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Abstract

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

by Iris Ferreira

Chairman of Supervisory Committee: Dr. Robert G. Stang
. Assiatant Professor
Diviaion of Merallurgical
Engineering

The relationship between the ztrain-time behavior after stress
reductions and accompanying changes in internal dialocation atruc-—
ture has been the subject of considerable discussion in recent
literature. In an attempt to resolve this controversy, constant
stress creep tests and atress reduction experiments were conducted
in high purity aluminum At atreases between 3.#; MPa and 15 MPa
and at test temperatures between 523K and 623K, All experiments
were conducted in a region of atreszs and temperature in which
creep deformation is believed to be due to the diffusion-controlled
motion of dislocations, The atress sepsitivity n, which describes
the steady state creep rate, was found to be n = 4.6 + 0.2, and
the activation emergy for steady state creep Q = 1.43 + 0,05 eV/at.,
in excellent agreement with data reported in the literature.

The transzient creep behavior was anslysed following reductions
in stress performed ar s tvuve strain of 0.16, which is well into
the steady state region. The transient ersgep curvez obtained
after the decrease in atress exhibit the following features:

- for strains smaller rthan &Klﬂ-j, the creep rate was poaitive




and decreased as a function of time. The corresponding time
interval was called Stage I.

= for true atrains greater than ﬁxlﬂha, the creep rate was
positive, but increased as a function of time to the steady
state creep rate at the reduced streas, The corresponding

time interval was called Stage II.

= incubation periods immediately after the atraas reduction

in which the creep rate is zero were not detected.

Microscopic observations of the sample microstructure, performed
at geveral atrains in the transient period (during Stages I and II},
revealed that duriog Stage I, the dislocaticn density inside the
aubgrains is rapidly decreased, Also, during Stage I the subgrain
size maintained & nearly constant valve. Stage II i generally
characterized by an increase in subgrain size.

Stress reduction experiments in which the atress wss reduced
from 8.35 MPa, 15 MPa and 6.23 MPa to 3.44 MPa at 373 K, with
simultaneous ghservations of the subgrszin size, showed that it
ins poesibhle te correlate the ingtantaneous creep rate during
Stage II to the square of the subgrain size present in the specimen.

The same analysais was made at a congtant initial atrees of
15 MPa and at reduced stresses of 8,35 MPa and 6.23 MPa. 1sing
these data it was pospible to express the instantaneous creep
rate 2t constant subprain size by a power function of the applied
BLress.

A phenomenclegical eguation deseribing the ateady state creep
Tate and the instantaneous creep rate during Stage II, involving

the subgrain size, was developed, giving



e = 1.1 %107 (%) /)P (/e
where N and p satiefy the relation N - p = n, and n 18 the atresas
aengitivity coefficient of the steady state creep rate. Here
p=2and R =66+ 0.2,

The theotetical background for the subgrain size depeadence
term, 12, and for the high stress sensitivity coefficient, W = 7,
is discussed in terms of cur;ent theories. Lt ia shown that the
network recovérj theary cannot £xplaip the results obtained,

The resulta are discussed in terms of the internal siress theory.

The activation energy determined for the processes regponsible
for Stages 1 and II in found to equal the sctivation energy for
steady etate creep. This suggests that tée TECOVETY PIrOcCesEes
following stress reductions are controlled by diffusion and have

the same chararter an those reeponsible for steady state creep.
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CHAPTER 1

A
-

INTRODUCTION
N R
s s o

The current energy shortage caused by deﬁletion of world Te-
serves of oil, natural gas and coal makes it imperstive that we Teduce
our use of these increasingly valuable materiale. Energy can be gaved
by improving the rhermal efficiency of heat engines which consume
these fuels, ©me apparently nimple.way to increase the efficiency
of these devices ig to increasse the input temperature of the pperating
fluid. This creates a problem because incressed operating tempermtures
generally reduce the strength of the materials used in these engines.
This problem has not been completely splved by eurrently available
high temperature technologies.

fne of the most important problems to be solved in the develop-
ment of high temperature technologies concerns the occurrence pf fime
dependent plastic deformation, or creep. Creep ocecurs when working
temperatures are greater than 0.4 T;} wvhere gn ig the meltiﬁg tempara-
ture in degrees K, An improvement of high temperature systems will
certainly be cbtained wher a better understanding of the creep pheno-
mena ia 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 thermelly activated processea: motion of disloca-
tions, grain boundary saliding or the diffusional transport of matter.
Many theoretical models, either phenomenological in nature or based

on dislocation thesry have been provosed to explain the creep

phenomena.




However, the suggested thecries have not been completely surceaaful
for a oumber of reasons. Many of these reasons will be described
in svbsequent chapters but it ia worth mentioning & few here to
clarify the foczl point of this atudy. Most of the theories are
concerned with creep processea occurring at a constant rate of defor-
mation, i.e., steady state eréep. These theories neglect or £ail te
describe the transient deformation generslly chserved when a gample
ia initially loaded or when stress is changed. These theoretical
descriptions of the creep process use very Bimpie and idealizfd micro-
structural features (dislocation comfigurationa) which ﬁna; Iitéle
relationship to the true observed creep microstructures. Conse-
quently, meat creep theories can explain the available data oznly
by making "ad hoc" assumpticons not truly confirmed by experiments.
One of the most important sﬁtétcéﬁingu of these theories, as will
be shown, ie the lack of consideration of the deformed structure
which develeps while the sample is being strained. For example,
it is well establisghed that subgraine are formed during high tem-
perature deformation in A& large number of materials and that their
presence can influence a number 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 subgraine on the creep phenomena is an
area in which knowledge is lagging behind the genaral uvnderetanding
of creep proceee. A study of thia aspert of the creep procegs ia

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 ateady satate creep and transient creep following reductions in
stress. BSubstructural observations will be combined with information
conceraing the creep kinetice to test the posaibility of expressing
the steady state creep rate and the instantaneous creep rate follow—
ing reductions in stress in terms of the subgrain eize, as snpggestdd
by Sherby and coworkera (1,2,3). A aignificiant aspect of this atudy
is that the approach uwsed, that is, to tarrelate the instantansous
creep rate following a reductien in stress with the subgrain eize
present in the sample, has not been used before,

High purity aluminum (99.999% Ai) has been szelected for this
investigation. This choice iz mobivated by a large oumber of creep
atudies found in the licerature for this material. In addition,
reliable data for several physical quantities sre available for alumi-
num. For example, the elastic modulus as a function of temperarture
has been determined by Fine (4) and the self-diffusion coefficient
has been measured using varicus techniques (5,6). Also, high purity
aluminum is available ar low coat. Furthermore, becasuse aluminum
is a low melting point material amd the surface oxide layer very

strong, the proposed work can be done in air without =2 highly sophis—

ticated apparatus.




CHAPTER 11

LITERATURE SURVEY

2.1 Introducticon

This investigation, as outlined in the previpus chapter, is
concerped with a gtudy of high temperature creep deformation of high
purity alwminum. This chapter will preeent a general review of the
nature of high temperature cfeep. The cbjective of this literature
review will be to provide the reader with background desling with
the experimental, atructural and thecretical 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 stresa, tempearature and structural variables. The
effort will focus on a deaeription of the mteady state strain rate
of pure metals. In the second section, a general descriptiom of
the important structural aspects of the creep process will be made,
Finally, in the third asection, several theoretical models which are

important to this study will be described.

2.2 Phencmenological aspecte of high temperature creep

Time dependent deformaticn in msoy cryatzlline selids ar ele-
vated temperatures exhibits a rather consistent behavier. At tem-
peratures exceeding approximately one-half the absclute melring tem-
perature, the true strain-time relationship, shown in Figure 2.1, is
generally cbaerved for most well annealed pure materials teated at

conatant temperzture and atress. When the load is applied, & strain
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€, results. This strain Ey contains both elastic and instantaneous
plastic components. Ap deformation proceeds, the strain rate de-
creases with time until a2 region i1n which the sirain rate is constant
is observed. The initial region in which the sitrain rate is decreas-
ing is often called the primary region, while the region.of conatant
gtrain rate is labeled the secdéndary or ateady state region. The
etrain rate remains nearly constact in the steady state regioa until
inatabilities reduce the cross secticnal area of the sample, leading
to an increase in strain rate. In this third or tertiary stage,

the strain rate increases until the aample fails,

There are many circumstances which lead to creep strain-time

relationships which are different from that shown io Figure 2.1,
Some materizls do not exhibit a primary etage and steady state is
attained immediztely after application of a streas. Thia type of
behavior has been chserved for textured Fe-3X Si (7) and for W-5%
Re alloys (B). Other meterials present an inverted rreep curve in
which rthe creep rate increases during primzry stage. This type of
creep curve has been observed for h.c.p. single crystalas (9,10) for
51 {11}, Cu-16Z Al alloys {12), for LiF {13) and for marerials sub-
jected ta a deformation pricr to creep testing (14,15},

In genaral, the creep deformation rate €, can be described by

the relation (26):

€ = F(T,q,E) ' (2.1)

where 7 is the applied stresa, T is the sbaolute temperature and




E describes several important material parsmeters. The wvariable

£ could include elastic modulus, ¢rystal etructure, atacking fault
energy, as well as parameters which depend on the prier thermo-
mechenical hietory of the material auch ae grain size, subgrain size
and dislocation density, The variable § is generally a mild func-
tion of temperature and stre;I. At constant temperature and applied
gtressg, the transient stage ia aspaciated with time dependent etrue-
tural modificationa, that ia, E=E£(0,T,t) where £ ia cime, The
struckure evolves until a dynamic structural equilibrium is reached
laading to steady etste creep. During the steady state stage, the
creep Tate Ea is deseribed by the equation

£, = F(T, 0,f) (2.2)

where Es charactetrizes the internal structure under dynamic equili-
brium.

The strees, temperature and structural dependence of the creep
atrain rate is basic to an underatanding of the creep phenomena.
In the following secticns, an effort will be made to demonstrate
the [functiongl contributions of each wariable in equation 2.2 to

the creep rate.



2.2.1 Tewperature Dependence

The deformation behavior of metals and alleys under constant
load or stress is wsually separated into low- gnd high-temperature
regions. The temperature utrwhich the change from low to high tem-
perature behavier occurz is generally around one—half of the melt-
ing tempersture, 0.5 Tm (17). .Far both low acd high tewperature
regioneg it is found experimentally for constant stress conditions

that Equation 2.2, can be written

c

KT ) £2.3)

e | = -
. Kl exp(

a

where Qc is the effective activation energy for creep, k is Boltz—
mann's constant and Kl is & slightly temperature dependent quantity.
For temperatures less than 0.5 T, the activation energy decreases
with temperature and is also stress dependent. The creep deformetien
mechanisms in this region of temperature are believed to be associated
with cross alip of screw dislocations and dislocation intersection
processes. This discussion will neglect the region of temperature
below 0.5 Tm and will focus only on the cregp phenomena occurring

at temperatures higher than 0.5 Tm' For temperatures above 0.5 Tﬁ
the activation energy does not vary with stress and is slightly tem—
perature dependent. For temperatures near 0.5 Ti.gnnd agreement
betweern the ectivatien energy for steady atate ereep and that for
gelf diffusion, Qsd’ has been shown te exist for many pure metals
{18}. This agreement can be eeen in Figure 2.2. The correspondence

between these two quantities has moet clearly been demonstrated in

BT . - C o FARER
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the case of phase transiticna. Sherby and Burke (18} deecribe a
pumber of cases wvhere ¢reep rates and diffusion coefficients were
measured above and below a phase transition. Parallel behavier ba-
tween the strain rate and the diffusion coefficient wae observed
for the transitiones such a# the @ + Ytrangition in iron, & + B
in thalium, and the ferro-paramagnetic transition inaFe, In addi-
tion, Sherby et al. {]19) obtain=d good agreement between the acti-
vation volumes ﬂ?c and hvad for creep and diffusion under hydrostatic
pressure, when these two quantities were measured in the same mater-
ial. Based on the correlation between Qc and qad it is usual to
rewrite Equation 2.3 in terme of the diffusion coefficient D, thus
.
E"U =K, D (2.4)
where D = D exp (- Q'dIkT} and X, is a slightly temperature dependent

quanticy.

2.2.2 b5Stress Dependence

The relation between the steady state creep rate of metals at
constant temperature &nd the applied stress, 0, generally assumes
one of two forms depending on the magmitude of the applied stress.
At low and intermediate etresses, O/G £ 10_3, where G iz the shear

modulus, this relation is given by

(2.5)



|

vhate Ka is & constant, In general, the exponent n is conatant over
a wide range of stress and temperature. For fine grained materials
teated at teoperatures clese to the melting point {T>0.9 Tm] and
at low applied stresses, n i’ vsually 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 further discusstion in this study.
At intermediate ytresses, lﬂ-s-c o/ {10-3, and at temperatures
0.5« TJ'Tm< 0.9, n assumes valuea between 3 and 7 for many solid aclu-
tion alloys and pure metals. 1In general, a value of n in the range
4.2 « n<6.% ig found for most pure metals. This result augpests
an average wvalue of mn = 5 (22}, At high atresses the power relation-
ship in equation 2.5 breaks down., Creep rates far these high stresses
ara greater than theose predicted by extrapolation of the intermediate
ptress data.

Empirical relaticns have been proposed to describe the behavior
of the steady atste creep strain rate at high atresses. Zurhkov and
Saufirova (23) suggested an expression of the form

€, =4 exp(Bo) (2.6)

where A containe the temperature dependence and g is & quantity not
depending on 0 but is a function of T and structural wvariables.

Garofalo (24) proposed an empirical relation of the form

hd

£ =K, #ich (go)" (2.7)
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which breaks down to

me

= K
at low atresses, and becomes

Ea = K, exp(g o)

at high stresses, which is a form similar to that progosed by Zurkovas
and Sanfirova. Siwilar expressions have been suggested by Weeriman
(25) and by Barrett and Nix (26).

The incorporatien of terms describing atructural wvariables has
been s very difficulr task, The fact that E in Equation Z.} depends
on T and ¢ introduces an additional epmplication when a separation
of variables is attempted. The following discussion will show that
a definitive deacriptiunlhas not been achieved vet.

Among the various variablee included in E, known for ite impor-
tant influeace on the ateady ptete creep vate, is the modulus of
elasticity. Phenomenologically, it has been shown (27) that the
steady stare creep rate of pure polycrystalline metals can be rep-

Ttesented by

* n
€, =K, (8/C) . {2.8)

where L is 8 quantity which includes the temperature dependence,
C is the shear modylug and ¢ and n have the previously cited mean-

ing.
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The influence of the grain size on the steady state creep rate
has been the subject of a meriocom controversy. Early investigations
of this aspect of the cresp phenomena led ro inconclusive results;
while mome data suggested thact the creep rate decressed when the
grain size was increased, others indicated the opposite behavior.
pird et al. (22) showed, using recent data, that the creep Tate is
influenced by the grain size only below a certsin eritical mize,
Above this critical smize, for some pure metals, the eteady state
creep rates obtained for aingle crystals are nearly egual those ob-
tained for polycrystals in a wide range of grain eizes. They sug-
geated that the increasing creep rate cbtained for grain sizes smaller
than the critical size could be due to an incregsing contribution
of grain boundary sliding to the over all creep deformation at very
small grain sizes.

