by the liquid phase, whereby matter diffuses away from points 

of contact and high local compressive stress to regions that are less 

stressed (F1g.5b). Matter 1s transported along the gradient of chemical 

potential set up as a result of the stress gradient along the grain 

boundaries. 
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Note that two processes are involved: (i) solution at "source" site 

"A" and subsequent deposition at "sink" site "B", and (ii) diffusion 

along the gradient from "A" to "B". The first process may be related to 

the kinetics of crystal growth from the solution, and the second, to the 

viscosity of the liquid [25]. That of the two which is slower will be 

rate controlling. 

It is clear that the mechanism presented above is analagous to the 

classical mechanism of diffusional creep proposed by Coble [26]. Cob’e 

creep occurs in polycrystals at elevated temperatures and matter is 

transported across distances that are of the order of the grain diame¬ 

ter, under the influence of the deviatoric stress. As a result the 

grains change their shape, and this is manifested as the observed 

strain. The kinetics of deformation are normally thought to be control¬ 

led by the diffusion of atoms through the grain interface. However, 

when liquid phase is present, the kinetics can be controlled by either 

the diffusional process or the rate of attachment/detachment of atoms at 

the solid/liquid interface. 

Investigators that have assumed that diffusion 1s the rate control¬ 

ling mechanism in liquid enhanced creep (9,13,16,25.27,28,29) have taken 

an approach similar to that of Coble while considering a solid/liquid 

interface at the grain boundary (Fig.5b). A review of their studies 

yields the following generalized rate equation: 

e = A 
CLDLV 

kT 
w 
F (8) 
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"CL" is the solubUty of the solid in the liquid expressed in terms of 

atomic or molecular fraction, "DL" the diffusivity of dissolved species 

in the liquid , and "V" the atomic or molecular volume. "A" is a con¬ 

stant that varies with the inherent assumptions of the model. 

All the proposed equations have basically incorporated the solublity 

and the diffusivity of the solid in the liquid and terms to characterize 

the geometry of the polycrystals; namely grain size,d, and the boundary 

width,w. However, the most important common factor is the linear depen¬ 

dence of strain rate on the deviatoric stress and its inverse dependence 

on the cube of the grain size. Note that the temperature dependence 

lies within that of the solubility and the diffusivity. 

In a recent paper Raj [25] has considered the possibility where the 

interface reaction, i.e. solution and deposition, may be rate limiting. 

Such a case would be true for instances where the liquid has low viscos¬ 

ity and that the solid crystals have some solubility in the liquid. Raj 

has proposed an Island structure for the interface [25,29]. The grain 

boundary is assumed to be serrated 1n nature and that there are only 

"islands" of good fit between adjacent crystals. The load 1s therefore 

carried at these points only. The liquid resides between these islands. 

His proposed rate equation is: 

• _ kt V - 
e " kT d5 (9) 

In this equation, "ki" 1s the rate at which the atoms are exchanged 

between the crystal and the liquid at the interface. "k_i" is therefore 
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a temperature dependent kinetic constant. The rate has a linear depen¬ 

dence on stress and it is inversely proportional to the grain size. 

This is the key difference from the case where dlffusional transport is 

rate limiting. 

It is also possible that liquid creep enhancement can occur under the 

action of a hydrostatic pressure alone. Such a process is illustrated 

in Figure (5c), and occurs in non-fully dense materials. The material 

is removed from regions under compression and deposited in the pore 

where the normal stresses are small. If the fluid is free to flow out 

of the pores, the material will density. The material appears to creep 

due to the volumetric contraction. This so-called densification creep 

will continue until the porosity closes. Note that hydrostatic pressure 

alone is sufficient to drive such deformation. The pore pressure, which 

affects the internal stress state and the solublity of the solid in the 

liquid, is therefore an important parameter. The rate of densification 

is also controlled by either solution/precipitaion kinetics or diffu- 

sional transport. Raj has proposed equations for each of these cases 

[25]. 

Geologists have met with varied success in their attempts to deduce 

rate equations from their studies of liquid enhanced deformation of 

rocks. However, the consensus today is that no matter what the dimen¬ 

sion of the rock, it deforms as an aggregate of crystalline grains and 

the flow laws are decided on the scale of the grains [28]. Referring to 
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recent review papers on the subject of pressure solution 

[14,16,28,30,31] the following model emerges: 

a) The grain 1s not stressed uniformly. Due to the serrated nature 

of grain boundaries, stress is concentrated at points of contact 

between two adjacent grains. 

b) Grain boundaries consist of “Islands" and "channels" [31]. These 

Islands are 3-5 atomic spaces thick and are regions of good fit. 

The channels seperate the islands and are regions of poor fit. 

They are 1-2 atomic spaces thick. They are interconnecting and 

the major part of grain boundary energy is assosiated with these 

channels which provide high dlffuslvity paths, because of their 

high density of vaccancies. 

c) The channels may be filled with saturated solutions that are in 

contact with the unstressed surface. 

d) The unstressed surfaces act as both sources and sinks for solute 

diffusing out of the interface. 

e) The interface is under a normal stress gradient and since the 

chemical potential of the solute ions is proportional to the 

applied stress, a concentration gradient is also set up. 

f) The diffusional mass transport is driven by the chemical potential 

gradient. 

g) It is assumed that solution kinetics are faster than diffusion 

kinetics, and therefore diffusion is the deformation rate con- 
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trolling process. 

Essentialy the localized strain in a crystal immersed in its satu¬ 

rated solution leads to localized dissolution. During the action of 

pressure solution, the point contacts change to surface contacts. In 

order to maintain pressure solution a film of liquid must be maintained 

between the grains so that the dissolved ions could be transported 

[14,16,30]. Furthermore the film facilitates grain boundary sliding 

required during deformation of polycrystal Une aggregates in order to 

maintain strain compatibility. 

The rate of strain produced by pressure solution is highly sensitve 

to the diffusivity of the dissolved solid in the interfacial liquid 

film. The diffusivity, "0", of a solute in a layer of solution is given 

by the Stokes-Einstein equation: 

where V is the viscosity of pure solvent, "ncf" is a constant, "H" is 

the activation enthalpy and "V" is the atomic volume. 

Rutter [13] has proposed an equation for the creep rate using a pres¬ 

sure solution model: 

(10) 
6n l/J 

n = no RT exp (10a) 

(ID 
RT p d3 
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Note that this equation 1s essentially of the form presented earlier 

(equation 8). 
» 

It should be noted that there are little suitable experimental data 

to test these models. It seems to be extremely difficult to obtain 

experimental data for pressure solution which is free of ambiguities of 

Interpretation [14]. 

