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. Abstract 

THE EFFECT OF STRESS REDUCTIONS DURING STEADY STATE CREEP 
IN HIGH PURITY ALUMINUM 

by Iris Ferreira 

Chainnan of Supervisory Committee: Dr. Robert G. Stang 
Assistant Professor 
Division of Metallurgical 
Engineering 

The relationship between the strain-time behavior after stress 

reductions and accompanying changes in internal dislocation struc­

ture has been the subject of considerable discussion in recent 

literature. In an attempt to resolve this controversy, constant 

stress creep tests and stress reduction experiments were conducted 

in high'purity alimiinum at stresses between 3.44 MPa and 15 MPa 

and at test temperatures between 523K and 623R. All experiments 

were conducted in a region of stress and temperature in which 

creep deformation is believed to be due to the diffusion-controlled 

motion of dislocations. The stress sensitivity n, which describes 

the steady state creep rate, was found to be n = 4.6 +,0-2, and 

the activation energy for steady state creep Q = 1.43 + 0.05 eV/at., 

in excellent agreement with data reported in the literature. 

The transient creep behavior was analysed following reductions 

in stress performed at a true strain of 0.16, which is well into 

the steady state region. The transient creep curves obtained 

after the decrease in stress exhibit the following features: 

- for strains smaller than 4X10~^, the creep rate was positive 



and decreased as a function of time. The corresponding time 

interval was called Stage I. 

- for true strains greater than 4X10 ^, the creep rate was 

positive, but increased as a function of time to the steady 

state creep rate at the reduced stress. The corresponding 

time interval was called Stage II. 

- incubation periods immediately after the stress reduction 

in which the creep rate is zero were not detected. 

Microscopic observations of the sample microstructure, performed 

at several strains in the transient period (during Stages I and II), 

revealed that during Stage I, the dislocation density inside the 

subgrains is rapidly decreased. Also, during Stage I the subgrain 

size maintained a nearly constant value. Stage II is generally 

characterized by an increase in subgrain size*. 

Stress reduction experiments in which the stress was reduced 

from 8.35 MPa, 15 MPa and 6.23 MPa to 3.44 MPa at 573 K, with 

simultaneous observations of the subgrain size, showed that it 

is possible to correlate the instantaneous creep rate during 

Stage II to the square of the subgrain size present in the specimen. 

The same analysis was made at a constant initial stress of 

15 MPa and at reduced stresses of 8.35 MPa and 6.23 MPa. Using 

these data it was possible to express the instantaneous creep 

rate at constant subgrain size by a power function of the applied 

stress. 

A phenomenological equation describing the steady state creep 

rate and the instantaneous creep rate during Stage II, involving 

the subgrain size, was developed, giving 



^ = 1.1 X 10^ (D/hh a/hf (a/E)^. 

where N and p satisfy the relation N - p = n, and n is the stress 

sensitivity coefficient of the steady state creep rate. Here 

p = 2 and N = 6.6 + 0.2. 

The theoretical background for the subgrain size dependence 
2 

term, X , and for the high stress sensitivity coefficient, N = 7, 

is discussed in terms of current theories. It is shown that the 

network recovery theory cannot explain the results obtained. 

The results are discussed in terms of the internal stress theory. 

The activation energy determined for the processes responsible 

for Stages I and II is found to equal the activation energy for 

steady state creep. This suggests that the recovery processes 

following stress reductions are controlled by diffusion and have 

the same character as those responsible for steady state creep. 
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CHAPTER I 

INTRODUCTION J ' 

The current energy shortage caused by depletion of world re­

serves of oil, natural gas and coal makes it imperative that we reduce 

our use of these increasingly valuable materials. Energy can be saved 

by improving the thermal efficiency of heat engines which consime 

these fuels. One apparently simple way to increase the efficiency 

of these devices is to increase the input temperature of the operating 

fluid. This creates a problem because increased operating temperatures 

generally reduce the strength of the materials used in these engines. 

This problem has not been completely solved by currently available 

high temperature technologies. 

One of the most important problems to be solved in the develop­

ment of high temperature technologies concerns the occurrence of time 

dependent plastic deformation, or creep. Creep occurs when working 

temperatures are greater than 0.4 T , where T is the melting tempera-
m m 

ture in degrees K. An improvement of high temperature systems will 

certainly be obtained when a better understanding of the creep pheno­

mena is achieved. 

A general description of the creep process has been developed 

during the past fifty years. It is now generally accepted that creep 

deformation is due to thermally activated processes: motion of disloca­

tions, grain boundary sliding or the diffusional transport of matter. 

Many theoretical models, either phenomenological in nature or based 

on dislocation theory have been proposed to explain the creep 

phenomena. 



However, the suggested theories have not been completely successful 

for a number of reasons. Many of these reasons will be described 

in subsequent chapters but it is worth mentioning a few here to 

clarify the focal point of this study. Most of the theories are 

concerned with creep processes occurring at a constant rate of defor­

mation, i.e., steady state creep. These theories neglect or fail to 

describe the transient deformation generally observed when a sample 

is initially loaded or when stress is changed. These theoretical 

descriptions of the creep process use very simple and idealized micro-

Structural features (dislocation configurations) which blear little 

relationship to the true observed creep microstructures. Conse­

quently, most creep theories can explain the available data only 

by making "ad hoc" assumptions not truly confirmed by experiments. 

One of the most important shortcomings of these theories, as will 

be shown, is the lack of consideration of the deformed structure 

which develops while the sample is being strained. For example, 

it is well established that subgrains are formed during high tem­

perature deformation in a large nimiber of materials and that their 

presence can influence a ntraiber of material properties. There seems 

to be no reason to justify the omission of this important microstruc­

tural feature in the description of the creep phenomena. 

The influence of the subgrains on the creep phenomena is an 

area in which knowledge is lagging behind the general understanding 

of creep process. A study of this aspect of the creep process is 

urgently needed, and will certainly contribute to an improvement 



in the comprehension of the high temperature mechanical properties 

of materials. 

This dissertation is an attempt to define the influence of sub-

grains on the rate controlling creep mechanisms at high temperatures. 

Structural observations will be presented as a function of tempera­

ture, stress and strain to clarify the effects of subgrain size on 

the steady state creep and transient creep following reductions in 

stress. Substructural observations will be combined with information 

concerning the creep kinetics to test the possibility of expressing 

the steady state creep rate and the instantaneous creep rate follow­

ing reductions in stress in terms of the subgrain size, as suggested 

by Sherby and coworkers (1,2,3). A significiant aspect of this study 

is that the approach used, that is, to correlate the instantaneous 

creep rate following a reduction in stress with the subgrain size 

present in the sample, has not been used before. 

High purity aluminum (99.999% Al) has been selected for this 

investigation. This choice is motivated by a large number of creep 

studies found in the literature for this material. In addition, 

reliable data for several physical quantities are available for altmii-

num. For example, the elastic modulus as a function of temperature 

has been determined by Fine (4) and the self-diffusion coefficient 

has been measured using various techniques (5,6). Also, high purity 

aliiminum is available at low cost. Furthermore, because aluminimi 

is a low melting point material and the surface oxide layer very 

strong, the proposed work can be done in air without a highly sophis­

ticated apparatus. 



CHAPTER II 

LITERATURE SURVEY 

2.1 Introduction 

This investigation, as outlined in the previous chapter, is 

concerned with a study of high temperature creep deformation of high 

purity aluminum. This chapter will present a general review of the 

nature of high temperature creep. The objective of this literature 

review will be to provide the reader with background dealing with 

the experimental, structural and theoretical aspects of high tempera­

ture creep discussed in this study. 

The review will be divided into three major sections. The first 

will be concerned with the phenomenological description of the process 

as influenced by stress, temperature and structural variables. The 

effort will focus on a description of the steady state strain rate 

of pure metals. In the second section, a general description of 

the important structural aspects of the creep process will be made. 

Finally, in the third section, several theoretical models which are 

important to this study will be described. 

2.2 Phenomenological aspects of high temperature creep 

Time dependent deformation in many crystalline solids at ele­

vated temperatures exhibits a rather consistent behavior. At tem­

peratures exceeding approximately one-half the absolute melting tem­

perature, the true strain-time relationship, shown in Figure 2.1, is 

generally observed for most well annealed pure materials tested at 

constant temperature and stress. When the load is applied, a strain 

- . " . ) C L E A R « » ' 
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Figure 2.1 Schematic creep curve for constant stress 
and temperature showing the three stages of creep. 



e results. This strain e contains both elastic and instantaneous o o 
plastic components. As deformation proceeds, the strain rate de­

creases with time until a region in which the strain rate is constant 

is observed. The initial region in which the strain rate is decreas­

ing is often called the primary region, while the region of constant 

strain rate is labeled the sec'dndary or steady state region. The 

strain rate remains nearly constant in the steady state region until 

instabilities reduce the cross sectional area of the sample, leading 

to an increase in strain rate. In this third or tertiary stage, 

the strain rate increases until the sample fails. 

There are many circumstances which lead to creep strain-time 

relationships which are different from that shown in Figure 2.1. 

Some materials do not exhibit a primary stage and steady state is 

attained immediately after application of a stress. This type of 

behavior has been observed for textured Fe-3% Si (7) and for W-5% 

Re alloys (8). Other materials present an inverted creep curve in 

which the creep rate increases during primary stage. This type of 

creep curve has been observed for h.c.p. single crystals (9,10) for 

Si (11), Cu-16% Al alloys (12), for LiF (13) and for materials sub­

jected to a deformation prior to creep testing (14,15). 

In general, the creep deformation rate e, can be described by 

the relation (16): 

e = F(T,a,C) (2.1) 

where a is the applied stress, T is the absolute temperature and 



^ describes several important material parameters. The variable 

^ could include elastic modulus, crystal structure, stacking fault 

energy, as well as parameters which depend on the prior thermo-

mechanical history of the material such as grain size, subgrain size 

and dislocation density. The variable C is generally a mild func­

tion of temperature and stress. At constant temperature and applied 

stress, the transient stage is associated with time dependent struc­

tural modifications, that is, C(fJ,T,t) where t is time. The 

structure evolves until a dynamic structural equilibrium is reached 

leading to steady state creep. During the steady state stage, the 

creep rate £ is described by the equation 

Eg = F(T, a,Q (2.2) 

where characterizes the internal structure under dynamic equili-s 
brium. 

The stress, temperature and structural dependence of the creep 

strain rate is basic to an understanding of the creep phenomena. 

In the following sections, an effort will be made to demonstrate 

the functional contributions of each variable in equation 2.2 to 

the creep rate. 
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K exp(- kT (2.3) 

where is the effective activation energy for creep, k is Boltz-

mann's constant and is a slightly temperature dependent quantity. 

For temperatures less than 0.5 T^ the activation energy decreases 

with temperature and is also stress dependent. The creep deformation 

mechanisms in this region of temperature are believed to be associated 

with cross slip of screw dislocations and dislocation intersection 

processes. This discussion will neglect the region of temperature 

below 0.5 T^ and will focus only on the creep phenomena occurring 

at temperatures higher than 0.5 T^. For temperatures above 0.5 T^ 

the activation energy does not vary with stress and is slightly tem­

perature dependent. For temperatures near 0.5 T^ good agreement 

between the activation energy for steady state creep and that for 

self diffusion, Q^^, has been shown to exist for many pure metals 

(18), This agreement can be seen in Figure 2.2. The correspondence 

between these two quantities has most clearly been demonstrated in 

I N S t l T I J C l F A W E i 

2.2.1 Temperature Dependence 

The deformation behavior of metals and alloys under constant 

load or stress is usually separated into low- and high-temperature 

regions. The temperature at which the change from low to high tem­

perature behavior occurs is generally around one-half of the melt­

ing temperature, 0.5 T^ (17). .For both low and high temperature 

regions it is found experimentally for constant stress conditions 

that Equation 2.2. can be written 



i 110 I — I — I — \ — r — I — I — r 

J I 1 I L 0 10 20 50 40 so 60 70 eO 90 100 IIO I2D 
ACTIVATION ENERGY FDR HIGH TEMPERATURE CREEP-Kcal/melt 

Figure 2.2 The relation between the activation energy for 
creep (Q̂ ,) and the activation energy for self dif­
fusion (Qor.) for several pure metals near 0 . 5 T 

ou m 
(Sherby and Burke (1968))(18). 
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the case of phase transitiQns. Sherby and Burke (18) describe a 

number of cases Where creep rates and diffusion coefficients were 

measured above and below a phase transition. Parallel behavior be­

tween the strain rate and the diffusion coefficient was observed 

for the transitions such as the a Y transition in iron, a -»• $ 

in thalium, and the ferro-paramagnetic transition inaFe. In addi­

tion, Sherby et al. (19) obtained good agreement between the acti­

vation volimies AV^ and AV^^ for creep and diffusion under hydrostatic 

pressure, when these two quantities were measured in the same mater­

ial. Based on the correlation between and Q^^ it is usual to 

rewrite Equation 2.3 in terms of the diffusion coefficient D, thus 

Sl^ = D (2.4) 

where D = exp ( - Q^^/kT) and K 2 is a slightly temperature dependent 

quantity. 

2.2.2 Stress Dependence 

The relation between the steady state creep rate of metals at 

constant temperature and the applied stress,O , generally assimies 

one of two forms depending on the magnitude of the applied stress. 

At low and intermediate stresses, O/G < 10 ^, where G is the shear 

modulus, this relation is given by 
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where is a constant. In general, the exponent n is constant over 

a wide range of stress and temperature. For fine grained materials 

tested at temperatures close to the melting point (T>0.9 T^) and 

at low applied stresses, n is usually found to equal 1. This type 

of creep is generally referred to as Nabarro-Herring creep (20,21) 

and will not be the subject of f-urther discussion in this study. 

At intermediate stresses, 10 ^< ô /G <10 ^, and at temperatures 

0.5< T/T^< 0.9, n assumes values between 3 and 7 for many solid solu­

tion alloys and pure metals. In general, a value of n in the range 

4.2 < n<6.9 is found for most pure metals. This result suggests 

an average value of n = 5 (22). At high stresses the power relation­

ship in equation 2.5 breaks down. Creep rates for these high stresses 

are greater than those predicted by extrapolation of the intermediate 

stress data. 

Empirical relations have been proposed to describe the behavior 

of the steady state creep strain rate at high stresses. Zurkov and 

Sanfirova (23) suggested an expression of the form 

Eg = A exp(Bo) (2.6) 

where A contains the temperature dependence and 0 is a quantity not 

depending on a but is a function of T and structural variables. 

Garofalo (24) proposed an empirical relation of the form 

= sinh (go)' (2.7) 
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which breaks down to 

at low stresses, and becomes 

« Kg exp(3 a) 

at high stresses, which is a form similar to that proposed by Zurkova 

and Sanfirova. Similar expressions have been suggested by Weertman 

(25) and by Barrett and Nix (26). 

The incorporation of terms describing structural variables has 

been a very difficult task. The fact that Ç in Equation 2.1 depends 

on T and a introduces an additional complication when a separation 

of variables is attempted. The following discussion will show that 

a definitive description has not been achieved yet. 

Among the various variables included in known for its impor­

tant influence on the steady state creep rate, is the modulus of 

elasticity. Phenomenologically, it has been shown (27) that the 

steady state creep rate of pure polycrystalline metals can be rep­

resented by 

•= K^ (O/G)" (2.8) 

where K^ is a quantity which includes the temperature dependence, 

G is the shear modulus and a and n have the previously cited mean­

ing. 
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= A^ £ | (a/G)" D (2.9) 

where G is the shear modulus, b is the Burgers' vector, D = 

exp(-H^^/kT) is the diffusion coefficient, H^^ is the enthalpy of 

diffusion, is a quantity related to the crystal structure and 

The influence of the grain size on the^steady state creep rate 

has been the subject of a serious controversy. Early investigations 

of this aspect of the creep phenomena led to inconclusive results; 

while some data suggested that the creep rate decreased when the 

grain size was increased, others indicated the opposite behavior. 