The general aspects of the creep process briefly deascribed 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 expreasion of the form:

E, =4, 00/ (2.9)
where G is the shear modulus, b is the Burgers' vector, I = Dﬂ

exp[—ﬂsdfkT} is the diffusion coefficient, H_, is the enthalpy of

d

diffusion, o, is & quantity relsted to the crystal atructure and
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the atomwic frequency, and A and n are dimensionless quantities.
Because of the in¢lueion of G and T in Equation Z.9, the apparent
activation enargy for creep is always alightly different from the
activation enthalpy of diffusion. It is poesible te circumvent this
problem by defising an activation enthalpy for creep, which is not

temperature dependent according to the equation (2%)

. G
€ =K T.[a;g}“ exp(-H_/KT) {2,10)°

where K is a constant aad Hc ig the enthalpy for creep,
Bird et al. (22) exsmined the data for several metals to deter-—
mine rthe value of the conastants an and o in Equation 2.9. The ex-

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

Table 2.1.
TABLE 2. 1*
Summary of Values of the Parameters n and A,
Material o Lb
7

fec 4.4 - 5.3 {5) 10° - 10° (x0")

bee 4.0 = 7.0 (5) 16° - 1013 (1e’)

hep 4.0 - 6.0 (5 103 - 10° (10%)
Class 11 alloys 4.5 - 6.0 (5} 1U5 - 10° {IGE]
Class I alloys 3.0 - 4.0 (3.5) 1072- 10% {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 atrain rate equation, consider the
following. In Figure 2.3, the correlation with Equation 2.9 is shown
for fcc metale., If all the facrtors that are pertinent to steady
state creep were correctly incorporated in Equaticn 2.9, the relizble
reported datz in fcc metala should be packed arcund & single straight
line, within the asccuracy of 0, 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 Bquation 2.9, For fec metals, it has been sugpested that the
major influence could come from the effects of stacking faunlt energy
¥. Barrett and Sherby (30) auggested that the constant A in Equation 2.9
should be dependent on y. This approach assumes n to be the same
congtant for all pure metals, An alternative possibility was con-
sidered by Bird et al., (22), in which ﬁu was assummed Lo be an univer-
pal ronetant and the remaining parameter, n, was assumed to be depen-
dent on the dimensionless quantity Gb/Y. They, in fact, have shouwn
that when an appropriate value of n for each metal is selected from
anvse Y diggram, all the creep data are well represented within
a factor of two by setting the constant A = 2.5 x lﬂﬁ.

The approach used by Bird et al, (22) has an important limita-
tion; it is restricted mainly to pure wetels and simple alloys.

No effort was made to include creep data of more widely veed alloys.
In & series of recent papers (31,32,33) Wilshire and hiz coalleagues
presented a new effort to solve this aspect of the creep phenomena.

They introduced the idea of a "friction streas", g Eo characterize
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the eteady state creep pubstructure. By ingorporating this concept
inte the normal power law creep expression, Equation 2.5, where the
atressd exponent may wvery frow &, for pure metals, to velues ~40,
for certain dispersion ptrengthened alloys, the steady state creep

rate may be expressed by a relationship

L - ' _ ‘l i}
€ . B'{a GD} {2.11)

where B' is & temperature dependent quantity. In this way the ptress
exponent, n, which may be both large and variable, is raplaced by
a vniverszl exponent of 4. This approach, however, has been strongly

criticized (34,35).

7.3 Microstructural Aspecte of the Creep Process

The experimental evidence now shows that the decrease in ereep
rate during the primary stege reflects microstructural changes in
the material {22,28,36). Barrett et al. (37) showed that load =zp-
plication causes & large increase in dislecation density., Later
in the primary region, subgraine start to form. At this point, the
dislocation density must be described by two guantities, the Jdie-
location density in the subgrain wall and the dislocation density
which if not szesociated with subgrain boundaries, sometimes called
free dislocation denaity. As deformation proceeds, the free dis-
location denaity and average subprain aize change continuwously until
ateady state creep is attained. In the steady etate regiom, both

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

JR—— .
f e Coreacp )
! i
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In 1935 Jenkina ard Mellor (38) were the first to observe the
development of subgrains after high temperaiure deformation of iron.
They referred ro theae changes ae subcryecglilization or grain frag-
mentation. In the early fifties, after the work of Wood and his
colleagues on aluminuem (39,40,41), an explanation for the process
was proposed. They sugpgested that these subgrains were due to
accumulation of edge dislocations by climb {polygoniration) leading
to the davelopment of low angle boundaries. Since then, the terms
"pubgrein” and "substructure" have gained wide acceptance.

Subgrains have been observed to form in moat single cryatalline
ag well a8 polycrystalline pure wetala (22). In the alloy Fe-4% Mo
{42), which exhibite steady atate creep behavior virtvally immediate-
ly after applicaticn of a mstreas, subgrains have alac been observed.
However, a W-5% Re (8} allaoy and Al-3.1X Mg {43) which alsc exhibit
this behavior, do net 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 ie usually confined to
such regions and is not extensive (7).

Subgrain boundaries in polycrystala after high temperature creep
arg composed of two and three dimensional netwnrés conaisting of
complex miztures of tile and twist components {22,45,46,47). In
sn investigation of the creep of molybdenum single crystals, Clauver,
Wilcox and Hirth (46) demonstrated that tilt boundaries preduginate.

auggesting a climb-polygonization mechsniem in that materisl.
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The subgrein sige has been observed to be independent of grain
size by a number of investigataors (47,46,49), The pature pf the
total substructure may, however, be dependent on the grain gize.

For example, Barrett, Rix ané Sherby (37) found equiaxed substruc—
tures in #mall grain-size {50 micrometers) Fe-3X 5i and banded sub-
structures in large grain-size material (0.3 mwm), tested at the same
temperature and piress.

It ie believed that the rate at which aubgrains form during
creep 18 dependent upon the relative ease of the processes of cress
6lip and dislocatiom climb (50). The eane of these processes depends
strongly on the distance between partial dialocations, that is, the
stacking fault energy. As the stacking feult energy ¥ is lowered,
the separation between partials increases and cross alip and dislo-
c&tion climb become meore difficult. This conception iz based on ex-
perimental evidence that metals with high etacking fsult energy
{1- 150 ergafcmzl such as Al, @a=Fe, Mg, Sn, Ta and Mo show pronounced
tendencies for subgrain formation (17,46,51,52,53). Copper, a metal
of intermediate stacking fault enerpy (¥~ B0 Ergafcmzl, exhibits a
low tendency toward & subgrain furmatipn (54), and Fb, which has
a low stacking fault energy (Y- 25 ergsf:mz} does not Beem to form
subgrains (55),

The character of tha subboundary also s=sms to depend on the
stacking fault energy. Metals with high srtacking fault energy form
subgrainé with well defined subboundarier consiating of planar arrays

of diglocation networks (46,47 ,56). Copper forms ratber diffuse
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subboundaries consieting of complex dislocation ranglee (57,58) ac
pormal atrain rates but can form well-defined subgrain boundaries
when the rate of deformation is very low (59).

The subgrsin size A, which develops early in the ateady state
region has been measured as a function of atress (37,47,60-641,
tempersture (47,63,64) and strgin {37,63,65). Theae obaervations
phowed that A is a function of stress and is cnly slightly tempera-
ture dependent, In addition, thase cbservations have alsa shawn
that the atress dependence of A is invariant over a large range of

streas and can be expressed by

A=B g ™ (2.12)

where B and m are constants (1B,22). The value of mw is usually of
the order of unity; other values have been aleo reported (63,66,67).
Young and Sherby (68} and Sikka et al. (69) have shown that the stress
dependence is modified above a criticsl value of the atress, changing
from m =] kn n = 1 depandence. They have alsc noted that szt these
atresa levels, the pubgrain boundaries are characterized by disloca-
tien eell boundaries.

The dislecaticn dengipy ipaide subgraine st eteady state, Py
has bean carrelated with the spplied atress for many marerials,
It has been &hown thart the dislocarion denaity is atreas dependent

and can be expressed by (22):

2
P, = (T/ﬂl G bl (2.13)
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where T is the shear atress, T = 0/2, 0, is a conatant of the order

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

The general features of the process of substructure development
during transient eéreep at temperaqtures above 0.5 T can be summar-
ized (28) aa:

1. After the instantanecua deformation, the dislocation structure
is espentially the same as in low temperature deformation;

2. The dislocation attucture at the begipning of the primary stage
is quite hetercgeneous. A3 the etrain increases, subgrains
ptart to form in & non—homogensous fashion; regions with dense
parallel subgrains and regions with coarse subgrains or totally
depleted of subgrain boundaries are distributed alternately;

3. The denae subatructure region gradually becomes coarser and
simultansously the coarser region denser, leading finally te
a hompgenecus gubstructure at the steady acacte., At this peiot,
the totsal dislocation deunsity is made up of disleocations in

the subgrain boundaries and dislocations inside the subgrains.

It has to be noted that the ateady state creep substructure
is steady only in a time average. In fact, it is continususly
changing and ¢corresponds to & dynamic equilibrium between the rate
of formation of new subgrains and the rate of decomposition of the
iold ones {16,28,701.

During creep of polycrystalline metals at elevated temperature,

deformacion may alao occur by the relarive tranelation or shear of
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one grain with respect to another. Thisz aspect of the creep
proceas i usually referrad bo as grain boundary aliding., Quanti-
tative mexsurements of grain boundary sliding in a aumber of poly-
crystalline wmetals and alloys are now available (52,71-75). MecLean
and Farmer (52) have shown that the average grain boundary displace-
ment in aluminumm is directly propprticpnal 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. @ifkins (76} hes tabulated values of
the proportionality cometant for warious metals and ulluf& and found
that values range from 0.027 to 0.93 depending on the material and
test conditions. In general, the proportionality comstant decreases
sharply wicth strees for a large number of pure metals and alloys.
Tests in which the stress was maintained constant showed that the
contribution of grein boundary sliding to the total strain is da-
creased as the prain size ie incresased and does not depend on tem-

perature (76).

2.4 Bteady State Creep Theories

The attempts to deseribe the creep phensmenoleogy 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 conseguence of this point of view
is that steady state creep represents & state in which strain-harden-

ing i# dynamically balanced by recovery. Later, after dislecation
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theory wae developed, these conceptas were incorporated to form several
creep models. It ia important to npte that = link between these
different approaches exiats if disiocation multiplication, glide

gnd interaction are regarded as hardening processes, and climb and
annihilation are regarded as recovery processes.

The thesretical models for creep are currently divided into
three main groups: the first includes theories based on 2 mechanism
which assumes that the creep rate iz contrelied by recovery [climb
and/or annihilation); a second group of theories is based on the as-
pumption that dislocation glide is the rate controlling mechanism;
and finally a group of theories in which the simmltanecus effects
of dislocation glide, driven by the effective atresa, and recovery.
driven by rhe internsl stress, are assumed to be the rate controlling
mechanisms. A general discusaion of rhese theories follows.

! Weertman (25,79) has developed an exprespion for the steady
state creep rate at intermediate atresaes based on a dislocation
pechaniem. TIn both of his theories he assumes that dislocation
lopps are generated at Frank-Reed (F-R} mcurces and these loops pile
up against obstacles in the lattice. In his first theory {1955) he
assumes that Lower—Cottrell locks are obstacles and in the 1957 theory
the obstacles are believed to be the atrees fields due to the edge
cowpenents of the leading loops on parallel slip planes. The pile
up generates back stresses which etep the F-R sources. The
leading dislocarion wmuet then e¢limb the obstacle to relieve the back

streas on the source apd, in doing so, it absorbs or emire vacancier.
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A gradient of vacancies is established. The creep rate is then
contrelled by the escape rate of cthe leading dialecarion by means
of diffusion of vacancies to or away from the dislocation pile

up at the obstacles. Later, in 1968, Weertman (80) improved cthis
theory by uging 8 model develeoped by Hazzledine (Bl). Hazzledine
propoees that as groups of dislocations, created at two sopurces

on neighboring slip planes, move toward one another they will be-
comeé interlaced into groups of dislocation dipoles. The resulting
equation cbtained by Weertman after this procedure is

DGR}

. 4.5
€ = {0/6) {2.14)
¢ 33 0.5

kT

where M is the number of sctive dislocation sources per unit of veolume,
G is the shear modulus, §! is the atomic volume and @ is a constant
whose value ie in the range $.015<0 <. .33,

This medel i3 successful in predicting the stress exponent for
the power law. Howaver, thiz is only so if it is assumed that M
is independent of stress. This aspect of the wodel has been eriti-
cized by Bird et gl. (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
centrolling mechanism, has been proposed by Nabarre (82). He assumed
a special type of regular array of edge dislgocatiens; the creep rate
has been calculated by asauming a ateady climb motion of these dis-

locations and by neglecting any glide. A third power dependence

of the e¢reep rate om stress i obtained ip this formulation. This

i'-I i . L l
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model has been modified by Weertman (80) by introducing a different
expression for the climb wvelocity of disilecaticns. Dupouy (83) modi-
fied the theory, taking the effect of internsl stress into considera-
tion, and has shown that the siress exponent can be very large,
Recently, interest has focused on a somewhat different disloca~
tion climb model of creep prepozed by Ivanov and Yanushkevich (84).
In this model the gubgrain boundary is asasumed to act as a site at
which dislocations ennihilate. Taolated dislocetions or groups of
éiled-up dislocations that may have been created et sources inaide
the subgrain, cor at ather subgrain boundaries, approzch the subgrain
boundary and interaction occurs. If the approaching dislocation
hazs the same character as those forming the boundary, it will climb
to one Ff the nearest dislocations in the subgrsin boundary. Other-
wise, if it is opposite in character, annihilation will occur after
climbking, This model yields an equation for the steady state creep

rate of the form

. a
€ = .._ELDF_E_(G;G;IJ (2.15)
BT R T

where o, ig a dimensionlass constant, &, ~ 0.5, and the other terms

1l
have the usual meaning.

A modification of the Ivanov and Yaoushkevich theory by Blum
{85) vields a ﬂtr;ss dependence of 4. This is based on additional
gsgqumptions that the subgrain walls have finite width and this width

is not stress dependent. The final expression obrtained in this

approach is
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where &, ts a dimensionless cometant, Uy & O} and a is the subgrain
wall thickness. The remarkable aspect of the subgrain rtecovery model
ia that the subgrain size included in the thenry drops out of che
final expression. Weertman {Bﬁi has extended the models described
above to allow for interactioms of dislocation pile—ups wicth the
subgrain boundaries. The model gives a final expressicn for the
creep strain rate

&= o 2 & D (2.17)
where % is the subgrain size and a is & constant. When the stress
dependence of the subgrain size during steady state, h = 0-1, is in-
cluded in Equation 2.17, 2 third power stress dependence 15 sgain
obtained.