An Interesting point that stands out in the pressure solution dis¬ 

cussions, 1s the arguments presented for the necessity of the presence 

of a solution film between grains all through the stages of deformation 

[14,16]. Even though common sense might suggest that at high stresses 

the film is squeezed out between the grains, experiments have shown that 

this is not true [16]. The effect of the increase in the stress is 

essentially the degradation of the transport properties of the liquid 

and as a result the linear stress-strain relation no longer holds [14]. 

Rutter has argued [13] that the interfacial liquid possesses anomalous 

physical properties and that it can support relatively high shear 

stresses. The basis of the arguement lies 1n the polar nature of the 

fluid. It is shown experimentally that the apparent viscosity of a 

polar liquid 1n a thin film between solid surfaces is much greater than 

in large volumes. Polar molecules have an ordered structure relative to 

the bulk fluid, so that shearing displacement generates an electric 

potential gradient which opposes the force producing the displacement. 

A direct consequence 1s the reduction in the diffuslvlty of the solid in 

the fluid. For example the apparent viscosity for a 2mm layer of water 

is 105 times the value for that of bulk water [13], which in turn may be 
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a source of error in diffusivity calculations. 

To avoid the problem of how the film is maintained in the boundary, 

Pharr and Ashby [21] have argued that some solid junctions must exist 1n 

order to avoid the disintegration of the polycrastalline aggregates upon 

saturation. They have proposed an alternative model for liquid-enhanced 

creep, whereby attention is focused on the deformation of these solid 

junctions. Their model is basically that of coupled plasticity and dis¬ 

solution. The liquid has a low wetting angle at a solid grain boundary. 

It penetrates the boundary by eroding the neck between the particles. 

Due to the decrease in the neck area the stress at that point increases, 

and since the solid has some solubility in the liquid, plastic flow 

occurs there, thus the neck grows again and the process is repeated. 

The shear strain rate obtained from this model is: 

= 128 r v 

TT RTd3 a 
(12) 
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Chapter W: Experimental Studies of Liquid-Enhanced Creep: 

Lange, Davis and Clark [32-34] carried out a series of studies on 

liquid- enhanced creep of silicon nitrides. These matarials possess a 

glassy phase located at grain boundaries whose volume fraction is a 

function of temperature. A general degradation of the compressive 

mechanical properties of the material was observed as the temperature 

was increased, i.e. as the volume fraction of the glassy phase was' 

increased and its viscosity dropped. Specimens containing large volume 

fractions exhibited stress exponents of about 2. Specimens containing 

smaller volume fractions showed stress exponents of 1. 

The difference in exponents suggests that two different creep mecha¬ 

nisms are at work. Microstructural studies of specimens revealed that 

cavitation was prevalent in those that had a large volume fraction of 

the glassy phase. A lubrication mechanism rate limited by cavitation 

due to boundary separation was proposed to control the creep rate. The 

rate equation proposed cannot be expressed in power law form (e=Asn); 

therefore the observed stress dependence 1s not directly manifested by 

the equation [32]. The stress exponent of one observed for specimens 

containing low fractions of the glassy phase, strongly suggests a linear 

viscous behavior as described by diffusional models. 

Further studies on silicon nitride alloys were carried out by Seltzer 

[35]. Tests on sialons (S13N4-A1203 alloys) resulted in stress expo¬ 

nents of one. He concluded that a diffusional process similar to that 

of Coble or Nabarro-Herrlng was at work and that the liquid phase did 

not effect the process. Tests on commercially available hot-pressed 
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silicon nitrides resulted in stress exponents of two and like the previ¬ 

ous investigators he concluded that a lubrication mechanism was 

involved. 

Experimental studies of Raj and Chyung [29] on 0-spodumene glass 

ceramics yielded a linear stress dependence and an inverse grain size 

dependence of the strain rate. These results were consistent with a 

diffuslonal mechanism controlled by solution/precipitation kinetics. It 

must be noted that the inverse linear grain size dependence, rather than 

inverse cube, Indicated that the kinetics of deformation were not lim¬ 

ited by diffuslonal transport. 

Raj has also studied the densification of rock salt immersed in satu¬ 

rated brine at room temperature [25]. He found that the densification 

(creep) rate varied linearly with effective pressure (principal stress) 

and inversely with grain size, which was similar to his previous find¬ 

ings for 0-spodumene glass ceramics. He suggested that a similar mecha¬ 

nism may be rate controlling . 

Sprunt and Nur [17] found that pressure solution was the mechanism 

whereby porous sandstone saturated with distilled water dens ifled. The 

densification rate was greatly enhanced by the Introduction of distilled 

water into the pores. Specimens were subjected to both non-hydrostatic 

and purely hydrostatic states of stress. It was found that those that 

crept under non-hydrostatic stresses reduced their pore volume by 55%, 

while the hydrostatically stressed specimens showed no siginifleant den¬ 

sification. This suggests that in their model material, it is the shear 

or deviatoric stresses that are responsible for liquid-enhanced densifi- 
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cation creep. This observation is 1n conflict with the densification 

creep model (Fig.5c) discussed in the previous section, where hydros¬ 

tatic pressure was the key factor. Qualitative studies of the grain 

size dependence of the deformation revealed that densification rates 

were greater with smaller grain sizes. This suggests that a diffusional 

process via grain boundaries is 1n action. It was also found that 

higher pore pressures yielded faster densification. 

Studies of pressure solution were carried out by de Boer, Nagtegaal 

and Duyvis [18], using quartz sand saturated with one molar NaCl solu¬ 

tion as the model material. It was found that the liquid phase did 

enhance the compaction of the aggregate. When the pore fluid was 

removed after 72 hours of compaction, the densification.rate decreased 

substantially. However, upon reinjection of the solution no effect was 

observed. While the authors were not able to definitively identify the 

source of this behavior, they suggested that the water was not reab¬ 

sorbed at the previous solid/1iquid interface. 

Microstructural sections of densified sand showed amorphous silica 

and crystalline quartz overgrowths in the pores. These overgrowths were 

probably silica that had diffused out of regions of high pressure into 

the less pressure zone of the pores and were deposited there, which is 

consistent with pressure solution principles. 

Pharr and Ashby [21] studied the creep of potassium chloride using a 

triaxial cell. The specimens were tested in the dry state, in kerosene 

and 1n saturated solution of KC1. The dry samples and those saturated 

with kerosene yielded stress exponents of seven (Fig.1). Note that KC1 
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is not soluble in kerosene. Specimens saturated with the KC1 solution 

crept much faster and showed an approximately linear stress dependence. 