Bird et al. (22) showed, using recent data, that the creep rate is 

influenced by the grain size only below a certain critical size. 

Above this critical size, for some pure metals, the steady state 

creep rates obtained for single crystals are nearly equal those ob­

tained for polycrystals in a wide range of grain sizes. They sug­

gested that the increasing creep rate obtained for grain sizes smaller 

than the critical size could be due to an increasing contribution 

of grain boundary sliding to the over all creep deformation at very 

small grain sizes. 

The general aspects of the creep process briefly described above 

were reviewed in great detail by Sherby and Burke (18) in 1968, later 

by Bird et al. (22) (1969) and most recently by Takeuchi and Argon 

(28) (1976). Bird et al. (22) have shown that much of the steady 

state creep data available in the literature can be described by 

an expression of the form: 
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the atomic frequency, and and n are dimensionless quantities. 

Because of the inclusion of G and T in Equation 2.9, the apparent 

activation energy for creep is always slightly different from the 

activation enthalpy of diffusion. It is possible to circumvent this 

problem by defining an activation enthalpy for creep, which is not 

temperature dependent according to the equation (29) 

= K I (a/G)" exp(-H^/kT) (2.10) • 

where K is a constant and is the enthalpy for creep. 

Bird et al. (22) examined the data for several metals to deter­

mine the value of the constants A^ and n in Equation 2.9. The ex­

tent of these values, obtained for various metals, is listed in 

Table 2.1. 

TABLE 2.1 

Summary of Values of the Parameters n and A. 

Material n 

fee 4.4 - 5.3 (5) 105 - 10« (10^) 

bee 4.0 - 7.0 (5) 105 -10^5 (10^) 
hep 4.0 - 6.0 (5) 10^ - 10« (10^) 

Class II alloys 4.5 - 6.0 (5) 105 - 10^ (10^) 
Class I alloys 3.0 - 4.0 (3.5) 10-2 - 1 0 ^ (10) 

•typical values are shown in parentheses 
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As an illustration of how structural variables, included in ^ , 

might affect the steady state strain rate equation, consider the 

following. In Figure 2.3, the correlation with Equation 2.9 is shown 

for fee metals. If all the factors that are pertinent to steady 

state creep were correctly incorporated in Equation 2.9, the reliable 

reported data in fee metals should be packed around a single straight 

line, within the accuracy of O, T, D and G. Figure 2.3 clearly shows 

that such a correlation is not obtained. This implies that other 

factors that are important in the creep process have not been included 

in Equation 2.9. For fee metals, it has been suggested that the 

major influence could come from the effects of stacking fault energy 

T. Barrett and Sherby (30) suggested that the constant A in Equation 2.9 

should be dependent on y. This approach assumes n to be the same 

constant for all pure metals. An alternative possibility was con­

sidered by Bird et al. (22), in which A^ was assumed to be an univer­

sal constant and the remaining parameter, n, was assumed to be depen­

dent on the dimensionless quantity Gb/Y. They, in fact, have shown 

that when an appropriate value of n for each metal is selected from 

a n vs Y diagram, all the creep data are well represented within 

a factor of two by setting the constant A^ = 2.5 x 10^. 

The approach used by Bird et al. (22) has an important limita­

tion; it is restricted mainly to pure metals and simple alloys. 

No effort was made to include creep data of more widely used alloys. 

In a series of recent papers (31,32,33) Wilshire and his colleagues 

presented a new effort to solve this aspect of the creep phenomena. 

They introduced the idea of a "friction stress", a^, to characterize 
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= B'(0- O^)^ (2.11) 

where B' is a temperature dependent quantity. In this way the stress 

exponent, n, which may be both large and variable, is replaced by 

a universal exponent of 4. This approach, however, has been strongly 

criticized (34,35). 

2.3 Microstructural Aspects of the Creep Process 

The experimental evidence now shows that the decrease in creep 

rate during the primary stage reflects microstructural changes in 

the material <22,28,36). Barrett et al. (37) showed that load ap­

plication causes a large increase in dislocation density. Later 

in the primary region, subgrains start to form. At this point, the 

dislocation density must be described by two quantities, the dis­

location density in the subgrain wall and the dislocation density 

which is not associated with subgrain boundaries, sometimes called 

free dislocation density. As deformation proceeds, the free dis­

location density and average subgrain size change continuously until 

steady state creep is attained. In the steady state region, both 

quantities maintain nearly constant values (22,28,36). 

' ' • : : ' r . A t ? r 8 ] 

the steady state creep substructure. By incorporating this concept 

into the normal power law creep expression. Equation 2.5, where the 

stress exponent may vary from 4, for pure metals, to values ~40, 

for certain dispersion strengthened alloys, the steady state creep 

rate may be expressed by a relationship 
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In 1935 Jenkins "and Mellor (38) were the first to observe the 

development of subgrains after high temperature deformation of iron. 

They referred to these changes as subcrystallization or grain frag­

mentation. In the early fifties, after the work of Wood and his 

colleagues on aluminimi (39,40,41), an explanation for the process 

was proposed. They suggested that these subgrains were due to 

accumulation of edge dislocations by climb (polygonization) leading 

to the development of low angle boundaries. Since then, the terms 

"subgrain" and "substructure" have gained wide acceptance. 

Subgrains have been observed to form in most single crystalline 

as well as polycrystalline pure metals (22). In the alloy Fe-4% Mo 

(42), which exhibits steady state creep behavior virtually immediate­

ly after application of a stress, subgrains have also been observed. 

However, a W-5% Re (8) alloy and Al-3.1% Mg (43) which also exhibit 

this behavior, do not form a subgrain structure. 

If the grain size of the test specimen is large, the initial 

formation of the subgrains may begin near the grain boundaries (44) 

and if the material is heavily textured, it is usually confined to 

such regions and is not extensive (7). 

Subgrain boundaries in polycrystals after high temperature creep 

are composed of two and three dimensional networks consisting of 

complex mixtures of tilt and twist components (22,45,46,47). In 

an investigation of the creep of molybdenum single crystals, Clauer, 

Wilcox and Hirth (46) demonstrated that tilt boundaries predominate, 

suggesting a climb-polygonization mechanism in that material. 
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The subgrain size has been observed to be independent of grain 

size by a number of investigators (47,48,49). The nature of the 

total substructure may, however, be dependent on the grain size. 

For example, Barrett, Nix and Sherby (37) found equiaxed substruc­

tures in small grain-size (50 micrometers) Fe-3% Si and banded sub­

structures in large grain-size material (0.3 mm), tested at the same 

temperature and stress. 

It is believed that the rate at which subgrains form during 

creep is dependent upon the relative ease of the processes of cross 

slip and dislocation climb (50,). The ease of these processes depends 

strongly on the distance between partial dislocations, that is, the 

stacking fault energy. As the stacking fault energy Y is lowered, 

the separation between partials increases and cross slip and dislo­

cation climb become more difficult. This conception is based on ex­

perimental evidence that metals with high stacking fault energy 

( Y - 150 ergs/cm ) such as Al, a-Fe, Mg, Sn, Ta and Mo show pronounced 

tendencies for subgrain formation (17,46,51,52,53). Copper, a metal 
2 

of intermediate stacking fault energy ( Y ~ 80 ergs/cm ), exhibits a 
low tendency toward a subgrain formation (54), and Pb, which has 

2 

a low stacking fault energy (Y- 25 ergs/cm ) does not seem to form 

subgrains (55). 

The character of the subboundary also seems to depend on the 

stacking fault energy. Metals with high stacking fault energy form 

subgrains with well defined subboundaries consisting of planar arrays 

of dislocation networks (46,47,56). Copper forms rather diffuse 
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B a -m (2.12) 

where B and m are constants (18,22). The value of m is usually of 

the order of unity; other values have been also reported (63,66,67). 

Young and Sherby (68) and Sikka et al. (69) have shown that the stress 

dependence is modified above a critical value of the stress, changing 

from m = 1 to m = 2 dependence. They have also noted that at these 

stress levels, the subgrain boundaries are characterized by disloca­

tion cell boundaries. 

The dislocation density inside subgrains at steady state, p^, 

has been correlated with the applied stress for many materials. 

It has been shown that the dislocation density is stress dependent 

and can be expressed by (22): 

(2.13) 

subboundaries consisting of complex dislocation tangles (57,58) at 

normal strain rates but can form well-defined subgrain boundaries 

when the rate of deformation is very low (59). 

The subgrain size X, which develops early in the steady state 

region has been measured as a function of stress (37,47,60-64), 

temperature (47,63,64) and 8 t r 9 i n (37,63,65). These observations 

showed that X is a function of stress and is only slightly tempera­

ture dependent. In addition, these observations have also shown 

that the stress dependence of X is invariant over a large range of 

stress and can be expressed by 
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where t is the shear stress, T » 0/2, Oj is a constant of the order 

of unity, and b and G have the previously cited meanings. 

The general features of the process of substructure development 

during transient creep at temperatures above 0.5 T^ can be summar­

ized (28) as: 

1. After the instantaneous deformation, the dislocation structure 

is essentially the same as in low temperature deformation; 

2. The dislocation structure at the beginning of the primary stage 

is quite heterogeneous. As the strain increases, subgrains 

start to form in a non-homogeneous fashion; regions with dense 

parallel subgrains and regions with coarse subgrains or totally 

depleted of subgrain boundaries are distributed alternately; 

3. The dense substructure region gradually becomes coarser and 

simultaneously the coarser region denser, leading finally to 

a homogeneous substructure at the steady state. At this point, 

the total dislocation density is made up of dislocations in 

the subgrain boundaries and dislocations inside the subgrains. 

It has to be noted that the steady state creep substructure 

is steady only in a time average. In fact, it is continuously 

changing and corresponds to a dynamic equilibrium between the rate 

of formation of new subgrains and the rate of decomposition of the 

old ones (16,28,70). 

During creep of polycrystalline metals at elevated temperature, 

deformation may also occur by the relative translation or shear of 
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one grain with respect to another. This aspect of the creep 

process is usually referred to as grain boundary sliding. Quanti­

tative measurements of grain boundary sliding in a number of poly­

crystalline metals and alloys are now available (52,71-75). McLean 

and Farmer (52) have shown that the average grain boundary displace­

ment in aluminum is directly proportional to the total elongation 

of the specimen. The proportionality constant is strongly depen­

dent on the applied stress and to a much less extent on temperature 

and impurity concentration. Gifkins (76) has tabulated values of 

the proportionality constant for various metals and alloys and found 

that values range from 0.027 to 0.93 depending on the material and 

test conditions. In general, the proportionality constant decreases 

sharply with stress for a large number of pure metals and alloys. 

Tests in which the stress was maintained constant showed that the 

contribution of grain boundary sliding to the total strain is de­

creased as the grain size is increased and does not depend on tem­

perature (76). 

2.4 Steady State Creep Theories 

The attempts to describe the creep phenomenology in terms of 

microscopic processes are numerous. Bailey and Orowan (77,78) were 

the first to view creep as a competition between two processes: 

strain-hardening and recovery. A consequence of this point of view 

is that steady state creep represents a state in which strain-harden­

ing is dynamically balanced by recovery. Later, after dislocation 
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theory was developed, these concepts were incorporated to form several 

creep models. It is important to note that a link between these 

different approaches exists if dislocation multiplication, glide 

and interaction are regarded as hardening processes, and climb and 

annihilation are regarded as recovery processes. 

The theoretical models for creep are currently divided into 

three main groups: the first includes theories based on a mechanism 

which assumes that the creep rate is controlled by recovery (climb 

and/or annihilation); a second group of theories is based on the as­

sumption that dislocation glide is the rate controlling mechanism; 

and finally a group of theories in which the simultaneous effects 

of dislocation glide, driven by the effective stress, and recovery, 

driven by the internal stress, are assumed to be the rate controlling 

mechanisms. A general discussion of these theories follows. 

Weertman (25,79) has developed an expression for the steady 

state creep rate at intermediate stresses based on a dislocation 

mechanism. In both of his theories he assumes that dislocation 

loops are generated at Frank-Reed (F-R) sources and these loops pile 

up against obstacles in the lattice. In his first theory (1955) he 

assumes that Lomer-Cottrell locks are obstacles and in the 1957 theory 

the obstacles are believed to be the stress fields due to the edge 

components of the leading loops on parallel slip planes. The pile 

up generates back stresses which stop the F-R sources. The 

leading dislocation must then climb the obstacle to relieve the back 

stress on the source and, in doing so, it absorbs or emits vacancies. 
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S = 3 5 ° o " 5 <"/^>'-' ^2 . 1 4 ) 

where M is the number of active dislocation sources per unit of volume, 

G is the shear modulus, SI is the atomic volume and a is a constant 

whose value is in the range 0.015<ot <0.33. 

This model is successful in predicting the stress exponent for 

the power law. However, this is only so if it is assimied that M 

is independent of stress. This aspect of the model has been criti­

cized by Bird et al. (22). These authors pointed out that dislocation 

pile-ups are not observed in creep tested materials. 

A different model, based on climb of dislocations as the rate 

controlling mechanism, has been proposed by Nabarro (82). He assumed 

a special type of regular array of edge dislocations; the creep rate 

has been calculated by assimiing a steady climb motion of these dis­

locations and by neglecting any glide. A third power dependence 

of the creep rate on stress is obtained in this formulation. This 

I N S T H ! 

A gradient of vacancies is established. The creep rate is then 

controlled by the escape rate of the leading dislocation by means 

of diffusion of vacancies to or away from the dislocation pile 

up at the obstacles. Later, in 1968, Weertman (80) improved this 

theory by using a model developed by Hazzledine (81). Hazzledine 

proposes that as groups of dislocations, created at two sources 

on neighboring slip planes, move toward one another they will be­

come interlaced into groups of dislocation dipoles. The resulting 

equation obtained by Weertman after this procedure is 
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e = " (a/G)3 (2.15) 
' b^ k T 

where is a dimensionless constant, o,^ ^ 0.5, and the other terms 

have the usual meaning. 

A modification of the Ivanov and Yanushkevich theory by Blum 

(85) yields a stress dependence of 4. This is based on additional 

assumptions that the subgrain walls have finite width and this width 

is not stress dependent. The final expression obtained in this 

approach is 

model has been modified by Weertman (80) by introducing a different 

expression for the climb velocity of dislocations. Dupouy (83) modi­

fied the theory, taking the effect of internal stress into considera­

tion, and has shown that the stress exponent can be very large. 

Recently, interest has focused on a somewhat different disloca­

tion climb model of creep proposed by Ivanov and Yanushkevich (84). 

In this model the subgrain boundary is assimed to act as a site at 

which dislocations annihilate. Isolated dislocations or groups of 

piled-up dislocations that may have been created at sources inside 

the subgrain, or at other subgrain boundaries, approach the subgrain 

boundary and interaction occurs. If the approaching dislocation 

has the same character as those forming the boundary, it will climb 

to one of the nearest dislocations in the subgrain boundary. Other­

wise, if it is opposite in character, annihilation will occur,after 

climbing. This model yields an equation for the steady state creep 

rate of the form 
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(2.16) 

where 0 2 is a dimensionless constant, 0 2 « a^* and a is the subgrain 

wall thickness. The remarkable aspect of the subgrain recovery model 

is that the subgrain size included in the theory drops out of the 

final expression. Weertman (86) has extended the models described 

above to allow for interactions of dislocation pile-ups with the 

subgrain boundaries. The model gives a final expression for the 

creep strain rate 

K- « ( i > (2.17) 

where X is the subgrain size and a is a constant. When the stress 

dependence of the subgrain size during steady state, X « 0 is in­

cluded in Equation 2.17, a third power stress dependence is again 

obtained. 