Exell and Warrington (B7) suggested a model in which disloca-
tion annihilation oceurs by the meeting of migrating subgrain boun-
daries containing dislocations of opposite sign, after cobserving sub-
grain boundary migration during eteady state deformation. A quanti-
tative estimate of the contribution of this mechanism to recovery has
oot 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 (BB}, 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 subgraina to be arranged in & three dimensional network. The
creep process is treated ae coneisting of coneecutive events of re-
covery and etrain hardening. The strength is prowvided by the attrac-
tive and repulsive junctions of the network. Some of these jumctions
will break ag & 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-
wark and thereby give rise to a strain increment and the material
gtrain hardensa. Simultanecusly, recovery of the dislocation network
takes place. The model assumes that recovery occurs by a graduosl
growth of the larger meshes and the shrinkage of the smaller ones,

in analogy with grain growth. The driving force for dislocation
metion in the recovery process is due to the line tension nf the
curved dislocation meah. Thiz recovery process tends to increase

the averapge megh gize of the network, that is, to decreass the dis-
location density. Eventually some links will be sufficiently long
for their junction to break under the influence of the thermzl fluc-
tuatione and of the applied streas, and the consecutive events of
recovery and etrain hardening can repeat themselves. The treatment
by Lagneborg (36) makes use of rhe following equations for the tran—

gient atage:
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_balugh o(e)¥ - o] ]

cft) = € exp { T (2.18)
and
dp 1 delcg)

z
rrial T -ZIHT ﬂ.{t] (2.19)

where Eo iz a parameter ralated to the wobile dislocation densicy,
A iz the activation arez for creep, o i8 a constant, P is the total
dislocation density, L is the mean free path of dislocarion motien,
T iz the dislocation line tension and the other quantities have the
ugual meanings.

During the steady state atage, the dislocation density Py 18
conatant. Assuming that the growth of the average dizlocarion mesh,

R, obeys the equation

d E
—_— = M T
T MR (2.20)

[ ]
the steady state arrain rate, Es’ is expressed as

£ =2b1LMpPe (z.21)
B B

where M is the mobility of climbing dislocations. These Tecovery

models stand in direct contrast to the aubgrain boundary recovery
models: in the subgrain recovery modela (84,85,86), the rate con-

trelling recovery event is localized in the subprain interior, while
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in the network models {36,89,90) it is localized &t subgrain
boundaries.

The models described thua far assume that the strein rate is
controlled by the recovery of dislocaticns. Ancther point of view
aasumes that glide of dislocations is the rate controliing wechanism.
In general, the glide models use the microeccpic equation for the
strain rate in terms if dislocation density and velocity as a start-
ing point, This equation, called the Taylor-Crowan equation, has

the form:

£s @p_ bV (2.22)

where ﬂm ig the densﬁty of mobile dislocations, ¥ is the velocity
of dislocations and @ is a constant. By making additional assump-
tions, the dislocation density is calculated and substituted into
Eguation 2.21.

Birsch and Warrington (%1), using an idea initially proposad
by Mott {92) forwulated a model based on the non conservative motion
of jogged screw dislocations. BScrew dislocations, with jogs which
do not lie in the slip plane, can move only when the jogs absorb
or emit vacancies or interstitisls. Dorn and Mote {93) formulated
the thermally aectivated wmotion of jogged merew dislocation under
the condition of an eguilibrium concentratien of vacancies near the
Jogs. Barrett and Mix (26) improved the model by formulating the
dislocation velocity in terms of the diffusion controlled flow of

vacancies to and from the joge. The resvlt obtained by Barrett and
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Hix for the creep strain rate is:

€ =Ceo_Desink (Nb3/2 ¥T) (2.23)

where N is the szpacing between jogs, P in the density of dislocations
that are mobile and € is & constant which is poszibly temperature
dependent. This model has been-criticized by Weertman (B0) and soma
modifications have been introduced by Levitin (94).

All the modelas referred to abave use & relstion between the
dislocarion velocity and stress for single dislecations. 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 ¢ relationship which gives the correct observed
stress dependence of Es'

The thecries described above express the steady state creep
rate in terms of the independent actien of dislocation glide or dis-
location climb. Atcention 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 procese. According te their theory
the creep rate can be described by any one of these processes, i.e.,
dislocation glida driven by the effective stress ot recovery driven
by the internal stress. The internal stress, By has its origin
in the elastic interaction between dislocations; the effective stress,
“r is then defined as the difference between the applied stress, O,

and the internal stress.




3l

In thia 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 in determined by a halance between etrain hardening and recovery,

or
En = rih (2.24}

aai] _ aa.
vhere t = - (33 oe,7 1 the rate af recovery and h = {EEE}U.T,t

is the strain hardening rate. Another equation for the steady etate
creep trate is Eguation 2.22, in which P is expressed in terms of

g, and ¥ is expressed in terms of ¢*. The third equation used in

the formulaticn of the model is a form of phenomenclogical equatian

developed by Sherby and Burke (18]

€ = K(r)o" {2.25)

The phenomenological description of the steady state creep rate
ia then obteined by combining the three equivalent equaticns in a

compatible meoner. 3By doing sc they found that the exponent, n, is

given by
o* -1 ¢*
- [E-'*l]m/f%_l'%'-" + 1) (2.26}
1 1

where the parsmeters p, n, 1 and m are defined as:
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y ie the stress senaitivity coefficient for the dislocarion welocity,
1 ip the internal siress sensativity coefficient for o*, and P, the

mobile dislocation denaity

alne :
m+ 1= E——EEE] and n = [3;1:‘] (2.27)

These parameters are determined u;ing the transient wtrain dip test
{96) and the stress transient dip test technigues {%7). 1In bath
of these metheods, o, iz determined by reducing the applied stress
to & level at which the plastic strain rate is momentarily zero.
The most attractive feature of this phenomenolegical theory ix its
ability to fqualitatively predict the atress and temperature depen-
dencies of the creep rate without resorting to detailed mechanistic
wodels.
The experimental messurements and observetions of high temperature
creep available &t preaent are by no means sufficiently extensive
to make it posaible Fo tule put all proposed thecries except the
operative one. The theories in their present stage aré too crude
to peymit spuch & selection. Furthermore, some of them are cooplemen—
tary to one another rather than alternative, Ligneborg {36} noted
thar the current theories suffer from several deficiencies:
1. Failvre to separate the applied stress into its thermal {U*]
and athermal [ﬂi} components (recovery theories {25,79,82,84,
86,88,89,90) and glide theories (26,91)];

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

3, Pailure to take into account the stresa 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 etructure {in most of the
theories).

A discussicn involving item 5 above follows:

Historically, creep theories have not related subgrain size
to subprocesses controlling the creep rvate, and, as reviewed gbove,
even now most theories do not attribute any significant role in the
creep process to subgrains. This is becazuse initial evidence ob-
tained in the 1950s indicated that a erue substructural steady state
in which dislocation density, subgrain eize and subgrain misarienta-
tion were constant, did oot exist. For instance, the work of McLean
{38,71,98) and McLean and Farmer (99) suggested that the subgrain
misorientation wag strain dependent. Subsequent studies af hot ex-
trusion of aluminum (67} have shown that the subgrain size, misorien-—
tation and shape remain essantially constant to strains of 3.7.
Bird et al. (22) cite a number of cases in which limiting subgrain
misorientations sezem to be reached during hot working. Neverthe-
lees, rhey conclude that this does not imply a steady state substruc—
ture misorientation during creep, sinre ¢reep Etresses are much

less than hot working stresses. However, in a numbar of recent creep
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studies using transmission electron microacopy (47,60,63)}, the
conatancy of subgrein size and misorientation during the ateady atste
stage has been confirmed,

There ie, at present, considersble evidence that the occurrence
of 8 subgrain structure in a deformed material may influence a number
aof ite properties, It has been. suggested that subgrain boundaries
may be preferred paths for farigme crack propagation (100,101).

The presence of a subgrain structure is alee associated with the
increase in current carrying capacity of deformed type Il super-
conducters (102).

The presence of a gubgrain structure is also beli=ved to alter
the creep properties. Early investigations performed by Hazzlett
and Hansen (14) on aluminum 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 etrength. They &leo observed an increase in the room tem—
perature flow stress measured in a tensile test. Similar results
were obtained by Ancker et al., (I5) and Azhaska et al. (103,104)
on nickel and Hasegawa et al. (12,105) on Cu-Al alloys. These ob-
peTvetioms suggest that the eell boundaries may act as barriers to
diglecation glide,

The importance of subgrains om the creep process has also been
suggested by observations of the c¢reep rate after streszs-changes ex-
periments. Sherby, Trozera and Dorn {106} reported that aluminum

containing fine subgraina {cbtained by deformation at high stress)
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we8 Btronger in creep than the same material containing coarse sub-
grains (obtained by deformation et relatively low stresses). Stang
et al. (7}, studying the creep properties of subgrain forming (random
oriented material} and nop-subgrain forming (textured materisl) Fe

3X 5i, ohaerved that the transient hehavior of these materials is
widely different, indicacing that the presence of subgrains can affect
the creep process,

In & study of high remperature mechanical behavior of polyerys-
talline Fungeten, Robioson and Sherby (1) obzerved that the atreas
dependence of ég depends on vhether or not subgrains form. They
proposed a phenomenological equation to describe the steady atate
creep behavior of tungsten. The relationship proposed was that

Eﬂ w8 12 n(:r,fz}? {2.28)

where és is the creep rate, either instantaneous or steady atate,

§ is & srructure conetznt equal to about 3 x lﬂﬁ cm-ﬁ. A the sub-
grain or grain size, D ia the diffusion coefficient, o the creep
stress and E the average unrelaxed elgstic modulua, The equation
containg a number of unusual features, but particualrly unique are
the twe terms, A2 and {UIE]?. They suggeated that the 12 term TEp-
regented either aubgrain size in subgrain forming materials, or grain
aize in materials which do net form subgraine. Ae the subgrain size

1

atregs dependence is vsually of the form A= E 0 " or A= B'(GIE}_I.

the introduction of the subgrain aire stress dependence inte Equatieon
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2.28 leads to the equation

5

€= 3 x 10 237 (2.29)

40 Bz[
for the cresp rate of subgrain forming materiale. If subgrsins do
rot form in creep, it was hypothesized that the grain size, L, should
be substituted into equation 2.28 for &, in which case the creep
rate beccmes

¢=3x10"0 L2270 (z.30)
Both forms of behavior were observed in the ¢reep deformstion of
tungsten (1): Subgrain-forming tungsten exhibited a five power law
siress dependence, whereas non-subgrain forming tungsten showed a
geven power lsw stress dependence,

REobinson and Sherby (1} also observed that a normal power law
breakdown at %} ~10% en™? occurred in the subgrain forming tungsten
but mormal power law breakdown did not aceur within the range of
test condition for non-aubgrain forming tungsten, which extended

~11 cm-z_

£
to - values of about 10

Later, Young, Robinson and Sherby (2) using subgrain size wvalues
available in the literature with results of constant strain rate tests
at high temperaturs observed a behavior similar to that of tungsten
in high puricy aluminuem.

Recently, Sherby, Klundt and Miller (3}, using results avail-

able in the literature for 99.99I aluminum, obtained in rests at
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congtant stress and conatent structure conditions, developed an mqua-
tion which predicted the creep rate as a functien of subgrain size,

stress, diffusion coefficient and elastic modulus. The equation pro-

posed ia
: D A, p ON
= g — il —
3 (bzl el . (2.31)
wher¢ p= 3, N= 8, and § is about egual to 1.5 x lﬂ?. This empiri-

cal formulation was also shown to accurately describe the creep be-
havior of high stacking fault materials. Egquation 2.28 has the same
genaral character as Equation Z.3] initially proposed for tungsten:
both involve the subgrain size in an explicit form. However, they
diffar in the values of the exponents of the aubgrain size and stress
terms.

The approach used by Robinson and Sherby (1) and Sherby, Elundr
and Miller (3) iz in conflict with gome recent studies; according
to the ideas useﬂ te obtain equations 2.28 and 2.31, the transient
period following & stress reduction, performed in the steady state
region, wust be accompanied by the growth of the subgrain size to
& value consistent with the reduced strese. In fact, this concep-
tion is implicitly assumed during the development of Equatien 2.31.
Although this assumpticn has been used, very few microstructural
observations after ¢treas changes have been wade. Mitra and Mclean
{ 107) reported that nc change in subgrain size could be cbserved

after stress reduction, but the aamples were only atrained 12 afrer

atress reduction. Pontikis and Poirier (108) in a study of subgrain
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sizes after stress reductiona in AgCl reported thet no subgrain growth
occurred even in samples which were held at zero stress and at the
teat temperature for as long me four days. Parker and Wilghire (10%9)
reported that no change in subgrain size could be obasrved following
atress reducticons in copper samples which were deformed until ateady
state creep was obtained and then subjected to a atreas drop. Parker
and Wilshire claimed that their data contradicted the concept that
the creep rate dependa explicitly on the aubgrain pize as suggested
by Robinson and Sherby {1).

The review presented above has shown that several aspecta of
the creep phencmena are not well understood. In particular, the
influence of subgrains on the creep controlling mechanisms has not
been QEtermined in a clear way. Data on this aspect of the creep
procegs are still lacking. This peint will form the major feature

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




CHAPTER III

EXPERIMENTAL PROCEDURES AND TECENIQUES

3.1 Constant S5tress Oreep Apparatus

Determination of the relation between applied stress, obeerved
gtrain rate and the internal etructure in & material, deformed under
¢reep conditions, 18 simplified if apparatus capable of maintaining
8 consbant stress while the sample is being deformed is unsed. A
‘system of apparatus wap designed and constructed for this inveatipa-
atiom to maintain a constant tensile creep ptresa by means of a con-
toured lever arm originally proposed by Andrade and Chalmers (110).

A achenmatic diagram of thia 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 verticaglly tangent to the contoured lever
arm. The arm rotates about ite fulcrum point on & self aligning
bearing. The load is transmitted to the specimen by anocther flex—
ible etrip capable of fellowing the radius, "d", centered at the
fulcrum point of the zrm. The distance d remsains constant during
creep deformation. Two adjustable weights are placed Bo that the
center of mase of rhe rotating aystem, without any load, coincides
with the fulerum point. As shownm in figure 3.la, at zero creep strain,
the laad applied te the specimen ia [Ro » W)d where Rn iz the ini-
tial lever distance and W is the weight applied. In this position

the stecl strip lies tangent to the arm zt the point P. Afrer creep

oy e B L A o
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Figure 3.1 (b) Strain g
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strain €, the arz has rotated to a aew position and the tangent is
nﬁw moved to the point P', Figure 3.1(b). With the arm in this posi-
tion, the load on the apecimen is (R.W)/d. The contour of the
lever arm ia designed so that the load on the sample ia decreased

as the asmple elongates and the arm rotates, in 4 manner which main—
taine a copatant strass on the specimen. The following equation

describes the relationship between the radii and strain:
E = 1p (R.{"Rn} {3.1)

where € is the true creep atrain, Eu is the lever distance at zero
strain and R is the lever distance at a true atrain €.