Therefore the solubility of the solid in the liquid phase was a neces¬ 

sary condition of enhanced creep, which suggests that a solution-redepo¬ 

sition process may be involved during deformation. The stress state at 

which the specimens were tested was also varied. The results show that 

axial strain rate was insensitive to the changes in hydrostatic pressure 

while the deviatoric stress was held constant. When the axial stress 

was held constant and the deviatoric stress decreased, the creep rate 

also decreased. This suggests that the deviatoric component of stress 

drives the deformation, which is a further evidence of some kind of 

solution-redeposition model being involved. A linear stress dependence 

of creep was consistent with both diffuslonal and lubrication models. 

However the lubrication model was disregarded primarily because the rate 

of creep was shown to depend on the solubility of the solid in the liq¬ 

uid, a matter which 1s not considered by this model. An alternative 

model was proposed which was discussed in the previous section. 
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Chapter V: Experimental Techniques and Procedures 

Objectives 

As can be seen, a limited number of experimental studies have been 

undertaken to document liquid enhanced creep. They have been primarily 

concerned with accelerated creep in sintered ceramics and qualitative 

studies of pressure solution. 

The experiments of Pharr and Ashby [21] were incomplete. They sys¬ 

tematically investigated some variables that may influence liquid 

enhanced creep. The investigation undertaken in this research is a con¬ 

tinuation of their study. Two parameters of the creep deformation of 

porous KC1 that were not considered in their study and hence became the 

objective of this research are: a) grain size dependence and (b) volu¬ 

metric strains incurred by the specimen during deformation. 

In this study, attention has been focused on the stress and grain 

size dependence of the model material, because it is believed that these 

two parameters are key indications of the dominating creep mechanism. 

An important capability of the triaxial cell which was not used during 

the tests carried out by Pharr and Ashby, was the monitoring of the 

fluid flow into or out of the specimen during its deformation. Note 

that this flow is a direct measurement of the change in the volume of 

the specimen, and hence the volumetric strain. 

Volumetric strain 1s defined as the change in the volume of the speci¬ 

men divided by its original volume; therefore the monitoring of the 

fluid flow is actually a means by which one could document the volumet- 
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ric strain. Pharr and Ashby assumed that deformation occured at 

constant volume, and this assumption required further examination. 

The experiments were carried out with the goal of determining the 

mechanism of deformation of potassium chloride aggregates whose pores 

were filled with saturated aqueous KC1 solution. As mentioned previ¬ 

ously, a frequently used method for determining the rate controlling 

mechanism 1s to obtain the stress and grain size exponents, and the 

activation energy for creep. Since the temperature dependence of the 

rate of creep was well established [21], attention was focused on the 

other two parameters. In addition, 1t was concluded that the documenta¬ 

tion of the volumetric strain would shed light on the deformation mecha¬ 

nism in the model material. 

Three sets of experiments were performed at room temperature 1n order 

to achieve these goals: 

(I) Grain Size Dependence: 

The steady state strain rates in specimens of different grain sizes 

were determined at different stress levels (0.32 and 0.082 MPa). Due to 

the scatter obtained in the measured values of the strain rates, a large 

number of such experiments were carried out 1n order to obtain statisti¬ 

cally valid results. Logarithmic plots of steady state strain rate vs. 

grain size were used to find the grain size exponent. 

(II) Stress Dependence: 

Different specimens were crept to failure at the different stress 



32 

levels. The scatter of experimental data was once again quite large, 

and the statistical approach was used to alleviate the problem. Fur¬ 

thermore, as mentioned before, stress increment tests on a single speci¬ 

men provided information on the stress exponent without having to deal 

with the above scatter. Logarithmic plots of steady state strain rates 

vs. stress were used to find the stress exponent. 

Tests to failure are those experiments where the specimen is allowed 

to deform through all three stages of creep until it fails. During 

increment tests the stress is changed and creep rates are determined 

after the steady state is established. 

(iii) Volumetric Strains (buret tests): 

Volumetric strains were documented by an additional set of experi¬ 

ments where the fluid flow into or out of the specimen (which as men¬ 

tioned before is an Indirect measure of the volumetric strain) was moni¬ 

tored by a buret. Such experiments will be referred to as buret tests 

from here on. 

Specimens were stressed to failure at a single stress level or by 

stress increments while they were connected to a calibrated buret, 

whereby the free flow of the liquid Into or out of the specimen was mon¬ 

itored and thus the volumetric strain was recorded along with the longi¬ 

tudinal strain. 

Preperation of Specimens 

The KC1 powder used in these series of experiments was purchased in 
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two batches from two different companies: a) J.T. Baker Chemical 

Company (batch one) and b) MCB Manufacturing Chemists Inc. (batch two). 

The impurities in both met A.C.S standards. The powder was carefully 

sieved into three particle size distributions: 1) 300fim<d<42&im, 2) 

212nm<d<30Ci1m, and 3) 106nm<d<212nm. A sieve analyis of batch one 

yielded 4055 300nm<d<425nm, 40% 212nm<d<300nm, and 20% 106nm<d<212nm par¬ 

ticle distribution. A sieve analysis of batch two yielded 6% d>425^m, 

6255 300nm<d<425nm, 3055 212T1m<d<300v1mt and 255 106t1m<d<212nm particle dis¬ 

tribution. It should be emphasised at this point that particle shapes 

of powders from the two batches were different, a matter which will be 

discussed in more detail later. 

The sieved powder was dried in a furnace (100-125°C for 36 hours), 

prior to being compressed into specimens, as a precautionary measure to 

evaporate any absorbed moisture. 

A double piston die was used (Fig.6) in order to make cylindrical 

specimens. The design and the subsequent machining of the die was in 

fact the initial step of the research. One hundred and forty nine grams 

(149g) of the sieved KC1 powder was compressed at 39 MPa for five min¬ 

utes. The specimens were 3.8cm (1.5") in diameter and 7.6cm (3.0") in 

length. They had an average porosity of about 14.355. After compaction, 

specimens were stored in a dessicator to assure that no atmospheric 

moisture was absorbed prior to testing. 

Prior to testing the specimen, the pores were filled with saturated 

aqueous KC1 solution by soaking the specimen in a beaker of the solu¬ 

tion. It was this solution that gave rise to the very large creep 
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Figure 6. Double piston die 
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enhancement observed by Pharr and Ashby. The beaker was placed in a 

vacuum dessicator where a vacuum was pulled up to 30 torr for an hour 

and a half to remove the entrapped air. The apparent densities before 

and after soaking revealed that 100% of the porosity was filled with the 

liquid. 