Exell and Warrington (87) suggested a model in which disloca­

tion annihilation occurs by the meeting of migrating subgrain boun­

daries containing dislocations of opposite sign, after observing sub-

grain boundary migration during steady state deformation. A quanti­

tative estimate of the contribution of this mechanism to recovery has 

not yet been made. 

Another group of recovery theories are based on the strain-

hardening-recovery mechanism proposed by Bailey and Orowan (77,78). 

In these lines are the models proposed by Mitra and McLean (88), McLean 
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(89), Davies and Wilshire (90) and Lagneborg (36). In agreement 

with direct observations, these authors assume the dislocations in­

side the subgrains to be arranged in a three dimensional network. The 

creep process is treated as consisting of consecutive events of re­

covery and strain hardening. The strength is provided by the attrac­

tive and repulsive junctions of the network. Some of these junctions 

will break as a result of thermal fluctuations; those connected with 

the longest dislocations break more frequently. The released dis­

locations move a certain distance until they are held up by the net­

work and thereby give rise to a strain increment and the material 

strain hardens. Simultaneously, recovery of the dislocation network 

takes place. The model assumes that recovery occurs by a gradual 

growth of the larger meshes and the shrinkage of the smaller ones, 

in analogy with grain growth. The driving force for dislocation 

motion in the recovery process is due to the line tension of the 

curved dislocation mesh. This recovery process tends to increase 

the average mesh size of the network, that is, to decrease the dis­

location density. Eventually some links will be sufficiently long 

for their junction to break under the influence of the thermal fluc­

tuations and of the applied stress, and the consecutive events of 

recovery and strain hardening can repeat themselves. The treatment 

by Lagneborg (36) makes use of the following equations for the tran­

sient stage: 
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e( t ) = 
r bAloGb P ( t ) ^ - O ] ^ 
I" k T ' (2.18) 

and 

dP 
dt 

J . dg<t) 
bL d t 

- 2 M T P^ ( t ) (2.19) 

where is a parameter related to the mobile dislocation density, 

A is the activation area for creep, a is a constant, p is the total 

dislocation density, L is the mean free path of dislocation motion, 

T is the dislocation line tension and the other quantities have the 

usual meanings. 

During the steady state stage, the dislocation density p^ is 

constant. Assuming that the growth of the average dislocation mesh, 

R^, obeys the equation 

a t m (2.20) 

the steady state strain rate, e , is expressed as 
s 

e = 2 b L M P s s (2.21) 

where M is the mobility of climbing dislocations. These recovery 

models stand in direct contrast to the subgrain boundary recovery 

models: in the subgrain recovery models (84,85,86), the rate con­

trolling recovery event is localized in the subgrain interior, while 
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e = a b V (2.22) m 

where p^ is the density of mobile dislocations, V is the velocity 

of dislocations and a is a constant. By making additional assump­

tions, the dislocation density is calculated and substituted into 

Equation 2.21. 

Hirsch and Warrington (91), using an idea initially proposed 

by Mott (92) formulated a model based on the non conservative motion 

of jogged screw dislocations. Screw dislocations, with jogs which 

do not lie in the slip plane, can move only when the jogs absorb 

or emit vacancies or interstitials. Dorn and Mote (93) formulated 

the thermally activated motion of jogged screw dislocation under 

the condition of an equilibrium concentration of vacancies near the 

jogs. Barrett and Nix (26) improved the model by formulating the 

dislocation velocity in terms of the diffusion controlled flow of 

vacancies to and from the jogs. The result obtained by Barrett and 

in the network models (36,89,90) it is localized at subgrain 

boundaries. 

The models described thus far assume that the strain rate is 

controlled by the recovery of dislocations. Another point of view 

assumes that glide of dislocations is the rate controlling mechanism. 

In general, the glide models use the microscopic equation for the 

strain rate in terms if dislocation density and velocity as a start­

ing point. This equation, called the Taylor-Orowan equation, has 

the form: 
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Nix for the creep strain rate is: 

e - C P D sinh ( n \>^I2 kT) s m (2.23) 

where T] is the spacing between jogs, p^ is the density of dislocations 

that are mobile and C is a constant which is possibly temperature 

dependent. This model has been-criticized by Weertman (80) and some 

modifications have been introduced by Levitin (94). 

All the models referred to above use a relation between the 

dislocation velocity and stress for single dislocations. The mobile 

dislocation density has to be determined from other conditions. 

One of the weaknesses of the glide theories is the difficulty in 

deriving a P ̂  versus o relationship which gives the correct observed 
• 

stress dependence of e . 
s 

The theories described above express the steady state creep 

rate in terms of the independent action of dislocation glide or dis­

location climb. Attention is now shifted to a different approach 

used by Ahlquist, Gascaneri and Nix (95). They suggested that neither 

the dislocation glide nor recovery of dislocations can be identified 

as the only rate controlling creep process. According to their theory 

the creep rate can be described by any one of these processes, i.e., 

dislocation glide driven by the effective stress or recovery driven 

by the internal stress. The internal stress, O^, has its origin 

in the elastic interaction between dislocations; the effective stress, 

O, is then defined as the difference between the applied stress, O, 

and the internal stress. 
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e = K(T) O" (2.25) s 

The phenomenological description of the steady state creep rate 

is then obtained by combining the three equivalent equations in a 

compatible manner. By doing so they found that the exponent, n, is 

given by 

where the parameters p, n, 1 and m are defined as: 

In this model, the separation of the applied stress into two 

different components has permitted the analysis of the steady state 

creep rate in terms of three independent equations. One is based 

on the Bailey-Orowan (77,78) concept which states that steady state 

creep is determined by a balance between strain hardening and recovery, 

or 

= r/h (2.24) 

where r = - ( t T ^ / t ^ n, is the rate of recovery and h = (-r—) 
at a,e.T ^ 3e o,T,t 

is the strain hardening rate. Another equation for the steady state 

creep rate is Equation 2.22, in which is expressed in terms of 

and V is expressed in terms of 0*. The third equation used in 

the formulation of the model is a form of phenomenological equation 

developed by Sherby and Burke (18) 
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p is the stress sensitivity coefficient for the dislocation velocity, 

1 is the internal stress se 

mobile dislocation density 

1 is the internal stress sensitivity coefficient for a*, and p the 
m 

^ 30 ' and n /3lnGs-j 
^ 3 o (2.27) 

These parameters are determined using the transient strain dip test 

(96) and the stress transient dip test techniques (97). In both 

of these methods, is determined by reducing the applied stress 

to a level at which the plastic strain rate is momentarily zero. 

The most attractive feature of this phenomenological theory is its 

ability to qualitatively predict the stress and temperature depen­

dencies of the creep rate without resorting to detailed mechanistic 

models. 

The experimental measurements and observations of high tenperature 

creep available at present are by no means sufficiently extensive 

to make it possible to rule out all proposed theories except the 

operative one. The theories in their present stage aré too crude 

to permit such a selection. Furthermore, some of them are cocplemen-

tary to one another rather than alternative. Lagneborg (36) noted 

that the current theories suffer from several deficiencies: 

1. Failure to separate the applied stress into its thermal (o*) 

and athermal (O^) components (recovery theories (25,79,82,84, 

86,88,89,90) and glide theories (26,91)); 

2. Lack of consideration of changes occurring during primary creep 
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and the transition to steady state (most of the theories); 

3. Failure to take into account the stress dependence of the acti­

vation area (glide theories (26,91)); 

4. The arbitrariness introduced by the unknown mobile dislocation 

density or the number of activatable dislocation sites (recovery 

theories and glide theories); 

5. Failure to include the subgrain structure (in most of the 

theories). 

A discussion involving item 5 above follows: 

Historically, creep theories have not related subgrain size 

to subprocesses controlling the creep rate, and, as reviewed above, 

even now most theories do not attribute any significant role in the 

creep process to subgrains. This is because initial evidence ob­

tained in the 19508 indicated that a true substructural steady state 

in which dislocation density, subgrain size and subgrain misorienta­

tion were constant, did not exist. For instance, the work of McLean 

(38,71,98) and McLean and Farmer (99) suggested that the subgrain 

misorientation was strain dependent. Subsequent studies of hot ex­

trusion of aluminum (67) have shown that the subgrain size, misorien­

tation and shape remain essentially constant to strains of 3.7. 

Bird et al. (22) cite a number of cases in which limiting subgrain 

misorientations seem to be reached during hot working. Neverthe­

less, they conclude that this does not imply a steady state substruc­

ture misorientation during creep, since creep stresses are much 

less than hot working stresses. However, in a number of recent creep 
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studies using transmission electron microscopy (47,60,63), the 

constancy of subgrain size and misorientation during the steady state 

stage has been confirmed. 

There is, at present, considerable evidence that the occurrence 

of a subgrain structure in a deformed material may influence a ntmber 

of its properties. It has been-suggested that subgrain boundaries 

may be preferred paths for fatigue crack propagation (100,101). 

The presence of a subgrain structure is also associated with the 

increase in current carrying capacity of deformed type II super­

conductors (102). 

The presence of a subgrain structure is also believed to alter 

the creep properties. Early investigations performed by Hazzlett 

and Hansen (14) on aluminimi showed that prior plastic straining at 

low temperatures, followed by a recovery annealing treatment, that 

is, the previous introduction of a cell structure, causes an increase 

in creep strength. They also observed an increase in the room tem­

perature flow stress measured in a tensile test. Similar results 

were obtained by Ancker et al. (15) and Azhaska et al. (103,104) 

on nickel and Hasegawa et al. (12,105) on Cu-Al alloys. These ob­

servations suggest that the cell boundaries may act as barriers to 

dislocation glide. 

The importance of subgrains on the creep process has also been 

suggested by observations of the creep rate after stress-change ex­

periments. Sherby, Trozera and Dorn (106) reported that aluminimi 

containing fine subgrains (obtained by deformation at high stress) 



35 

e = S D(a/E)^ (2.28) s 

where S is the creep rate, either instantaneous or steady state, s 
4 -4 

S is a structure constant equal to about 3 x 10 cm , X the sub-

grain or grain size, D is the diffusion coefficient, a the creep 

stress and E the average unrelaxed elastic modulus. The equation 

contains a number of unusual features, but particualrly unique are 

the two terms, X^ and (cr/E)^. They suggested that the X^ term rep­

resented either subgrain size in subgrain forming materials, or grain 

size in materials which do not form subgrains. As the subgrain size 

stress dependence is usually of the form X = B a ^ o r X= B ' (a/E) ^, 

the introduction of the subgrain size stress dependence into Equation 

was stronger in creep than the same material containing coarse sub-

grains (obtained by deformation at relatively low stresses). Stang 

et al. (7), studying the creep properties of subgrain forming (random 

oriented material) and non-subgrain forming (textured material) Fe 

3% Si, observed that the transient behavior of these materials is 

widely different, indicating that the presence of subgrains can affect 

the creep process. 

In a study of high temperature mechanical behavior of polycrys­

talline tungsten, Robinson and Sherby (1) observed that the stress 

dependence of depends on whether or not subgrains form. They 

proposed a phenomenological equation to describe the steady state 

creep behavior of tungsten. The relationship proposed was that 



36 

2.28 leads to the equation 

£ - 3 x 1 0 ^ ° (2.29) 

for the creep rate of subgrain forming materials. If subgrains do 

not form in creep, it was hypothesized that the grain size, L, should 

be substituted into equation 2.28 for X, in which case the creep 

rate becomes 

3 X 10 AO ,2^o (2.30) 

Both forms of behavior were observed in the creep deformation of 

tungsten (1): Subgrain-forming tungsten exhibited a five power law 

stress dependence, whereas non-subgrain forming tungsten showed a 

seven power law stress dependence. 

Robinson and Sherby (1) also observed that a normal power law 
£ 9 —2 

breakdown at ~10 cm occurred in the subgrain forming tungsten 

but normal power law breakdown did not occur within the range of 
test condition for non-subgrain forming tungsten, which extended 

£ -11 -2 to — values of about 10 cm . 

Later, Young, Robinson and Sherby (2) using subgrain size values 

available in the literature with results of constant strain rate tests 

at high temperature observed a behavior similar to that of tungsten 

in high purity aluminum. 

Recently, Sherby, Klundt and Miller (3), using results avail­

able in the literature for 99.99% aluminum, obtained in tests at 
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e'- S (5-) (.̂ )P (|)N (2.31) 

9 

where p = 3, N = 8, and S is about equal to 1.5 x 10 . This empiri­

cal formulation was also shown to accurately describe the creep be­

havior of high stacking fault materials. Equation 2.28 has the same 

general character as Equation 2.31 initially proposed for tungsten: 

both involve the subgrain size in an explicit form. However, they 

differ in the values of the exponents of the subgrain size and stress 

terms. 

The approach used by Robinson and Sherby (1) and Sherby, Klundt 

and Miller (3) is in conflict with some recent studies; according 

to the ideas used to obtain equations 2.28 and 2.31, the transient 

period following a stress reduction, performed in the steady state 

region, must be accompanied by the growth of the subgrain size to 

a value consistent with the reduced stress. In fact, this concep­

tion is implicitly assumed during the development of Equation 2.31. 

Although this assumption has been.used, very few microstructural 

observations after stress changes have been made. Mitra and McLean 

(107) reported that no change in subgrain size could be observed 

after stress reduction, but the samples were only strained 1% after 

stress reduction. Pontikis and Poirier (108) in a study of subgrain 

constant stress and constant structure conditions, developed an equa­

tion which predicted the creep rate as a function of subgrain size, 

stress, diffusion coefficient and elastic modulus. The equation pro­

posed is 
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sizes after stress reductions in AgCl reported that no subgrain growth 

occurred even in samples which were held at zero stress and at the 

test temperature for as long as four days. Parker and Wilshire (109) 

reported that no change in subgrain size could be observed following 

stress reductions in copper samples which were deformed until steady 

state creep was obtained and then subjected to a stress drop. Parker 

and Wilshire claimed that their data contradicted the concept that 

the creep rate depends explicitly on the subgrain size as suggested 

by Robinson and Sherby (1). 

The review presented above has shown that several aspects of 

the creep phenomena are not well understood. In particular, the 

influence of subgrains on the creep controlling mechanisms has not 

been determined in a clear way. Data on this aspect of the creep 

process are still lacking. This point will form the major feature 

of this dissertation, to be described in the following chapters. 



CHAPTER III 

EXPERIMENTAL PROCEDURES AND TECHNIQUES 

3.1 Constant Stress Creep Apparatus 

Dete'rmination of the relation between applied stress, observed 

strain rate and the internal structure in a material, deformed under 

creep conditions, is simplified if apparatus capable of maintaining 

a constant stress while the sample is being deformed is used. A 

system of apparatus was designed and constructed for this investiga-

ation to maintain a constant tensile creep stress by means of a con­

toured lever arm originally proposed by Andrade and Chalmers (110). 

A schematic diagram of this load system is shown in Figure 3.1. 

A flexible steel strip carries the load and is forced, by the ap­

plied weight, W, to stay vertically tangent to the contoured lever 

arm. The arm rotates about its fulcrimi point on a self aligning 

bearing. The load is transmitted to the specimen by another flex­

ible strip capable of following the radius, "d", centered at the 

fulcrtmi point of the arm. The distance d remains constant during 

creep deformation. Two adjustable weights are placed so that the 

center of mass of the rotating system, without any load, coincides 

with the fulcrimi point. As shown in figure 3.1a, at zero creep strain, 

the load applied to the specimen is (R^ • W)d where R^ is the ini­

tial lever distance and W is the weight applied. In this position 

the steel strip lies tangent to the arm at the point P. After creep 
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e - In (R/R ) o (3.1) 

where e is the true creep strain, R^ is the lever distance at zero 

strain and R is the lever distance at a true strain c. 