A Bcale graduated in 1/64 in, wan mounted with its zero directly
beneath the fulcrim point of the coptoured lever armm 2a shown in
Figure 3.1(a). For apy arm position, the radium R could then be ob-
tained by cbserving the position of the steel load strain on this
: scale. The valuve of B corrasponding to an angle of rotation § of
the contoured lever arm and 2 true strain ¢ in the specimen wasa
determined asauming & constant volume in the gage length during creep
deformation. A gage length of 4.44 oo {(1.75 in.) was used. The
deaign of the contoured lever arm was accomplished using a graphi-
cal technique. The initial lever distance Ro was 30.48 cm (12 in.)
and the distance d = 10.16 cm (&4 in.) so that the initial lever ratic

Ra: d = 3:1.



03

The load eyatem for the conatent atress apparatus was calibrated
with & 50 Kg Instron load cell. A turnbuckle was used to simulate
the skraining of the specimen #nd a load W was attached to the con-
toured lever arm. The radius R was varied using the turnbucklz and
the logd on the apecimen, L, was then measured at the lead cell,

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

L = AR (3.2)

A plet of L{calc.) versus L{messured) wae made for true strains from
zero to 0.5 for aeveral applied loads. 1Ip this plot a straight line
with alope 0.99 was abserved in the range between zere and 50% true
ptrain in each case, This is ghown in Figure 3.2, The atraight
line obtained shows that the atress on the specimen ie maintzined
constant during deformation within 1T far etrxivse betwen zero znd
50%.

The grip assembly shown in Figure 3.3 was used to hold the test
specimen. This aassembly was constructed of AISI 316 stainless steel.
To eliminste the possibility of bending the specimen duriog initial
loading, and alao to keep the stress uniaxizl during the creep test,
a set of univergal joints wax mounted on either side of the sample.
The specimen ends were fastened to the linkapge hy mesns of split
rectangular gripa. A apecial alignment jig was made to facilitate
the mounting and tighteniong of the specimen grip assembly without

the rigk of bending the specimen. This jig comasiated of a 22,86 cm
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x 5.0 cm x 3.175 em {9" x 12" x 1.25") piece of alumimm contain-

ing & longitudinal, rectangular shaped slot. Two set screws mountad
laterally in the jig were used to hold the gripa fixed while the
apecimen was being attached. Once Che specimen was tightened in

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

to the creep machine. The jig was removed by loosening the set acrews
with a 2 Kg applied load. In order ta preveat the grips and apeci-
mens from sintering together during the test, the grip faces and
farteners were coated with milk of wmagnesia.

The furnace used was a 1200 C Marshall tube unit mounted verti-
tally in a moveable carriage which was not in physical contact with
the creep machine. The furnace temperature was controlled by a Leeds
and Northrup Electremax temperature comtroller driving a L & N SCR
power package. The temperature at the center of a2 eample never varied
by more than + 0.5°C and the variation along the gage length waa
less than 1C 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 Ehermocouple bead in good contact with the specimen surface.
A Rewlett Packard Digital Voltmeter (model 3439 A) was used tc meszsure
the thermocouple outpuk.

Creep Strain was measured ueing a shielded Schaevitz {(model
1000 HR) licear variable differential tranaformer {(L¥DT); the LVYDT
core waa 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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Thue the only weight placed ot the rotating lever arm syatem was

the conatant weight of the core and its support and that of the top
pulling rod and top grip. The load dus 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 transiormer
as shown schematically in the circuit diagram in Figure 3.5. Twe
germanium diode bridges were used to vectify the LVDT secondary out-
puta. The output of thease bridges was balanced by a 5 RQ variable
vegiator euch that z zero circult output was abtained when the core
“wag in its null position. This eyatem was calibrated by moving the
core known diatances with 2 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}
Imiversal Poremtiometer. The voltage obbsined at the output of the
system was very linear over a LYDT range of t+ 800 mV¥, The calibra-
tion constant of the LYDT was 26.6 UV per micrometer of the core dis-
placement.

The total output voltage range (0 to 800 w¥V) of the LVDT was
measured on the 100 aV or 50 mV scale of a Honeywell Electronik Re-
corder (Model 193) by cancelling part <f the total output with a
voltage opposite to that of the LVDT signal. This was achieved vasing
the cireuit shown achematically in Figure 3.6. At zaro ereep steain,
the circuit was used to cancel the negative ocutput of the LYDT 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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upscale. Whan the tecnrderwiitched the end of the scale, it closed
a smell microawitch atetached to the recorder. This micraswitech acti-
vated a step relay one step and the compensation voltage decreased,
thus moving the recorder pen back to zeroc. In this way the recorder
plotted the complere displacement-time curve. Using this recorder
aystem it was poswsible to measure strain changes as small &8 5 x 1074
and to make estimations of changes as emall as 5 x 10-5, In the
stress change experiments a 5 mV scale was used to record the care
displacement. This procedure improved the sensitivity of the strain
measuring aystem, allowing measurements of strain changes as small

a5 1 = lﬂ-h and to make eatimates of changes as small as ] x lﬂ-S.

2,2 Specimen Preparation

High purity aluminum 9%.999% Al, as specified by the supplier,
was ueed In this investigation. The material was purchased from
Atomergic Chemetals Company in the inget form. BSeveral pieces
2.54 cm x 2.54 em x 10,16 em (1" x 1" x 4") were cut from the ingots
using @ 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 ar 70°C. This treat-
ment removed the top layver of each surface of the piece and conse-
guently any material embedded dd;ing 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 ¢lesned ueing kercsene and fine emery paper prior o rolling.
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FCC metalas sre known to develep & atrang rolling Eexture Ehat
can influence the creep behavior, thus requiring the use of inter-
mediate heat treatmenta. ZEach piece was cold rolled and subsequently
heat treated. A set of cold reduction ateps was used in such & WAy AR
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 almoat random recryatallization texture. The data on alumi-
num annealing textures are more complex thanm for copper; in AL, the
behavior depends upoan puriry, prior heat treatment, znd the deforma-
tion history of the material. For high purity aluminum, however,
the recryatallization texture behaves in 3 manner similar te that
of copper. It has been reported that limiting cold reduction te
40% is sufficient to obtzin & random structure {112). The last
roliing step was chosen to give a 208 reduction to 8 f{inal thickneas
of 1.27 mm (0.050 inches); the intermediste and final heat treat-
ments were carried out in air at 500°C for one hour followed by fur-
nace gocling. Prior to any heat treatpent, each specimen was cleaned
in acetone and rinsed in Ethyl.alcuhul.

The craep specimens were flat reduced section tensile specimens,
machined from pisces cut parallel to the rolling direction of the
1.2} mm rolled atripsa. Each specimen was carefully examined prior
to testing; any irregularity introduced by machining was Temoved
with emery paper. The dimensions of the creep apecimens used are
shown in Figure 3.7. After machining and prior to creep testing,

the final specimen was heat treated 48 deacribed earlier for one
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hour et 500°C in air. The average grain size at the end of the apeci-
men preparation process was 0.5 mu as measured by the line intercapt

method te be described later,

1.1 Test Procedure

3.3,1 Determination of Effective Gage Length

The etrain measuring apparatus described in Section 3.1 can
ke uaed to evalvate true spacimen creep strain only after the dater-
mination of the effecrive lenpth over which deformation is oecurring.
This effective length was determined by scribing twa parallel
lines of known separation, X , on the surface of the apecimen before
any testing. Afrer the sample was strained approximately 15X, as
determined by the LYDT output, the test was interrupted. The effec-
tive length was then celculated by measuring the distance, x, be-
tween the scribed lines after this creep deformaticn, using the

relaticn

X - oxe Al

E-
Xe  Tef

(3.3)
where 841 ie the core displacement during the strain e, as deter-
mined from the LVYDT output and 1Ef 153 the gffective gage length.
Ueing several gpecimens, it was found that the effective gage length

was 4.38 cm (1.90") for the creep specimen configuration of Figure 3.5.
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3.3.2 Test Setup Procedure
The following setup procedure was used:
1. Measure the mpecimen cross sectional ares
2. Mount semple in the alignment jig and tighten the grips
3, Artach the alignment jig containing the specimen to the machine
frame
4. Remove the alignment jig
5. BSet the furnace in place
The alignment jig was removed (atep &) with & 2 Kg load applied
to the apecimen to reduce the riek of introducing spuricus deforma-
tion. The 2 Kg load corresponde to an applied ptress of 4.9 MPa;
this atrees is of the order of 40% of cthe yield strees for anncaled
high purity aluminum at room temperatutre {the yield atrength is
11.7 MPa in tenpion), The 2 Kg load was replaced by a small 341 g
preload and the furnace turned on. When the teamperature atabilized,
the contoured lever arm was set at g wvalue R; > Rh to cocmpensate
for the elastic strains and thermal expansion strains associated with
the machine parta. The R; values had previously been calibrated
as a function of the applied load using a thick steel strip in place
of the apecimen, The entirve system was allowed to stabilize for
two to three hours before any test was started.
The weights corresponding to the total load were separated inte
two cans that were conuected by a2 thin wire vhenever stress reduc-
tion tests were to be performed. Reduction of the applied arress

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 apd Electron Microacopy

Specimens intended for optical and transmission electron micro-
gécopy of the dialocation substructure generated during ¢reep were
deformed as described in the previous section to a specific pre-
selected strain, When thia preselected strain was reached, the epeci-
men was water guenched under load in an attempt to preassrve the exisk-
ing creep subetructure. The cooling period from the testing tempera-
ture to 50°C took five minutes, 1t is believed that this rapid quench-
ing rate of the mpecimen was sufficient to freeze the dislecation
substructure developed during testing, This aseumption is suppprted
by results of an investigation of the substructure during creep de-
formatiom of pure nickel by Richardson et al. {1}3). These inveati-
gators found no detectable difference in the Atructure retained,
after high temperature creep, by either water quenching (fast cooling}
ar by slow (3 hours) cooling under load.

Optical microscopy was used to investigate the subgrain size.

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

both cases, a mechanical pelishing followed by electrolytic polish-
ing of the specimen was used as & starting procedure. The techniques
emploved are described below.

Technique A: The apecimens, prepared as describad 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 alcohel. After

drying, the specimens were optically observed ueing 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 gubgrain
piza aof the samples, the higher magnificatior being used for the
smalier asubgrains,

Technique 3: After the initisl preparstion, the specimens were
electropolished in a aolution of 60 wl ortophasphoric acid (H3P0ﬁ)
and 40 wl coocentrated sulfurié acid [HISDﬂJ. The electrolyte wasa
heated to 70 - B0°C and operated for fifteen winutes with a curreat
density of 0.78 AJen® (5 A/inch?) at 18 VDC. This electrolytic
pcliehing operation removes a large quantity of metal {a few micro-
meters) apd results in a shiny, mirror-like surface. Thiz clean
gurface wan then anadized waing Fthe method developed by Perryman
(115). The electrolyte is a solution containing

49 mwl water (H,D)

49 ml methyl alecohol {Cﬂjﬂﬂ)

2 ml hydroflucric acid {BF)
The ancdization was performed at room temperature ueing 12 to 18 VDC
for approximately three miputea, The different growth rates of the
oxide film corresponding to different crystal orientationms results
in a surface with graina and subgrains clearly visible wder polar-
ized light. Observations of subgrains were performad under polar-
ized light in the optical microscope teferred to above at wmagnifica-
tions varying from 100 X to 200 X.

The following procedure waz uysed for transmiasion electron micro—

acopy specimen preparation:




57

Bectiona }5 mm in length were sheared from the gage section

of the deformed samples

These secticns were initially mechanically groucnd to a thick-
ness of 300 pw(0.012 in.)

Following thie grinding procees, the specimens were electro-
lytically thinned to about 250 pw (.01 in.) in a 20X perchloric~
acid-80% ethapcl solution maintained at -30°C at en applied
voltage of 20 VDC.

After this thioning process, 3 mu disce were punched out of

the apecimen and were electropolished in a jer thinning inatru-
ment {Scuth Bay Technology, Inc. = J.T. Instrument modal 550)

in a solution of 10 to 20Y BNO, in water. The parameters found

3
for best electrothinning were:
Jet filow 1 ml/e
Istance Nozzle-Specimen 1 om
Applied Voltage ' 20 vbC
Total Curreat 100 ma
Splution Temperature -5°¢

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

Electron Microscope operating at 100 KV.

3.4.) Dielocation Density Measurement

The dislocation density inaide the subgraine was measured using

seven to ten electron micropraphs of representative areas of foils

prepared from each apecimen.

The magnification of 20,000 X was chosen

becanse it was high enough to resclve individual dislocacions yat
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waé low epoough such thet the dislocation density in & micrograph

wag representative of the average dislocation density in the deformed
apecimen tather than a local dislocation density. Areas very cloae
to a subgrain boundary were avopided becsuse it was cbserved in many
inetances that a higher dislocation density was obtained at these
areas.

It has been shown by Ham {llﬁ) ané¢ Hirsch et al. (117a} that,

provided the dislocations are randomly oriented, the dislocation

density o ig given by:

2

r'

(3.4}

=
-+

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

a transmisfion electron micrograph makes with the dislocatiens, L

is the tetal length of the test line, £ is the thickness of the foil
and M iz the magnification of the micragraph.

The foil thickness was determined by counting the number of
extinction contours as deacribed by Hireh et 21, (117b). When slip
traces were present, the thickness tould also be determined by measur-
ing the digtance between the traces in the plane of the foil and
by measuring the foil orientatiom {118).

It has been shown by Hirsch et sl. (117b) that unless several
zeflectione are operating, a considerable mumber of dielocations
ean be out of contrast., This leads to an underestimation of p.

To eliminate errors due to the leck of contrast, micrographs were
taken under 4 multibeam case, that ie, at least three strong reflec-

1
Eions operating.
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It has been shown for aluminum that a considerable percentape
of dislocations sre either lost from foils or rearrsanged during foil
preparation. Fujita et al. {119), using high valtage electron micro-
acopy, have showm that when & cell structure is present in aluminum
the foil thickness above which the dislocations are not lost ie less
then 200 mm, whereas in the absence of a cell structure, disloca-
tions can be lost even at a thicknesses of 800 nmm. In thias work,
areas thinner than 200 rm were avoided, The relative error in the

dislocation denpity measurements was esgtimated to be of the oarder

of 25%.

3.4.2 Subgrain Size Measaurement

The size of the aubgraine was meagured using the lioe intercept:
method proposed by Heyn (120) and recommended by the.ﬁETH ag a grain

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

grain boundaries make with a teat line wae 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 teat line. For each
specimen vaed, the microscope magnification was frequently measured
utilizing a calibrated scale. A combination of tesr line length

and magnification was eelected to yield at least )0 intercepts for
each area examined. Both optice! techniques revealed the ssme sub-
grain sizes. The average subgrain intercept length and the 95% confi-
dence limits obtained using optical microscopy are reported in the

regults.