Creep Tests 

The creep tests were performed in a soil mechanics triaxial cell 

(Fig.7) developed by Bishop and Henkel [36]. Three basic tests were 

performed: 

(1) Uniaxial Compression test: 

The saturated specimens were mounted on a pedestal within the cell 

and were jacketed in thin latex membranes held in place by 0-r1ngs on 

the base pedestal and the aluminum top cap. The membranes were used to 

help retain the liquid. All tests were carried out at constant load and 

at room temperature (22°C). The axial load was applied by the ram which 

passes through the top of the cell. A yoke system with a combination of 

dead weights was used as the loading apparatus. The load was applied to 

the ram by a jack. Displacement was measured by an LVDT on the ram on 

the outside of the cell and the output was recorded on a chart recorder, 

where the appropriate scale and chart speed were selected based on whi¬ 

chever combination that best documented the displacement of the specimen 

in time, at the moment the test was carried out. This set up was used 

for both the grain size and stress dependence tests. 



TRIAXIAL CELL 
36 

O
 
«
 

O
 
O
 

o
 

©
 

*
-
 
9
 
M
 

«0 

=
H
=
 

, ,
 
"
i
l
 
X 

i 
ni 

1- 
L 

► 
l
»
 
O
i
 

' 
*i 

» ' 
/. 
o
1
 

i 
' 

if 
i
i
1
*/
 
/' 

• 
» 

i 

E o 

■o
 
o
 
o
 

r ■o
 

•
 m

m
 

3
 

O
 

CL 

FIGURE 7. The Triaxial Creep Cell 



37 

(11) Stress Increment Tests: 

In the case of stress increment tests, the same set up was used and 

the load was changed as the test progressed. Certain key considerations 

must be taken while performing an Increment test: 

1) The specimen must exhibit steady state behavior at each increment. 

It is the steady state strain rates that are of interest in the 

stress exponent analysis. If tertiary creep sets in during any of 

the increments, the subsequent strain rates will be affected (they 

will be faster). 

2) In order to assure that a test is successful,the specimen should 

undergo a cycle of loading: one round of increasing load and the 

subsequent return down the same path. If the strain rates meas¬ 

ured at the same stress going up is approximately the same as that 

of coming down, we are then assured of the fact that they are 

steady state values. 

3) The application of the load at the beginning of each Increment, 

and Its removal at the beginning of each decrement must be done 

with great care. A sudden drop of the weights on the ram may 

impart damage on the specimen and thereby alter its microstruc¬ 

ture. 

4) The specimen must be allowed to reach steady state at each stress 

level prior to changing the load. A visual check of the displace¬ 

ment recorded on the chart recorder is a good Indication of steady 

state. If the slope of the line is constant i.e. change of dis- 
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placement with time is constant, then the specimen is deforming in 

steady state. 

5) It is advisable to commence a cycle of loading from the low end 

and to Increase the load progressively, simply because higher 

loads impart greater damage to the structure of the specimen and 

thereby decrease the chances of carrying out the whole cycle 

within steady state. 

Certain problems were encountered during increment tests at low 

stresses (corresponding to loads less than 20 lbs) which required modi¬ 

fications of the apparatus. The friction in the ram, which was negligi¬ 

ble at higher stresses, became significant at low stresses. By placing 

a load cell under the specimen 1t was found that the load actually 

decreased as the test progressed. In addition, according to Bishop and 

Henkel [36], the latex membrane could Impart stresses up to .6 ps1 on 

the specimen if it 1s to be strained more the 15%. Even though this was 

not the case for our tests (specimens were strained under 2% strain), 

precautions had to be taken to avoid potential problems with the mem¬ 

brane. 

To overcome these difficulties, the top of the cell was modified such 

that the ram passed through a linear bearing thus eliminating the fric¬ 

tion problem. The ram itself was re-machined such that a flat plate 

with a diameter larger than that of the specimen was attached at the 

lower end thus eliminating the need for a top cap. The upper end was 

designed such that the weight could be applied directly, thus avoiding 

any friction problems involved with the counter weights in the yoke sys- 
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tem. Special weights with handles were machined for this purpose 

(Fig.8). 

The whole seating mechanism of the cell was redesigned. A load cell 

was mounted on the bottom of the cell (i.e. in the place of the pedes¬ 

tal). A chamber made of plexiglass and a steel base was subsequently 

screwed onto the load cell. The saturated specimen was placed inside 

the chamber, with no membrane, and the chamber was filled with saturated 

solution of KC1. The load was therefore constantly monitored and the 

jacket was eliminated; 

iii) Buret Tests: 

A series of uniaxial compression tests to failure and stress incre¬ 

ment tests were also carried out using the buret system. The unmodified 

triaxial cell was used. An unsaturated specimen was mounted on the ped¬ 

estal using two latex membranes, in the same manner as specified above 

with the exception that ceramic pore plates were placed between the 

specimen and the base plate at the bottom and the aluminum cap at the 

top. The cell was also filled with Dow-Corning 200 silicon oil. The 

cell was pressurized by an oil /water interface chamber located between 

the cell and a bucket of water. This bucket was raised to different 

heights above the cell and by the virtue of the pressure head, water 

would rush into the interface chamber and subsequently the oil would 

enter the triaxial cell and thus pressurize the whole system. A pres¬ 

sure gage was set between the bucket and the interface which indicated 

the pressure in the cell. A cell pressure of .01 MPa (1.5psi) was main¬ 

tained throughout the test (F1g.9). 
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Figure 8. Modified triaxial cell 



Figure 9. Apparatus for buret-monitored tests 
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The inlet valve of the cell was connected to a reservoir containing 

saturated aqueous KC1 solution. This pore fluid was free to flow 

through the inlet valve into the pedestal, into the specimen, out of the 

top cap and finally out of the cell and into the buret. 

While the inlet valve was shut, the outlet valve was opened and the 

specimen was de-aired by pulling a vacuum on the system from the top of 

the buret using a vacuum pump. At about 30 torr, the inlet valve was 

opened and the pore fluid saturated the pores of the specimen and rushed 

Into the buret, after which the vacuum was removed and the system was 

brought back to atmospheric pressure. The purpose of pressurizing the 

chamber prior to saturation process was to press the membranes against 

the specimen and to avoid the pore fluid from seeping in between the 

membrane and the specimen. 

The buret accommodated 1ml of solution and was calibrated in one hun- 

dreths of a milliliter. The key to the success of a buret test is to 

have a leak proof system. Any bubbles 1n the line may offset the read¬ 

ings. It is advisable to check every valve prior to every test. An 

easy method to do so is to set up the specimen and evacuate the line 

with the inlet valve closed. If the pressure gage indicates full vacuum 

then there are no leaks and by opennlng the inlet valve one can feel the 

air being drawn Into the system. If no air is drawn in, then the line 

1s clogged by crystallized salt or improperly seated 0-rings. A step by 

step dismantling of the system while the pump 1s running, will locate 

the point that is causing the problem. If the gage does not attain full 

vacuum, then there is a leak. A similar procedure as discussed above 
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will help find the leak. 

