HIGH TEMPERATURE CREEP DEFORMATION IN SOLID
- SOLUTION ALLOYS OF LEAD
by | |

- MALCOLM A. CLARK
B.A.Sc., University of Toronto, 1966

A THESIS SUBMITTED IN PARTIAL FULFILMENT.OF '
THE REQUIREMENTS FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

in the Department
of

METALLURGY

We accept this thesis as conforming to the

required stapdard

THE UNIVERSITY OF BRITISH COLUMBIA

August, 1975



In presenting this thesis in partial fulfilment of the requirements for
an advanced degree at the University of British Columbia, | agree that
the Library shall make it freely available for reference and study.

I further agree that pemission for extensive copying of this thesis
for scholarly purposes may be granted by the Head of my Department or
by his representatives, lf is understood that copying or publication
of this thesis for financial gain shall not be allowed without my

written pemission,

Department of MHA"L‘IR&Y

The University of British Columbia

2075 Wesbrook Place
Vancouver, Canada
V6T 1W5S

Date 067: 7 7/ ¢7I




ABSTRACT

Some high temperature creep properties of two alloy
systems, Pb-Bi and Pb-In, have been studied. Three com-
positions in each system were used with all alloys being
so]id.solutions at the deformation temperature. .

Solid solutions are usually divided into two groups,
Class I and Class II, because of differences in eertain
creep properties. Attempts were made to classify the sfx
alloys on the basis of the stress dependence of the steady
state strain rate. Emphasis was also placed on the transient
strain rate behaviour. Both initial transients from appli-
cation of tﬁe_load to attainment of steady state and |
transients ie response to small increases or decreases in
stress were studied as functions of stress, temperature and
solute content. Significant differences were found in the
shapes of the transients between the two alloy systems at
some stresses and temperatures. These differences did not
always cqincide with the classification based on the steady

state strain'rate results.
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In Class I alloys, the glide of dislocations is
usually considered as controlling the deformation, whereas
in Class II dislocation climb is the recognized controlling
mechanism. Two commonly accepted glide and recovery theories
were evaluated for the present alloys but were found
inadequate for some of the results. Two more recent theories
of creep, the combined glide-recovery theory and the rearrange-
ment theory, provided better theoretical characterizations

for the two classes of altloy.
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Chapter 1

INTRODUCTION

Time-dependentbdeformafion in pure metals has been

éxtensively researched but, by comparison, the creep of
- simple meté]]ic solid solutions is not well understood.
Recently, attempts have been madev(Cannoh and Sherby, 1970;
Mohamed and Langdon, 1974) to divide solid So]ution alloys into
;Wo classes onlthe basis of certaiﬁ.creep characteristics:
AC]ass:I alloys in which some deformétion phenomena are
differéﬁt fromqpure metals, and,C1;ss IT alloys which
possess creep properties similar to puré metals.

| Class II a110ys,'in common with pure metals,

usually have;]

I) A power law dependence of steady-
- state creep rate on stress;

. n':
€gs < o

with a stress exponent n of about 4.5,



2) An "instantaneous" or loading strain
upon initial application of the load,

3) An extensive primary creep region
with a continually decreasing
strain rate,

.4) A creep rate influencéd by changes in

stacking fault energy and subgrain

size.
Class I alloys have these characteristics different
from puremeta]s:2

1) A stress exponent close to 3,

. [ 3
. N X -
f.e. €_¢ g,

2) Little or no "instantaneous"
strain,

3) Restricted primary creep with, in
‘some cases, complex variations in
creep rate, o :

4) A creep rate not influenced by

stacking fault energy or subgrain
size. .

Some attempts have;been made to distinguish which
material properties are impdftant in determining the class
of -a particular a11oy..vIn one such correlation (Cannon and
Sherby, 1970), a large size difference between the solute
and sojvent atom, coupled with low elastic modulus of the
solvent appeared to promote Class I'typé behévidur‘(Figure

1.1).
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of pure solvent in determining class of.solid solution



SIMPLE THEORIES

From comparisons of some creep propertieé with'pre-
dictions of two theories (Weertman, 1955, 1957a, 1957b,
1968), it has been postujated that'the'steady state creep
rate is controlled by dislocation glide in Class I alloys
and by dislocation climb in Class II. | ,b

The models, upon whichkthe.theories'are'baSed, are
similar in nature. Dislocations are emitted from sources
and g]tde across the slip plane untiT they encounter the
stress.field of dislocations on adjacent p1anes (Figure 1.2).
If the dislocation is stopped by the stress field, pile-ups
of dis]otations‘w111 begin to form and exert a baek stress.
on the source eventua]]y stopping its operation. Steady
' state creep, requ1res that d1s]ocat1ons cont1nua11y climb
but of the s11p plane to allow fresh d1s]ocat1ons to be
generated. The model then 1nvo1ves two sequent1a1 processes,
d1s]ocat1on g11de followed by d1s1ocat1on c11mb, and the |
rate of stra1n is controlled by the slower of the two.

If glide 1s very fast and the c11mb rate is slow,
climb is rate controlling (Class II). The steady state stra1n
rate és will then vary as the c1imh rate which, 1n turn, w111
depend upon the diffusion of vacanc1es away from or towards
the d1s]ocat1on _

The concentrated stress at the head ot the pile-up

will assist this vacancy flux. The strain rate will therefore
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Figure 1.2. Dié]ocation models for climb and g1idé con-
trolled creep (Weertman, 1955, 1957a, 1957b,

1968) .




be a function of the applied stress, the numbef, N, of

piled-up dislocations and the diffusivity of vacancies DV:

€ = f(o, N, Dv) . ' (1.1)
In a binary alloy the vacancy diffusivity can’
be rep]acéd»by a weighted or average diffusivity representing

a flux of both solute and solvent atoms:
) B = D1D2/(D1X2 + D2X1) (]-2)

vwith x;,xz the fractiona]iconcentrations of fhe alloy species
and D,,D, their diffusivities (Herrjng, 1950, Weertman, 1960).
The solute atom in the climb model éffects the creep rate
only by its influence on this diffusivity.

In the glide controlled model (Weertman, 1957)
the solute a£oms‘interact with the‘ﬁtress field around thé
dislocation fdrming atmospheres. Since movement of the
disTocation then requires diffusion of the solute atmosphere,
the glide rate is reduced sufficient]y to become the rate
controlling steb. No pile-ups form in this model since the
climb rate i; faster than the.g1ide'rate. The requisite
nuhber of diéiocations will be spacéd across the slip plane

between the source and the adjacent'stress fie]dé.



The strain rate is the product of the ve16city
of the dislocations and their density in the slip plane.
Both applied streés_and the diffusivity of the solute atoms
Ds influence the velocity. The density will depend upon
the applied stress overcoming the inherent repulsion force

between the like sign dislocations. Therefore:

és = f(velocity x density) = f(o, Ds)" , (1.3)
For both models mathematical deve]opment.leads

to an expression:

E.: = A O exp.-—lg-r— | (]4)

‘where A is a constant, n is the steady state stress exponent
and Q is the actfvatfon energy. For the glide controlled
case, n = 3 and Q is the activatfonlenergy for solute diffu-
sion. For the climb cohtro]]ed case, n = 4.5 and Q is the
energy for se]f diffusion.

Thus there are two obvious ways of differentiating
betwéen the two mechanisms, the values of n and of Q.
Because of the lack of data on diffusion coefficients in
alloys, the value of the stress exponent has become the most
important criterion for determining the rafe controlling

mechanism.



REFINED THEORIES

The simple theories previously described epitomize
the-genera1 theoretical qontroversy'between the reaction
rate and recovery theories of high temperatufe deformation,
In the reaction rate or glide theory (Kauzman, 1941; Cottrell
and Stokes, 1955; Feltham, 1968), thermal activation aids
the dislocation to overcome the obstacles impeding its
motion; the obstacles are thermally penetrab]e. The strain

rate is given directly by the Arrhenius equation:
€. = £, exp - Q9 ‘ (1.5)

For example, in the Weertman glide model, thermal activation
?ssists the dislocation movement through the diffusion of
the solute atoms. s

In the recovery theory (Bailey 1926; Orowan, 1946),
fhe obstacTés are thermally unstabie and disappear with the
assisténce‘of therha] activation.: The strain rate is giVén
by the ratib of the recovery'rate"- r to the strain

hardening coefficient h:
= I ’
€ - h . (].6)

Thermal activation influences the Strain rate through its

effect on the recovery rate. In the simple climb model the



removal of a dis]ocation from the piled-up group constitutes
the recovery mechan1sm and permits further strain.

Although both theor1es offer reasonable explana-
tions of the phenomenon of steady state creep, application
‘to transient conditions is not so clear (Orowan, 1946; Alden,
1972). Modifications to the basic theories (Figure 1;3)
do permit analysis of a wider spectrum of phenomena. The
present thesis will invoke two such refined treatments, the
“combined g]idefrecovery"vmode1 (Cottrell and Aytekin, 1950;
Ahlquist et al., 1970; Gasca Neri et aZ., 1970) and the
"rearrangemént" theory (Alden, 1972).

| As the hame implies, the combined glide-recovery
theory incorporates'aspects of botH fundamental concepts;
A new 1dea of d1v1d1ng the applied stress into effective
and 1nterna1 stress components is 1ntroduced " The 1nterna1
stress component is necessary to overcome long range elastic
stresslfie1d§ of immobile dis1ocatibns. Dislocations cannot
move unless fhe applied stress 1is Qreater than the internal
stress, so that an effective_stress componeht can assist fhe
dislocation over short range obstac]es.