A scale graduated in 1/64 in. was mounted with its zero directly 

beneath the fulcnmi point of the contoured lever arm as shown in 

Figure 3.1(a). For any arm position, the radium R could then be ob­

tained by observing the position of the steel load strain on this 

scale. The value of R corresponding to an angle of rotation 0 of 

the contoured lever arm and a true strain e in the specimen was 

determined assuming a constant volume in the gage length during creep 

deformation. A gage length of 4.44 cm (1.75 in.) was used. The 

design of the contoured lever arm was accomplished using a graphi­

cal technique. The initial lever distance R^ was 30.48 cm (12 in.) 

and the-distance d = 10.16 cm (4 in.) so that the initial lever ratio 

R^: d = 3:1. 

strain e, the arm has rotated to a new position and the tangent is 

now moved to the point P*, Figure 3.1(b). With the arm in this posi­

tion, the load on the specimen is (R«W)/d. The contour of the 

lever arm is designed so that the load on the sample is decreased 

as the sample elongates and the arm rotates, in a manner ^ich main­

tains a constant stress on the specimen. The following equation 

describes the relationship between the radii and strain: 
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W.R (3.2) 

A plot of L(calc.) versus L(measured) was made for true strains from 

zero to 0.5 for several applied loads. In this plot a straight line 

with slope 0.99 was observed in the range between zero and 50% true 

strain in each case. This is shown in Figure 3.2. The straight 

line obtained shows that the stress on the specimen is maintained 

constant during deformation within 1% for strains betwen zero and 

50%. 

The grip assembly shown in Figure 3.3 was used to hold the test 

specimen. This assembly was constructed of AISI 316 stainless steel. 

To eliminate the possibility of bending the specimen during initial 

loading, and also to keep the stress uniaxial during the creep test, 

a set of universal joints was mounted on either side of the sample. 

The specimen ends were fastened to the linkage by means of split 

rectangular grips. A special alignment jig was made to facilitate 

the mounting and tightening of the specimen grip assembly without 

the risk of bending the specimen. This jig consisted of a 22.86 cm 

The load system for the constant stress apparatus was calibrated 

with a 50 Kg Instron load cell. A turnbuckle was used to simulate 

the straining of the specimen and a load W was attached to the con­

toured lever arm. The radius R was varied using the turnbuckle and 

the load on the specimen, L, was then measured at the load cell. 

If R is known, the load L on the specimen can be calculated using 

the expression 
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Figure 3.3 Schematic diagram of the grip assembly used. 
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X 5.08 cm X 3.175 cm (9" x 12" x 1.25") piece of alimiinimj contain­

ing a longitudinal, rectangular shaped slot. Two set screws mounted 

laterally in the jig were used to hold the grips fixed while the 

specimen was being attached. Once the specimen was tightened in 

the grip assembly, the upper and lower universal joints were linked 

to the creep machine. The jig'was removed by loosening the set screws 

with a 2 Kg applied load. In order to prevent the grips and speci­

mens from sintering together during the test, the grip faces and 

fasteners were coated with milk of magnesia. 

The furnace used was a 1200 C Marshall tube unit mounted verti­

cally in a moveable carriage which was not in physical contact with 

the creep machine. The furnace temperature was controlled by a Leeds 

and Northrup Electromax temperature controller driving a L & N SCR 

power package. The temperature at the center of a sample never varied 

by more than +_ 0.5°C and the variation along the gage length was 

less than IC measured with a test specimen with three thermocouples 

spot welded along its length. The measurement of the temperature 

of the specimen was accomplished using a chromel-alumel thermocouple 

with the thermocouple bead in good contact with the specimen surface. 

A Hewlett Packard Digital Voltmeter (model 3439 A) was used to measure 

the thermocouple output. 

Creep strain was measured using a shielded Schaevitz (model 

1000 HR) linear variable differential transformer (LVDT); the LVDT 

core was attached to the upper pulling rod of the creep machine and 

the main body clamped to the creep frame as shown in Figure 3.4. 
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Figure 3.4 Schematic diagram of the strain measuring device. 
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Thus the only weight placed on the rotating lever arm system was 

the constant weight of the core and its support and that of the top 

pulling rod and top grip. The load due to the grip assembly, pulling 

rod and LVDT core and support was balanced out with the adjustable 

weights used to balance the apparatus. 

The LVDT was energized by 6.3 V AC from a step-down transformer 

as shown schematically in the circuit diagram in Figure 3.5. Two 

germaniim diode bridges were used to rectify the LVDT secondary out­

puts. The output of these bridges was balanced by a 5 KJl variable 

resistor such that a zero circuit output was obtained when the core 

was in its null position. This system was calibrated by moving the 

core known distances with a micrometer head made by Wilson Mechanical 

Instrument Division, American Chain and Cable Company, Inc., and 

recording the circuit output with a Leeds and Northrup (type K 4) 

Universal Potentiometer. The voltage obtained at the output of the 

system was very linear over a LVDT range of 800 mV. The calibra­

tion constant of the LVDT was 26.6 yV per micrometer of the core dis­

placement. 

The total output voltage range (0 to 800 mV) of the LVDT was 

measured on the 100 mV or 50 mV scale of a Honeywell Electronik Re­

corder (Model 195) by cancelling part of the total output with a 

voltage opposite to that of the LVDT signal. This was achieved using 

the circuit shown schematically in Figure 3.6. At zero creep strain, 

the circuit was used to cancel the negative output of the LVDT and 

the recorder pen was set at zero. As the specimen was strained, 

the LVDT core raised inside the winding and the recorder pen moved 
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rlreac upscale. When the recorder|reached the end of the scale, it closed 

a small microswitch attached to the recorder. This microswitch acti­

vated a step relay one step and the compensation voltage decreased, 

thus moving the recorder pen back to zero. In this way the recorder 

plotted the complete displacement-time curve. Using this recorder 
-4 

system it was possible to measure strain changes as small as 5 x 10 

and to make estimations of changes as small as 5 x lO"^. In the 

stress change experiments a 5 mV scale was used to record the core 

displacement. This procedure improved the sensitivity of the strain 

measuring system, allowing measurements of strain changes as small 
-4 . -5 as 1 X 10 and to make estimates of changes as small as 1 x 10 

3.2 Specimen Preparation 

High purity aluminum 99.999% Al, as specified by the supplier, 

was used in this investigation. The material was purchased from 

Atomergic Chemetals Company in the ingot form. Several pieces 

2.54 cm X 2.54 cm x 10.16 cm (1" x 1" x 4") were cut from the ingots 

using a hacksaw; a new blade was used whenever a new set of samples 

was prepared. After sawing, each piece was subsequently cleaned 

in a 4 Molal water solution of sodium hydroxide at 70°C. This treat­

ment removed the top layer of each surface of the piece and conse-

quently any material embedded during preparation. After this pro­

cedure, each piece was cold rolled to its final thickness following 

the method described below; the rolls in the rolling mill were care­

fully cleaned using kerosene and fine emery paper prior to rolling. 
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FCC metals are known to develop a strong rolling texture that 

can influence the creep behavior, thus requiring the use of inter­

mediate heat treatments. Each piece was cold rolled and subsequently 

heat treated. A set of cold reduction steps was used in such a way as 

to limit each cold reduction to less than 40%. Cook and Richards 

(111) have found that for copper, prior deformation of 50% leads 

to an almost random recrystallization texture. The data on alimii-

nimi annealing textures are more complex than for copper; in Al, the 

behavior depends upon purity, prior heat treatment, and the deforma­

tion history of the material. For high purity aluminum, however, 

the recrystallization texture behaves in a manner similar to that 

of copper. It has been reported that limiting cold reduction to 

40% is sufficient to obtain a random structure (112). The last 

rolling step was chosen to give a 20% reduction to a final thickness 

of 1.27 mm (0.050 inches); the intermediate and final heat treat­

ments were carried out in air at 500°C for one hour followed by fur­

nace cooling. Prior to any heat treatment, each specimen was cleaned 

in acetone and rinsed in ethyl alcohol. 

The creep specimens were flat reduced section tensile specimens, 

machined from pieces cut parallel to the rolling direction of the 

1.27 mm rolled strips. Each specimen was carefully examined prior 

to testing; any irregularity introduced by machining was removed 

with emery paper. The dimensions of the creep specimens used are 

shown in Figure 3.7. After machining and prior to creep testing, 

the final specimen was heat treated as described earlier for one 
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(3.3) 

where A 1 is the core displacement during the strain e, as deter­

mined from the LVDT output and 1^^ is the effective gage length. 

Using several specimens, it was found that the effective gage length 

was 4.38 cm (1.90") for the creep specimen configuration of Figure 3.5. 

hour at 500°C in air. The average grain size at the end of the speci­

men preparation process was 0.5 mm as measured by the line intercept 

method to be described later. 

3.3 Test Procedure 

3.3.1 Determination of Effective Gage Length 

The strain measuring apparatus described in Section 3.1 can 

be used to evaluate true specimen creep strain only after the deter­

mination of the effective length over which deformation is occurring. 

This effective length was determined by scribing two parallel 

lines of known separation, X^, on the surface of the specimen before 

any testing. After the sample was strained approximately 15%, as 

determined by the LVDT output, the test was interrupted. The effec­

tive length was then calculated by measuring the distance, x, be­

tween the scribed lines after this creep deformation, using the 

relation 
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3.3.2 Test Setup Procedure 

The following setup procedure was used: 

1. Measure the specimen cross sectional area 

2. Mount sample in the alignment jig and tighten the grips 

3. Attach the alignment jig containing the specimen to the machine 

frame 

4. Remove the alignment jig 

5. Set the furnace in place 

The alignment jig was removed (step 4) with a 2 Kg load applied 

to the specimen to reduce the risk of introducing spurious deforma­

tion. The 2 Kg load corresponds to an applied stress of 4.9 MPa; 

this stress is of the order of 40% of the yield stress for annealed 

high purity aluminum at room temperature (the yield strength is 

11.7 MPa in tension). The 2 Kg load was replaced by a small 341 g 

preload and the furnace turned on. When the temperature stabilized, 

the contoured lever arm was set at a value R^ > R^ to compensate 

for the elastic strains and thermal expansion strains associated with 

the machine parts. The R^ values had previously been calibrated 

as a function of the applied load using a thick steel strip in place 

of the specimen. The entire system was allowed to stabilize for 

two to three hours before any test was started. 

The weights corresponding to the total load were separated into 

two cans that were connected by a thin wire whenever stress reduc­

tion tests were to be performed. Reduction of the applied stress 

was accomplished by cutting the thin wire using a gas torch. This 
procedure gives a rapid rate of unloading. 
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3.4 Optical and Electron Microscopy 

Specimens intended for optical and transmission electron micro­

scopy of the dislocation substructure generated during creep were 

deformed as described in the previous section to a specific pre­

selected strain. When this preselected strain was reached, the speci­

men was water quenched under'load in an attempt to preserve the exist­

ing creep substructure. The cooling period from the testing tempera­

ture to 50°C took five minutes. It is believed that this rapid quench­

ing rate of the specimen was sufficient to freeze the dislocation 

substructure developed during testing. This assumption is supported 

by results of an investigation of the substructure during creep de­

formation of pure nickel by Richardson et al. (113). These investi­

gators found no detectable difference in the structure retained, 

after high temperature creep, by either water quenching (fast cooling) 

or by slow (3 hours) cooling under load. 

Optical microscopy was used to investigate the subgrain size. 

To reveal the subgrains, two different techniques were used; in 

both cases, a mechanical polishing followed by electrolytic polish­

ing of the specimen was used as a starting procedure. The techniques 

employed are described below. 

Technique A: The specimens, prepared as described above, were 

subsequently etched in the DeLacombe-Beaujard (114) solution main­

tained at 0°C for a period of approximately 3 minutes. The speci­

mens were then washed in water and rinsed in ethyl alcohol. After 

drying, the specimens were optically observed using a Reichert Uni­

versal Camera Microscope (Model MEF) at magnifications varying from 
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100 X to 300 X. The magnification used depended on the subgrain 

size of the samples, the higher magnification being used for the 

smaller subgrains. 

Technique B: After the initial preparation, the specimens were 

electropolished in a solution of 60 ml ortophosphoric acid (H^PO^) 

and 40 ml concentrated sulfuric acid (HjSO^). The electrolyte was 

heated to 70 - 80°C and operated for fifteen minutes with a current 

density of 0.78 A/cm^ (5 A/inch^) at 18 VDC. This electrolytic 

polishing operation removes a large quantity of metal (a few micro­

meters) and results in a shiny, mirror-like surface. This clean 

surface was then anodized using the method developed by Perryman 

(115). The electrolyte is a solution containing 

49 ml water (H2O) 

49 ml methyl alcohol (CH^OH) 

2 ml hydrofluoric acid (HF) 

The anodization was performed at room temperature using 12 to 18 VDC 

for approximately three minutes. The different growth rates of the 

oxide film corresponding to different crystal orientations results 

in a surface with grains and subgrains clearly visible under polar­

ized light. Observations of subgrains were performed under polar­

ized light in the optical microscope referred to above at magnifica­

tions varying from 100 X to 200 X. 

The following procedure was used for transmission electron micro­

scopy specimen preparation: 
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1. Sections 15 mm in length were sheared from the gage section 

of the deformed samples 

2. These sections were initially mechanically ground to a thick­

ness of 300 vim(0.012 in.) 

3. Following this grinding process, the specimens were electro-

lytically thinned to about 250 vim (.01 in.) in a 20% perchloric-

acid-80% ethanol solution maintained at -30°C at an applied 

voltage of 20 VDC. 

4. After this thinning process, 3 mm discs were punched out of 

the specimen and were electropolished in a jet thinning instru­

ment (South Bay Technology, Inc. - J.T. Instrument model 550) 

in a solution of 10 to 20% HNO^ in water. The parameters found 

for best electrothinning were: 

Jet flow 

Distance Nozzle-Specimen 

Applied Voltage 

Total Current 

Solution Temperature 

All transmission electron microscopy was performed with a J.E.M. 7 

Electron Microscope operating at 100 KV. 

1 ml/s 

1 mm 

20 VDC 

100 mA 

-5°C 

3.4.1 Dislocation Density Measurement 

The dislocation density inside the subgrains was measured using 

seven to ten electron micrographs of representative areas of foils 

prepared from each specimen. The magnification of 20,000 X was chosen 

because it was high enough to resolve individual dislocations yet 
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2NM 
~Lt (3.4) 

where N is the number of intersections that a test line placed on 

a transmission electron micrograph makes with the dislocations, L 

is the total length of the test line, t is the thickness of the foil 

and M is the magnification of the micrograph. 

The foil thickness was determined by counting the number of 

extinction contours as described by Hirsh et al. (117b). When slip 

traces were present, the thickness could also be determined by measur­

ing the distance between the traces in the plane of the foil and 

by measuring the foil orientation (118). 

It has been shown by Hirsch et al. (117b) that unless several 

reflections are operating, a considerable number of dislocations 

can be out of contrast. This leads to an underestimation of p. 

To eliminate errors due to the lack of contrast, micrographs were 

taken under a multibeam case, that is, at least three strong reflec-

tions operating. 

was low enough such that the dislocation density in a micrograph 

was representative of the average dislocation density in the deformed 

specimen rather than a local dislocation density. Areas very close 

to a subgrain boundary were avoided because it was observed in many 

instances that a higher dislocation density was obtained at these 

areas. 

It has been shown by Ham (116) and Hirsch et al. (117a) that, 

provided the dislocations are randomly oriented, the dislocation 

density p is given by: 
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It has been shown for aluminum that a considerable percentage 

of dislocations are either lost from foils or rearranged during foil 

preparation. Fujita et al. (119), using high voltage electron micro­

scopy, have shown that when a cell structure is present in aluminum 

the foil thickness above which the dislocations are not lost is less 

than 200 nm, whereas in the absence of a cell structure, disloca­

tions can be lost even at a thicknesses of 800 nm. In this work, 

areas thinner than 200 nm were avoided. The relative error in the 

dislocation density measurements was estimated to be of the order 

of 25%. 