The buret should be cocked at an angle to minimize changes in pore 

pressure during an experiment. It should also be placed above the spec¬ 

imen so that fluid never drains from the the upper part of the specimen. 

A problem that was encountered in some buret tests, whereby the rate at 

which the fluid flowed into or out of the specimen was slightly affected 

by the level of the fluid in the buret. The cocking of the buret was 

introduced to alleviate this problem. 
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Chapter VI: Results and Discussion: 

(_1) Stress Dependence of the Creep Rate 

The initial series of tests that were performed aimed at characteriz¬ 

ing the behavior of the salt being used and checking the viability of 

the experimental apparatus. Uniaxial compression tests to failure were 

performed at stresses of 0.629, 0.32, 0.163, and 0.086 MPa (correspod- 

ing to nominal loads of 160, 80, 40, and 20 lbs). The steady state 

strain rates of these experiments are shown as a function of the applied 

stress 1n Figure (10). As can be seen, there is a great amount of scat¬ 

ter. Tests were repeated at each stress level under similar conditions, 

1n order to obtain statistically significant results. A least square 

analysis of these data points yields a slope of 1.67. This observation 

is in direct conflict with the linear dependence observed by Pharr and 

Ashby. 

In order to determine the validity of this observation, Increment 

tests were carried out within the same stress range as that performed by 

Pharr and Ashby. Since a single specimen was strained at different 

stress levels, the scatter brought about by specimen to specimen struc¬ 

tural variation was eliminated. 

A series of Increment tests were run at stress levels of: 0.32, 

0.163, 0.086, and 0.04 MPa. The plot of Figure (11) typifies the 

results obtained, Note the excellent correspondence between the strain 

rates obtained at each stress level all through the cycle. This Indi¬ 

cates that major structural changes associated with tertiary creep were 
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avoided during the test. Quite interestingly, the figure demonstrates 

that the stress exponent is variable in the range of stress investi- 

gated. At low stresses, the value of "n" tends to 1, in agreement with 

Pharr and Ashby [21]. However at higher stresses, the value 1s about 2. 

Hence, 1t appears that a stress dependent change in mechanism is 

observed in the material, and the documentation of this change became 

the major objective of this work. 

To further examine the change in stress exponent, two sets of incre¬ 

ment tests were performed. First, increment tests were carried out at 

the higher stresses. The specimens were crept at 0.331, 0.642, and 

1.263 MPa (corresponding to nominal loads of 85, 165, and 325 lbs) and 

at 0.642, 0.972, 1.477, and 2.235 MPa (corresponding to nominal loads of 

165, 250, 380, and 575 lbs). Second, increment tests were performed at 

low stresses (0.074, 0.035, 0.015, and 0.005 MPa corresponding to nomi¬ 

nal loads of 19, 9, 4, 1.3 lbs). The plots of Figures (12) and (13) are 

results obtained from an increment test of the higher stress regime and 

that of the lower stress regime respectively. The results of all the 

increment tests have been summarized in a plot of "n" (stress exponent) 

vs. applied stress (F1g.14). As can be seen, the stress exponent tends 

towards 2 in the high stress regime and 1 in the low stress regime. 

These stress exponents were obtained from individual increment tests 

using equation (5), which shows that the stress exponent 1s the slope of 

the curve of the logarithmic plot of strain rate vs. stress. The slope 

of each Increment of stress was evaluated and plotted as a function of 

the average stress that characterized that specific increment. 
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APPLIED STRESS (MPa) 

Figura 12. Stress increment test <0.331-1.263 MPa) 
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Figura 13. Stress increment test <0.005-0.074 MPa) 
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The different exponents indicate that two different creep mechanisms 

are indeed at work. The high stress mechanism is associated with a 

stress exponent of 2 while the low stress mechanism has a stress expo¬ 

nent of 1. The transition in behavior occurs somewhere between 0.163 

and 0.32 MPa. It should be noted that such a transition behavior is 

consistent with the data in Figure (10), where the dashed line showing 

n=l represents the low stress regime. 

A comment is warranted at this point on the differences in behavior 

observed 1n the current study and that reported by Pharr and Ashby [21]. 

Specifically, the current data suggests that at higher stresses, the 

value of the stress exponent increases significantly from 1, while Pharr 

and Ashby suggested that n=l for the entire range of stress examined 

here. This can be seen in Figure (15), where the stress increment data 

of Figure (11) are plotted along with the original data of Pharr and 

Ashby for the sake of comparison. A.close examination of the results of 

Pharr and Ashby shows that they, too, observed a deviation from linear¬ 

ity in their increment test. However, the deviation was considered to 

be an artifact of the testing procedure-- 1n particular, the accumula¬ 

tion of irreversible damage associated with tertiary creep. 

Evidence for this was twofold. First, it was observed that stress 

reductions near the end of the test resulted in much higher creep rates 

than those observed initially. Second the creep rates observed in three 

tests taken to failure seemed to extend the region of linearity to 

stresses as high as 1.0 MPa. 

However, in the light of the data acquired in the current study, one 
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APPLIED STRESS (MPa) 

Figura 15. Differences in creep behavior observed in the 

current study with that of Pharr and Ashby C213 
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must question their interpretation of the behavior. The problem of 

irreversible damage on the steady state structure of the specimen was 

eliminated in the current experiments by truncating the span of stresses 

within which the increment tests were carried out. Specific attention 

was paid to results of those experiments where close correspondence was 

found between the creep rates throughout the cycle of straining. The 

deviation observed in these tests was not an artifact of testing proce¬ 

dure. Also it should be noted that if a linear regression is performed 

on the creep rates obtained from tests taken to failure by Pharr and 

Ashby at the higher stresses, one obtains a slope of 1.55, which is 

close to that observed within the transition region of the tests per¬ 

formed in this study. Hence it is possible to reinterpret the data 

acquired by Pharr and Ashby in a manner which 1s qualitatively consis¬ 

tent with the current observations. 

It should also be noted that the creep rates obtained in this study 

are faster than those of Pharr and Ashby by about an order of magnitude 

(Figure 15). A possible explanation for this is that creep behavior is 

affected by particle shape, a point which is discussed 1n more detail 

later. 

Certain problems, as designated in the previous section, were encoun¬ 

tered while performing increment tests at low stresses. The most relia¬ 

ble results were those obtained after all the modifications were made 

in the triaxial cell. Only these were used for the plot of Figure (13). 