S1nce the 1mmob11e dislocation density can be
d1m1n1shed through recovery and 1ncreased by entrappement
vof mobile d1s]ocat1ons, the 1nterna] stress is governed by a
recovery—strain hardening competitidn. The microstructural

model contains both short and long range obstacles. 1In alloys
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Figure 1.3. Interrelationships of several theories of
creep for Class I and Class II alloys.

| l
| { |
« Chapter [V~ Chapter ]I[':' Chapter M -
4 ' ' o :
: : stress change transients
l .
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Figure 1.4. Organization of thesis as related to creep
curve. :
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the short range obstacles could be the solute atmospheres,
the long range the immobile dislocations.

The reahrangehent theory is a new concept intro-
duced within the framework of the recovery theory. There is
only one set of obstacles, the forest dislocations, but
their distribution is nonuniform. There are "soft" areas of
low obstacle density where deformation is breferred. The
obstacles can be lost by recovery but can also rearrange
without loss to continually produce soft areaé. The movement
of the glide dislocation is athermal; thermal activation
inf]uences-the recovery and rearrdngement rates only.

The introduction of these new concepts, either a
two obstacle structure or a spatial variation df single
obstacles eﬁab]e these two refined theories to deal with
more comp]éx deformation behaviour than the simple theories.
Detailed discussion of the refined theories will be
reserved until Chapter 4. Continual reference to Figure
1.3 will facilitate 1dent1fication:0f the interrelationships

between the theories.

SCOPE OF THE PRESENT WORK

In the creep literature, discussion of the two
alloy classes has focussed on the simple theories of glide

and climb. Differentiation of the alloy classes has been
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done mostly on the basis of the steady state stress exponent.
The intent of the present study was to examine the transient
énd steady state aspects of creep behaviour in alloys from
each class and relate the results to the refined creep
theories. Two principal transients Qere studied: 1) the
initial transients from the condition of zero stress to
attainment of the steady state creep rate and 2) the
transients introduced by small dhanges iﬁ the creep stress
in the stéady state regime. Whenever possible, the effects
of changes in the external variables, stress, temperature
and solute content were assessed; |

The alloy systems chosen for study were Pb-In and
Pb-Bi which were previously categorized as Class I and Class
II, respectively (Weertman, 1960). Both systems ‘possess
considerable solid solubility and low melting temperatures
So creep temperatures are easy to attain. Bi is a larger

3 0f 7.04.7

atom than Pb with a positive volume size factor
In is smaller with a negative size'factor of 11.16 (King,
1966) . -

Po1ycrysta111ne_sheet specimens were used with a
grain size such that there were at least two to four grains
across the sbecimen thickness. With this configuration
grain boundary sliding should not contribute significantly

to the creep strain (Bird, Mukherjee, and Dorn, 1969; Sherby

and Burke, 1967). The measured deformation should be
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representative of a polycrystal with all deformation occurr-

ing within the grains.

ORGANIZATION OF THE THESIS

The exberimenta] results and discussion have been
divided into three sections (Chapter 3, 4 and. 5) correspond-
ing to a portion of the creep curve (Figure 1.4).

In Chapter 3 the effects of stress, temperature and
solute content upon the steady state strain rate are evalu-
ated. Stress exponents are used to classify alloys in accord
with the simple theories.

In Chapter 4 the initial transient region is

examined under two subdivisions:

) the loading strains upon initial
~application of the stress,

2) the primary creep transients.

The refined theories are elaborated and applied to the results.
Chapter 5 deals with the effects of small stress
changes after the steady state is established. The emphasﬁé
is upon the "instantaneous" changes in strain during the
stress change and on the transient effects until the re-

establishment of steady state.
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FOOTNOTES

]Barrett and Nix, 1965; Bonesteel and Sherby,
'1966; Davies et al., 1965; Evans and Wilshire, 1970;
Feltham and Copley, 1960; Garofalo et al., 1963; Hazlett
and Parker, 1954; Hedworth and Pollard, 1971; Johnston
et al., 1972; Jones and Sellars, 1970; Karashima, Motomiya
and Oikawa, 1968; Lawley et al., 1969; Lytton, 1962; Monma
et al., 1964a, 1964b,,1964c; Pahutova, Cadek and Rys, 1969;
"Pahutova, Hostinsky, Cadek and Rys, 1969; Rossard and Blain,
1958; Russell et al., 1968; Sidey and Wilshire, 1969;
Weertman, 1960.

Borch et al., 19603 Brown and Lenton, 1969;
Davies and Dennison, 1961; Fuchs and Ilschner, 1969; Hren,
1962; Jones and Sellars, 1970; Karashima, Oikawa and Watanbe,
196 8; Laks et al., 1957; Linga Murtz et al., 1972; Oikawa
and Karashima, 1974; Oikawa, Kariya and Karashima, 1974;
Oikawa, Maeda and Karashima, 1972; Sellars and Quarrel,
1961; Sherby et al., 1951, Vandervoort and Barmore, 1968;
Weertman, 1960. '

3Vo]ume size factors represent the fractional
differences between the effective atomic volume of the solute

VB* and the atomic volume of the solvent V,, i.e.

- ok : :
st = (VB - VA)/VA'



Chapter 2

EXPERIMENTAL

EQUIPMENT

A11 creep testing was done with machines fitted
with Andrade-type constant stress lever arms (Figure 2.1)ﬁ
The samples were held in serrated split grips on the "short"
arm side of the lever. To ensure axial alignment of the
specimen; universal joints were connected to the grip
assemblies.

Two machines were used; the 1argef gave a mechanical
advantage on the lever of 4:1 and the smaller a 2:1 advantage.

The load was initially applied to the specimen by
downward movement of the loading pan support. The movement
of the support Was controlled by eifher an hydraulic jack
or an electrically driven screw geaﬁ, Rate of descent of
the support Was kept constant from test to test producing
an initial elastic stress rate of approximately 1.5 Pa/min
V(Appendix 1);. |

The elongation of thé specimen was measured with
Tinear voltage differential transformers (Daytronic LVDT |

DF-160 or 300) by attachment of the iron core of the transducer

15
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Figure 2.1. Creep testing apparatus.
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to the upper grip assembly (Figure 2.1). Consequently some
elastic extension of the grip assembly was detected as

well as the plastic and elastic elongation of the sample.

This machine deflection was included in all strain calculations.
Output from the transformer was amplified by a Daytronic

(Model 300D) amplifier and recorded on either a Heathkit

chart recorder or a storage oscilloscope. The system was
ca]ibratéd with dial gauges with divisions of 4 x 10-5 cm.
Strains of 4 x 10-° could be detected with this equipment.
Stresses were accurate to *.7%.

To achieve test temperatures greater than ambient,
the sample and grips were immersed in an oil bath equipped
with a maénetic stirrer and immersioh heater. Temperature
'wés maintained within #2°C with a Honeywell on-off controller.
For some temperatures close to or less than ambient, a water
or ice-water bath was used. Actual specimen temperature was
measured With a chromel-alumel thermdcoup]e placed adjacent

to the gauge section.

METHODS

" Creep Curve Determination

Specimen Alignment. The Upper and lower grip

assemblies were clamped in 'vee' blocks mounted remote from

the creep machine to permit the alignment and tightening
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of the specimen in the grips. The whole grip and specimen
assembly was transferred to the creep machine in a special

clamp.

Loading Strain. After removal of the clamp and the

preanneal treatment (see page 24), the constant stress cam
was levelled and the transducer zeroed with a small load
on the specimen‘(P01nt A, Figure 2.2). The pén support
was raised to permit the specimen assembly to move downward
in the central column (Point B, Figure 2.2) indicated by an
apparent negative elongation reading. The small load was
replaced by the required creep 1oad Pc' The pan supportIWas
started downward at a fixed rate (Point C, Figure 2.2).
As the bottom grip assembly contacted the central

column the Toading of the specimen.commenced causing a change
in the measured elongation rate. The position of this change
-1n rate indicated the zero strain condition in the specimen
(Point D, Figure 2.2). Full application bf load was achieved
when the 1oaq pan no longer contacted the pan support

(Point E, Figure 2.2). This 6ccurrence was detected either
visually or by the breaking.of an éiectrica] contact between
the pan-and support. The loading strain was defined as tHe

difference between Points D and E.
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Figure 2.2. Elongation-time curve during the initial loading of creep

specimen.
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Creep Curve. The remainder of the creep curve was

recorded continuously by the chart recorder. A computer
program (Appendix 2) was used to convert the chart readings

to true strain, to calculate the strain rate and to plot

strain and strain rate as a function of time.

Stress‘Changes

The creep stress was changed when required during
the course of a test by one of two methods, termed "rapid"
and "slow." Rapid changes were achieved by adding or sub-
tracting small counter weights to the negative side of the
lever (Figqre 2.1). For stress'décreases the small weight§
were placed carefully on the 1ever:by hand. For rapid
stress increases the counterweightAwas suspended by a fine
thread from the lever at the start of the test. At the
desired time the thread was severed, ré]easing the weight
and increasfng the effective load rapidly.