3.4.2 Subgrain Size Measurement 

The size of the subgrains was measured using the line intercept 

method proposed by Heyn (120) and recommended by the ASTM as a grain 

size specification (121). The nxmiber of intersections that the sub-

grain boundaries make with a test line was counted directly at the 

microscope, in at least five randomly selected areas of the specimen. 

The scale on a filar eye piece was used as the test line. For each 

specimen used, the microscope magnification was frequently measured 

utilizing a calibrated scale. A combination of test line length 

and magnification was selected to yield at least 200 intercepts for 

each area examined. Both optical techniques revealed the same sub-

grain sizes. The average subgrain intercept length and the 95% confi­

dence limits obtained using optical microscopy are reported in the 

results. 



CHAPTER IV 

STEADY STATE CREEP BEHAVIOR 

4.1 Introduction 

The main objective of this chapter is to reproduce previous 

work on alimiinum and to show that the apparatus constructed for this 

study is capable of producing reliable data. The data presented 

in this section include the strain-time behavior obtained from con­

stant stress tests. The influences of stress and temperature on the 

steady state creep deformation rate are examined. Microscopic ob­

servations of subgrains are included; also, the effect of the applied 

stress on subgrain size during steady state creep is discussed. 

A brief comparison with data published in aluminum of lower purity 

is also presented. The data presented in this chapter will be used 

to specify the conditions for investigation of the transient creep 

behavior after stress reductions to be described in Chapter 5. 
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4.2 Results and Discussion 

4.2.1 Strain - time data 

Constant true stress creep data are presented for stresses be­

tween 3.44 MPa and 15 MPa for the temperature range from 250°C to 

350°C (.56<T/T < .67, where T is the absolute melting temperature), m m 
Typical strain - time curves are shown in Figure 4.1, in which true 

plastic strain is plotted versus the fraction of time t^ to reach 

fracture. By plotting the data in this way, it is easy to compare 

the effects of stress and temperature on the shape of the creep curves, 

From Figure 4.1 it is seen that the creep curves obtained are all 

of the "normal" type, that is, a well defined primary stage is al­

ways present. The extent of primary strain increases with an in­

crease in stress. A well established region in which the strain 

rate is constant exists. The strain in the tertiary stage is small 

when compared to the total strain. 

4.2.2 Stress and Temperature Dependence of the Steady State Strain 
Rate 

The results of the tests conducted in connection with the deter­

mination of the stress and temperature dependence of high purity 

altmiinimi are given in Table 4.1. Steady state creep rates were de­

termined from the slope of the creep curve recorded. The reproduc-

tibility of steady state creep rates was usually better than + 10%. 

Only one steady state creep rate was determined for each specimen. 

To determine the stress and temperature dependence of the steady 

state strain rate. Equations 2.3 and 2.5 are applied to the data 

reported in Table 4.1. 
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Figure 4.1 Typical creep curves at an applied stress of 15 MPa.UL»v.4,̂ ).23Kf(î  
The true strain is plotted versus fraction of time 
to fracture at 573 K. 
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„ = i _ ( I n E ) i (4.1) 

A log-log plot of versus a yields a value for n describing the 

stress sensitivity of the steady state strain rate. In Figure 4.2 

the values of the steady state strain rate are plotted as a function 

of the applied stress at 573 K. Results obtained by Ahlquist and 

Nix (122) at the same temperature on 99.99% Al are included for com-
-4 

parison. This figure shows that for strain rates less than 5.10 

s ^, the results can be described by a straight line with slope 

n = 4.6 + 0.2 and for strain rates above 10 ^s ^ a higher value of 

n is obtained, that is, n = 6.2 0.2. The change in slope occurs 

when €j D * 10^ cm'^, where D^j = 1.27 exp(-l.43/kT) cm^/s (*) is 

the self-diffusion coefficient for high purity aluminum (5). 

(*) The choice of diffusion coefficients for aluminum self diffusion 
is the subject of some controversy. Several studies of aluminimi 
self diffusion, using void shrinkage measurements (123) and nuclear 
magnetic resonance techniques (6) have suggested that the enthalpy 
for self diffusion H^^ = 1.31 ev for aluminum. Robinson and Sherby 
(124) discussed the coincidence of tracer diffusion measurements 
of and obtained from creep studies. In the calculations to 
be performed in the present study, use will be made of the tracer 
diffusion value of D, D^j = 1.27 exp(-1.43 eV/kT) cm /s (5) instead 
of the value D = 0.176 exp(-1.31 eV/kT) obtained by Volin and Baluffi 
(123). This choice of D will permit the comparison of the calcula­
tions performed in this study with reported calculations using D.. 
to be described later. \ 

\ 

To obtain an expression for the stress sensitivity coefficient, 

n. Equation 2.5 is rewritten by determining the partial derivative 

of In e with respect to oat constant temperature. This expression 
8 

is given by 
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TABLE 4.1 

Sunmary of Data from Constant True Stress Creep Tests 
: s T # T a Es X 

(K) (MPa) Cum) 
51 573 2.76 4.2X10-^ 110 + 15 
35 573 3.44 7. 1.1X10"^ 94 + 10 
63 573 3.44- 1.0X10-^ 
30 573 4.62 2.8X10"^ 
29 573 6.23 1.5X10"^ 
33 573 6.23 1.5X10~5 50 + 5 
39 573 6.23 1.6X10"^ 44 + 3 
45 573 9.01 1.1X10"^ 26 + 3 
37 573 11.00 5.2X10"^ 22 + 2. 
49 573 12.00 6.0X10"^ 21 + 1 
50 573 15.00 2.5X10"^ 16 + 2 
86 573 15.00 3.0X10"^ 
36 573 19.60 13 + 1. 
72 573 8.24 6.5X10"^ 
78 573 8.35 7.4X10"^ 35 + 4 
76 ̂  623 6.23 1.8X10"^ 
77 523 6.23 1.1X10"^ 
82 546 6.23 4.0X10"^ 
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Figure 4.2 The effect of stress on the steady state strain rate 
of 99.999% aluminum at 573K. The data of Ahlquist 
and Nix (122) at 573 K for 99.99% altmiinum is shown 
for comparison. 
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Sherby and Burke (18) showed that, at steady state strain rates 
• 9 
e =10 D, most pure polycrystalline metals exhibit a change in be-s • 

^s 9 -2 

havior. In the region a b o v e - 1 0 cm the steady state creep 

rates are greater than those predicted from extrapolation of the 

data at lower values of e /D. They also show that the beginning of 

the region in which the power law breakdown occurs is usually inde­

pendent of the material considered. The results obtained in this 

study are in excellent agreement with the observations of Sherby 

and Burke (18). It has been suggested by Sherby and Burke that the 

power law breakdown is due to the presence of an excess of vacancies 

generated by dislocation intersection process (18). Such excess of 

vacancies can enhance dislocation climb and therefore make creep 

easier by increasing the rate of dislocation annihilation. However, 

Blum (125), analysing the steady state creep deformation in the pre­

sence of excess point defects, has shown that a number of difficul­

ties are associated with Sherby and Burke's explanation. Weertman 

(86) explains the behavior of the creep rate in this range as due 

to the stress concentration effects of pile-ups of dislocations. 

However, quantitative agreement with experiments is obtained only 

if it is assumed that the pile-up size exceeds the subgrain size; 

pile-ups of this magnitude are improbable (126). Recently, Blim 

et al. (127) proposed an explanation for the power law breakdown 

based on the thermally activated dynamic recovery of dislocations. 

To obtain a value for the activation energy for creep, Q^, equa­

tion 2.3 is rewritten by taking the partial derivative of Inc with 
s 

respect to 1/T at constant stress. This procedure gives the equation: 
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(4.2) 

A plot of In versus 1/T at constant stress yields a value for 

Q .. This is shown in Figure 4.3. The value for Q obtained by c c 
applying this procedure is " 1.43 +^0.05 eV/at. To correct the 

apparent activation energy value for the temperature dependence of 

the modulus, Equation 2.9 is now rewritten: 

TG n-1 
o " exp(-H^/kT) (4.3) 

where K is a constant, T, G, n, and k have the previously cited meanings 

and is the activation enthalpy for creep. Taking the partial 

derivative of In e„ with respect to 1/kT at constant stress leads 
s 

to 

a(i/kT) 
( I n e ^ ) l(TrkT)(̂ " exp(-H^/kT)) (n-1) i I n G 

3(l/kT) 

3(l/kT) Ind/kT) 
(4.4) 

or -Q = -H -(n-l)kT dG - k T 

or H = + k T [(n-1).(T/G). G + ll c c (4.5) 
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Figure 4.3 The effect of temperature on the steady state creep 
rate of 99.999% aluminum tested at 6.23 MPa. 
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Using the temperature dependence of the Youngs' modulus reported 

by Fine (4) 

(dynes/cm^) = 7.99 x 10^^ -4.10^T (4.6) 

and G = E/ 2(l+v), where V = 0.34 is the Poissons' ratio for alumi­

num (147), then 

G (dynes/cm^) = 2.98 x 10^^ -1.49 x 10^ T (4.7) 

Using the values of G calculated from equation 4.7 and the value 

n = 4.6 + 0.2 found previously in this section, the activation en­

thalpy obtained is = 1.41 + 0.05 eV/at. 

In Table 4.2, the values obtained by other authors for the ap­

parent activation energy for creep, Q^, for the stress sensitivity 

coefficient, n, and for the enthalpy of self diffusion are shown. 

It can be seen that the results obtained for the apparent activa­

tion energy in this study are in very good agreement with values 

reported in the literature. The apparent activation energy for creep 

and the coefficient n do not seem to be strongly dependent on the 

purity of the alumintmi. However, the absolute values of the steady 

state creep rate are slightly higher than the values obtained by Ahl­

quist and Nix on 99.99% Al, at the same temperature. This can be 

observed in Figure 4.3. This difference could be due, in part, to 
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Table A.2 

Summaxy of Results for Activation Energy 
and the Stress Sensitivity Coefficient 

Aluminum n % 
(eV/at.) 

sd 
(eV/at.) 

H Reference c 
(eV/at.) 

99.99 - 1.5A Lytton et al. (129) 

99.99 - 1.63 Lee et al. (130) 

99.99* A.6 1.56 Weertman (131) 

99.99* A.3 l.AO Mishlyaev (A7) 

99.93 A.9 l.AO II 

99.99 A.9 l.AO Tobolova & Cadek (132) 

99.999 1.A3 Norwick (133) 

99.999 1.A3 Lundy & Murdock (5) 

99.999 1.39 Federighi (13A) 

99.9999 1.25 Fradin & Rowland (135) 

99.999 A.6 1.A3 l.Al This Study 

*data obtained using aluminimi single crystal 
apparent activation energy for creep 
apparent enthalpy for creep 
enthalpy for self-diffusion in aluminum 

n stress sensitivity coefficient for the steady state strain rate 
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4.2.3 Stress Dependence of the Subgrain Size 

During the course of this investigation, an attempt was made 

to use Transmission Electron Midroscopy (TEM) for subgrain size de­

terminations. Data was obtained which was in good agreement with 

the data reported by Orlova et al. (63), but the fine substructure 

was localized in certain regions of the foil. The morphology of 

this substructure was questioned by Ajaja (128). Subsequently, very 

careful TEM specimen preparation revealed a much larger subgrain 

structure which had the characteristic dislocation configuration 

usually associated with subgrains formed during high temperature 

creep deformation. The size observed in the electron microscope 

was so large that at the lowest magnification of the microscope only 

one to three subgrains were visible on the screen. A photomontage 

could be made but, in general, the thin areas produced usually accom­

modated no more than four subgrains. The use of TEM would there­

fore require preparation of a large number of foils for observations 

if statistically significant results were desired. Thus, it was 

decided to concentrate on data collected using optical microscopy 

even though the optical techniques have been criticized because it 

is difficult to distinguish the smaller subgrains (67). 

the different degrees of purity of the specimens used in this inves­

tigation and those used by Ahlquist and Nix (122). 
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In'figure 4.4 the subgrain structures observed by electron and 

optical microscopy in the same specimen are shown. The value ~20 

micrometers obtained by TEM is smaller than the value 26 + 3 Um 

obtained by optical microscopy. This apparent discrepancy can be 

explained by considering that only a very small area of the speci­

men is being analysed in the TEM observation. Other areas selected 

randomly during observation at the electron microscope showed a 

larger subgrain size. Large statistical errors are certainly asso­

ciated with this TEM observation. In the optical observations, 

statistics were improved by counting a large number of intercepts 

in several randomly selected areas. 

To verify the behavior of the subgrain size as a function of 

strain, three tests were performed at 300°C and an applied stress 

of 8.35 MPa. The tests were interrupted at predetermined strains 

during the steady state stage and the specimens were quenched under 

load. The results obtained for the subgrain size at the interruption 

are shown in Table 4.3. 

Table 4.3 

Values of Subgrain Size for Different Strains 
in the Steady State Region 

TEST STRAIN SUBGRAIN SIZE (pm) 

88 .11 3 6 + 4 
75 .16 3 1 + 3 
78 .25 35 + 4 
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4̂  

J 

Figure 4.4 (a) Transmission electron micrograph of a sample 
deformed at 573 K and 9.01 MPa to a true strain 
of 0.16. An illustration of the typical subgrain 
structure observed. The sample was quenched at 
room temperature under load to maintain the high 
temperature structure. 
Magnification = 3500 X 
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These results show that the subgrain size does not seem to vary 

with strain during the steady state stage. 

To determine the stress dependence of the subgrain size, creep 

tests were performed at several stresses at 573 K. Samples were 

strained to a true strain of 0.16 which, as shown in the previous 

chapter, corresponds to steady state behavior for the stresses used. 

At this strain, each test was interrupted and the specimen water 

quenched to room temperature under the applied stress. The values 

obtained for the subgrain size are shown in Table 4.1. 

To determine the correlation between A and the applied stress. 

Equation 2.12 is used. A log-log plot of the subgrain size versus 

the applied stress yields both the values of B and m. This procedure 

is applied to the data in Table 4.1 and the resulting curve is shown 

in Figure 4.5. Included in the figure are results obtained by 

McLean and Farmer (52) and Servi et al. (136) to permit a compari­

son. As can be seen, the data obtained in this study are in very good 

agreement with data found in the literature. A best fit of the ex­

perimental points by a straight line yields the values: 

m = 1.1 +0.1 and B = 3.65 X 10^ N/m^. 
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4.3 Summary and Conclusions 

In this chapter, the steady state creep parameters for high 

purity aluminum were analysed in terms of the applied stress and tem-

perature. For applied stresses such that / D < 10 cm , the 

stress sensitivity coefficient obtained was n = 4.6 + 0.2. An acti­

vation energy for creep = 1.43 + 0.05 eV/at. was obtained. The 

values obtained for n and were shown to be in excellent agree­

ment with reported values for alimiinum. No significant variation 

of these parameters was observed that could be related to the purity 

of the aluminum used. 

A study of the stress and strain dependence of the subgrain 

size developed during the secondary creep stage was also performed. 

No measurable variation of the subgrain size during the secondary 

stage was observed. The stress dependence of the subgrain size ob­

tained, m = 1.1 +_ 0.1, was seen to be in excellent agreement with 

reported values for aluminum of lower purity. 

The magnitude of the transient strain in the primary stage 

increased with an increase in the applied stress. A strain of 0.16 

was chosen as the strain at which reductions in stress were to be 

performed (refer to Chapters 5 and 6). This strain corresponds to 

steady state behavior for all stresses used in this study. 



CHAPTER V 

TRANSIENT CREEP EXPERIMENTS 

5.1 Introduction 

The behavior of the creep strain versus time following a reduc­

tion in stress is a matter of controversy in recent literature. The 

reason for this controversy is the lack of substructural observations 

following the stress reduction. For example, the assumption is 

usually made that the subgrains grow after a stress change, but very 

few experiments proving the validity of this have been reported. 

In this chapter, the influence of subgrain size on creep rate 

rate is analysed using results obtained in stress reduction tests. 