However one problem remained which the investigator was unable to over- 
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come and to address systematically. Temperature variations of one 

degree centigrade and at times two, affected the results. The expansion 

and contraction of the cell changed displacement readings recorded by 

the LVDT at rates that were comparable to that of the deforming specimen 

(i.e. 1CT8 sec"1). The room temperature was monitored through the test 

and care was taken not to use rates of the portions of the test that 

occured during large variations of the temperature. Best temperature 

control was obtained when the tests were run at night and over the week¬ 

end. Nevertheless, because of this problem, the data at very low strain 

rates (less that l(T8/sec) is probably somewhat 1n error. 

An interesting feature of low increment tests was that during the 

first cycle of stress, the Initial stress exponent, was less than one 

(0.6 - 0.8). As one progressed through the cycle, the stress exponent 

approached and stabilized around one. This was an indication that: dur¬ 

ing the Initial increments the steady state was not achieved, but as the 

specimen was crept further, the steady state was approached and this led 

to the stabilization of the stress exponent. The strain rates used for 

the plot of Figure (13) were those that were considered to be represen¬ 

tative of the steady state. 

An interesting feature of the tests run at low stresses (0.086 MPa) 

is that the specimens quite frequently did not enter into tertiary 

creep. In general, these tests were stopped when strains of 6% were 

observed due to time limitaions. One specimen, however, was allowed to 

creep for over one month, and strains of over 25% were obtained with no 

sign of failure. On the other hand, tests at high stresses (0.32 MPa 
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and higher) entered tertiary at small strains, generally less than 2%. 

Based on these observations, It was decided to examine the stress 

dependence of tertiary strain (strain at the onset of tertiary creep). 

Figure (16) is a plot of tertiary strain vs. applied stress. The terti¬ 

ary strains are obtained from the same tests to failure used for the 

plot of strain rates vs. stress of Figure (10). The arrows drawn on the 

data points obtained at 0.086 MPa indicate that if the specimens were 

allowed to creep further they would have exhibited higher values of 

plastic strain. It is interesting to note that there 1s a transition in 

creep ductility, and 1t occurs over the same region of stress where 

there 1s the change 1n the stress exponent observed. 

(JH) Buret-Monitored Tests: 

The possible existence of two different mechanisms for the liquid 

enhanced creep of KC1, one 1n the high stress regime (0.32 MPa and 

above) and one in the low stress regime (0.163 MPa and below), was fur¬ 

ther examined using buret-monitored tests. The purpose of these tests 

was to document the volumetric strains incurred by the specimen during 

the course of deformation, and possible differences between high and low 

stress behavior. 

A series of uniaxial compression tests to failure were performed and 

the liquid flow was monitored. Different specimens were stressed at 

0.629, 0.32, and 0.086 MPa. Figures (17) and (18) are the volumetric 

strain-time plots of specimens strained at 0.086 and 0.32 MPa respec¬ 

tively. An important piece of information obtained from these tests was 
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that while the specimens dilated (absorbed fluid) at stresses of 0.629 

and 0.32 MPa (high stress regime), and they appeared to denslfy (1.e. 

fluid 1s expelled) at 0.086 MPa (low stress regime). Hence, a qualita¬ 

tive difference 1n the low and high stress regimes was apparent 1n the 

volumetric strain behavior. 

Note that dilation implies that the specimen is increasing in volume 

and thus fluid is absorbed into the newly formed voids. On the other 

hand densification implies that matter 1s being deposited into the pore 

space and thus the fluid 1s expelled from those regions. 

The difference in low and high stress volumetric behavior was further 

documented in stress increment tests. Figure (19) is the plot of the 

volumetric change of a specimen 1n time for one such increment test. 

Note that a negative slope implies densification and a positive slope 

implies dilation. 

An important outcome of this test is that dilation is observed for 

stresses equal to or above 0.163 MPa and densification is observed for 

the lower stresses. Note, that since 0.163 MPa is in the transition 

region for the stress exponents, the volumetric strain behavior is con¬ 

sistent with the hypothesis that there is a change in mechanism at this 

stress level. 

However, one must be careful 1n his interpretation of the buret tests 

at low stress, and the conclusion that densification is a natural conse¬ 

quence of the low stress mechanism. As mentioned before, buret tests 

were performed while a hydrostatic pressure of 0.01 MPa was maintained 

throughout the test, and it was observed that the hydrostatic pressure 
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by Itself was capable of producing a slow densification. Figure (20) 

depicts the densification of a specimen that was subjected to hydros¬ 

tatic pressure only. The specimen clearly densified, with a rate of 

densification slowing down with time. As a consequence, in order to 

determine if the applied stress results in densification, it is first 

necessary to account for the rate of densification due to the hydros¬ 

tatic pressure alone and compare this rate with that observed when the 

axial load is applied. 

This was done in a buret test carried out a 0.082 MPa (lower stress 

regime). The specimen was strained in intervals of 0.5, 1.0, 1.5, and 

2.0% strain, and between each interval the specimen was allowed to den- 

sify under 0.01 MPa of hydrostatic pressure only, so that densification 

rates before and after application of the load could be compared. Fig¬ 

ure (21) 1s the plot of the volumetric strain in time. Figures (22-29) 

are enlarged portions of the same plot, showing details of the beginning 

and end of each interval. As can be seen, there is no clear and consis¬ 

tent change in the densification rate after the application of the load, 

implying that no densification occurs 1n the low stress regime. With 

respect to the axial load, deformation occurs effectively at constant 

volume, which is consistent with the assumptions of Pharr and Ashby. 

The densification of the material 1s a consequence of the hydrostatic 

pressure only. 

The deformation 1n the high stress regime is clearly associated with 

dilation. This was shown in Figure (18) where the volumetric strain was 

plotted as a function of time. The longitudinal strain-time behavior 



00 *0 
62 

. c 
—I cc 
O H- 
> CO 

Fi
gu
re

 2
0.
 
De

ns
if

ic
at

io
n 
of
 a
 s

pe
ci

me
n 
un

de
r 
hy

dr
os

ta
ti

c 
pr

es
su

re
 o
nl
y 



0.
 0

0 
63 

I I I I I I 

NI vais DiaiBwmoA 

F
ig

ur
e 
2

1
.
 

TI
M

E 
(S

Q
C

) 



000 *0 
64 

• • • 

I I I 

u 
,01. 0) 

LÜ 

rtf 
CM 

a 
b at 

•H 

UL 

N ivy IS 3IHi3WmOA 



00
25

 
65 

Nivyis DiyiawniOA 

F
ig

ur
e 
2
3
.
 

T
IM

E
 

(
s
e
c
)

 



0
1

0
0

 
66 

O 

I 

O 
■ 

I 

O 

I 

NIVdIS 3iai3WmOA 

Fi
gu

ra
 2
4
.
 

T
I
M
E
 
(s

ec
) 



01
50

 

» • • « • 
i i i i i 

Nivais 3iai3wmoA 

F
i
g
u
r
e
 
2
5
.
 