CHAPTER IV

STEANY STATE CREEF BEHAVIOR

4.1 Introduction

The main objective of this chapter is to reproduce previoos
work on aluminum and to show that the apparatus constructed for this
atudy is capsble of producing reliable data. The data presented
in this section include the atrain-rime behavior obtained from con-
atant streas testa. The inflvencea of stress and temperature on the
steady state creep deformation rate are sxamined. Microscopic ob-
servations of subgrainos are included; alse, the effect of the applied
stress on Aubgrain size during steady state creep iw discussed.

A brief comparison with dats published in aluminum of lower purity
is aleso 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.%Z EResults and Discussion

4.2.]1 Strain - time data

Constant true abresas creep data are presented for atreseses be-
tween 3.44 MPa and 15 MPa for the temperature range from 250°¢ to
350°%¢ {.Sﬁc.TfT;li.ﬁ?, where T is the absolute melting temperature).
Typical strain - time curves are shown in Pigure 4.1, in which true
plastic strain is plotted versusz the fraction of time te To reach
fracture. By plotting the data in thies way, it is easy to compare
the effects of stress snd temperatutre 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 ia, a well defined primary stage is al-
ways present, The extent of primary setrain incresees with an in—
crease in etreea, A well established region in which the atrain
rate iz conetant exists. The strain in the terciary stage is amall

when compared to the total sgraio,

4.2.1 Stress and Temperature Dependence of the Steady State Strzin
Rate

The results of the teats conducted in comnnection with the deter-
mination of the streas and temperature dependence of high purity
aluwimm are given ipn Table 4.1. Steady state creep rates were de-
termined from the slope of the creep curve recorded., The reproduc-
tibility of ateady atate creep rates was uaually better tham + 10X,
Only one steady state creep rate was determined for each apecimen.

To determine the stress and temperature dependence of the steady
stete strain Tate, Equationa 2.3 and 2.5 are applied to the data

reported in Tsble 4.1,
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Figure 4.1 Typical treep curves at &n applied stress of ISIPEP.&ARG\LJ}H'&
The true strain is plotted versus fraction of time
to fracture at 573 K.
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To obtain an expresaion for the atreas sensitivity coefficient,
n, Equation 2.5 is rewritten by determining the partial derivative
ef In Es with respect togat constant Cemperature. This expression

is given by

_3 {ine) (4.1}
n ag 8 lT .

A log-log plot of én versus g yields g value for n deacribing the
stress sensitivity of the steady state strain rate. In Figure 4.2
the values of the steady state strain rate are plotted as 2 function
of the applied etress gt 573 K. Results obtained by Ahlgquist and

Hix (122) at the s#me tempevature on 99.99% Al are included for com-
-4

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

5-1, the results can be described by a straight line with slope

n=46+ 0.2 and for strain rates above 10 ﬁ -1 & higher value of

n is obtained, that is, o = 6.2 + 0,2, The chenge in slope occurs

9

when EEI L =10 cm-z, where DAI = 1.27 expl-1.43/%kT) cmzfﬂ (%) is

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

(*) The choice of diffugion coefficients for almminum self diffusion
ia the subject of some controversy. Several studies of aluminum
self diffusion, vsing void shrinkage measurements (122) and nuclear
magnetic resonance techniques (6} have sugpested that the enthalpy
for self diffusiom Hsd e 1.31 ev for aluminum, Robinson and Sherby

(124) discusaed the coincidence of tracer diffusion measurements
of H“| and H: obtained from creep studies. In the caleulations to

be perfcrmed in the present study, use will be made gf the tracer
diffusion value of D, It,, = 1,27 exp(-1.43 e¥/kT) en“/s {5) instead
of the value D = 0.176 exp(-1.31 e¥/kT) obtained by Volin and Baluffi
(123). This cheice of D will permit the cowmpariscn of the calcula-
tions performed in this study with reported calculaticns ueing Dﬁl
to be described later.

. \_
'l.




TEST #

31
15
63
30
29
13
39
45
ay
45
50
86
36
72
78
76
77
B2
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Sumary of Data from Conatsnt True Stress Creep Teats

T

(K)

573
571
571
573
573
av3
573
573
573
573
573
573
573
573
573
623
523
546

TABLE 4.1

o £
(MPa) (s~
2,76~ 4.2%1077
3.44 . 1.1x1075
3.44°  1.0x10-%
5.62 2.8x107°
6.23 -~ 1.5K1077
6.23 1.5%10™7
6.23 1.6X107°
9.01 1.1x107%
11.00  s.2x107%
12.00 6.0X1073
15.00  2.5%1073
15.00 3.0x1073
19.60

8.264 6.5X10°
8.35 7.4X1077
6.23 1.8x107%
6.23 1.1x1078
6.23 4.0X105

A
(lm)
1i0 * 15
9% + 10

N MW W

)
[
I+ i+ |+ |+ |+ |+

13 =+ l.:'.’-

5+ 4



{(s™")

10”7 ' !

Figure 4.2

o
1
[F)
I
L

STEADY STATE STRAIN RATE
o
1
L)
1

65

T=573 K

W Ahlquist etal,
O This Study =

10° 10 102
STRESS (MPa)

The affact of stress on the steady state strain rate
of 99.999% aluvminum at 573K. The data of Ahlguist
and Nix (122) at 573 K for 99.99% alumioum is showm

fer comparison.
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Sherby and Burke (18) showed that, at stesdy state etrain rates
E; =1ﬂgD, moet pure polyerystalline metales exhibit a change in be-

E -
havior. In the region above '59 *10% ¢m 2

the steady state craep
rates are greater than those predicted from extrapolation of the
datas at lower values of EBID. They aleso show thet the beginning of
the region in which the power law breakdown occurs is usually inde-
pendent of the materiail cnnnid;red. The results obtained in this
study ere in excellent apgreement with the obaervations of Sherby
and Burke {18). It has been sugpested by Sherby and Burke that the
power law breakdown ie due to the presence of an excess of vacancies
generated by dielocation intersection process (18). Buch excess of
vacancies can enhance dislogation climb and therefore make creep
easier by increasing the rate of dislocation annihilation. BHowever,
Blum {125), analysing the steady state creep defcrmation in the pre-
sence of excess peint defects, has shown that 8 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 etress concentration effects of pile—ups of dislocations.
However, quantitative agreement with experiments is obtained only
if it is assumed that the pile-up asire exceeds the subgrain size;
pile-ups of this magnitude are improbable (126). Recently, Blum
et &1, (127) proposed an explanation for the power law breakdown
bamed on the thermslly activated -r-ijrnamic recovery of dislocations.
To obtain & value for the activation energy for creep, Qc, equa-

tion 2.3 is rewritten by taking the partial derivative of lnE% with

respect to 1/T at constant stress. This procedure gives the equarionm:
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L a E
QL‘ k EIT} {in E‘J o (4.2)

A plot of In Ea versus 1/T at constant stress yields & value for
Q... Thiz is shown in Figure 4.3. The value for Q. obtained by
applying this procedure is Qc = 1.43 ¢ 0.05 eV/at. To correct the
appareat activation energy value for the temperature dependence of

the modulus, Equation 2.9 is now rewritten:

& =K _1 5" exp(-E /kT) (4.2}
B T [

8

where X is a comstant, T, G, n, and k have the previously cited meanings
and H is the activation enthalpy for creep. Taking the partial

derivative of in E! with respect to 1/kT at constant stress leads

bl +]

(1n€ ) . 2 - - = 3
STk © lg” aiyn {10 expCR /KDY = (ao1) 3 C

+ g(lfkT} lall/kT} (4.4}
or  -g = -H_-(nDKT® d& -k T

dT

or H = Q_+kT [(n-1)(T/G). _-*::T + 11 (4.5)
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Figure 4.3 The effect of temperature on the ateady state creep
rate of 99.9991 aluminum tested at .23 MPa.
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Uaing the temperature dependence of the Younge' wodulus reported

by Fine {4)
E (dynesfem?) = 7,99 x 1011 -4.108r (&.6)

apd G = Ef 2(1+v), where v = 0.34 is the Poissone' ratic for alumi-

num (147), then

G (dynea/em’) = 2,98 x 10%1 -1.49 x 108 7 (4.7)

Using the values of ¢ calculated from equation 4.7 and the value
n =446 + 0.2 fpund previously in this section, the activarion ea-
thalpy cbtained is H = 1.41 # 0.05 eV/at.

In Table 4.2, the values obtained by other authors for the ap-
parent activaticn energy for creep, Qc, for the stress sensitivity
coefficient, n, and for the enthalpy of self diffusion are shown.

It can be seen rthat the results chtained for the apparent activa-
tion energy in this study are in very good sgreement with velues
reported in the literature, The apparent activatioo energy for creep
gnd the coefficient n do not eeem to be strongly dependent on the
purity of the aluminum. However, the abesolute values of the gteady
state creep rate are alightly higher than the values obtained by Ahl-
quist &nd Nix on 99.997 Al, at the seme temperature. This can be

cbaerved in Figure 4.3, This difference could be due, in part, eo



Aluminum

99.5%9
99.99
99.99%
99 99*
9%.93
99.99
23.999
99.399
99.999
92.9999

9%.999

*data obtained using aluminum single cryatal

4.6
4.3
4.9

4.9

4.6

R

1.54
1.63
1.56
1.40
1.40

1.40

1.43
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Table 4.2

Hnd

1.43
1.43
1.39

1;25

H
=

(e¥V/at.) {eV/at.) (eV/at.}

1.41

Q_ apparent activation energy for creep

‘Hc apparent enthalpy for creep

H_, enthalpy for self-diffueion in aluminum

Sumary of Resulte for Activation Energy
and the Streas Seneitivity Coefficient

RBeference

Lytton et g1, (129)
Lee et al. (130)
Weertman {131}
Mishlyaev {(47)

"
Tobolova & Cadek {132)
Norwick (133)
Lundy & Murdeck (5}
Federighi (134)
Fradin & Rowland (135)

This Study

n etrass gensitivity coefficient for the steady state strain rate
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the different degrees of purity of the specimens used in rhis inves=-

tigation ntd those used by Ahlquist and Rix (122).

4.2.3 Stresa Dependence of the Subgrain Size

During the course of this investigation, an attempr was made
to use Tranemimsion Electron Midroscopy (TEM) for subgrain eize de—
terminations. Data was cbtained which was in good agreement with
the datz reported by Orlova et al. {63), but the fipe substructure
was localized in certain regions of the foil. The morphology of
thia substructure was questioned by Ajaja (128)., Subaeguently, very
careful TEM epecimen preparation revealed a much larger subgrsin
structure which had the characteristic dislocation configuration
uvsually associated with subgrains formed during high temperature
creep deformation. The size cbserved in the electran microscope
vas 80 large that at the lowest magnification of the mi:ruacﬂpe only
one to three subgraina were visibkle on the screen. & photomontage
could be made but, in general, the thin areas produced usually accom-
modated no more than four subgraina., The use of TEM would there-—
fore require preparation of a large number of foils for observations
if statistically sipnificant results were degired, Thua, it was
decided to concentrate on data collected uping opticel microscopy
even though the optical techoniques have been criticized because it

is difficult to distinguish the smaller subgrains (67).
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Inffigure 4.4 the subgrain structurea observed by electron and
optical micrescopy in the same specimen are shown. The value -20
micrometers obtained by TEM is smzller than the value 26 + 3 ym
obtained by optical microscopy. This apparent discrepancy can be
explained by considering that only a very small area of the speci-
men ia being analysed in the TEM observation. Other areas selected
randemly durinog obﬁervatinn at the alectron microscope showed z
larger subgrain size, Large statistical errors are certainly gaso-
ciated with thie TEM obeervation. 1In the optical abservations,
statistica were improved by counting 2 large number of intercepta
in several randomly aelected areas,

Te verify the behavior of the subgrain size as a fumction of
strain, three tests were performed at 300°C and an applied atresa
of 8,35 MPa. The tests were interrupted at predetermined strains
during the steady state etage and the specimens were quenched under
load. The results cbtained for the pubgrain mirze st the iaterruption

are shown 1n Table &.3.

Table 4.3

Values of Subgrain Size for Different Strains

in the Steady State Begion

TEST STRAIN SUBGRAIN S5IZE {um)
aa .11 36 + 4
75 16 31 + 3

78 -25 35+ 4



Figure 4.4 (a)
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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
gtructure observed. The esample was quenched at
room temperature under lgad to maintain the high
temperature eiructure.

Magnification = 31500 X




These tesults show that the subgrain size deoes not sesm to vary
with etrein during the aready state stage.

To determine the stress dependence of the subgrain size, creep
tests wers performed at several gtressss at 573 K. Samples were
strained to a true strain of 0.16 which, as shown in the previcus
chapter, carreaponds to eteady state behavier for the atresses used.
At this strain, each test was interrupted and the apecimen water
quenched to room temperature under the applied stress. The values
obtained for the gubgrain size are shown in Takle 4.1.

To determine the covrelabion bebween A and the spplied atress,
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 shosm
in Figure 4.5. Included in the figure are results chtained by
McLean and Farmer {52) and Servi et al. (136) to permit & compari-
son. As can be gpeen, the data obtained in this study are in very good
agreement with data found in the literature. A beast fit of the ex-
perimentsl points by a straight line yialds the values:

m=1.14+0.1and 3=3.65X 10% W/m?.
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Figure 4.5 The variation of subgrain aize in the ateady state
ptage a9 a function of applied stresz. The error bars
shown for the dats obtained in this study indicate
95X confidence limits,
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4.3} Bummary and Conclusiona

In thie chapter, cthe steady state creep parmmeters for hiph
purity aluminum were analysed in terms of the applied stress and tem-

P om 2, the

perature. For applied stresses such that Eﬂ !/ D<10
stress sensitivity coefficient obtgined wag n = 4.6 + 0.2. An acti-
vation energy for creep Q, = 1.43 + 0.05 e¥/at. waa chtained. The
valueg obtained for n and Qc were shown to be in excellent agree-—
ment with reported values for alumimm, HNo significant variation
of these parsmeters was chbeerved that could be related to the purity
of the aluminum used.

4 study of the etrese and strain depandence of the aubgrain
gsize developed during the secondary creep stage was alsg performed.
Ho measurable variation of the subgrain size during the sacondary
Atage waa observed. The styess dependence of the aubgrain 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 2o increase in the applied etress. A strain of 0.16
was chosen as the strain at which reductions in stress were te be
performed (refer to Chapters 5 and 6), This strain corresponds to

ateady state behavior for all atresses used in this atudy.



CHAPTER ¥

TRANSTENT CREEP EXFERIMENTS

5.1 Intraduction

The behavior of the creeﬁ atrain versugs time following a reduc-
tion in stress is A matter af controversy in recent literature. The
reasen for this controverey ia the lack of subatructural cbaervations
foliowing the stress reduction. For example, the assmmption is
usvally mwade that the aubprains grow after & stresza change, but very
few experiments proving the validity of thie have been reported.