The speéimen e1ongationsAproduced during stress
increases were recorded by the oscilloscope with its rap{d
response time. The transients at later times were measured
with the chart recorder. A stressbrate'of approximately .15
Pa/sec was échieved during these stress changes.

Slow stress increases were effected by adding

small glass beads directly to the:major weight from a reservoir
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located over the load pan. A stress rate of approximately
1.1 x 10-% Pa/sec was achieved by this method. Elongation
in this case was measured with the recorder running at its

highest chart speed (30.5 cm/min).

MATERIAL

A1l alloys were prepared from Pb, Bi and In of
99.999% purity. Melting, castihg and cooling of the ingots
were all done in a vacuum induction furnace (Vacuum Industries
Inc.). The material was melted in.a stainless steel crucible
then poured fnto copper moulds to broduce an ingot (16 x 6 x
1.3 cm). Iﬁgots were annea]ed.in 0oil baths for 24 hours
at 200°C to reduce microsegregation. A thin layer (X 2 mm)
was machined from all surfaces of the ingot to rémove possible
oxide skin or mould contamination. The top and bottom 10 mm
of the ingot was discarded. The ingot was rolled at room
‘temperaturé into sheets approximately 75 mm wide and either
2.0 mm or 1.7 mm thick. Spectrographic analysis revealed a
total impurity content of approximately .01%, in the prepared
Sheet. ”

The Pb-Bi alloys were ana]yzed by standard chemical
methods for the concentration of Bi. Difficulty was encountered
in establishing a reliable chemical method for the Pb-In

alloys. For these alloys differential thermal analysis
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(Dupont 900 DTA uﬁit) was used to establish the solidus and
]1quidus temperatures. Alloy content was estimated from the
phase diagram. Table 2.1 shows the percentage of solute

for the six alloys studied.

| Tensile specimens were cut from the rolled sheet

by clamping strips of the alloy between two mild steel
temb]ates of the required shape and cutting with a jeweller's
.saw. lA good edge finish could be produced by smoothing with
a sharp knife. Two specimen sizes‘were used; one with a
reduced gauge section of (25.4 x 9.5 x 2.0 mm) for use in

the large machine and the other (50.8 x 9.5 x 1.7 mm) for

the small machine. o |

| Af] specimens were anneaiéd within 15°C of théif
respective solidus temperatures to produée recrysta]]izétion
and the reqdisite grain size. This anneal was done in stirred
0i1 baths with temperature control of #2°C. Annealing times
were adjusted to produce a grain size of 600 to 1000 u. |

-Fdr'metallography tﬁe Pb-In alloys wefe electro-

po]ished andtetched in a so]ution of 60% perch]ofic acid —
40% disti11ed water at a temperature of -10°C. Current
densities of 1 amp/cm? and .2 amps/tm2 were used for polishing
and etching'fespective1y. Since alsuitable etchfng solution
for the Pb-Bf alloys was not avaiféb]e a different procedure
was adopted;i Small areas of the specimens were microtomed»

with a diamond knife ultramicrotome (Porter-Blum Co.) to



Table 2.1

Solute Content Analysis of Alloys

Bi , In
Alloy Solute Content Alloy Solute Contenf
(At %) (At %)
1. 1.3 1. 3.2
2. 8.8 2. | 9.5
3. 16.2 3. | 17.0

23
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produce a suitably smooth surface (Clark, 1971). The specimen
was deformed slightly in compression to induce some grain
boundary sliding and de]ineate the grain boundaries. Grain
size was determined by the intercept method using a 10 cm
circumference circle (Hilliard, 1964).

| Immediate]y befbre teéting all specimens were annealed
"in-situ' to. reduce the effécts of any deformation introduced
by hand]ing. This anneal was also done within 15°C of the
solidus for 1/10 the time of the pre?ious treatment.'

A1l test temperatures were less than the annealing
temperature'to minimize grain growth during creep. Examination
of several specimens after creep dfd not reveal evidence of
deformafionrinduced recrystallization. Also the periods of
acce]eratedAtreep usually associatéd with recrystallization
wefe not fodﬁd. | | -

Pﬁysicallprocesses such as diffusion and creep can
often be cofre]ated for different pure metals By usé of
relative or homologous temperature T/T, where T is tHe
melting temperature (Sherby and Simhad, 1961; Ashby, 1972;
Gifkins, 197A). Since the mefting femperatufe is an indication
of the cohesive forces between atoms, the effectivenesé of
thermal assiétance in overcoming thé cohesive energy shou]d,
in principTe, be equivalent at theisame homologous temperature.

When comparing diffusion or creep rates in a11oys

Tm is not cTear]y defined. In this study Tm was taken as
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the solidus temperature. Comparisons of the alloys were done
mainly at homologous temperatures of .6, .8 and .95 with

other temperatures used on occasion (Table 2.2).



Table 2.2

Relative and Homologous Temperatures

Atomic % Solute . . Temperature (°K)

T 95 T .8 T 6T
16.2 Bi 493 468 394 296
8.8 Bi 543 516 435 326
1.3 Bi . 588 559 471 353
17.0 In 553 525 _ 443 332
9.5 In 572 544 457 343
3.2 In 588 559 471 353




Chapter 3

STEADY STATE CREEP

The relationship between the creep stress o and

the steady state strain rate &_ is commonly used for determi-

s
nation of rate controlling mechanisms. In the intermediate

stress ranges the functibna] form is usually a power law:.
e. = A o" . o (3.71)

with n being termed the steady state stress exponent. and
A containing temperature and concentration factors.

Values of o, és were obtained in two ways:

I) One specimen for each creep stress and
2) A single specimen at several stresses
- and steady states. '
Slight differences were discovered between the strain rates
measured by the two methods. ‘Therefore’és is not a unique
function of stress and temperature, independent of the strain

history. However since the variations between the two

27
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techniques were small, a combinatioh of both methods reflected
the o-és relationship with sufficient accuracy.

Since activation energies have also been used to
differentiate rate controlling mechanisms, the present
study attempts to calculate activation energies from
the o-és data. | |

In the RESULTS section the o-e_ function will be
examined under three subdivision:

|}y Stress exponent values

2) Activation energies

Bib Strengthening effecf§
The influence of temperature-and solute content will be
" examined fof'each subsection. Stréss exponents will be
calculated from the power law, activation energies by a
modified Zener Hollomon method (Zener and Hollomon, 1944)
and strengthéhing by the stress required to produce a con-
stant stréin rate. _ v
The DISCUSSION section will deal with the predictions

of the simple theories for the three subdivisions.

RESULTS

Stress Exponents

Stress-éS data were obtained for each alloy at the
three princiba] temperatures of .95, .8 and .6 T_ (Figure

3.1 through 3.6). The curves through the points were
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Figure 3.2. Steady state strain rate versus stress
for 8.8% Bi alloy.



31

| | LJ 1 I ||
n=4.28 T 7 o
d
/ n=423 % |6
a o i
A/ o n=741 * |4
A /

A 95 T, -
o 8 1
o 6 "
] 1 'l
-1 0 ‘ I 2

10 10 : 10 10
o) (hAPg) |

Figure 3.3. Steady state strain rate versus stress
for 1.3% Bi alloy.



32

' ateti) IR TE
. A
: [m)
- = +
152k / / n=6.88 51
f o
J
. [ ]
10 % ) o o
Ada // ' 0
T Na
E A A of .
Y et &) é?m
_ /AA ' D/n : oab
& : - -
/A /% g; |7 o/o In
=]
a dJ A 95 T,
|O_5'- A /D OCID o 8 "
i o o .6 1
D .
|O—6 '_; IO [ 1
0 10 10 102

o (MPa)

Figure 3.4.
for 17% In aliloy.

Steady state strain rate versus stress




33

v
| n=350 * |6 |
G2k n=331%.38 |
o[n=514 % 5]
(o]
16k i
=
€
Vm 9.5 % Ini
v |
10k / a 95 T,
ﬁf o 8
A °© 6
_‘ §
A
1G°F
I °
T6L 1 L 1 !
10 'C)—I 0] | 2
10 10 I¢
o (MPa)

Steady state strain rate versus stress

Figure 3.5.
for 9.5% In alloy.



34

10 T '
n=4.80
Idz- -
t 47
10k -
Te
£
.Ww A
104 / -
A | o/ 3.2 % In
' IO—5- | o :
- | A 95 T,
' o 8 n
7 o 6 "
o
_6 .
IO l_ | el : [
10" oc 10’ 102

o (MPa)

Figure 3.6. Steady state strain rate versus stress
for 3.2% In alloy.
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détermfned by least squares fitting td the power law equation
(Eq..3.1), using computer programs (Bird, Moore and Streat,
1974). The ratio of the total error of estimate to the
statistical erkor of estimate was always 1es§ than unity
1ndicatihg 1) a good fit to the function and 2) the chief
error Source was random variation in és (Rose, ]953). The
quoted errors in n represent 56% confidence Timits calcu-
lated from the total error of estimate parameter. The
variatfon of the stress exponents with femperature and stress

were eva]uated.