TI
ME
 
(
s
e
c
)
 



01
75

 
68 

Nivais aiaiawmoA 

Fi
gu

re
 2

6.
 

TI
M

E
 

(s
e

c
) 



02
50

 
69 

0000** 

00002* 

00000* 

000086 

000096 

0000*6 
ID o in 

o CM 
CM CO CO 
o o o 

NI vais oiaiBwmoA 

F
ig

ur
e 
2
7
.
 

TI
M

E 
(s

e
c
) 



03
00

 
70 

NIVU1S 3I&L3WmOA 

F
ig

u
re
 2

8.
 

TI
M

E
 

(s
e
c
) 



04
50
 

71 

■ • • 

I I I 

NI vais oiaiawmoA 

F
i
g
u
r
e
 
2
9
.
 

TI
ME
 
(s

ec
) 



72 

for this test is shown in Figure (30). Curiously, a comparison of the 

volumetric strain and longitudinal strain shows that the two are 

extremely similar. This suggests that there is a relation between the 

volumetric and longitudinal strains in the high stress regime. 

The magnitude of the ratio of the volumetric to longitudinal strain 

is plotted as a function of time in Figure (31). It can be seen that to 

a first approximation, the ratio is roughly constant with a magnitude of 

about 3. In Appendix B, it 1s shown that this behavior is consistent 

with the compression of a closed packed aggregate of hard spheres 

stacked In an ABAB sequence, which are free to slide over one another. 

It is assumed that as the aggregate 1s compressed, the spheres of layer 

B press into those of layer A and thus open the Interstitial space that 

they reside upon. This leads to the longitudinal contraction of the 

system. By a series of geometric manipulations, the increase in the 

volume of the specimen 1s related to the longitudinal contraction. It 

is shown that the ratio of the volumetric strain to the longitudinal 

strain is equal to 3 for strains less than 10%. 

The significance of the correlation of the results of the theory 

with that obtained from empirical observations is that deformation at 

high stresses may be modelled after the compression of an aggregate of 

non-deformable hard spheres. KC1 grains slide over one another as 

deformation proceeds, while the accommodation process is the opening of 

the pores. Hence, it 1s apparent that grain boundary sliding 1s an 

important part of the deformation mechanism at high stresses. 
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(111) Grain Size Dependence of the Creep Rate: 

The presence of two different creep mechanisms was documented In the 

previous sections. Two different grain size dependences may therefore 

be expected. 

A plot of the steady state creep rate at a stress of 0.32 MPa (high 

stress regime), as a function of grain size, are shown In Figure (32). 

The data points used are those obtained from uniaxial compression tests 

to failure. As can be seen there Is a great deal of scatter in the 

data. Once again tests were repeated at each grain size to assure sta¬ 

tistical significance. 

A linear regression on the logarithmic values of strain rate and 

grain size 1s shown as a solid line through the data. The slope of the 

line is -1.83, implying that the grain size exponent 1s equal to -1.83. 

A statistical analysis of the possible error in the slope was performed 

using procedures outlined in Scheaffer and McClave [37]. It was found 

that the 95% confidence interval for the value 1s -1.83 ± 0.96. The 

relatively large uncertainty is a consequence of the magnitude of the 

scatter. Therefore a grain size dependence in the high stress regime 

anywhere from -0.87 to -2.79 is obtained. 

The analysis of the grain size data at 0.082 MPa (low stress regime), 

is not as straight forward as that at 0.32 MPa. As mentioned in the 

previous section, specimens never set into tertiary at low stresses, nor 

did they exhibit steady state behavior at low stresses, therefore ham¬ 

pering the task of designating the minimum creep rate. To analyse the 
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grain size dependence it was somewhat arbitrarily decided to choose the 

creep rate as that at 1.52 strain. These rates are plotted as a func¬ 

tion of grain size in Figure (33). A least square fit of the data 

points yields a slope of 0.35. Provided that the choice of the strain 

rate 1s appropriate, the material exhibits a very weak grain size depen¬ 

dence in the low stress regime. However, this result must be viewed 

with caution since the 952 confidence interval for the value of the 

slope is±1.30. 

(1v) The Effect of-Particle Shape: 

As mentioned earlier, two different batches (one and two) of KC1 were 

used 1n this research. The second batch used was during the latter 

part, when the research focused on increment tests. All the uniaxial 

compression tests to failure, the early increment tests, and all the 

buret tests were performed using batch one. 

In order to characterize the second batch, four separate uniaxial 

compression tests to failure were carried out at 0.629, 0.32, 0.163, and 

0.082 MPa. It was found that the steady state strain rates were an 

order of magnitude slower than those obtained from similar tests using 

batch one salt. Figure (34) depicts this difference. The differences 

in the two are easily observed. However, in stress increment testing it 

was found that although the strain rates were slower, the resulting 

stress exponents were approximately equal at similar stresses. In other 

words the stress exponents of two and one were seen in the same ranges 

of stress (Fig.35) 
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A comparison of the creep rates obtained in this study with those of 

Pharr and Ashby [21] shows that, in general, their rates were faster 

than those observed for batch one salt and relatively close to that of 

batch two. Figure (35) is an illustration of these differences and sim¬ 

ilarities. 

A possible explanation for the difference observed in creep rates may 

be particle shape. It was found that the shape of particles of batch 

one was cubic, while that of batch two was oval. SEM pictures demon¬ 

strating the differentes are shown in Figure (36). Unfortunately no 

such comparison could be made with the salt used by Pharr and Ashby, 

since a sample of their material was not available. However, based on 

the comparison of Figure (35), one would guess that their material was 

probably of the oval shape. 
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APPLIED STRESS (MPa) 

Figure 35. Differences in creep behavior of batch#l 

and batch#2 with that of Pharr and Ashby [211 



Figure 36a. Particle shape: batch#! 

Figure 36b. Particle shape: batch#2 
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Chapter VII: Conclusions 

The results of this study clearly indicate that two different 

mechanisms control the rate of liquid enhanced creep in the potassium 

chloride system. The change over from one mechanism to the other occurs 

at a stress of about 0.163 MPa. The specific results which led to this 

conclusion include: 

1) A change 1n the stress exponent for creep from n=l to n=2 in the 

range 0.163 MPa<o<0.32 MPa. 

2) A dramatic increase in creep ductility at stresses below 0.163 

MPa. 

3) A change in the volumetric strain behavior at a stress close to 

0.163 MPa- 1n particular, the observation that strain is 

accompanied by dilation 1n the high stress regime, while 

deformation occurs effectively at constant volume at low stresses. 