In this chapter, the influence of aubgrain aize on creep rate
rate is analysed using tesults obtszined in stress roeduction tests.
Conetant atress tests, performed at a certaio initial applied stress,
are wsed to introduce a subgrain structure in the apecimen. At a
true creep strain of 0,15, the applied strees 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 atresees ie digcusaesd,

5.2 Results and DHsacussion

fonatant stress creep testa were conducted by deforming similar
samples at 573 K and initizl applied atresses, 0., of 15 MPa, B.35
MPs, and 6.23 MPa to a2 true creep strain of 0.16., As shown in the

previous chapter, a strain of 0.lé corresponds to steady state

1 F LY '
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creep conditions for all initiel streeses used. At this strain of
D.16, the stress was reduced to 3.44 MPa by rapidly removing a por-
tion of the applied load, ss deacribed in Chapter 3.

A typical strain time gurve obtained after streas reduction
from 6.23 MPa to 3.44 MPa is shown in Figure 5.1. Az shown in this
example, the creep strain rate .decreases from an initial value El’
obtained immedistely following a reduction in etress, to a minimm
value Ez for a brief interval of time. Thereafter, the creep rate
increases and if the reduced stress is maintained sufficiently long,
the ateady state creep rate for the reduced stress is reached.
The form of the creep curves obtained after atress reduction coin-
cides, in general, with that described by Raymond et al. {137).

Figure 5.2 shows the totsl transient creep cutrves obtaioed after
atyess veductions 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 firat derresses, then gradually incresees, approaching
the eteady state value which would be obtained at the reduced stress.
Also, the initial interval of time in which £ decreases ip increased
when the initial applied stress is increased. Several photographs
of the specimen taken at varigus stages of the experiment are showm
in Figure 5.4. As caan be seen, no necking was visible for total
true strains below (.28, but at straine of this magnitude the sample

suyrface was rough and uneven, making it extremely difficult to deter-
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TIME AFTER STRESS REDUCTION (107S)

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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gute 5.3 The variaetion in strain rate az a functiom of time after a

stress reduction for initial stresses of 15 MPa, 5.35 MPa and

65.23 MPa reduced co 3.44 MPa at a true strain of 0.16 in
each case.
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7.4 Macrophotograph of the specimens at several ateges of creep strain
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mine when necking occurred. FPFor total true straine greater than
0.79, 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-
aerved in these samples,

The varigtion in pubgrain size as & function of time follow
ing stress reductions is shown in Figure 5.5, These data clearly
ghow that the subgrain size increases after stress reductions, ap-
pruaﬁhing the subgrain size that would be obtained during steady
state deformation at 3.44 MPa., This increase in subgrain size ia
nccnﬁpanied by &n 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 incressingly leoager times after the stress reduction. This fipg-
ure also shows that, except for the period of time in which the strain
rate decreases, the instantaneous creep rate can be cerrelated to

the subgrain size in the specimep by the #quation

E(t) =43P (5.1)

GR'T

in whirh A is a function of the reduced stress and temperature and
pis a constant. The values of A and p, dectermined by a straight
line best fit of the experimental points are: A = 1.3 Xlﬁ2 3-152
and p = 2,

These experimente clearly show that the subgrain size in high

purity aluminum increases after & atress reduction. This supports
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end 6.23 MPa to 3.44 MPa and allowed to deform at the
reduced atress for differipg time intervals. The strain
rate ia measured just befcre the test i1s interrrupted
for pubgrain size measurements. The dets for a aample
deformed well inte the steady state region at 1.44 MPa
and not aubjected to a stress reduction ia ahowm for
compariscn.
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the $naumptinnn nade by Sherby and his coworkers (1,2,3) and ex-
preaged in Equatioms 2.28 and 2,31, but ia in disagreement with the
obaervationa of Pontikis and Poirier {108} and of Parker and Wil-
phire {109). This study alsc shows that a significant amount of
strain after the atress reduction 18 required for the subgrain sirze
readjustment, thus confirming the suggestion by Miller et al. (1348);
in a recent publication these authors analyaed the data published

by Pontikis and Poirier (108} and Parker and Wilshire (109) and sug—
gested that large strains after the atrees reduction would be required
for subgrain growth to be observed. The data published by Parker
and Wilghire indicates that the strain-time-aubgrain aize measure—
ments were conducted for approximately 3600 aec. after the stress
reduction, which correspands to a atrain after etresa drop of 4.5%.
Thie atudy clearly shows that no change in subgrain size in pure
aluminwm would be observed after a strazin of 0.5%, as obtained by
Parker and Wilshire after the stress reduction.

The data published by Pontikis and Ppirier (108) indicates that
they atudied the etrain-time subgrain size behavior under load, after
reductian;\tﬁjatreaa, for approxiately 50 hours and did not ochserve
a change in subgrain asize even though the strain rate increased.

The lack of structure variation in the experiments of Pontikis and
Poirier is confusing for the following resaons. First, it is diffi-
eult to raticonalize the.large amount of plaatic flow, which occurred
at the reduced stress, without a change in structure, Second, a

criticism may be made concerning the technique of aequential atreaa
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changes on & fingle gample used in the teets by Pontikis and Poirier.

The initial steady ptate creep rate and heoce structure are not allowed

to re—sstablish before esch stresz change. Inatead, the stress reduc-

tions were performed from an increased stress level without allowing
sufficient time for the eteady state structures and ratep to develop.

This makes it difficule or even dubious for a comparison of creep ratea

after ihe stress reductions of Pontikis and Poirier with creep rates

agbtained after the atress reduction from the same original structural
conditions, This might alsc be the resson why the finel creep rate .
obtained by Pontikis and Poirier, after the stress reduction, vas

lower than the creep rate observed in a continuous test perfermed

at the reduced stress (refer to Figure 2 of reference 108). Third,

the fsct that tonic solids behave in a different fashion than metallic

solids cannct be completely rejected. In ienic eryatals, creep anoma—

lies assoriated with bonding and charge neutrality often occcur:

1) The stress dependence of the subgrain size is observed to be very

low, for example, Streb (139) obtained data which show Au:ﬂ-&;

Z) A strong Cemperature dependence of the subgrain size is observed
and is unexplained (139). It seems thus more reasonable tc view the
lack of subgrain growth in the experiments of Pontikig and Poitier
as either the result of anomalies in creep behavior or the effects
of the complex thermomechanical history of the sample than to reject
the idear of Sherby and rcoworkera (1,2,3).

One conclusion that can be drawsn from these eaperiments is that

the deformation at a higher stress definitely atrengthena high purity
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aluminum as the stress ie reduced, This can be understoed if it
is noted that the creep rates after the stress reductions are much
smaller than the steady etate creep rate at the reduced stress.
Only subgrain coareening can increage the creep rate,

It appears very reasonable at this point to continue this inves-
tigation on the lines suggested by Equetion 2.31. According to this
equation, when temperature and stress are maintained constant, the
instantanecus creep rate wust be a function exclusively of the sub-
grain mize. This is shown to be true by the excellent correlation
obtained in Equation 5.1. The same rveasoning can be utilized if
the temperature and subgrain eize are maintained censtant. In this

cage, Equaticn 2,31 redured to

N
bt =A% (5.2

where A is a constant at A and T constants, W = 7. One way to check
Eé;atian 5.2 is to perform a series of strass reductions Lo wvarious
reduced stresses, correlating the results chtained for each reduced
stress by Equationm 5.2, If coherent results are obtazined, i.e.,
if correlation 5+i continues to exist, it is possible to cross-plot
the data at constant subgrain egize to determine the stress dependence
at constant subgrain size. This investigation fellows.

Te eliminate the influence of the initizl stress, all specimens
vere initially deformed at a constant temperature of 573 K and at
the same mpplied stress of 15 MPa. Each etress reduction was per-

formed at a strain of .16 to safely maintain the same initial
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atructure in the aspecimens, The strees was teduced to 6.23 MPa and
8.35 MPa and the strain rate-time-gubprain size relationship analysed.
The etraio-time curves obteined after these stress reductions are
shown in Figure 5.7. The strain rates as a function of time, deter—
mined by measuring the elopes of the astrain~time curves, are showm
in Figure 5.8. The same general behavior, i.e., the inatactanecus
creep rate following the stress reduction, decreases at firat, then
continuously increzses taward tﬁz steady state estrain rate at the
reduced atress. The periad of time ip which the instautaneous creep
rate decreases becomes smaller when the reduced stress ia incresased,
A geries of micrographe of the structure obtained is shown in Fig—
ure 3.9 teo illustrate the sybgrain-atrain behavior fellowing a streaa
teduction. The corresponding variation in subgrain size as a fune-
tion of time following the stress reductiona is shown in Pigure 5.10.
In Figure 5.11, the correlation cbrtained between the inatantaneous
creep rate and subprain size ie shown. The same strain-rate-subgrain
dependence is obtained, that is, p = 7 for all reduced streas levals,
The results of crose plotting the values of the instantansous ereep
rate at constant sibgraip size versus the reduced stress ia shown

in Figure 5.12. For the various subgrain sizes selected, a correla-
tion of the form of equation 5.2 iz obtained in which N = 6.8 + 0.2,

If the following wvalues:
D{573 K} = 8.82 X 10 %n?/s (s)

E{573 K} = 5.698 & 101° N/w? (4)

b =2.86 X 10 %0 {Room Temperature)
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are used, the data in thiz study may be described by the equation:

6.8 + 0.2

& =11 % 107 (nh am? (ere) (5.1)

Equation 5.3 reduces to Equation Z.5 when the stress dependence
of the subgrain size during the s‘tead}f state stage is used, that is,
Equztion 2,12 withmw = 1.1 + 0.1, and n = K - p = 4.6.

The fact that the values N = 7 gnd q = 2, found in this investi-
gation, differ from the values N = § and g = 3 reported by Sherby,
Klundt and Miller {3), requires additionzl comment. To obtain the
values of N and q, Sherby, Klundt and Miller utilized strain rate
and subgrain size data reported by several authors oo 99,.99% A},

The appreach used involves the correlation of the strain rate,
measured immediately after a stress reduction (constant srructure
test), and the subgrain size. Since the data used were obtained at
various stressas and temperatures, a3 n.nmalizatiun of the data was
necessary; the strain rate data wers normalized to a common tempera-
ture of 530 K by wultiplying the creep rate by D(530 K)/D (Test) and
the stress data were normalized for the modulus variation with tem-
perature by wmultiplying the stre?ses by E{530 K)/E (Test}. In this
study, 2 different approach is adopted, that is, the instantaneous
creep rate during the transient period follewing a stress reducticn
is correlated to the subgrain &ize present in the specimen. 4All
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 5-K-M atudy, variables such as grain size of the apecimens,
strain at which the stresa reduction ie performed, apparatus asensi-
tivity and the specimens themselves may have influenced the final
results.

2

5.3 Theoretical Analyaes of the % and 0" Terms

At this point, an attempt is made to identify the 12 BEryin
rate-subgrain pize dependence observed in this study ueing existing
theoretical models. A number of wodels of high temperature creep
in pure metals will be briefly considered in this section. Models
have been presented on rhe basis of climb of edge dislocations gener-
ated by Frank-Read sources (25,28,96), the glide of jogped screw
diglocations {(26), the growth &nd stability of a three-dimensipnal
Frank network of dialocetions (BB,R9,90) and othars. As discussed
in Chapter 1T, these models generslly do not explicitly include the
eubgrain pize or subgrain boundaries in the formularion of a rate
egquation. However, the siucellent correlation obtained in this study,
between the instantanecus creep rate and the subgrain size during
trinsient ¢reep clearly shows thet the subgrsine do play an important
role Juring the creep process.

A first approach to understandiag the A2 term would aessociate
it with a slip plane area. In the 1955 and 1957 theories proposed
by Weertman and in a later modification of the previous madels (80),
the author describes the creep rate as £ - RAMb, where R is the rate
of generation of dislocations, A 15 the slip plane area swept cut

by a dislocation from generation to annihilation or immobilizatien,
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M is the density of Frank-Read sources and b is the Burgers"' wvector
for the dislocation generated. The approach being waed would imply
the agasociation of 22 with the A term, since both have the pame dimen-
sion. In the 1955 model, the A term is expressed by the product
of LL", where L is the grain asize and L' iz the average subgrain
size at the applied streds; thus, the A term in this model does not
have the asme character as 12. In the 1957 model, the creep rate
cbtained is proportional te Lz, L being now the width of a diplocation
pile-up group. However, L is not explicitly identified with auvbgrain
dimensions in this case. In 2 later model, Weertman (80) describes
the creep rate as proportivnmal to Lflog L where L now ia the radius
of a dislocation piilbox, with radius L and thickness d, in which
& gingle dislocation source is operating; this dependence also cannot
be associated with ?E In the jogged screw dialocation model, the
creep rate is propartional to szlog L where L ig now the subgrain
aize, but in this case the subgrain size term varies more slowly
than 1.2 due te the log L diviseor.

The effect of subgraine on the creep rare has also been examined
thecretically by Weertman. Applying the Nabarro-Herring analyses
to idealized subgrains, the author obtains a atrain rate proportionsl
to DILE. Although this prediction is mormal for W-H creep, that
ie, creep at very high temperature and low stresses, the stress de-
pendence and subgrain aize dependence are notf consistent with the

Eindings of this study.
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In a model proposed by Ivanov and Yanushkevich (84), the sub-
grain boundaries are aseumed to work as minks for dislpocations gen—
erzted in the subgrain interior. The creep rate is expressed by
the product

e = 12 ¢y (wm) L2y (5.4)

where N is an orientation factor, 12 is the area ewept out by a dis-
location loop that expands ro the subgrain boundary, b is the Burgers
vector, t is the time required to anpnihilate a dislecation loop seg-
ment that enters the boundary, L/h is the number of annihilating
dislocation segments of length L in a subgrain boundary, and L

is the number of subgrains per unit volume. In this model, the area
ewept by the dislocation is identified as the square of the subpgrain
gize. The model has a remsrkable point, that is, the subgrain aize

L actually drops out of the final equation. However, the expres—
aign gives only a power of three for the steady state creep rate
stress dependence. In 4 modificstion of Ivanav and Yanushkevich creep
anglyses, Weertmzn (B6} considers the subgrain boundaries te act as
barriers and sinks to & group of piled up dislocations. Apain the
area bwept by A& dislocation is identified with the sguare of the sub-

grain size. The model gives & final expression for the strain rate

. (5.5)
2 =K (0/b2) (L/b)? (o/e?
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wvhere L is pow the subgrain size. This equation resembles Equation 5.3
found iz thie study, i.e., at congtan: streas the strzin rate is 2
power function of the subgrain size and at constant eubgrain size,
a4 higher atress dependence ia obtained. The approach presents some
difficultiea:

a} pile~ups of dislecations "are not ohaerved in experiments

b) at steady state, the eguation gives a power of three for

the atrees dependence.

Weertnan discusses these two points and gives ressons for the fact
that pile-ups are not oheerved experimentally. Ee coacludea that
to improve the model a subgrain wall thickoess 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 {B3).

A second possibility is that the area term associasted with 12
is not a slip plane area, but an interface area such aas the subgrain
surface area. This treatment would lead to a differeat line of reason—
ing, involving the role of Aubgrein aurface as source and or einks
of dislocationd. In a model recently propoeed by Ilschner (16),
the subgrain boundaries are considered te be strong obatacles to
dislocation movement [impenetrable wall). Dislocation generation
ia azaumed to occur mainly by dielocaticn izteractions within the
subgrains {volums reaction} and diglocation annihilation assumed
to occur mainly by reaction with subgrain wslls (surface reaction).