Temperature. The general trend is a reduction of n

with increasing temperature from .6 to .95 Tm (Figure 3.7)
in both alloy syétems. Only the 3.2% In a]]oy‘is ah exCep-
tion. The magnitudes of n at .6 T -are somewhat above the -
usual range of 5 to 3. At higher femperatures the Va]uéstof
n from a preyious study (Weertman,»]960) are comparable
(~ 20% difference) with the present’determination for the
Pb-In a]]oys (except for 3.2% In). For the 16% Bi alloy,
the.previouélresult is much higher (5.6 compared to 3.3).
For this alloy the present results are based on a greater
number of eXperimenta] pointé than the previous'study.
It.is possible that the High vaiues of nat .6 T

m
- are due to fncorrect application of the power law in this
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stress range. Over wide stress ranges o - és can be more
appropriately fitted by a hyperbolic sine funqtion (Garofalo,

1965) :
n _ :
e = B[sinhac} : v (3.1A4)

At low stresses this reduces to equation (3.1). At high
stress it predicts a greater sénsitiVity of the strain rate

to stress or higher apparent n values in a log € - log o plot.
For this reason interpretation of the stress exponent results

will emphasize the low stress (or high temperaturé) values.

Solute Content. The stress exponent decreases with

increasing Bi content in the Pb-Bi system at a}l temperatures
(Figure 3.8). In the Pb-In system a similar decrease with In
is observed only at .95 Tm. At other temperatures n remains

constant (.8 Tm) or increases (.6 Tm) with solute additions.

Activation Energy
Activation energies. are commonly calculated from

o - & plots such as Figures 3.1 to 3.6 (Garofalo, 1965; .

Zener and Hollomon, 1944). A thermally activated process

contrd]]ing the creep rate implies that:
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where Q is an‘apparent activation energy. ‘In-gehera1 all
three parameters, A', n and Q could be functions of stress,
temperature and/or structure (prior strain). To calculate

a 'true' activation energy from»o - és data by.using equation

(3.2) requires that:

| The stress,structure and temperature
dependent terms in A' are accounted
for.

2) Q and n are constant over the stress
and temperature ranges used.

Three equations that purport to represent these terms for A'
have been considered. The first, a semf—émpirica] equatibn,
suppbsed]y correlates creep resd]fs from a number of different

metals (Mukherjee, Bird and Dorn, 1969):

- n
és % exp %% = A" [%] i | ’ (3.3)
where Q and n are now 'true' estimates of activation energy
and stress exponent; G is the shear modulus and A" is now
stress and temperdture independent. _
Two other equationsiare baséd on Weertman's theo-
retical foer]ations for climb and glide controlled creep¥'

respectively:



and

< 1 Q)| -4
€ T eXp[RT} G

= A gh | | (3.5)

In the foi]owing‘analysis all three equation§ plus
(3.2) are analyzed to determine which is the best'represen-
tation of the data. |

The second assumption of thé_stress and tempera;
ture independence of n and Q is not consistent with the |
presént daté. The stress exponents did vary'Wide1y with .
temperature (see Figure_3.7). Determination of apparent
activatipn enékgies at three stress levels (Figure 3.10)
usiﬁg equation (3.2) also revealed some depéhdence of 'Q on
stress. It was therefore necessary to use average values
for both Q'And n(Q, n). A speciaT double averaging techﬁique
(Matlock aﬁa Nix, 1974) using the original o, és'data pofﬁts
'qnd n values was employed to compute simultaneoué]y boﬁh qQ
and n. | | )

The procéss is i]lustratéd schemati;a]]y in Figure
3.9 (for eduation 3.2). First values of»és were taken from
Figures 3.1 to 3.6 at three stresses (1.38, 2.78 and 5.52 MPa)
extrapolating if necessary using the fitted curves at .95,

.8 and .6 Tm" Since only limited data were determined fdr
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.9 and .7 Tp» O - és curves were drawn through the available
points using n values fof the closest avai]ab]e temperature,
i.e. for .9 Tm the stress exponent for .95 Tm was used.
Standard Arrhenius plots (1n és vs. 1/T) were then produced
for values of Q at each stress (Figure 3.10). A simple
average from these three stresses gave an initial estimate
of Q'. If each ¢ - és data point is multiplied by exp Q/RT,
points from all temperatures can be represented by one curve

in a 1n és vs. Tn o plot. The slope of this curve gave an

initial average stress exponent n'. This n' was applied in a

In € o " versus 1/T plot which produced a better estimafe
of the activation energy, Q%. Now Q% could be used for a
.better va]ué of n. This procedure was continued for three or
four iterations until the values of n and Q were invariaﬁt.

A11 calcuTations were done by computer with curves
fitted'by least squares analysis. Since the sum of squares
paramefer décreased during the iterative procedure 1nd1ca£ing
é pfogressivé]y better fit, the final values of h and Q |
were the besf possible averages for the data.

Aii four equations.(3.2, 3.3, 3.4 and 3.5) were
émployed wifh the averaging technique. ~The temperature |
dependence of the shear modulus fof pure Pb (Cardinal and
Hart, 1968):was used in those equations containing G. The
ériterion for determining the best equafion was the fit in

the final 1n €, - 1n o plot (Figure 3.11). The normalized

S
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sum of squares parameter which is equivalent to the ratio;
total error of estimate/statistical error of estimate (Rose,
1953) determined the best fit. Because of the high values
of nat .6 T (Figure 3.7) two temperature ranges were
studied: 1) .6 < T > .95 Tm and 2) .7 < T > .95 Tm.

The semi-empirical equation (3.3) and the Weertman
climb equation (3.4) produced very similar sum of squares
va]ﬁes for all alloys. Equation (3.4) was a slightly better
fit particularly for the wider temperature range. This
eqdation thus gave the best estimates of the 'true' activa—
tion energy (Table 3.1). Standard deviétions (56% confidence
1imits) were calculated from the total errovrs of estimaté
to the finaf In és - 1n o plot. |

Séme differences in Q, n and the sum of squares
are apparent between the two temperature ranges. The high
temperature range (.7 to .95 Tm) gave the best fit, howevér.
In this range the effect of increasing the solute contenf was
to decrease the activation energy in both systems. The
activation:energies were always higher in the Pb-In system
than the Pb-Bi system at equiVa]ent solute contents. The
value of the creep activation energy extrapolated to 0% B%

is close to the activation energy for pure Pb self diffusion.



_ v Table 3.1
"True" Average Activation Energy, Q, and Stress Exponent, n values using

Weertman's

At. % Solute

Climb Controlled Equation Temperature Range .6 to .95 Tn
. Normalized =~
a1 o -Q = ~Sum of - 2 v T
Alloy cal/gm-mole n Squares e -
) Q — aln
|
16.2 Bi | 16,100 + 500 | 3.82 * .05 .20 i /
.8 Bi | 19,100 £ 600 |4.11 £ .11 .24 P 8 _a
1.3 Bi | 22,500 + 1300 | 4.89 + .88 .88 Yo a” °~_
' < ° Bi
17.0 In 27,000 = 1400 4.72 + .08 1.43 c . .
5 In 21,500 = 1000 3.90 £ .12 .43 10 20
2 In | 18,000 + 1600 | 4.61 £ .15 1.17 To J T
~ ©
,Temperature Range .7 to .95 Tm £ A -
T |
16.2 Bi | 17,400 £ 500 | 3.33 % .07 .08 °’ 4
8.8 Bi 19,700 £ 1600 3.66 + .11 .12 o 4ln
1.3 Bi 23,500 + 2400 3.96 = .11 .25 — o T
. | o ' ® Pure Pb -
17.0 In 23,500 = 600 3.38 £ .06 .24 . self
5 In | 26,100 + 4200 | 3.31 + .10 .008 L L dif fusion
2 In } 30,000 = 2800 4.74 £ 17 .32

9y
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Strengthening Effects

Temperature. Information about the strengthening

effects of a]]pying additions can be obtained from Figures
3.1 to 3.6 by determining the creep stress required to produce
a constant steady state strain rate (4 x 10-% min-1!) in
each of the alloys. Data were obtained at the intermediate
temperatures using n values of the nearest principle
temperature.

The creep stress to produce this strain rate
decreased markedly as the creep temperature increased (Figure
3.12) in both a]]by systems. The hardening effects of both
alloying elements were appreciable only at the lower témperatures

(< .6 Tm).

Solute Content. At high temperatures the effect

of solute additibns was evaluated by determining the o at
constant strain rate and temperature (Figure 3.13). .The
chosen temperature (200°C) was in the range .8 to .95 T, for
all the a]]oys. In the Pb-In system only the 3.2% In |
alloy was hérder than the pure Pb. Increased In additions
then produced a weaker material. A1l concentrations of Bi
softened the Pb matrix but the 8.8% alloy was slightly more

resistant to creep than either the 1.3 or 16% alloy.
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DISCUSSION

The preceding results will be discussed under the
subdivisions of stress exponent, activation energy and
strengthening effects but with the application of only the
simple creep theories. The utility of the simple. theories

is their ability to deal adequately with the steady state,

Stress Exponents

Two attempts have been made to delineate which
material parameters and external variables are important in
determining whether gTide or recovery are rate controlling.
(Cannon and Sherby, 1970; Mohamed and Langdon, 1974). The
following discussion will concentrate on the more defai]ed‘
treatment of Mohamed and Langdon.