In addition, a difference in grain size dependence of the creep rate 
. -1.83 . -0.35 

was observed, with e«d at the high stresses and e-d at low 

stresses. However, because of the large amount of statistical 

uncertainty in the values of the grain size exponents and the lack of an 

Identifiable minimum creep rate for tests at low stresses, this evidence 

1s not weighted as heavily as that listed above. 

• 

The fact that the high stress mechanism exhibits a greater stress 

exponent (n=2) than the low stress mechanism (n=l) suggests that the 

processes are independent. With the exception of the grain size 
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dependence, the low stress mechanism appears to be that investigated by 

Pharr and Ashby, i.e. a diffuslonal mechanism similar to Coble creep, 
* 

rate controlled by the rate of diffusion of the solid through the 

liquid. While the grain size dependence determined 1s inconsistent with 

the model they proposed (è-d~3), this is really of no great consequence. 

First, the low stress grain size data is quite suspect because of 

scatter and the lack of identifiable creep rates. Second, a grain size 

exponent of 3 in a diffuslonal model holds only if the appropriate 

diffusion distance 1s related directly to the grain size, 1.e. the 

diffusion path 1s from one side of the grain to another. In the cold 

compacting of KC1 powders, the grain boundaries which form are quite 

rough and irregular, and 1t 1s highly possible that the appropriate 

diffusion distance is not that of the grain size, but rather a length 

characterizing the spacing of the irregularities on the boundary, X. In 

this case, the grain size dependence of a diffuslonal mechanism becomes 

e=l/d(l/X2), and provided that X?*X(d), the grain size dependence is not 

nearly as strong, i.e. ê=d"1. Since the observed grain size exponent of 

0.35 has an uncertainty as large as ±1.30 associated with it, the 

experimentally determined value is not necessarily inconsistent with a 

diffuslonal mechanism modified in this way. 

The nature of the high stress mechanism is not quite as clear. To 

the best of our knowledge, a mechanism for liquid enhanced creep 

yielding a stress exponent of 2 has never been proposed. Interestingly, 

this value, has been observed in at least three other experimental 

studies [31,34,38]. Furthermore, in this study and that of Lange, Davis 

and Clark on SI3N4, the stress exponent of 2 was found to occur under 
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conditions which produce internal cavitation. This implies that grain 

boundary sliding, accommodated by the opening of grain boundary 

cavities, plays an important role in producing some of the strain during 

creep. The fact that the ratio of the volumetric to axial strain in the 

current study was shown to be about 3 suggests that all of the strain 

can be accounted for by sliding of grains. Also, the drop in the creep 

ductility at high stresses is clearly linked to the formation and 

propagation of internal cavities and cracks at high stresses. 

In closing, 1t is suggested that a key to understanding the high 

stress mechanism may be found in the phenomena of superplasticity. 

Characteristic of superplastic deformation are stress and grain size 

exponents of 2, 1.e. e=(cr/d)2 [22,39]. Furthermore, the process is 

known to Involve grain boundary sliding, and failure of a superplastic 

material quite frequently occurs by grain boundary cavitation [40]. The 

similarities between superplasticity and the high stress mechanism 

studied in this work are thus quite remarkable and an understanding of 

mechanisms for superplastic deformation may lead to understanding of 

liquid enhanced creep. 
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Appendix A: Table of Variables 

: steady state strain rate 

o: applied normal stress 

ô: deviatoric stress 

ai, a2, oil principal stresses 

Oyt yield stress 

T: shear stress 

y: shear strain rate 

n: viscosity 

Xi parameter describing the distance between irregularities within 

the grain boundary 

A: volumetric strain 

A: dimensionless constant 

b: Burger's vector 

CL: solubility of the solid in the liquid film 

D^.: diffusivity of the solid in the liquid film 

d: grain size 

G: shear modulus 



k: Sol tzmann1 s constant 

m: grain size exponent 

n: stress exponent 

w: width of boundary 

V: atomic volume 
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Appendix B; Ratio of Volumetric to Axial Strain [41] 

We are interested in the ratio of the volumetric strain to the 

longitudinal strain during the compressive deformation of saturated 

porous KC1. Figures (Bl) and (B2) are the micrographs of the as 

compacted and as compacted/saturated specimen. It is clear that the 

grains are spherical and that the structure of the aggregate does not 

change in the process of saturation. For the purpose of analysis, this 

aggregate may be assumed to have a closed packed structure of hard 

spheres stacked in an ABAB sequence. Consider Figures (B3-B4). They 
* 

depict the unit cell of such a structure. If a load is applied onto the 

aggregate in the direction designated in Figure (B3), the layers A-A 

tend to move towards one another. In the process, the spheres of layer 

B press into those of layer A and thus open the interstitial spaces 

(F1g.B4). 

Note that in the process of the opening of the interstices, the 

magnitude of the side of the unit cell, "x", increases. In other words 

x is a function of time; such that x=2r at t=0 i.e. prior to loading 

(where r is the radius of the spheres) and x is equal to some value x at 

some time t. 

The geometry of the problem may be simplified if a piece of the unit 

cell like that shown in Figure (B5) is considered. Note that it 

consists of two tetrahedra stacked on top of one another. Furthermore, 

the height of the unit cell Vh", is a parameter which is also time 

dependent. As the deformation proceeds h decreases. Let h^at t=0 and 

h=h at some time t. 
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Figure B1. Structure of as compacted specimen 

Figure B2. Structure of as compact/saturated specimen 



i 

Figure B5. 
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Our ultimate goal 1s to find the ratio of the volumetric change of 

the primitive unit cell (expressed in terms of volumetric strain) and 

its contraction (expressed in terms of the axial strain), in time. The 

volumetric strain "A" may be defined as: 

A = -^-l (Bl) 

where V is the volume of the primitive unit cell at any time t and V0is 

the Its volume at t=0.‘ Similarly the longitudinal strain is: 

£■ 1 -ÏÏ7 <K> 

Note that compressive strain is taken as positive. 

Consider one of the tetrahedra depicted 1n Figure (B5) shown in 

detail in Figure (B6). It can be show that: 

x = (12r2 - 3h?)^ (B3) 

Note that r is a constant and therefore a direct relation between h and 

x has been obtained. 

A primitive unit cell shown in Figure (B7) has a volume: 
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Figure B7. 
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The original volume of the cell V *V(ho). Recall that at t=0, x=2r and 

h=lj. If these values of x and h are replaced in equation (3) one 

obtains: 

V = 3 /3 h(4r2- h2) (B4) 

and thus: 

V0= V(h0) = 8 • /2 r3 (B5) 

Therefore by equations (1) and (2) the ratio is found to be: 

- = 3 - 6e + 2e2 

e CB6) 

If the higher order terms are dropped one obtains an exact ratio of 3. 
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