Although an analytical expression for the strain rate is not given,
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it is suggeated that the strain rate ie proportiomal to the rate
of dislocation anpihilation. This implies that the creep rate iz
proportiomal to the sarea of subgrainse. In this model, the struc-
tural pdjurtment following a stress change is underatood ro acenr
through an increase in subgrain size. The 12 term would then corres-
pood to the affect of an alteration of the normal gink/source actionm,
We muet cobclude thpt, at the present stage of creep theories,
two possible waye of interpreting the 2% term are poesible. Per-
hapa the analyeis made by Weertman (86) ia closer to reality, since
an equation similar to Equation 5.3 is obtained, However, a number

of refinemenrs are necessary.

5.4 Summary and Conclusions

Iata has been presented in this chapter to show that, contrary
to the assmmpticns of the majority of creep theories, the gubgrain
size developed during high temperature creep of pure materialas may
be an important variable In the rate controlling mechanisms. The
following conclusiene can be reached:
1. The subgrain size developed during the steady state stage in—
creasea during the traneient period following a stress reduction.
It is alao obaerved that large creep etraine are required for the
readjustment of the subgrain aize. The results of Pontikis and
Poirier (107) and Parker and Wilshire (109) are eritically analysed

in terms of the findings of this study. It is concluded that, at

least for high purity aluminum, the assumption made by Sherby, Rlundt
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and Miller (3) and by Robinaon and Sherby {1} in their development
of a phenomenological egquation based on subgrain strengthening is
correct.

2. A correlation between the transient creep rate and the subgrain
aize in the specimen, at constant stress, is obtained: € w 12*

The ¢reep rate at constant subgrhic aize depends on the spplied stress.
The atress sensitivity exponent obtained at constant sabgrain 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 procedurss is shown to be consistent
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 pheunomenological equation
for the creep rate at 530 K is developed which describes the steady
state etrain rate and, except for & short period of time, the in-

stantaneous rates after the etress reduction., This egquation 18 wrikben

¢ = 1.1x10° ) G2 (/)-8 £ 0-2

where DI ig the diffusion coefficient, b ip the Burgers' vector, ¥ is
Young's modulus of elasticity, A iz the subgrain size and g ie the
applied ptress. The equation, however, cannot be used to describe
the decreasing creep rate chserved 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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4. The rtheoretical background for the subgrain aize dependence

term 12 and for the high etress sensitivity coefficient N=7 is
discusged, It if concluded that at the present stage cof the creep
theories, 12 can be interpreted either as 8 slip plane ares ar as
surface area of the subgrain. The A2 term may be identified with
parameters in the model of high temperature creep presented by Weert-
man {B6) but refinemente of the theory to allow for a higher stress

dependence are necesRary.

e T T



CHAPTER V1

TRANSIENKT CREEF - INCUBATION PERIOD

6.1 Intraducticn

The precise measuvrement of transient deformation after a rapid
change in stress between the preceding and the new steady atate of
deformation should be of great wvalue in the underatanding of the
creep phenonens. However, the tesulls available in the literature
to date and their interpretation are the subject of considerable
controverey. This controveray concerns the exiatence of an incuba-
tion period following reductions in etresa, in which the creep rate
is zeto. Ome group of experimenters {31,3Z,88,140) always observe
an incubation period. They explein the transient behavior in terms
of the network recovery theory {B8). Another group of experimenters
(35,122,132,141,142) observe zn incubation pericd only after a char-
acteristic stress reduction and explsin the transient behavior using
the internal stresa theory of Ahlquist, Gaaca-Neri and Nix {95}.

In the preceding chapter, it was concluded thar parr of the
transient behavior following a etress reduction is due to the coarsen-
ing of the subgrain structure. & correlation between the instan-—
taneous creep rate and the subgrain size was obtained which is velid
only for the pericd 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 thia chapter, attention will be directed to the decreasing
creep rate, that is, to the initial period following the atress reduve-
ticn, Data ia presented to eveluate the effecis of temperature,
initial strees and reduced atress on the tranaient behavior after
the stress reduction. The ezistence of an incubation period is
analysed and the data is discussed in terms of the network and

irternal stress theories.

6.2 Results
6.2.1 Influence of temperature and stress

A peries of experiments was performed to test the influence
of rtemperature on the behavior of the creep strain after the reduc-
tien in etress. The specimens were deformed ar the temperaturea
323 K, 547 K, 573 K and 523 K and at an gpplied stress of 6.23 MPa,
until a scrain of .16 waes reached. At the 0.16 true straip, the
etress was rapidly reduced to 3.44 MPa and the ereep strain recorded
as 8 funerion of time. The results obtained in theee experiments
gre shown in Figure 6.1 in a log-log plot. The figure shows that:

- For strains smaller than 4 X lﬂ_a, the creep rate decreazea

slightly ae a function of rime Eéztﬂ'ﬁﬁﬁ].

-~ For ptrains larger than approxiamtely 4 X 10_3, the creep rate
inereases as a function of bime {éﬂ=t2).

Figure 6.1 also shows that a change in temperature dees not alter

the shape of the creep curves after a stress Teduction. However,

an increase in temperature translares the curves to shorter times.

This effect of temperature on the creep strain after a reduction
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in gtrees ie similar to the effect of temperature on creep strain
in g normal creep test at constant stress {(137).

Porn (143) proposed a method to anslyse the effect of tempera-
ture on the creep strain. In his analysis, the effect of temperature

on strain is described by the fcllowing equation

e e F[t'exp(-%e}] =¥ (8,) (6.1)
kT
where

€ = the rotal true teneile creep strain for a given applied
stress

t' = duration of the test

T = the abzolute temperature

¢, = the apparent activation energy for creep, which i1 inde-
pendent of the stress

F =

a function of B, = ¢ Exp(-ﬂcfkT] and of the stress.

The Dorn analysis can also be applied to the dats showm in Figure
6.1 {12). A similar expression can be written for the creep atrain

obtained after the redoction in etress, i_e,:
€= F (¢t exp(-Q/kT) =TF (B) (6.2)
at constant reduted etress Ogs where t iz the time elgpaed after

the reduction in stress, { is the ppparent activation energy for

the process or processes operating following a change in etress,
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Equaticn 6.2 ahows that, for a conatant transient creep strain, i.e.,

fi constant, the time t ia related to temperature by the eguation

t = 8 exp(+Q/k T} {(6.3)

The activation energy § can be determined by plotting the lopgarithm
of t versus 1/T &t constant atrain. This procedure i ueed in Fig-
ure &.2 for several values of strain or 8. A set of parallel straight
lines is cbtained indicating that the activation energy G is not
dependent on the transient etrain., The value obtained for ), deter-
mined from the slope of the straight lines in Figure 6.2, ig egual

to 1.44 + 0.05 eV/at. This value of Q is about equal te the value

af the apparent activation energy for creep previously discuased

in Chapter 1¥, before the correction for the temperature dependenca
of the modulus of alasticity, that is, 1.43 + 0,05 eV¥/at.

The influence of stress in the transient behavior can be zna-
lysed using the data preeented in Figures 5.2 and 5.7. Thase data
are replotted using a2 log-log acale and the resulting curves are
ghown in Figuresz 6.3 and 6.4, A comparieon of Pigures 6.1, 6.3 and
6.4 permits the following observations:

1. The shape of the strain—time cutves ia the sagme, indepepdent

of temperature, initial stress and reduced stress;

2. The transient creep curves tonaiet of twc parts: a part in
D.66

)

which the c¢reep rate decresses as a function of time (€ « ¢

and a part in which the creep rate increases as a function of

time (& -:1:2}

+
]
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3. The break in the curvea is tranalated to shorter times whenever:
g) the test temperature is increased and T and 0, are maintained
fixed
b} O is increagsed and T and g, are maintained fixed

c) vy is decreased and T and Op are maintained fixed.
To pimplify the analysiz, the transient creep curves after the
Teduction in stress will be divided into two atages:
Stage I: Creep behavior corresponding to the time interval in which
the creep rate decreases {gtrains smaller thsn 4 X 15_3]
~ Stage II: Creep behavior correspondipg to the time interval in which

3.

the creep rate increases (mtrains in excess of 4 X 10
The influence of the reduced atress on the interval of time atq,

involved in Stage I, is shown in Figure 6.5. It can be meen that

ﬁtI = A exp{EfUI - UR)IG] {6.4)
where 4 = 1,13 5., B = 2.01 X lﬂk and G ig the shear modulus. This
equation will be uvsed later, when comparison of the datg with theories

is made.

6.2.2 Recovery of the Transient Strain after Stress Reduction
Recovery of the transient atrain after the stress reduction

wan studied in & series of experiwents in which the specimens were

allowed to recover st the reduced stresas. Afrer a certain period

of time, the total ptress was reapplied and the creep transient re-

corded. PFigure 6.6 shows examplea of transient creep after steady
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atate deformation at B.35 MPa and at various recovery times at a
reduced stress of 3.44 MPa. In spite of the short time at rhe re-
duced strems, the gpecimen exhibita a msarked range of transient creep
on reloading. 1In Figure 6.7, the length A€ of the trensient strain
determined from curves similar to that in Figere 6.6 in plorred on

a log-log scale as a function of €ime after stresa reduction. After
a long stay at zero reduced atreea, one might expect (A€ ta be of the
prder or slightly smaller than the initial transient obtained in

the primary stage, in a ﬁontinuaus teat at 6.23 MPa and B.35 MPa,
Thia traneient strain ie of the order of 10%, as can be seen in Fig-
ure 4.1, Figure 6.7 shows that Ac iocreases ap a function of time,
but is always smaller than 10%.

The reduvced etress applied te the epecimen prior to reloading
does not seem to influence the recovery of Af during Stage I ae seen
in Figure 6.7. However, in Stage II, the recovery of Ac is ecnsitive
to the level of reduced stresa. If the stress is reduced ko zero,
the A€ sbtained after reloading during Stage 11 are nearly constant
even after times ~60 houre. But, when the stress 1s reduced to
3.44 MPa, the AE cbtained after reloading increase slowly during
Stage II. This behavior of A€ during Stage II at a reduced stress
of 3.44 MPa seems to be related to subgrain growth. To inveatbigate
this point, a epecimen was deformed at 573 K to a true strain of
0.16, at an applied atress of 6.23 MPa. At this true ptrain, the
test was interrupted and the specimen guenched, under leoad, to room

temperature. Subsequently, the subgrain aize present in the
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specimen waa measured and the value 53 + 5 ym was obtained, in agree-
ment with the daca reported in PFigure 4.5. Following this procedure,
the specimen was heat treated at 573 K in the abaence of a load,

for 169 houre ( —~one week). After this heat treatment, the subgrain
size was measured again and the value 48 + 5pmw wan obtained. This
experiment clearly shows that, if the stress is reduced to zero,

the prowcth of the subgrain is drastically restrained.

6.2.3 Dislocation Denaity Measurements

The behavior of the dislocation density within subgrains follow-
ing the reduction in streas was analysed by performing substructural
observaticns ar several straims in the transient region. The dis-
lacation density inside the subgrains waz meseured for a teat per-
formed at 573 X and an initial applied strese of 8.35 MPs, in which
the stress waa reduced to 3.44 MPa.

The measurement of the dislocation densities in high purity
gluminmun requires some digcussion. Due to the lack of a sireong pin-
ning mechanism In high purity aluwminmm, dizlocaticnz are loet during
foil preparation and during observaticn in the microscope. It was
observed in this study that very thin zreas of the foil {ueually
areas close to the border of a hole oo the foil) poesessed very few
dislocations, These dislocations mpved out of the foil during ob-
servation in the TEM. However, in thicker areas of the foil the

dislocation structure seemed Lo be very stable during observationm.

As described in Chapter ILI, only those aress with a thickpess larger
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than 200 nanometers were used for disleocation density measurement,
It is believed that the presence of a subgrain structure aids in
dislocation retention im arsas thicker thea 200 me {119). Disloca-
tions were probably loast during the thinning process used in this
iavestigation, It will be assumed that the length of diaslocation
line lost is the same for all especimens.

The reaults cbtained for the dislecation density within aub-
graine sare ahowm in Figure 6.B. Also included in Figure 6.8 are

the values obtained for the creep rate following the streas reduc-

8 -2

tion. The absolute value of p obtaived at £t = @, p = 6.2 X 107cm

ia one order of magnitude larger than the value 6.10°cm
tained by an extrapolation of data reported by Daily and Ahlquist
{65) to the atresa o= 8,35 HPa, However, the data of Daily and
Ahlguiat was obtained by etch pitting single crystals of high purity
aluminum deformed in tension at 619 K to the steady state flow streaa
using an Inatron machine. In a study of Fe-3% 5i, Barrer:t, Nix and
Sherby (37) have ohbserved that the dislocation denmities obtaimed
using transmission elesctron microscopy were about a factor of four
larger than those obtained using etch pitting techniques. They aug-
gested that the eteh pit denaities are lower becsuse 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 dialoca-
tione. Also, there is evidence that the dislocation density imeide

aubgrains during steady state creep decreases elightly with increases

in test temperature (28,63). Theae observations indicate that the
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dislocation denasity obtained in this investigation ia in reasomable
agreement with thrae obtained by Daily and Ahlquiat. The recults
presented in Figure 6.8 clearly show that the disleocation denaicy
tends to decresse during Stage I in the same manner ad the creep
rate, that is, the dislocation denaity decreases approximately 502

and the creep rate decreases 75% in equivalent time intervale.

6.3 Discuasion

The data presented in this section shows that a reduction in
arrens, performed in the eteady state regicn, is always accompanied
by a transient creep behavior. It is easily geen that rhis transient
deformation can be separated into two stages: Stage I, in which
the creep rate decreases asg a function of time; and Stage II, in
which the creep rate accelerates to the stzady etate value cbtained
at the reduced stress. Stage 1 is characterized by s nearly con-
atynt enbgrain size 4od by a large decreane in the diplocation density
within subgrains. Stage I1 is generally characterized by coarsen—
ing of the subgrain structure. The activation energies determined
for Stages I and II were found to egual the apparent activation
enexgy for ateady etate creep, that is, 1.43 eV,

The data presented failed to show any time interval in which
the ereep rate is zers, i.e,, no ingubation pericd was detected,
Before any discussion of the existence of an incubatien peried, it
is interesting to refer to the original paper by Mitra and McLean

{88) in which this idea waa firat introduced.
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The transient creep curve reported by these aunthore is repro-
duced in Figure 6.9 fo illuetrate this discussion. HMitra and Me
Lean (B8} performed atresa reductions in alumioum and nickel, in
an attempt ta determine the rate of recavery. In these experiments,
the creep rate was measured uaippg a transducer attached to the speci-
men shoulders. The authors did mot comment on the sensitivicy of
the strain measuring device.