When g1ide'is rate controlling the steady state

creep rate was represented by:

3
< _n(1-y) kT % (o)
€q 6 eZ cb° G

(3.6)
where D¢ is the diffusivity of the solute atom, e is the
Tinear size factor (a measure of the solute-solvent size
difference), and ¢ is the solute concentration. This equation
represents the Weertman glide model with the interaction

between solute atmospheres and the mbving dislocations
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governing the viscous glide movement (Cottrell and Jaswon,
1949). |

.For the creep fate when recdvery is rate controlling,
Mohamed and Langdon used the semi-empirical equation (Bird,

Mukherjee and Dorn, 1969):
e = Ao[_Y_] D Gb [Q] : (3.7)

where vy is'the stacking fault energy, A, is a constant and
D is the Herring-Weertman weighted diffusion coefficient.
This equation is similar to WeertmaﬁFs,c1imb equation except
for the stacking fault energy factor. Climb is considered
to be the reéovery mechanism,

| Sinéé'the glide-climb processes are sequential,
the s}dwer of the two will always be rate contro]Ting; fdr
examp1e, when éc < ég, climb contro1§'the deformation rate.

A transition in controlling mechanism can occur

when the two rates are equal:

g o
or upon substitution,
D .3 '.3 — 5
m(1-v) kT "s o] _ p x| DGb (o
6 e“ cb® G G °1Gb kT G

or
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T2 _ ].9A0 o —5 o 21.Y
e ¢cb® T kF(1-v) " Db, 9 (&b | (3.8)

Thus a plot of T?/e? cb® versus o2(y/Gb)® will define a map
(Figure 3.14) which can be used to predict the type of
mechanism that will be rate controlling. (For lack of data
- D/Dg is usually taken as 1. Determination of A, will be
described below.)

In thg area to the right of the transition line
57125? < GZ[éL] , which means that ég < €. and glide should
be rate contro]]ihg. Simi]ariiy, to the left of the transition
line the recovery process climb, will control. With a given
'aT1oy and temperafure, as the creep stress is increased from
point A to point B (Figure 3.14) the transitiqn boundary:u
will be crossed, and the rate'contro11ing mechanism wf]] shift
‘frdm recovery to glide. This tranéition with stress will be
manifested éxperimenta]]y by a stfeSs expohent decréase from
5 to 3 (Figure 3.15). Thus any alloy that shows such a
decrease in_stress exponent with {ncreaéing stress provides
support for this simple sequential model. | |

Mdhamed and Langdoﬁ attempt to show'that severéi
a1lbys do display such a transition, namely Al-Mg, Ph-Sn,
Pb-Cd and Pb-In. Data ffom a previous study (Weertman, ]560)
were used fdf one demonstration (#igure 3.16). Further

support for the theory would be provided by a correspondence
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betweeh the experimental étress-whehe the exponent changes
and the transition boundary of Figure 3.14. Unfortunately thé-
- position of the transition line depends ubon one pardmeter
that cannot be obtained independently, Agy. Therefoke A,
was chosen such that the experimental transition_stress for
A1-3% Mg (Linga Murty, Mohamed and Dorn, 1972) coincided
with the boundary. The transition stress for other alloys
could be predicted ffom Figure 3.17. For Pb-Bi alloys the
theoretica]lprediction was that all alloys should be in the
recovery region with no transition to glide cdnfro]. This
prediction was in agreement with tHé results of a previpus
study (Weertman, 1960) in which thé'stress exponent was 4.5
with no tranéition. | |

, Tr;nsitfons were predicted for the Pb-In. The
predicted traﬁsition stress was hféhek than the experimeﬁfa] value
if the v va]&e for pure Pb (37 ergs/cmz) was used to compute
thé positionlbf the stress ranges (%or example 16.7% In in
Figure 3.17). [If the stacking fault energy was
arbitrarily increased (to 65 ergs/cm? for T6.7% In) coincfdence
was obtained.l Thus some f]éxfbi1ity of stacking fault
energy va1ue§_is required for the mode]1 to corréct]y predict
the observed.behaviour of the previously studied Pb-In alloys.

When the present results are plotted in a similar

fashion to Figure 3.16, good is agréement is obtained in terms

of absolute values of the creep ratés. However, when the
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curves_drawn by Mohamed and Langdon are placed on these plots,
‘they fai] withtn the scatter band. A transitionvfrom re-
covery to glide control is therefore not established (Figure 3.18):

For the 17% In a11oy an exponent of 3 at 1ow % and

h1gher values at 1ncreased stress are more appropr1ate '

- However, the slope (stress exponent va1ue) in these kinds

of plots depends upon the values of D since they inf1uence

| the shift of.different temperature points By contrast, the
individual n va]ues at each temperature (F1qure 3.7) are
‘1ndependent of d1ffus1v1ty _

For compar1son with the Mohamed Lanqdon mode] -
stress exponents at 200 C. were taken from F1qure 3.7 1nter-,"
po]at1nq if necessary (Tab]e 3. 2) 'For the 17% In alloy
the Tow va1ue of 3.3 for n and the 1ack of a trans1t1on
po1nt 1nd1cate that q11de is rate contro111nq in the stress
'range stud1ed. Thus the alloy must Tie totally in the
g1ide region rather than across the transition'boundary.
Similarly the.9.5% In and 16% Bi alloy must be glide con-
trolled. The 8.8 and 1.3Y% Bi can possib1y be considered
recovery controlled since their n values are closer to 4.5,
The 3.2% In is indicated as also glide contro]1ed at 200°cC.
However, a slight increase in temperature to 286°C‘produces
an apparent transition to climb control since n equals 4.8
(see Figure 3.7). The alloy probab]yidoes undergo a transi-
“tion from c1imb to g]fde in this‘stress and temperature |

- range.
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Table 3.2

Stress Exponents for Present Study'at 200°C. Data Obtained
From Figure 3.7 Interpolating if Necessary

. n o Suggested
Alloy at 200°C ... Mechanism
16 Bi | 3.25 | Glide
8.8 Bi - 3.9 Climb
1.3 Bi 4.2 ' CTimb
17 In 3.3 - | G1ide
9.5 In 3.3 | Glide
3.2 In 3.6 | Glide!

]Possible transition to Climb (see text)
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Thus the present stress exponent values require,
for the In alloys and the 16% Bi alloy, further adjustments
in stacking fault energy to reposition their stress ranges'
with respect to the transition boundary (Figure 3.19). For
the 16% Bi and 17% In alloys, stacking fault energies of the
order of X 100 ergs/cm? are required as compared to 37 ergs/cm?
for pre Pb. Lack of stacking fault energy data in these
syétems makes it difficult to assess the validity of these
increases with alloy content. |

| One study (Bolling, Massalski and McHague, 1961)
reported 1arge decreases in stacking fault probabilities in
Pb - 20% In.és opposed to pure Pb indicating that Y increases
with In content.. This increase in # was connected with a-
.decreased electron to atom ratio. Bi additions, on thé other
hand, increase the electron concentration, therefore y should
decrease with Bi content. Thus thenfequired increase in
v for 37 to % 100 ergs/cm? for the 16% Bi alloy seems un-
realistic. If the stress exponent is to be the only criterion
for determination of the rate controlling mechanism; then

the present kesu]ts with 16% Bi are not compatiable with the

_Mohamed-Langdon correlation or the simple models of creep.

Activation Energy

In the equations for the two rate controlling

mechanisms:
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and

- ar[x) D6b o
A
the effects of thermal activation enter through the diffus-
ivity of the solute Dg and the Herring-Weertman seilf
diffusivity D. Since diffusion coefficients are thermally

activated, they can be represented by:

=
o

D = Dy exp -

=~

T

If the strain rate equations truly rgpresent the creep
process, the measured creep activation energies should bé
equal to the appropriate diffusion activation energies.
The.genera1 lack of diffusion data for alloys and
the difficulties of determining a 'true' activation energy
(see page 39) has made definitive cohparison difficu1t. In
one "recovery-controlled" sysfem (Johnson, Barrett and Nix,
1972), Q for creep correlated with the Herring-Weertman
activation energy. 1In only one g]ide-contro11ed system
(Sellars and Quarrel, 1962), could Q for creep be identified
with Q for solute diffusion of one cohponent. A11 other
solid solution creep studies would not relate creep energies

to diffusion energies.
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Since there are few diffusion data for Pb-Bi or
Pb-In systems, meaningful comparisons between the measured
~trends of Q and diffusion energies are not possible (Table 3.3).
One measurement (Kureca and Stransky, 1969) of In diffusion
ih Pb single crystals (less than 5% In) found the impurity
activation energy was slightly higher than that for pure Pb
self diffusion. Both the past and present studies indicate
that the creep energies decrease with additions of both In
~and Bi. Howeverathe stahdard deviations in the present
results preclude any definite comparisons or conclusions.
It is.thus not possible to even postulate about rate con-.
trolling mechanisms on the basis of activation energy

measurements.

Strehgfhening Effects

Temperature. A strong effect of temperature on the

stress to produce a given strain rate was found (Figure 3.12).