Constant stress tests, performed at a certain initial applied stress, 

are used to introduce a subgrain structure in the specimen. At a 

true creep strain of 0.16, the applied stress is reduced and the 

strain, strain rate and subgrain size are analysed as a function of 

time after the stress reduction. The influence of the initial and 

reduced stresses is discussed. 

5.2 Results and Discussion 

Constant stress creep tests were conducted by deforming similar 

samples at 573 K and initial applied stresses, o^, of 15 MPa, 8.35 

MPa, and 6.23 MPa to a true creep strain of 0.16. As shown in the 

previous chapter, a strain of 0.16 corresponds to steady state 

I t- 1 til -
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creep conditions for all initial stresses used. At this strain of 

0.16, the stress was reduced to 3.44 MPa by rapidly removing a por­

tion of the applied load, as described in Chapter 3. 

A typical strain time curve obtained after stress reduction 

from 6.23 MPa to 3.44 MPa is shown in Figure 5.1. As shown in this 

example, the creep strain rate-decreases from an initial value e^, 

obtained immediately following a reduction in stress, to a minimum 

value ¿2 for a brief interval of time. Thereafter, the creep rate 

increases and if the reduced stress is maintained sufficiently long, 

the steady state creep rate for the reduced stress is reached. 

The form of the creep curves obtained after stress reduction coin­

cides, in general, with that described by Raymond et al. (137). 

J Figure 5.2 shows the total transient creep curves obtained after 

stress reductions from 15, 8.35, and 6.23 MPa to 3.44 MPa. The strain 

rates as a function of time after the stress reduction determined 

by measuring the slopes of the strain-time curves, are shown in Fig­

ure 5.3. As can be seen, the strain rate immediately after the stress 

reduction first decreases, then gradually increases, approaching 

the steady state value which would be obtained at the reduced stress. 

Also, the initial interval of time in which e decreases is increased 

when the initial applied stress is increased. Several photographs 

of the specimen taken at various stages of the experiment are shown 

in Figure 5.4. As can be seen, no necking was visible for total 

true strains below 0.28, but at strains of this magnitude the sample 

surface was rough and uneven, making it extremely difficult to deter-
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Figure 5.1 Typical creep transient curve obtained at 573 K after 

a stress reduction from 6.23 MPa to 3.44 MPa 
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Figure 5.3 The variation in strain rate as a function of time after a 
stress reduction for initial stresses of 15 MPa, 8.35 MPa and 
6.23 MPa reduced to 3.44 MPa at a true strain of 0.16 in 
each case. 
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G ( t ) A xP(t) (5.1) 

in which A is a function of the reduced stress and temperature and 

p is a constant. The values of A and p, determined by a straight 
2 -1 -2 

line best fit of the experimental points are: A = 1.36 XIO s m 

and p = 2. 

These experiments clearly show that the subgrain size in high 

purity altmiinim increases after a stress reduction. This supports 

mine when necking occurred. For total true strains greater than 

0.~28ri the measured strain rates at 3.44 MPa were higher than the 

steady state strain rate at 3.44 MPa, but necking was clearly ob­

served in these samples. 

The variation in subgrain size as a function of time follow­

ing stress reductions is shown i'n Figure 5.5. These data clearly 

show that the subgrain size increases after stress reductions, ap­

proaching the subgrain size that would be obtained during steady 

state deformation at 3.44 MPa. This increase in subgrain size is 

accompanied by an increase in creep rate. This effect is clearly 

illustrated in Figure 5.6, which shows log strain rate vs log sub-

grain size for samples which have been held at the test temperature 

for increasingly longer times after the stress reduction. This fig­

ure also shows that, except for the period of time in which the strain 

rate decreases, the instantaneous creep rate can be correlated to 

the subgrain size in the specimen by the equation 
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87 

the assumptions made by Sherby and his coworkers (1,2,3) and ex­

pressed in Equations 2.28 and 2.31, but is in disagreement with the 

observations of Pontikis and Poirier (108) and of Parker and Wil­

shire (109). This study also shows that a significant amount of 

strain after the stress reduction is required for the subgrain size 

readjustment, thus confirming the suggestion by Miller et al. (138); 

in a recent publication these authors analysed the data published 

by Pontikis and Poirier (108) and Parker and Wilshire (109) and sug­

gested that large strains after the stress reduction would be required 

for subgrain growth to be observed. The data published by Parker 

and Wilshire indicates that the strain-time-subgrain size measure­

ments were conducted' for approximately 3600 sec. after the stress 

reduction, which corresponds to a strain after stress drop of 0.5Z. 

This study clearly shows that no change in subgrain size in pure 

alimiinum would be observed after a strain of 0.5%, as obtained by 

Parker and Wilshire after the stress reduction. 

The data published by Pontikis and Poirier (108) indicates that 

they studied the strain-time subgrain size behavior under load, after 

reductions^^tiT^stress, for approxiately 50 hours and did not observe 

a change in subgrain size even though the strain rate increased. 

The lack of structure variation in the experiments of Pontikis and 

Poirier is confusing for the following reasons. First, it is diffi­

cult to rationalize the large amount of plastic flow, which occurred 

at the reduced stress, without a change in structure. Second, a 

criticism may be made concerning the technique of sequential stress 
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1 

changes on a single sample used in the tests by Pontikis and Poirier. 

The initial steady state creep rate and hence structure are not allowed 

to re-establish before each stress change. Instead, the stress reduc­

tions were performed from an increased stress level without allowing 

sufficient time for the steady state structures and rates to develop. 

This makes it difficult or even 'dubious for a comparison of creep rates 

after the stress reductions of Pontikis and Poirier with creep rates 

obtained after the stress reduction from the same original structural 

conditions. This might also be the reason why the final creep rate 

obtained by Pontikis and Poirier, after the stress reduction, was 

lower than the creep rate observed in a continuous test performed 

at the reduced stress (refer to Figure 2 of reference 108). Third, 

the fact that ionic solids behave in a different fashion than metallic 

solids cannot be completely rejected. In ionic crystals, creep anoma­

lies associated with bonding and charge neutrality often occur: 

1) .The stress dependence of the subgrain size is observed to be very 

low, for example, Streb (139) obtained data which show X = a ; 

2) A strong temperature dependence of the subgrain size is observed 

and is unexplained^l39). It seems thus more reasonable to view the 

lack of subgrain growth in the experiments of Pontikis and Poirier 

as either the result of anomalies in creep behavior or the effects 

of the complex thermomechanical history of the sample than to reject 

the ideas of Sherby and coworkers (1,2,3). 

One conclusion that can be drawn from these experiments is that 

the deformation at a higher stress definitely strengthens high purity 
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A ^ 

X,T - (5.2) 

where A is a constant at \ and T constants, N = 7. One way to check 

Equation 5.2 is to perform a series of stress reductions to various 

reduced stresses, correlating the results obtained for each reduced 

stress by Equation^5^2. If coherent results are obtained, i.e., 

if correlation 5.1 continues to exist, it is possible to cross-plot 

the data at constant subgrain size to determine the stress dependence 

at constant subgrain size. This investigation follows. 

To eliminate the influence of the initial stress, all specimens 

were initially deformed at a constant temperature of 573 K and at 

the same applied stress of 15 MPa. Each stress reduction was per­

formed at a strain of 0.16 to safely maintain the same initial 

aluminum as the stress is reduced. This can be understood if it 

is noted that the creep rates after the stress reductions are much 

smaller than the steady state creep rate at the reduced stress. 

Only subgrain coarsening can increase the creep rate. 

It appears very reasonable at this point to continue this inves­

tigation on the lines suggested by Equation 2.31. According to this 

equation, when temperature and stress are maintained constant, the 

instantaneous creep rate must be a function exclusively of the sub-

grain size. This is shown to be true by the excellent correlation 

obtained in Equation 5.1. The same reasoning can be utilized if 

the temperature and subgrain size are maintained constant. In this 

case. Equation 2.31 reduced to 
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dependence is obtained, that is, p = 2 for all reduced stress levels. 

The results of cross plotting the values of the instantaneous creep 

rate at constant_>dbgrain size versus the reduced stress is shown 

in Figure 5.12. For the various subgrain sizes selected, a correla­

tion of the form of equation 5.2 is obtained in which N = 6.8 + 0.2. 

If the following values: 

D(573 K) = 8.82 X lO ' ^ V/s (5) 

E(573 K) = 5.698 X 10^° N/m^ (4) 

b = 2.86 X 10~^°m (Room Temperature) 

structure in the specimens. The stress was reduced to 6.23 MPa and 

8.35 MPa and the strain rate-time-subgrain size relationship analysed. 

The strain-time curves obtained after these stress reductions are 

shown in Figure 5.7. The strain rates as a function of time, deter­

mined by measuring the slopes of the strain-time curves, are shown 

in Figure 5.8. The same general behavior, i.e., the instantaneous 

creep rate following the stress reduction, decreases at first, then 

continuously increases toward the steady state strain rate at the 

reduced stress. The period of time in which the instantaneous creep 

rate decreases becomes smaller when the reduced stress is increased. 

A series of micrographs of the structure obtained is shown in Fig­

ure 5.9 to illustrate the subgrain-strain behavior following a stress 

reduction. The corresponding variation in subgrain size as a func­

tion of time following the stress reductions is shown in Figure 5.10. 

I In Figure 5.11, the correlation obtained between the instantaneous 

I 
creep rate and subgrain size is shown. The same strain-rate-subgrain 
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Fi^uí^e 5.9 (b) Magnification = 240 X 



Figure 5.9 (b) . Maq.= 240 X 



Figure 5.9 (c) Mag. = 147 X 
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Figure 5.12 Creep strain rate vs the reduced stress at 
'I constant subgrain size X 
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are used, the data in this study may be described by the equation: 

e = 1.1X10^ (D/b2) a/b)2 (a/E)^-« (5.3) 

Equation 5.3 reduces to Equation 2.5 when the stress dependence 

of the subgrain size during the steady state stage is used, that is, 

Equation 2.12 with m = 1.1 + 0.1, and n = N - p = 4.6. 

The fact that the values N = 7 and q = 2, found in this investi­

gation, differ from the values N = 8 and q = 3 reported by Sherby, 

Klundt and Miller (3), requires additional comment. To obtain the 

values of N and q, Sherby, Klundt and Miller utilized strain rate 

and subgrain size data reported by several authors on 99.99% Al. 

The approach used involves the correlation of the strain rate, 

measured immediately after a stress reduction (constant structure 

test), and the subgrain size. Since the data used were obtained at 

various stresses and temperatures, a normalization of the data was 

necessary; the strain rate data were normalized to a common tempera­

ture of 530 K by multiplying the creep rate by D(530 K)/D (Test) and 

the stress data were normalized for the modulus variation with tem­

perature by multiplying the stresses by E(530 K)/E (Test). In this 

study, a different approach is adopted, that is, the instantaneous 

creep rate during the transient period following a stress reduction 

is correlated to the subgrain size present in the specimen. All 

subgrain size data and strain rate data are obtained utilizing the 

same material (99.999% Al) under identical experimental conditions. 
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In the S-K-M study, variables such as grain size of the specimens, 

strain at which the stress reduction is performed, apparatus sensi­

tivity and the specimens themselves may have influenced the final 

results. 

2 7 
5.3 Theoretical Analyses of the X and 0 Terms 

2 

At this point, an attempt is made to identify the X strain 

rate-subgrain size dependence observed in this study using existing 

theoretical models. A nimiber of models of high temperature creep 

in pure metals will be briefly considered in this section. Models 

have been presented on the basis of climb of edge dislocations gener­

ated by Frank-Read sources (25,28,96), the glide of jogged screw 

dislocations (26), the growth and stability of a three-dimensional 

Frank network of dislocations (88,89,90) and others. As discussed 

in Chapter II, these models generally do not explicitly include the 

subgrain size or subgrain boundaries in the formulation of a rate 

equation. However, the excellent correlation obtained in this study, 

between the instantaneous creep rate and the subgrain size during 

transient creep clearly shows that the subgrains do play an important 

role during the creep process. 

A first approach to understanding the X term would associate 

it with a slip plane area. In the 1955 and 1957 theories proposed 

by Weertman and in a later modification of the previous models (80), 

the author describes the creep rate as £ RAMb, where R is the rate 

of generation of dislocations, A is the slip plane area swept out 

by a dislocation from generation to annihilation or immobilization. 
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M is the density of Frank-Read sources and b is the Burgers' vector 

for the dislocation generated. The approach being used would imply 

the association of X with the A term, since both have the same dimen­

sion. In the 1955 model, the A term is expressed by the product 

of LL', where L is the grain size and L' is the average subgrain 

size at the applied stress; thus, the A term in this model does not 

have the same character as X^. in the 1957 model, the creep rate 
2 

obtained is proportional to L , L being now the width of a dislocation 

pile-up group. However, L is not explicitly identified with subgrain 

dimensions in this case. In a later model, Weertman (80) describes 

the creep rate as proportional to L/log L where L now is the radius 

of a dislocation pillbox, with radius L and thickness d, in which 

a single dislocation source is operating; this dependence also cannot 

be associated with??. In the jogged screw dislocation model, the 
2 

creep rate is proportional to L /log L where L is now the subgrain 
size, but in this case the subgrain size term varies more slowly 

2 

than L due to the log L divisor. 

The effect of subgrains on the creep rate has also been examined 

theoretically by Weertman. Applying the Nabarro-Herring analyses 
to idealized subgrains, the author obtains a strain rate proportional 

2 

to D/L . Although this prediction is normal for N-H creep, that 

is, creep at very high temperature and low stresses, the stress de­

pendence and subgrain size dependence are not consistent with the 

findings of this study. 
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t"^b (L/h) L~̂ .n (5.4) 

2 

where n is an orientation factor, L is the area swept out by a dis­

location loop that expands to the subgrain boundary, b is the Burgers 

vector, t is the time required to annihilate a dislocation loop seg­

ment that enters the boundary, L/h is the nimiber of annihilating 

—3 

dislocation segments of length L in a subgrain boundary, and L 

is the number of subgrains per unit volimie. In this model, the area 

swept by the dislocation is identified as the square of the subgrain 

size. The model has a remarkable point, that is, the subgrain size 

L actually drops out of the final equation. However, the expres­

sion gives only a power of three for the steady state creep rate 

stress dependence. In a modification of Ivanov and Yanushkevich creep 

analyses, Weertman (86) considers the subgrain boundaries to act as 

barriers and sinks to a group of piled up dislocations. Again the 

area swept by a dislocation is identified with the square of the sub-

grain size. The model gives a fin.al expression for the strain rate 

ê = K (D/b^) ( L/b)^ ( a / E ) ^ 
(5.5) 

.l.li..uJi«WiJi.il4,.l,i,,.. 

In a model proposed by Ivanov and Yanushkevich (84), the sub-

grain boundaries are assumed to work as sinks for dislocations gen­

erated in the subgrain interior. The creep rate is expressed by 

the product 
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where L is now the subgrain size. This equation resenbles Equation 5.3 

found in this study, i.e., at constant stress the strain rate is a 

power function of the subgrain size and at constant subgrain size, 

a higher stress dependence is obtained. The approach presents some 

difficulties: 

a) pile-ups of dislocations 'are not observed in experiments 

b) at steady state, the equation gives a power of three for 

the stress dependence. 

Weertman discusses these two points and gives reasons for the fact 

that pile-ups are not observed experimentally. He concludes that 

to improve the model a subgrain wall thickness has to be included 

in the treatment. This requires a further assumption, not based on 

experimental findings, that the subgrain wall thickness is not stress 

dependent (85). 
2 

A second possibility is that the area term associated with X 

is not a slip plane area, but an interface area such as the subgrain 

surface area. This treatment would lead to a different line of reason­

ing, involving the role of subgrain surface as source and or sinks 

of dislocations. In a model recently proposed by Ilschner (16), 

the subgrain boundaries are considered to be strong obstacles to 

dislocation movement (impenetrable wall). Dislocation generation 

is asstmied to occur mainly by dislocation interactions within the 

subgrains (volume reaction) and dislocation annihilation assimied 

to occur mainly by reaction with subgrain walls (surface reaction). 