When the transient creep curve shown in Figure 6.9 is cowmpared
with the tranmsient creep curvee obtained in this study and shown
in Figures 6.3 and 6.5, it becomes apparent that there are fwo cases
which must be discussed:

1. The incubation period in Mitra and McLean's experiments would
correspond to the region called Stage [ in this ipvestigation. The
agsociation of Stage I with the inecubation period is auggestad by
the cbservations that:

a} The time interval At,, iavolved in Stage I incresses when

A0 is increased in apgreement with the cbsarvations by Mitra
and MeLean {83);
b} A very emall strain {3 to 4 X 10_3) occurs during Stage 1.

If the sensitivity of the zpparatus wvaed by Mitrs znd Mc
Lean was, for exsmple, lﬂ_a, Stage I would appear to the
experimenters as a period of zero creep rate.

2. Another way to view the experimental reaults obtained in

this study would be to neglect the carreapondence assumed above and

imagine the exiatence of an incuybation peried that could not be de-

tected in this study, Io this case, the incubation time At must
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be amaller than the mean time, At of the intervala 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 ia nmecessary to esti-
mete the incubation pericd from theary. Two calculations of At are i
available in the literature: one by Stang =t al. (7) and another :

by Burton (34),

Stang et al. (7) calculated the time At required for disloca-
tion atructure adjustment after a reduction in stress. The incuba-
tion perind was calculated for the process of dislocation network
coarsening. Im their caleulation, it was assumed that the internal E
atress is approximately equal the applied streas, i.e.,-di.q a, and !
that ne additional defermation or abrzin-hardening takes place dur- !
ing recovery of dislocations {etatic recovery). The network growth i
was treated as a dislecation—climb controlled process and vee was
made of the rate of netweork coarsening proposed by Hirth and Lothe &

(44},

G where L ia the average link length of the network.

The expression cbtained for At after this procedure is

.
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where o im a constant, 01 is the initial applied strass, Ok i& the
reduced afress and the other guantities have the previously cited
meaning .

The calculation by Burton {34) involved the same general assump-—
tions ag 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 linee of the network to be controlled by the rate of emismion
of vacancies by joge in the dislocation lines and used the equation

suggested by Friedel (145) for this process

dL _ pGbY  exp(V,/kT)
at = kIL ]

{6.6)

where Uj ie the energy of formation of jogs in the dislocation line,
Thus, the exponential term in Equation 6.6 ie related to the concen—
tration of jogs on the dislecation line. The final equsation cbtain-

ed by Burton for the incubation period is

Aty _ a%GKT exp (Us/RT) (1 _

(6.7}
2Db

1
=}
¢

The value of Uj given by Friedel (145) for aluminum is Uj =0.185 b3.
At 573 K the exponential term ims éxp(UjfkT} =1,

The equatione obtained by Stang et al. (7} aod Burtom (34) for
the incubation period lead to the same values of At at high tempera-

ture. Both equations predict at.mlfui.
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The values for Af can now be calculacted for the stress reduc-

tion experiments described in this chapter. Use is pade of the
following values of the parameters:
T =3571K

D 18 mzfu

8.81 X 10

g = 0.5

2.56 x 10710

1
A

2.13 X mln Hfmz at 573 K

]
Y

x =1.38 x 10723 J/x

The resule of thia calculation 1s shown in Table 6.1.

TABLE 6.1

Summary of Resulta for ﬂtth' btl, ﬂtm, hm' hafG

from Stress Reduction Tests During Steady State

initiz! reduced €, Ap ﬁtth
BETeER SLress

(MPs) (MPa) (8 1) (MPa} (&) (&) (s) -(Fa)

At; At h hm.i" G

15 12 3.0 3.0 21 40 3 3133me® ooz
15 835 m 6.65 8 360 3 7.39%510% 0.0
15  7.2¢ " 7.71 120 1440 3 8.57x10°  0.04
15 6.23 " .77 178 3600 5 5.5511ﬂa d.43
15 346 000" 11.56 668 36000 5 7.71x10° 0.04

8,35 3.44 ?.5.10-5 4.96 D5B& 43000 5 I.JEIIDIB 0.62

6.23 3.44 1.5.107° 2,79 490 21600 5 3.72x10%? 1.7%
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The calculated values of At have the same arder of magnitude
:f ity only for emazll reductions in stress. As shown in Table 6.1,
the time interval involwved in 5tage I can be one to two orders of
magnitude larger than At calculated from theory. This disagree-—
ment was expected since Aty exp[-nk) and the theories predict
At « 1;":::; - Therefore, if the sesociation of the Stage I with the
incubation period is assumed, the network theory will not explain
this discordance at large op.

1f an incubation period which is too short to be detected
in this erudy (casge 2) iz g=ssumed, it will be shown that this ap-
proach will not help in explaining the results in terms of the net-
work theory. 1t is possible to estimate the rate of strain harden-
ing that would be obtained if #n incubatien period of this magni-
tude exists {4t & ﬂtm}' Mitra and Mcbean (8B) and Davies et al.
{31} have shown that the rate of recovery, r, can be determined from

tggubation period as

t = lim A9 (6.8)
t -0 BE

where AT 15 the magnitude of stress reduced and At is the incubglbion
pericd. 1f reference is made to the variastion of the incubation
period At with the degree of stress reduction, Teported by Davies

et al. (321] in copper, one expects that

fi0
At

T >

(6.9}
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Combining equatien 6.9 with the Bailey Orowan equation (Equation
2.24} it is posasible to estimate the coefficient of strain harden—

ing by

> h . E&_ﬂ# (6.10)
g=m
vhere Es is the stesdy state creep rate at the initial applied
ELYesE.

The estimated minimum values for h can now be calculated using
the values for Es and Iitm found experimentally. The result of this
caleuvlation is shown in Table 6.1, Frem this table, it is geen that
hmin ranges from values around 0.03 & at 15 MPa to values of 1.8 G

at §.23 MPa. These values may be compared to the coefficient of

2

strain hardening during Stege 11 of fec merals: h _ dg _ M d1
de

de
{ 1 shear stress, Y shear strain and ¥ = Taylor coefficient), which
is about 0.03 ¢ (127). Thus, the mipimum value obtained for the
ceefficient of atrain hardening would ke higher than 0.03. Barret:r
et al. {l46), Nordstrem and Barrvert (147}, and Blum et al. (127)
have already shown that the values of h calculated from the Bailey-
Orowan equation in cennection with r are often higher than can be
justified by the theories of strain hardening. Obwipously, the pame
criticism applies to the values of hm derived above. Furthermore,
if an incubation period of this magnitude exists, the nefwork theeory

would not explain the decreasing creep rate observed durinp Stage I.
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The network theory predicta that following the incubation peried,
rthe creep rate is & continuously increassing function of time due
to the continuous increase in the dislocation link length,

It has to be concluded that neither approach 1 ner appreach 2
can lead to an explanation of the reaulte obtained in this atudy
in terms of the petwork racavery theories.

In the following, an attempt iz made to interpret the results
iz terms of the internal atress theory proposed by Ahlguist, Gasca-
Heri and Wix {95). This thecry explaine the steady state creep rate
in terms of the existence of sn equilibrium internal etress. The
primary stage of creep is explained by the increase in the internal
stress. Henaur;menta of internal etress by Ahlquist and Mix (122},
Tobolova et al, {132) and by Bonig et al. (141}, show thar the in-
ternal atress decrezses when the applied atress ig decreased. As-
suming that the internal stress does not change instantanecusly afrer
a change in atress, it is expected at ¢ = (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
stresa, that is, {Ui}u' Therefore, immediately after the stress
reduction, the system ie in & nontequilibrium state. The internal
stress will then decrease, by recovery, to the value compatihle with
the new reduced stress. The expected behawvior ¢f the internal stress,
following the reduction in stress, 18 shown schematically in Figure
£.10. Depending on the level of the reduced stress, the effective

stresg, O e O- 0 ;. can be positive, nepgative, oz zero. A decreage
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in internal stress is thus accowpanied by an increase in effective
stress. At any instant of time after the stress reduction, the equa-
ticn O = o, ¢ ox 1a valid.

The inatantanecus creep rate following the reduction inm stress

-

can be expressad by the equation

E w
ap v {6.117

wvhere o 15 & constant, e is the density of mobile dielocaticns and
V is the disglocation glide welocity.
The welocity of dislocations can be expressed in terms of the

effective atrezs by (148)

V=V Exp{-uﬂ.fk'r} exp (bA O*/kT) {6.12)
where v, is a constant, H is the activation enthalpy, & is the acti-
vation area for creep and the other guantities are as previously
defined. Making use of Equaticns £.11 and 6.12, the instantanecus
creep rate following & reduction in stress can be expressed at cons-

tant temperature by

e[ =K exp(b Acv/KTIp . (6.13)
T

where K 13 2 constant.
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The dependence of the activation ares on stress is not well
known. It will be assumed that following a reduction in stress the
activation area dees not change. This assumption is uevally made
by most glide thearies.

It has been observed in the experimente involving the recovery
of Ae that the recovery of the Frunsient atrain is not dependent on
the level of rthe reduced stress during Stage 1. Since the recovery
of Ac reflects the decrease in internal stress (122), then the assump-
tion ¢an be made that the decrease in the dislocation density after the
stress reduction is not dependent on the level of reduced stress.

This hae been observed experimentally by Hausselt and Blum
{(150) following stress reductions performed in Al-1iX Zn alleys.

If the additional assumption that the mobile dislocation den-

Bity p is a constant fraction of the dislocation inside the sub-

grains, that is=, P the instantaneous creep rate can be written

€| = K exp{bAG*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 1)
will be dependent on the inverse of the dislocation velocity, since
the influence of the decrease of p, as assumsd, is the same for all

levels of reduced stress. Therefore,

Ary= 1/¥ = EXP(“UF} {6.15)
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It has been cbserved (132) that o =qg0 where a=0.6, Thus, it is

poBsible to write

.ﬂti « expl-0%) « Exp{'ﬂr] (6.163

Equation 6.16 could explain the behavior observed experimentally
for Aty and shown in Figure 6.5. This simpla sxplanation, howaver,
iz not free from criticism Fince it involves a large number of very
general assmmptions.

When the stress is reduced from 15 MP2 to 12 MPa at 573 X, Stage 1
oceurs in a very short period of time (10 sec.). Alsa, the strain
invelved in Stage I for this particular stress reduction is smaller
than the value 4 X 10_3 usually found for very large stress reduc—
tions. This cbservgtion would probably be due to the fact that
Stage I is occurring simultanecusly 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 Stape 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 haz been reported by Hausselt and Blum (149} in a Al-11% Zn
alloy. It is intereating to point out that IZ MPa is approximate-

ly equal to the maximum internal atrees pregent in the sgpecimen prior
to the reduction in stress, 48 estimated from values reported by
Tobolova and Cadek for aluminwm (132), Therefore, when the stress

is reduced to values larger than 12 MPa, the effective strass in
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the epecimen, immediately after the stress reduction, is popitive.

The creep rate after the stressa reduction would be positive and con-
ticnously increasing. Since an increasing cresp rate reflects growth
of the subgrains, this fact suggeated that a positive effective stress
ia required for subgrain growth te occur.

For large atress reductioma, C.> 12 MPa, the effective stress
present in the apecimen after the stress reduction is negative.
According to Hausselt and Blum (149), recovery of dislocationsa can
occur even if the effecrive stress is negative. The dislocaticon
density decreases, increasing the effective stress, When the effec-
tive stress is poaitive, subgrain growth atarts to take place, Thia
interpretation is conaistent with the observation that at zero re-

duced atresn, the subgrain size does not grow.

6.6 Sumary gnd Conclusions

1. The data presented in this chapter show that a reduction in
stress, performed in rhe steady state region, is always accompanied
by transient ¢reep behavior. The transient creep deformation can
be separated into two stages: Stage I for straing smaller than

4 X lﬂ-j, and Stage II for straina greater than 4 X 1072, During
Stage I, the creep rate decreases as a Ffunction of time, and during
Stage IT, the creep rate accelerares to the steady state value at
the reduced stress.

2, The activation energy determined for Stages I and II 13 1.43

+ 0.05 e¥/at. and is equal to the apparent activation emergy for
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steady atate creep. This suggests that the recevery processes fol-
lowing atress reductions are controlled by self diffusicon and have
the pame character nnlr.hnse reaponsible for steady atate creep.

3. During Stage I, the dislocation density inaside the subgreins
decreases rapidly. The decrease in dislocation density within sub-
grains is paralleled by the decresse in creep rate in Stage 1. This
Bugpests Chat Stage 1 is controlled by recovery of dislocations in-
aide the subgrains. The processes responaible for Stape II seem

to be the growth of the subgrain size,

4. The results are analysed in terms of the network theory. Twa
posgible cases for incubation period are discussed. It is shown
that the network recovery theories cannst explain the results ob-—
tzined in this study.

5. The results are analysed in terms of the internal strese theory.
Based on the intermal stress theory, it is suggested that a criticel
value of effective stress exists, above which subgrain growth can

e lolad L34



CHAPTER VII

SUMMARY OF RESULTS AND CONCLUSIONS

During this study, a nuber of results and conclusions have
bean drawn concerning the steady state and transient creep behavior
of high purity aluminum deformed at temperatures neat 0.5 Tm.

The major results snd conclusions drawn from the experiments
performed include
1. That the apparent artivation energy for steady state creep is
1.43 + 0.05 eV/at. and the coefficient n deseribing the stress sen-
sitivity of the steady state creep rate is 4.6 + 0.2. Theses para-
meters are not strongly sensitive to purity of the sample (Chapter IV.
2. That a correlation between strain rate, € , Bubgrain size, h,
diffusion coefficient, D, and the applied stress, g, which describes
the steady state and transient creep behavior, exists, This cor-

relation is expressad by the equatien

£ =1.1 % 107 (D/b2). (Wb)t. (o/E)8 820.2

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 I, in which the creep tate decreases
as a function of time, and Stage II, in which the creep rate increases

as a function of time {Chapter ¥1).
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4., That Stage 1 is characterized by a repid decresase in the dis-
location density within subgrains and a nearly constant subgrain
gize (Chapters V and ¥I).

5. That Scage II is characterized by the growth of the subgrain
anize (Chapters V and VI).

6. That & certain creep strdin is required for subgrain prowth

to occur {Chapter ¥)}.

7. That the activation energies for the processes reaponaible for
Stages I and 1II are the asme and are equal to the apparent activa-

tion energy for steady state creep.



CHAPTER ¥III

SUGGESTIONS FOR FURTHEE WORK

The results obtained during the development of this ztudy have
lad to some very interesting conclusions. However, am in any scien—
tific etudy, this resgarch propram leaves eeveral unanewered ques-
tigna. To help in advancing the understanding of the rate contrelling
creep mechanisms, a number of atudies can be suggeated, including:

1. A srtudy of the behavior of the subgrain size and dislocation
deneity within subgrains following increases in the applied
stresa, performed in the stesdy state ;egion.

2, A study of suﬁgrain boundary structure and of the average sub-
grain misarientation during transient creep.

3. A study of the kinetics of subgrain growth at temperatures above
the teat temperature in & zero stress condition.

4. A study of the behavior of the average internal strees during
trangient creep.

5. A study of the behavier of the subgrain size under cycled stress

conditions.
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