Equations (3.6) and (3.7) can be rewritten:

- [ G" 6 e? cb’
3 - .
o = Eg[TDS] K TT(-I'\)) (3.6A)
. 7 2 : . .
o5 = eC[G_T] ] (3.78)
D oY |
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Table 3.3

Comparison of Activation Enefgies for Creep and Diffusion

Activation Energies cal/mole
Material
. . Creep Creep
Diffusion Past Studies Present Study
Pure Pb | 25,500! 26,4002 —
26,0003

Pb-In 26,8004 25,000° 30,000 + 2800-3.29%
26,100<% 4200-9.5%
23,500 + 600-17%

Pb-B1 — 22,000 | 23,500 * 2400-1.3%

| 19,700 + 1600-8.8%

17,400 + 500-16%

1 - Millar, 1969

2 - Feltham, 1956

3 - Wiseman, Sherby, and Dorn, 1957

4 - Kucera and Stransky, 1969 (Up to 5% In)

5 - Weertman, 1960 (Independent of composition)
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with the strongly temperature dependent factors bracketed.
Thus a decrease of stress with temperature must be due to
decreases in shear modulus and/or increases in diffusivity.
Both theories are capable of predicting the general trends
in o but discriﬁination between the two theories is not

possible.

Solute Content

The most common consequence of solute additions
is an increase in the creep strength (Monﬁa Sato and Oikawa,
1964; Davies, Davies and Wilshie, 1965; Linga-Murty, Mohamed
and Dorn, 1972). However, some metals can be softened by alloy
additions at high temperatures (Monma, Sato and Oikawa, 19648;'
Sellars and Quarrel, 1961).

A possible explanation for this anomalous behaviour
is apparent from equations (3.6A) and (3.7A). For the glide
contro]]ed‘caée increasing solute concentration will increase
the creep sfress. In the climb case, the usual hardening
mechanism is the decrease 1n,stackfng fault energy with éo]ute
additions...However,simultaneous increases in D or D or
decreases iﬁ shear modulus by the alloy additions could
offset this increase producing a net softening.

Again the lack of data in the Pb-Bi, and Pb-In

systems preclude any assessment of the theories.
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SUMMARY

In this chapter the steady state region of the
creep curve for all alloys was examined and the results
evaluated in terms of the simple glide and climb theories.
Comparison with past work on the alloys was done whenever

- possible. The following conclusions may be drawn:

1. On the basis of the steady state stress exponent,
the present study has confirmed the previous categorization
of Pb-In alloys as Class I — glide controlled and the Pb-Bi
alloys up to 9% Bi as Class II — recovery controlled. The
Pb-16% Bi alloy, however should be reclassified as "Class I"

contrary to past results.

2. A transition from glide to recovery control at
Tow stress for the Pb-9.5% In and Pb-17% In a11oys, as
suggested by Mohamed and Langdon, was not confirmed by this

study.

3. These contradictions with previous studies
emphasize the danger of using only the stress exponent values
to determine the rate controlling mechanisms, particu]arlyv

when few data are available.
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4. Activation energy measurements or ‘strengthening’
effects of solute addition could not be used to distinguish

the rate controlling process.

Despite the doubts raised about the validity of
determining rate controlling mechanisms so]é]y on the stress
éxponents, the classification suggested for the alloys will,
be adopted for evaluation purposes in subsequent sections.

A summary chart will be used to assist in such
evaluation. The 16% Bi alloy has been included in both
classes in the chart because the ehsuing results will con-
tradict its categorization as glide controlled. The 3.2% In
é]]oy will be treated as a predominately glide alloy

despite some evidence of a transition to recovery control.



Table 3.4

Summary Chart

16 Bi

’ . v A
: Stress Primary Athermal o
Theory Alloys Exponent €o Creep o-¢ Transients
3.2 In v
| simple 9.5 In Y
CLASS | Glide 17 In v
| 16 Bi v
I
3.2 In
: - Combined -
-GLIDE | 9.5 In
o Glide- .
: 17 In
Recovery v
16 Bi
| STV /AR R R
Simple 8.8 Bi /
CLASS . -8 B |
CTimb 16 Bi X
g , 13. Bi
v | Rearrange- - .
“-RECOVERY 8.8 B
. _ ment
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Chapter 4

INITIAL TRANSIENT

The initial portion of the creep curve can be
divided into two sections: 1) the loading strain produced:
as the stress is increased from zero to its final value and
2) the_primafy creep.deformation from time = 0 until
establishment of a steady state strain rate. The two classes
~of alloys apparently behave differeht]y in both these regions
(Mohamed and Langdon, 1974; Sherby_and Burke, 1967; Cannon
and Sherby, 1970). Some investigaébrs'suggest that the
"glide control"” Class I alloys exhibit 1little or no load-
ing strains but_thé “recovery contro]" alloys have compara-
tively 1argélamounts. -

Distinctions are also made about:

) The shape of the strain-time curve in
the primary creep region, and

2) The amount of strain or time that
occurs before steady state.

Generally Class II "recovery" alloys undergo appreciable

amounts of creep with a continua]]yzdecreasing strain rate

70
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‘(normal transient) (Figure 4.1A). The "g]ide control" a]]bys
can have complex shaped curves, either inverted, Tinear or
s1gmo1da1 (Figure 4.1B) but with a rap1d establishment of

the steady state.

In this chapter, these features of the initial
transients will be examined for the present alloys to ascerta1n
if the preceding generalizations are consistent w1th the
glide-recovery classification of Chapter 3. The results will
be presented in three subsections: 1) Loading strain, |
2) Shape of primary transfent and‘3) Extent of primary region.
The discussion'section will apply the simple theories to
thé results. The ihadequacies_of the‘simple theories will

‘necessitate the introduction of the'ﬁéfined theories.

RESULTS

Loading Strain

Loading strain measurements usua]]y exhibit con-
s1derab1e exper1menta1 scatter due to a number of factors:
1) the difficulty of determining t = 0, the time at full appli-
cation of the load, 2) differenﬁes inzloading rates and |
3) structure differences in the specihens.v Efforts have been
made to minimize the first source of error with ‘the loading
method described in Chapter 2 (p. 18). The rate of loading

was kept constant from test to test. FEach specimen was
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annealed immediate]y prior to testing to reduce the effects
of handling damage on specimen structuref

Several measurements (4 to 12) were made at each
test condition to enable calculation of an average vatue and
95% confidence limits. Any ppints plotted thhout error
bars represent only one or two resu]ts. Most comparisons
of results were done for tests at a constant steady state

-strain rate of 4 x 10-5/min.

Temperature. The two.high.solute.content alloys
(16% Bi and 1]% In) were both c]assified as "glide contrp11ed"
in the preceding section. The Toading strains of both these
:alloys were 1dent1ca1 when compared at ‘the same abso]ute
temperature and steady state stra1n rate (F1gure 4 2). The
trend to.]ower_]oading strains at the high temperatures may
be indicative not of a temperature effect per se but a
reflection of a stress effect since the stress for constant;

strain rate decreases with temperature

St”éési When these pointsifrom severa]_temperaam
tures are p]otted versus the creep‘stress (Figure 4.3) the
- trend can be represented by one curre The important var1ab1e
in determ1n1ng the 10ad1ng strain magn1tude is therefore

the stress rather than the temperature.
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ing strain versus absolute temperature. for
i
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There seems to be 1ittle difference between the
Toading strains for the two alloys. at equivalent stresses.
" The curves in Figure 4;3:were'drawn using linear regression

analysis to a power .law equation;‘
.‘O' =‘X€oc' ’ (4.])
There was a slight difference in the 'slope of the lines; ¢

was .62 for Bi and .80 for In At a11 stresses the 1oad1ng

strain 1nc1uded con51derab1e plastic deformation

Solute Content. Since a smaller number of loading

strain measurements were done on the 1ow_301ute content.'
3-"a110ys, eva]uation of the effects ofvsoiute Were-difficuit}
.In the high temperature range (.8 ito .95-Tm) the 1dading
strain 'did increase somewhat with Bi content (Figure 4.4).
The .In content had 1ittle effect on the loading strain
Insufficient results were obtained to permit a
quantitative assessment of the power law equation for the
-~ low so]ute'content alloys. The-resu]ts did follow the same
genera] trend with stress (Figure 4. 5) The magnitude of
the 1oad1ng strains at equ1va1ent creep stress did not vary
}apprec1ab1y with solute content Significantiy,the two
“recovery controi]ed" Class II ai]oys (1 3% B1 and 8.8% Bi)

did not exhibit 1arger strains than the "glide" aiioys
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Shape of Pkimary'Transients

The results of this section were, in most cases,
produced from the computer plots of creep strain versus time.
In some cases visual examination of the elongation-time

curve was sufficient to determine the shape.of the transient,

Stress. For the "glide controlled" 16% Bi alloy,
nbrmaT decreasing ¢ transfents were found at all stress levels
(Figure 4.6). On the other hand, the 17% In, also a "glide"
alloy,exhibited non-normal transients at some stresses
(Figuré 4.7). At low stress at a particular temperature
(.95 or .8 Tm) normal transients occprred, but at higher

stresses either inverted or sigmoidal shapes appeared.

Temperature. No change in transient shape with

“temperature was found in any of the Bi alloys; normal
transients predominated. In the Pb-In system the non-normal
transients occurred at high temperatures (greater than .7

T,). At .6 T only normal trénsients prevailed.

Solute Conient. The amount of solute affected

- the transient shapes only in the Pb-In system (Figure 4.8).
The low content (3.2% In) alloy possessed only normal

transients at all temperatures and stresses. With increased
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solute (9.5% In), sigmoidal transients occurred in a narrow
stress range at .8 Tm. In the high In content alloy non-

normal transients were more common (Figure 4.8).