Although an analytical expression for the strain rate is not given. 
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it is suggested that the strain rate is proportional to the rate 

of dislocation annihilation. This implies that the creep rate is 

proportional to the area of subgrains. In this model, the struc­

tural adjustment following a stress change is understood to occur 
2 

through an increase in subgrain size. The A term would then corres­

pond to the effect of an alteration of the normal sink/source action. 

We must conclude that, at the present stage of creep theories, 

two possible ways of interpreting the A term are possible. Per­

haps the analysis made by Weertman (86) is closer to reality, since 

an equation similar to Equation 5.3 is obtained. However, a number 

of refinements are necessary. 

5.4 Summary and Conclusions 

Data has been presented in this chapter to show that, contrary 

to the assimiptions of the majority of creep theories, the subgrain 

size developed during high temperature creep of pure materials may 

be an important variable in the rate controlling mechanisms. The 

following conclusions can be reached: 

1. The subgrain size developed during the steady state stage in­

creases during the transient period following a stress reduction. 

It is also observed that large creep strains are required for the 

readjustment of the subgrain size. The results of Pontikis and 

Poirier (107) and Parker and Wilshire (109) are critically analysed 

in terms of the findings of this study. It is concluded that, at 

least for high purity aluminimi, the assumption made by Sherby, Klundt 
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and Miller (3) and by Robinson and Sherby (I) in their development 

of a phenomenological equation based on subgrain strengthening is 

correct. 

2. A correlation between the transient creep rate and the subgrain 
• 2 

size in the specimen, at constant stress, is obtained: e « X . 
The creep rate at constant subgr&in size depends on the applied stress. 

The stress sensitivity exponent obtained at constant subgrain size 

is 6.8 + 0.2 and the exponent obtained from normal isostress steady 

state creep tests is 4.6 +0.1. The difference in stress exponents 

obtained by the two testing procedures is shown to be consistent 

1̂  with the strain rate - subgrain size dependence. 

3. Using a different approach from the one by Robinson and Sherby 

(1) and Sherby, Klundt and Miller (3), a phenomenological equation 

for the creep rate at 530 K is developed which describes the steady 

state strain rate and, except for a short period of time, the in­

stantaneous rates after the stress reduction. This equation is written 

e = 1.1 X 10^ (D/hh (X/b)2 (a/E)^-^ -

where D is the diffusion coefficient, b is the Burgers' vector, E is 

Young's modulus of elasticity, X is the subgrain size and a is the 

applied stress. The equation, however, cannot be used to describe 

the decreasing creep rate observed in the initial period following 

the stress reduction, i.e., before any subgrain growth occurs. An­

other mechanism is probably operating during this period. 
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1. 

4. The theoretical background for the subgrain size dependence 
2 

term X and for the high stress sensitivity coefficient N « 7 is 

discussed. It is concluded that at the present stage of the creep 
2 

theories, X can be interpreted either as a slip plane area or as 
2 

surface area of the subgrain. The A term may be identified with 

parameters in the model of high'temperature creep presented by Weert­

man (86) but refinements of the theory to allow for a higher stress 

dependence are necessary. 



CHAPTER VI 

TRANSIENT CREEP - INCUBATION PERIOD 

6.1 Introduction 

The precise measurement of transient deformation after a rapid 

change in stress between the preceding and the new steady state of 

deformation should be of great value in the understanding of the 

creep phenomena. However, the results available in the literature 

to date and their interpretation are the subject of considerable 

controversy. This controversy concerns the existence of an incuba­

tion period following reductions in stress, in which the creep rate 

is zero. One group of experimenters (31,32,88,140) always observe 

an incubation period. They explain the transient behavior in terms 

of the network recovery theory (88). Another group of experimenters 

(35,122,132,141,142) observe an incubation period only after a char­

acteristic stress reduction and explain the transient 'behavior using 

the internal stress theory of Ahlquist, Gasca-Neri and Nix (95). 

In the preceding chapter, it was concluded that part of the 

transient behavior following a stress reduction is due to the coarsen­

ing of the subgrain structure. A correlation between the instan­

taneous creep rate and the subgrain size was obtained which is valid 

only for the period in which the creep rate increases. An explana­

tion for the observed initial decrease in creep rate was not 

attempted. 
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In this chapter, attention will be directed to the decreasing 

creep rate, that is, to the initial period following the stress reduc­

tion. Data is presented to evaluate the effects of temperature, 

initial stress and reduced stress on the transient behavior after 

the stress reduction. The existence of an incubation period is 

analysed and the data is discussed'in terms of the network and 

internal stress theories. 

6.2 Results 

6.2.1 Influence of temperature and stress 

A series of experiments was performed to test the influence 

of temperature on the behavior of the creep strain after the reduc­

tion in stress. The specimens were deformed at the temperatures 

523 K, 547 K, 573 K and 623 K and at an applied stress of 6.23 MPa, 

until a strain of 0.16 was reached. At the 0.16 true strain, the 

stress was rapidly reduced to 3.44 MPa and the creep strain recorded 

as a function of time. The results obtained in these experiments 

are shown in Figure 6.1 in a log-log plot. The figure shows that: 

- For strains smaller than 4 X 10 ^, the creep rate decreases 

slightly as a function of time ( é o c t ^ * ^ ^ ^ ) . 

- For strains larger than approxiamtely 4 X 10~^, the creep rate 

increases as a function of time (é oc t^). 

Figure 6.1 also shows that a change in temperature does not alter 

the shape of the creep curves after a stress reduction. However, 

an increase in temperature translates the curves to shorter times. 

This effect of temperature on the creep strain after a reduction 
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in stress is similar to the effect of temperature on creep strain 

in a normal creep test at constant stress (137). 

Dorn (143) proposed a method to analyse the effect of tempera­

ture on the creep strain. In his analysis, the effect of temperature 

on strain is described by the following equation 

e = F [t'exp(-Qc)] = F (9.) ^^'^^ 
kT 

where 

e = the total true tensile creep strain for a given applied 

stress 

t' = duration of the test 

T = the absolute temperature 

= the apparent activation energy for creep, which is inde­

pendent of the stress 

F = a function of 6 = t exp(-Q /kT) and of the stress. 
c c 

The Dorn analysis can also be applied to the data shown in Figure 

6.1 (12). A similar expression can be written for the creep strain 

obtained after the reduction in stress, i.e.: 

e » F (t exp(-Q/kT) = F (6) (6.2) 

at constant reduced stress o^, where t is the time elapsed after 

the reduction in stress, Q is the apparent activation energy for 

the process or processes operating following a change in stress. 
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Equation 6.2 shows that, for a constant transient creep strain, i.e., 

6 constant, the time t is related to temperature by the equation 

t = e exp(+Q/k T) (6.3) 

The activation energy Q can be determined by plotting the logarithm 

of t versus 1/T at constant strain. This procedure is used in Fig­

ure 6.2 for several values of strain or 9. A set of parallel straight 

lines is obtained indicating that the activation energy Q is not 

dependent on the transient strain. The value obtained for Q, deter­

mined from the slope of the straight lines in Figure 6.2, is equal 

to 1.44 + 0.05 eV/at. This value of Q is about equal to the value 

of the apparent activation energy for creep previously discussed 

in Chapter IV, before the correction for the temperature dependence 

of the modulus of elasticity, that is, 1.43 + 0.05 eV/at. 

The influence of stress in the transient behavior can be ana­

lysed using the data presented in Figures 5.2 and 5.7. These data 

are replotted using a log-log scale and the resulting curves are 

shown in Figures 6.3 and 6.4. A comparison of Figures 6.1, 6.3 and 

6.4 permits the following observations: 

1. The shape of the strain-time curves is the same, independent 

of temperature, initial stress and reduced stress; 

2. The transient creep curves consist of two parts: a part in 

which the creep rate decreases as a function of time (e « ^0-66j 

and a part in which the creep rate increases as a function of 

time (e oct ); 
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( T E M P E R A T U R E ) " ' O O ' K - ) 

Figure 6.2 The effect of temperature on the time 0 required to 
reach the transient strain e . The stress is reduced 
from 6.23 MPa to 3.44 MPa at a true strain of .16. 

I 
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to 3.44 MPa. The stress was reduced at a true strain 
of .16 in each case. 
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3. The break in the curves is translated to shorter times whenever: 

a) the test temperature is increased and T and are maintained 

b) is increased and T and Oj are maintained fixed 

c) is decreased and T and are maintained fixed. 

To simplify the analysis, the transient creep curves after the 

reduction in stress will be divided into two stages: 

Stage I: Creep behavior corresponding to the time interval in which 

the creep rate decreases (strains smaller than A X 10 ) 

Stage II: Creep behavior corresponding to the time interval in which 

the creep rate increases (strains in excess of 4 X 10~^). 

The influence of the reduced stress on the interval of time Atj, 

involved in Stage I, is shoim in Figure 6.5. It can be seen that 

Atj => A exp(B(aj. - a^)/G) (6.4) 

4 

where A = 1.13 s., B = 2.01 X 10 and G is the shear modulus. This 

equation will be used later, when comparison of the data with theories 

is made. 

6.2.2 Recovery of the Transient Strain after Stress Reduction 

Recovery of the transient strain after the stress reduction 

was studied in a series of experiments in which the specimens were 

allowed to recover at the reduced stress. After a certain period 

of time, the total stress was reapplied and the creep transient re­

corded. Figure 6.6 shows examples of transient creep after steady 
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Figure 6.5 The variation of the interval of time t̂  involved 
in stage I, as a function of (a - O )/G. 
(Oj = initial stress, â ^ 
G shear modulus) 

reduced stress. 
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state deformation at 8.35 MPa and at various recovery times at a 

reduced stress of 3.44 MPa. In spite of the short time at the re­

duced stress, the specimen exhibits a marked range of transient creep 

on reloading. In Figure 6.7, the length A£ of the transient strain 

determined from curves similar to that in Figure 6.6 is plotted on 

a log-log scale as a function of time after stress reduction. After 

a long stay at zero reduced stress, one might expect Ae to be of the 

order or slightly smaller than the initial transient obtained in 

the primary stage, in a continuous test at 6.23 MPa and 8.35 MPa. 

This transient strain is of the order of 10%, as can be seen in Fig­

ure 4.1. Figure 6.7 shows that Ac increases as a function of time, 

but is always smaller than 10%. 

The reduced stress applied to the specimen prior to reloading 

does not seem to influence the recovery of A e during Stage I as seen 

in Figure 6.7. However, in Stage II, the recovery of Ae is sensitive 

to the level of reduced stress. If the stress is reduced to zero, 

the Ae obtained after reloading during Stage II are nearly constant 

even after times ~60 hours. But, when the stress is reduced to 

3.44 MPa, the Ae obtained after reloading increase slowly during 

Stage II. This behavior of Ae during Stage II at a reduced stress 

of 3.44 MPa seems to be related to subgrain growth. To investigate 

this point, a specimen was deformed at 573 K to a true strain of 

0.16, at an applied stress of 6.23 MPa. At this true strain, the 

test was interrupted and the specimen quenched, under load, to roran 

temperature. Subsequently, the subgrain size present in the 
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J. 

specimen was measured and the value 53 + 5 ym was obtained, in agree­

ment with the data reported in Figure 4 . 5 . Following this procedure, 

the specimen was heat treated at 573 K in the absence of a load, 

for 169 hours ( ~one week). After this heat treatment, the subgrain 

size was measured again and the value 48 + 5v>m was obtained. This 

experiment clearly shows that; if the stress is reduced to zero, 

the growth of the subgrain is drastically restrained. 

6 . 2 . 3 Dislocation Density Measurements 

The behavior of the dislocation density within subgrains follow­

ing the reduction in stress was analysed by performing substructural 

observations at several strains in the transient region. The dis­

location density inside the subgrains was measured for a test per­

formed at 573 K and an initial applied stress of 8 .35 MPa, in which 

the stress was reduced to 3 .44 MPa. 

The measurement of the dislocation densities in high purity 

aluminum requires some discussion. Due to the lack of a strong pin­

ning mechanism in high purity alimiinum, dislocations are lost during 

foil preparation and during observation in the microscope. It was 

observed in this study that very thin areas of the foil (usually 

areas close to the border of a hole on the foil) possessed very few 

dislocations. These dislocations moved out of the foil during ob­

servation in the TEM. However, in thicker areas of the foil the 

dislocation structure seemed to be very stable during observation. 

As described in Chapter III, only those areas with a thickness larger 
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than 200 nanometers were used for dislocation density measurement. 

It is believed that the presence of a subgrain structure aids in 

dislocation retention in areas thicker than 200 nm (119). Disloca­

tions were probably lost during the thinning process used in this 

investigation. It will be assumed that the length of dislocation 

line lost is the same for all specimens. 

The results obtained for the dislocation density within sub-

grains are shown in Figure 6.8. Also included in Figure 6.8 are 

the values obtained for the creep rate following the stress reduc-
8 —2 

tion. The absolute value of p obtained at t = 0, p = 6.2 X 10 cm 
7 —2 

is one order of magnitude larger than the value 6.10 cm ob­

tained by an extrapolation of data reported by Daily and Ahlquist 

(65) to the stress a= 8.35 MPa. However, the data of Daily and 

Ahlquist was obtained by etch pitting single crystals of high purity 

alimiintmi deformed in tension at 619 R to the steady state flow stress 

using an Instron machine. In a study of Fe-3% Si, Barrett, Nix and 

Sherby (37) have observed that the dislocation densities obtained 

using transmission electron microscopy were about a factor of four 

larger than those obtained using etch pitting techniques. They sug­

gested that the etch pit densities are lower because some disloca­

tions do not produce etch pits and also because, in some instances, 

one etch pit may correspond to a group of closely spaced disloca­

tions. Also, there is evidence that the dislocation density inside 

subgrains during steady state creep decreases slightly with increases 

in test temperature (28,63). These observations indicate that the 
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dislocation density obtained in this investigation is in reasonable 

agreement with those obtained by Daily and Ahlquist. The results 

presented in Figure 6.8 clearly show that the dislocation density 

tends to decrease during Stage I in the same manner as the creep 

rate, that is, the dislocation density decreases approximately 60Z 

and the creep rate decreases 75% in equivalent time intervals. 

6.3 Discussion 

The data presented in this section shows that a reduction in 

stress, performed in the steady state region, is always accompanied 

by a transient creep behavior. It is easily seen that this transient 

deformation can be separated into two stages: Stage I, in which 

the creep rate decreases as a function of time; and Stage II, in 

which the creep rate accelerates to the steady state value obtained 

at the reduced stress. Stage I is characterized by a nearly con­

stant subgrain size and by a large decrease in the dislocation density 

within subgrains. Stage II is generally characterized by coarsen­

ing of the subgrain structure. The activation energies determined 

for Stages I and II were found to equal the apparent activation 

energy for steady state creep, that is, 1.43 eV. 

The data presented failed to show any time interval in which 

the creep rate is zero, i.e., no incubation period was detected. 

Before any discussion of the existence of an incubation period, it 

is interesting to refer to the original paper by Mitra and McLean 

(88) in which this idea was first introduced. 
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The transient creep curve reported by these authors is repro­

duced in Figure 6.9 to illustrate this discussion. Mitra and Mc 

Lean (88) performed stress reductions in alminum and nickel, in 

an attempt to determine the rate of recovery. In these experiments, 

the creep rate was measured using a transducer attached to the speci­

men shoulders. The authors did not comment on the sensitivity of 

the strain measuring device. 