Extent of Primaky Region

Two methods were emp]oyed to measure the extent
: of the primary creep region: the f1rst involved a measure of
the transaent strain, the second the tzme for atta1nment Of

steady state creep. To est1mate the trans1ent strain, the‘

~ Garofalo equat1on (Garofalo, 1965) was used:
_ -mt _ V
€. = ET{] - e J te ot (4.2)

where sT'is.tﬁe lTimiting transient creep strain-and m is a
parametér re]ated‘to thé time to establish steady state.
This equation can approximate the créep curves 1ﬁ pure metals
and severé] "feCovery controlled" a]ioys (Evans and Wilshire,
1970; Garofalo et al., 1963; Sidey and'Wilshire, 1969). -

A graphical method (Conway and Mulliken, 1966)
was used.to‘e931uate the parameters of equation (4.2) for
all the ndrmaf'transients'(Figure 4.9). 'The transient strain
€1 fs determiﬁed by extrapolating thé strain—time'curve to
t =0 from the steady state region. Values of § (see Figure

4.9) are measured from the e-t curve and Tinear regress1on
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Figure 4.9. Graphical method for determining the parameters
of Equation (4.2). _ '
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_‘enalysis used fo fit a straight line to 1eg § versus time.
- The slope of this line cah,be showh to be equiva]enf to}m.
The fit of the eqUatioﬁvto the eXperimenta] curves was good
but with an underestimation of the creep strain in the
early stages (F1gure 4,10). This poor approximation to
initial portion heé been found in othef systems (Sidey and
Wilshire, 1969; Evans and Wilshire, 1968).

The curVe fitting procedure could be applied to
.oniy the nermal.shaped trdnsients.v For the inverted or
sigmoidal éhaped transients, the timelrequired for the
establishmenﬁ.OF the steady state»effain rate was used.
This measure_qf the extent of'transient creep could be defined
fof both norﬁa] and non-normal transfents. |

The results will be presented in.twojsubsectionsd
.transient strain e and tfme to steeAy state. A1l evaluations

were done for the same steady state rate of 4 x 10=°/min.

Transient strain, € i) Stress — The transient

T.
strain was found to increase with stress at all temperatures

(Figure 4. 11) for the 16.2% Bi alloy: The occurrence of
the non-normal transients .in the 17% In alloy did not permit
similar p]ots; The stress range was also too small for

8.8 and 1.3% Bi alloys to be analyzed for stress variations.
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ii) Temperature — The trahsient strain did not

vary appretiab]ijith temperature.for all alloys. The 16.2%
- Bi a]loy'did5show slightly less transientISFrain at the
higher temperatures of .8 and .'95’Tm than at .6 Tm (Figure
4.12). ‘The In a]]oys with normal transients fol]owéd a

similar trend of less transient strain at the higher températures,

iii) Solute Content — A pronounced effect of

solute content was found in the Pb-Bi system; the 16.27%
Bi'a1Toy transient straihvwas'1dwer than in the 8.8 and
1.3% alloys (Figure 4.13). The transieﬁt strafn in the
Pb-In system waS independent of solute content (see Figure

4.12).

Time to Steady State. When the extent of primary

region was measured by this metﬁod, very little difference:
Qas found between the two alloy systems (Figure 4.14) ét
equfvalent solute conﬁéntrations-and:temperatures. Both
the 16% Bi and 17% In alloys took slightly less time to
achievé steady state than the Tow concentration a11oy$.

The extent of primary creep in the non-normal curves was

comparable to that of the normal type.

Summary
Based on previous investigations the “"recovery

éontro]]ed"‘a1loys should have had normal transients and.
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loading strains, the "glide controlled" non-normal transients
of short duration and negligible loading strains. Some 6f.
the ai]oys did behave as expected from their stress exponent
c]assification@ The 1.3 and 8.8% Bi alloys (recoveky
controlled) had normal transients and appreciable plastic
loading strains at all stresses and temperatures. The In
alloys (17 and 9.5%), classified as "glide contro]]éd"
displayed inverted and sigmoidal transients at some stresses.
However, the loading strains were not negligible as expected.
but were of the same order as the "recovery" alloys. The
~extent of the primary region was also of equivalent magnitude
to the normal transients. |

The other alloys also had‘fesu1ts anomalous to
.their.cléssificafion. The 3.2% In é]]oy which underWent
a trans{tion fromn % 4.5 ton X 3 did not have any non-
normal transients. The 16.2% Bi alloy, "glide controlled"
had only normal transients and large Toading

strains.

DISCUSSION

- This section will consider the results of the load-
ing strain and prfmary creep measurements initially in terms

of the simple creep theories. As these will be found
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inadequate, the rearrangement theory will be applied to the
'Bi alloys and the combined glide-recovery theory to the

In alloys.

Loading Strain

Weertman's two theories of "glide" and "climb"
control make different predictions about the loading strain.
In‘the climb model at steady state, the back stress from
dislocation pile-ups control the dislocation generating
source. Since the glide process is very'fast, production
and movement of Jis1ocations can occur during the fast
initial loading to create these pile-ups. Considerable
loading strain is thus possible.

| On the.other hand, in the glide controlled case,
the»movément of the dislocations is.time dependent in that
it requires thermal activation for diffusion of solute
atmospheres. Any dis]ocations existing prior to loading
- will be pinhed by their atmospheres in the time span of the
loading peridd and will be incapable of producing strain.:

In the results sectioh, the loading strain varied

with the creep stress according to equation (4.1):
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for both "glide" and "recovery" cohtro]]ed alloys. Other
investigations of "recovery" controlled solid solutions
have successfully app1ied this equation to the loading strain
| (Davies, Dévies and Wilshire, 1965; Feltham and Copley, 1960;
Garofalo et al., 1963).
~ The similarity between equation (4.1) and the

parabolic work hardening "law" for polycrystalline metals
at low temperatufe implies the initial strain is an essentially
athermal p]aétic'deformation. The coefficient x is also of
the same magnitude'as the low temperature value E/400
- .(Honeycombe, 1968). 1In creeb tests; x does vary with tempera-
ture (Feltham and Copley, 1960) 1mp1ying that some time
dépendent strain can occur concurreht]y with the athermal
strain.

| The 1oadihg strain results on the "recovery con-
tro]]edf a11bys, 1.3 and 8.8% Bi, are in qualitative agree-
ment with the Weertman climb model since the loading strains
followed the trend indicated by equation (4.1) (Figure 4.5).
The loading gtrain can be considered an athermal plastic
strain associated with the pile-up creation.

The present study is the first discovery of

appreciab]e loading strains and the.parabo1ic relationship
in "g]fde controlled" alloys (16% Bi and all the In alloys).

The values of the exponent ¢ in equation (4.1) for 16% Bi
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and 17% In were somewhat higher than the usual 0.5 found

in "recovery controlled" alloys. The coefficient values x
aré‘élso larger, E/250 and E/70 respectively for Bi and In.

If a value of 0.5 is assumed for c¢ as previous studies have
done and x recalculated, the‘respective values become E/330
and E/200 which are similar to the low temperature coefficient
(E/400). Thus the loading strains in the “"glide" alloys

also represent largely athermal p]astic.stréin. These results
are in obvious conflict with theIWeertman glide theory.

If thel16%_Bi alloy is regarded as "recovery"
contr011éd, the Toading strain results agree with the Weertman
climb model.

| The conclusions of this section are summafized in

the chart on page 118.

- Normal Transients

| Kinetics. The strain-time relationships during normal
transients in both alloys systems were approximated by the
Garofalo equation. If it js assumed that the change in strain
rate during the normal transient follows the principle of first
order chemical kinetics, the Garofalo equation can be derived
and its parameters be given a theorefica1 meaning (Webster

Cox and Dorn, 1969). First order kinetics means that the
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rate of change of € is proportional to the difference between

its current and steady-state values:

Integrating

= exp(-mt)

Me| Me
Me| Me

S
S

with éi being the initial creep rate. Integrating again

gives the Garofalo equation:

with —_— =

“Such a derivation implies that the process controlling
the steady state strain rate also governs the transient rate.
Some structure parameter responsible for the creep rate must
change continuously from an initial value at t = 0 to a
value characteristit of the steady state. For additional
support of this notion, some attributes of er> M and

€; can be compared with deductions based on the kinetic

theory (Mukherjee, Bird and Dorn, 1969). This comparison

has been done for the present measurements of transient
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creeb (Appendix 3). The analysis generally lends support
to the first order kinetics idea and hence to the conclusion
that the same process governs the primary transient and the.

steady state creep rate.