When the transient creep curve shown in Figure 6.9 is compared 

with the transient creep curves obtained in this study and shown 

in Figures 6.3 and 6.5, it becomes apparent that there are two cases 

which must be discussed: 

1. The incubation period in Mitra and McLean's experiments would 

correspond to the region called Stage I in this investigation. The 

association of Stage I with the incubation period is suggested by 

the observations that: 

a) The time interval Atj, involved in Stage I increases when 

AO is increased in agreement with the observations by Mitra 

and McLean (83); 

b) A very small strain (3 to 4 X 10 ^) occurs during Stage I. 

If the sensitivity of the apparatus used by Mitra and Mc 

Lean was, for example, 10 ^, Stage I would appear to the 

experimenters as a period of zero creep rate. 

2. Another way to view the experimental results obtained in 

this study would be to neglect the correspondence assumed above and 

imagine the existence of an incubation period that could not be de­

tected in this study. In this case, the incubation time At must 
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be smaller than the mean time, At̂ ^̂ t intervals of time after 

the stress change, during which the magnitude of the creep rate can­

not be clearly established due to limitations in the apparatus. 

To discuss these two conflicting ideas, it is necessary to esti­

mate the incubation period frcm theory. Two calculations of At are 

available in the literature: one by Stang et al. (7) and another 

by Burton (34). 

Stang et al. (7) calculated the time At required for disloca­

tion structure adjustment after a reduction in stress. The incuba­

tion period was calculated for the process of dislocation network 

coarsening. In their calculation, it was assumed that the internal 

stress is approximately equal the applied stress, i . e . , 0 ^ . . a, and 

that no additional deformation or strain-hardening takes place dur­

ing recovery of dislocations (static recovery). The network growth 

was treated as a dislocation-climb controlled process and use was 

made of the rate of network coarsening proposed by Hirth and Lothe 

(44), 

dL D b^ G where L is the average link length of the network, 
dt k T L 

The expression obtained for At after this procedure is 

At _ tt^GkT . 1 1 . (6.5) 
" SBN ~ 2 Db 2 „2 ^ 

°I 
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where a is a constant, is the initial applied stress, Oj^ is the 

reduced stress and the other quantities have the previously cited 

meaning. 

The calculation by Burton (34) involved the same general assump­

tions as made by Stang et al. (7), but differs only in the assump­

tion used to calculate dL/dt.- Burton considered the rate of climb 

of lines of the network to be controlled by the rate of emission 

of vacancies by jogs in the dislocation lines and used the equation 

suggested by Friedel (145) for this process 

dL _ DGb^ exp(U./kT) ,̂  
d t - k T L J ^^'^^ 

where is the energy of formation of jogs in the dislocation line. 

Thus, the exponential term in Equation 6.6 is related to the concen­

tration of jogs on the dislocation line. The final equation obtain­

ed by Burton for the incubation period is 

At- _ O^GkT exp (U./kT) . 1 _ 1 , (6.7) 
2Db J a2 o2 ^ 

R I 

The value of given by Friedel (145) for aluminum is Uj = 0.1 G b^. 

At 573 K the exponential term is exp(Uj/kT) « 1. 

The equations obtained by Stang et al. (7) and Burton (34) for 

the incubation period lead to the same values of At at high tempera-
2 

ture. Both equations predict ht'*>l/a^. 
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The values for At can now be calculated for the stress reduc­

tion experiments described in this chapter. Use is made of the 

following values of the parameters: 

T = 573 K 

D 

a = 0.5 

8.81 X lO"^^ m^/s 

b = 2.86 X 10~^° m 

G =2.13 X 10^° N/m^ at 573 K 

k = 1.38 X 10~^^ J/K 

The result of this calculation is shown in Table 6.1. 

TABLE 6.1 

Summary of Results for At^, , At.,, At , h , h'/G 
tn I' m m' .m 

from Stress Reduction Tests During Steady State 

initial reduced e stress stress 
(MPa) 

15 

15 

15 

15 

15 

(MPa) 

12 

8.35 

7.29 

6.23 

3.44 

-1. 

8.35 3.44 

6.23 3.44 

3.10 -3 

.-5 

^-5 

A o ^ ^ h Atj m h m h /G m 
(MPa) (s) (s) (s) (Pa) 

3.0 21 40 3 3.33X10® 0.02 

6.65 83 360 3 7.39X10® 0.03 

7.71 120 1440 3 8.57X10® 0.04 

8.77 178 3600 5 5.85X10® 0.03 

11.56 668 36000 5 7.71X10® 0.04 

4.96 586 43000 5 1.33X10^° 0.62 

2.79 490 21600 5 3.72X10^° 1.75 
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The calculated values of At have the same order of magnitude 

of AtJ only for small reductions in stress. As shown in Table 6.1, 

the time interval involved in Stage I can be one to two orders of 

magnitude larger than At calculated from theory. This disagree­

ment was expected since Atj a exp(-O^) and the theories predict 

2 

At a 1/Oĵ  . Therefore, if the association of the Stage I with the 

incubation period is assumed, the network theory will not explain 

this discordance at large a^. 

If an incubation period which is too short to be detected 

in this study (case 2) is assumed, it will be shown that this ap­

proach will not help in explaining the results in terms of the net­

work theory. It is possible to estimate the rate of strain harden­

ing that would be obtained if an incubation period of this magni­

tude exists (At ^ At ). Mitra and McLean (88) and Davies et al. 

m 

(31) have shown that the rate of recovery, r, can be determined from 

il^ubation period as 

r = lim (6.8) 
t -•O û t 

where A C T is the magnitude of stress reduced and At is the incubation 

period. If reference is made to the variation of the incubation 

period At with the degree of stress reduction, reported by Davies 

et al. (31) in copper, one expects that 

r > ^ (6.9, 
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Combining equation 6.9 with the Bailey Orowan equation (Equation 

2.24) it is possible to estimate the coefficient of strain harden­

ing by 

h > h (6.10) 
" " ^ " 1 At 

s m 

where e ̂  is the steady state creep rate at the initial applied 

stress. 

The estimated minimum values for h can now be calculated using 

the values for and A t^ found experimentally. The result of this 

calculation is shown in Table 6.1. From this table, it is seen that 

h . ranges from values around 0.03 G at 15 MPa to values of 1.8 G min 
at 6.23 MPa. These values may be compared to the coefficient of 

2 
strain hardening during Stage II of fee metals: h ^ da ^ M djr 

de ^ de 

( T shear stress, Y shear strain and M = Taylor coefficient), which 

is about 0.03 G (127). Thus, the minimum value obtained for the 

coefficient of strain hardening would be higher than 0.03. Barrett 

et al. (146), Nordstrom and Barrett (147), and Blum et al. (127) 

have already shown that the values of h calculated from the Bailey-

Orowan equation in connection with r are often higher than can be 

justified by the theories of strain hardening. Obviously, the same 

criticism applies to the values of h derived above. Furthermore, 
m 

if an incubation period of this magnitude exists, the network theory 

would not explain the decreasing creep rate observed during Stage I. 
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The network theory predicts that following the incubation period, 

the creep rate is a continuously increasing function of time due 

to the continuous increase in the dislocation link length. 

It has to be concluded that neither approach 1 nor approach 2 

can lead to an explanation of the results obtained in this study 

in terms of the network recovery theories. 

In the following, an attempt is made to interpret the results 

in terms of the internal stress theory proposed by Ahlquist, Gasca-

Neri and Nix (95). This theory explains the steady state creep rate 

in terms of the existence of an equilibrium internal stress. The 

primary stage of creep is explained by the increase in the internal 

stress. Measurements of internal stress by Ahlquist and Nix (122), 

Tobolova et al. (132) and by König et al. (141), show that the in­

ternal stress decreases when the applied stress is decreased. As­

suming that the internal stress does not change instantaneously after 

a change in stress, it is expected at t = 0, immediately after the 

reduction in stress, that the internal stress present in the speci­

men has the equilibrium value consistent with the initial applied 

stress, that is, (cr^)^- Therefore, immediately after the stress 

reduction, the system is in a non-equilibrium state. The internal 

stress will then decrease, by recovery, to the value compatible with 

the new reduced stress. The expected behavior of the internal stress, 

following the reduction in stress, is shown schematically in Figure 

6.10. Depending on the level of the reduced stress, the effective 

stress, a * = a-o^, can be positive, negative, or zero. A decrease 
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e = a p V (6.11) m 

where a is a constant, p ^ is the density of mobile dislocations and 

V is the dislocation glide velocity. 

The velocity of dislocations can be expressed in terms of the 

effective stress by (148) 

V = exp(-H^/kT) exp (bAa*/kT) (6.12) 

where is a constant, is the activation enthalpy, A is the acti­

vation area for creep and the other quantities are as previously 

defined. Making use of Equations 6.11 and 6.12, the instantaneous 

creep rate following a reduction in stress can be expressed at cons­

tant temperature by 

= K exp(b Aa*/kT)p (6.13) 
T " 

where K is a constant. 

in internal stress is thus accompanied by an increase in effective 

stress. At any instant of time after the stress reduction, the equa­

tion o » o^ + a* is valid. 

The instantaneous creep rate following the reduction in stress 

can be expressed by the equation 
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= K exp(bA0»T)/kT)P (6.14) 
T 

The assumptions made above imply that the time required for 

the strain rate to decrease to its minimum value (end of Stage I) 

will be dependent on the inverse of the dislocation velocity, since 

the influence of the decrease of p, as assumed, is the same for all 

levels of reduced stress. Therefore, 

At^« 1/V a exp(-a*) (6.15) 

The dependence of the activation area on stress is not well 

known. It will be assumed that following a reduction in stress the 

activation area does not change. This assumption is usually made 

by most glide theories. 

It has been observed in the experiments involving the recovery 

of Le that the recovery of the transient strain is not dependent on 

the level of the reduced stress during Stage I. Since the recovery 

of Ae reflects the decrease in internal stress (122), then the assump­

tion can be made that the decrease in the dislocation density after the 

stress reduction is not dependent on the level of reduced stress. 

This has been observed experimentally by Hausselt and Blum 

(150) following stress reductions performed in Al-11% Zn alloys. 

If the additional assumption that the mobile dislocation den­

sity is a constant fraction of the dislocation inside the sub-

grains, that is, PjjjaP , the instantaneous creep rate can be written 
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It has been observed (132) that o * " aO where a a 0.6. Thus, it is 

possible to write 

At^ ec exp ( -a*) a exp(-C7^) (6.16) 

Equation 6.16 could explain the behavior observed experimentally 

for Atj and shown in Figure 6.5. This simple explanation, however, 

is not free from criticism since it involves a large number of very 

general assimiptions. 

When the stress is reduced from 15 MPa to 12 MPa at 573 K, Stage I 

occurs in a very short period of time (10 s e c ) . Also, the strain 

involved in Stage I for this particular stress reduction is smaller 
-3 

than the value 4 X 10 usually found for very large stress reduc­

tions. This observation would probably be due to the fact that 

Stage I is occurring simultaneously with the reduction in stress. 

It is expected then that the creep rate, following a reduction of 

the applied stress to values larger than 12 MPa would be a continuous 

and increasing function of time, i.e., no Stage I will be detected 

experimentally (Stage I would be occurring simultaneously with the 

reduction in stress and would not be detected). This type of be­

havior has been reported by Hausselt and Blum (149) in a Al-11% Zn 

alloy. It is interesting to point out that 12 MPa is approximate­

ly equal to the maximum internal stress present in the specimen prior 

to the reduction in stress, as estimated from values reported by 

Tobolova and Cadek for aluminum (132). Therefore, when the stress 

is reduced to values larger than 12 MPa, the effective stress in 
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the specimen, immediately after the stress reduction, is positive. 

The creep rate after the stress reduction would be positive and con­

tinuously increasing. Since an increasing creep rate reflects growth 

of the subgrains, this fact suggested that a positive effective stress 

is required for subgrain growth to occur. 

For large stress reductions, cr^ > 12 MPa, the effective stress 

present in the specimen after the stress reduction is negative. 

According to Hausselt and Blum (149), recovery of dislocations can 

occur even if the effective stress is negative. The dislocation 

density decreases, increasing the effective stress. When the effec­

tive stress is positive, subgrain growth starts to take place. This 

interpretation is consistent with the observation that at zero re­

duced stress, the subgrain size does not grow. 

6.4 Simmiary and Conclusions 

1. The data presented in this chapter show that a reduction in 

stress, performed in the steady state region, is always accompanied 

by transient creep behavior. The transient creep deformation can 

be separated into two stages: Stage I for strains smaller than 
-3 -3 4 X 10 , and Stage II for strains greater than 4 X 10 . During 

Stage I, the creep rate decreases as a function of time, and during 

Stage II, the creep rate accelerates to the steady state value at 

the reduced stress. 

2. The activation energy determined for Stages I and II is 1.43 

+0.05 eV/at. and is equal to the apparent activation energy for 
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steady state creep. This suggests that the recovery processes fol­

lowing stress reductions are controlled by self diffusion and have 

the same character as those responsible for steady state creep. 

3. During Stage I, the dislocation density inside the subgrains 

decreases rapidly. The decrease in dislocation density within sub-

grains is paralleled by the decrease in creep rate in Stage I. This 

suggests that Stage I is controlled by recovery of dislocations in­

side the subgrains. The processes responsible for Stage II seem 

to be the growth of the subgrain size. 

4. The results are analysed in terms of the network theory. Two 

possible cases for incubation period are discussed. It is shown 

that the network recovery theories cannot explain the results ob­

tained in this study. 

5. The results are analysed in terms of the internal stress theory. 

Based on the internal stress theory, it is suggested that a critical 

value of effective stress exists, above which subgrain growth can 

occur. 



CHAPTER VII 

SUMMARY OF RESULTS AND CONCLUSIONS 

During this study, a number of results and conclusions have 

been drawn concerning the steady state and transient creep behavior 

of high purity aluminum deformed at temperatures near 0.5 T^. 

The major results and conclusions drawn from the experiments 

performed include 

1. That the apparent activation energy for steady state creep is 

1.43 + 0.05 eV/at. and the coefficient n describing the stress sen­

sitivity of the steady state creep rate is 4.6 + 0.2. These para­

meters are not strongly sensitive to purity of the sample (Chapter IV. 

2. That a correlation between strain rate, £ , subgrain size,X , 

diffusion coefficient, D, and the applied stress, a , which describes 

the steady state and transient creep behavior, exists. This cor­

relation is expressed by the equation 

G = 1.1 X 10^ (D/b2).(X/b)2.(o/E)^-^-°-^ 

where b is the Burgers' vector and E is the elastic modulus (Chapter V). 

3. That the transient creep following a stress reduction can be 

separated into two states: Stage 1, in which the creep rate decreases 

as a function of time, and Stage II, in which the creep rate increases 

as a function of time (Chapter VI). 
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4. That Stage I is characterized by a rapid decrease in the dis­

location density within subgrains and a nearly constant subgrain 

size (Chapters V and VI). 

5. That Stage II is characterized by the growth of the subgrain 

size (Chapters V and VI). 

6. That a certain creep strain is required for subgrain growth 

to occur (Chapter V). 

7. That the activation energies for the processes responsible for 

Stages I and II are the same and are equal to the apparent activa­

tion energy for steady state creep. 



CHAPTER VIII 

SUGGESTIONS FOR FURTHER WORK 

The results obtained during the development of this study have 

led to some very interesting conclusions. However, as in any scien­

tific study, this research program leaves several unanswered ques­

tions. To help in advancing the understanding of the rate controlling 

creep mechanisms, a number of studies can be suggested, including: 

1. A study of the behavior of the subgrain size and dislocation 

density within subgrains following increases in the applied 

stress, performed in the steady state region. 

2. A study of subgrain boundary structure and of the average sub-

grain misorientation during transient creep. 

3. A study of the kinetics of subgrain growth at temperatures above 

the test temperature in a zero stress condition. 

4. A study of the behavior of the average internal stress during 

transient creep. 

5. A study of the behavior of the subgrain size under cycled stress 

conditions. 
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