Recovery Theories. If a'materia1 has been deformed

to some point on its stress-strain curve (at 0°K or after the
loading strain) its internal structure is characterized by a
yield §trength Ty which exactly balances the applied stress o
(Orowan, 1946). An incremental increase in the applied stress

produces strain and an increase in the yield strength:
do = hde = dt (4.3)

where h is the coefficient of strain hardening. Deformation
can also occur if the yield strength is decreased by a

! - Idt 4-4

where r is the rate of recovery.
During steady state creep any fall in Ty will
result in strain which maintains the yie1d strength equal to

the constant applied stress:
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dTy = hde = rdt
or
d o
E% = % = e (4.5)

This is the basic equation of the recovery model of creep.
Steady state creep is the resuit of a balance between a
process of softening (recovery) and a simultaneous hardeninag.
In attempting td analyze primary creep some workers
(quns and Wilshire, 1968; Sidey and Wilshire, 1969) héve‘
used equation (4.5) and considered the effects of an im-
balance in r and h. For instance, if the hardening rate
remains constant but the récovery rate continually decreases
from an- initial high value to the stéady state value it would
appear that the strain rate would also continuously decrease.
The recovery process then controls both the transient and
steady state rates consistent with the Garofalo equation
analysis. However, since equation (4;5) can only be derivéd
by invoking the steady state condition, the basic theory cannot
admit such an:imbalance in r and h; transient states are not
possible (A]dén, 1972; Orowan, 1946).
Consideration of the microétructura1 recovery models

also confirms the non-existence of transients. Weertman's climb
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model can be considered as a simple recovery model with the
recovery step being the climb process of the dislocations froh
the pile-ups. Strain hardening is associated with the qenefa-
tion and release of a dislocation at the source and its addition
to the pile-up or entanglement. In the steady state, these
- two processes are in balance since the genération step
fb]]ows reduction of the back stress by the climb of one of
the piled-up dislocations. The recovery rate is governed
by the stress field of the pile-up which is a function of
its dislocation population. If the loading strain creates
pi1e-ups with more than the requisite dislocations for steady
state, there would be a fast initia1'recovery rate. This
rate could then decline as some of the dislocations climbed
out of the S]ip plane. However, until the number of dis-
Tcations and consequently the back stresé on the source are
reduced to their steady state values, no generatijon of
dislocations énd no strain can take pia;e. Steady state
must be estéb]ished immediately; the loading strain produces
exactly the steady state dis]ocation”configuration. Hence.
Weertman's pile-up model is not capable of predicting a
decreasing rate transient.

An alternate recovery theory uginq a network micro-
structural model has been applied to‘primaky creep. A three-
dimensional network of dislocations intérconnected at nodes

supposedly occupies the volumes of the materia]\between more



100

dense entanglements or subboundaries. Elements or mesh
1inks of this network, which thread the glide plane act as
forest obstacles to mobile dislocations. The yield strength
is associated with the average size of this network. As

the network‘coarsens to reduce its line energy, the yield
‘strength is reduced (recovery). The network can be refined
as glide dislocations are stopped at the forest obstacles
and become incorporated into the network (strain hardening).
The recovery rate will vary inversely as the mesh size x

or directly as the dislocation density p:

n

1
ro-oap

To explain normal primary creep, it must be assumed
that after thé Toading stréin the network is very fine. |
Consequently the recovery rate will be high and will decrease
with time as‘the network coarsens. If the hardening
coefficient is constant with mesh size (Evans, 1973), the
creep rate should fall continuously (Eq. 4.5). Two objec-
tions can be raised against this idea.

If the mesh size is initially very fine, high
stresses will be required to move dis]oéations between the
dense forest obstacles. If the app1iéd stress is too Tow:>
dislocations will not be able to mové appreciab]e distances.
Since the distribution of mesh lengths is thought to be

narrow (Mclean, 1968; Evans, 1973) and the applied stress
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is constant, the network must grow to critical
mesh size before strain occurs, This critical
lTength wi11 be characteristic'of steady state. The situation
is anelogous to the pile-up modei; the loading strain must
produce the steady state dislocation cbnfiguration. There-
fore primary creep is not predicted.

Also the contention that the mesh is small initially

and then coarsens implies that T, decreases during primary

y
creep . Measurements during the initial transient region in

pure Pb (Fox, 1969) show that Ty increases with strain.

Rearrangement Theory. Thus on both theoretical and

experimental grounds the simple recovery models are not
adequate to explain a decreasing strain rate transient. A
new concept that the obstacle structure is non-uniform and
that its thermal "rearrangement" can produce strain has
amplified the recovery’theory concepts to include the possi-
bility of transients (Alden, 1972).

Instead of characterizing the solid by a single or
average yield strength as in the simple recovery theories,
the rearrangement theory postulates the existence of a non-
uniform obstacle structure. Again a network of dislocations
threading the glide plane acts as the "forest" to the slip

dislocations. In the network-recovery model, the slip area
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avai]ab]e to a released dislocation was governed by the
average mesh spacing of the network. Only changes in tHe
average spacing could influence this area. A statistical
analysis of a random distribution of such forest obstacles
(Kocks, 1966) showed that at low stresses a dislocation
can move over only a small area of the slip plane where the
forest dislocation density is low. As the stress increases,
progréssiye]y larger areas become accessible to the disloca-
.tion until it can move over virtually all the slip plane.
Some volumes of the crystal are softer than others and the
distribution of the obstacles is also important as well as
their average spacing. A new material parameter must be
introduced to describe this non-uniformity.

At high temperature a material deforms by using on]yl
its "soft-spots," areas of low dislocation density (Alden,
to be published). If only the soft spots deform, only they
will be strain hardened.

To allow for continuing defdrmation, new areas of
low density mustvbe produced either by Toss of obstacles
(recovery) or by changes 1in théir distribution (rearrangement).

Thus strain can be produced in three ways:

I} an increase in the applied stress

2) a decrease of average obstacle density
{(recovery), and

3) production of a soft area (rearrangement).
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These concepts have been expressed mathematica]]y;

At 0°K the stress-strain relationship is represented by:

T - O
de = 49 exp - [—X;—-—J . (4.6)
y v
where 6 is a "strain hardening coefficient"

T, 1S an average yield strength

y

T, 1s a new parameter which expresses the

\
degree of non-uniformity of the structure.

In a regular or uniform structure T, will

v
be small. In a non-regular (or cellular)
structure T will be large (Alden, to be

published).

The exponential term is called the relative free area function
and is a measure of the amount of the slip plane accessible
to the dislocation. The strain rate equation at high tempera-

ture is:

e = éL~5 tr
y
where ry and r, are recovery and rearrangement rates.
Transient creep can be explained with this new
concept. Immediately after the 1qading strain the yield
strength will equal the applied stress (Ty = ¢g) and the

relative free area will be unity. No further strain will
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be broduced until the processes of recovery and rearrange-
ment occur. If oh]y loss of dislocations takes place, the
subSequent strain will, through strain hardening, exactly balance
the loss. _As before Ty = o and no transients are predicted.
However, if rearrangement concurrently produces soft areas for
deformation, strain hardening can proceed without loss
of dislocations. Thus T, can increase above o and the free
area -decrease causing a continuously
decreasing €. MWhen Ty reaches its steady state value,
recovery and strain hardening will be balanced and the
strain rate will be constant.
A normal transient can be pkedicted by the recovery-

fearrangement process unlike the simple recovery theories.
It controls the creep rate in both the transient and steady
state régimes consistent with the Garofalo equation analysis.
At the'present stage of development, the parameters of the
théory cannot be related to the coefficients of the Garofalo
equation. The effects of solute on the model cannot be
readily assessed. Sincé both recovery and rearrangement are
climb controlled, solute effects on diffusion would be
important.

| As the actual deformation is athermal in this theory
strain can occur during the loading period as in the simple

recovery theories. The loading strain, in this case, is
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controlled by the athermal or 0°K stress-strain curve which
is consistent with the_simj]arities between the loading
strain behaviour and the experimental low temperature o-¢
relationships. |

The rearrangement theory is compatible with the

Toading strain and the primfry creep results for the Pb-Bi
§

system alloys, both the "recovery controlled" 1.3 and 8.8%

Bi and the "glide controlled” 16% Bi alloys.

Non-Normal Transients

Referring to Figure 1.3, the recovery theory branch,
through the rearrangement concept, is adequate to deal with
the normal transients of the Class II "recovery" alloys.

Since non-normal transients are associated with Class I "glide"
alloys, the glide or reaction rate branch will be applied in

this section.

Sihple Glide Theory. The simple glide theory
(Weertman, 1957) can predici an inverted transient. After
the creep stress has been applied, the "locked" dislocations
will begin to move aS diffusion of their atmospheres is now
possibie. The glide rate of these grown-in dislocations is
fixed by the applied stress and will not change with time.
However, if the original density of these dislocations is

less than that permitted at steady state, new dislocations
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can be generated to increase the density and hence the straih
rate. Similarly if the original density is greater than
the steady state density, a decreasing strain rate transient
would be anticipated.

Thus for a particU]ar original density, increases
“in creep stresses should produce a transition in transient
shapes from normal to inverted. This trend was found in
some of the glide alloys. However, the complex sigmoidal
shaped:transient found in the present alloys cannot be
handled by the simple theory. The combined glide-recovery
theory will therefore be described ih some detail and applied

-to the initial transients.

Combined Glide-Recovery Theory. This description

of creep depends upon the division of the applied stress

into two parts, an effective stress and an internal stress:
o =0 + o, (4.8)

The internal stress o; overcomes a back stress opposina the
potential motion of the dislocation. It is usually associated
with the long range elastic stress fields around‘immobi1e
dislocations, i.e. the dislocation mesh network. In this

context it can be associated with the processes of strain
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hardening; any increase in the dislocation density will
increase the internal stress. The effective stréss Oa assists
the dislocation to glide against the frictional resistance to
motion such as the lattice resistance (Peierls stress) or
the dragging of solute atmospheres. To move an individual
dislocation, the applied stress must be increased td a level
to first overcome the long range stresses and then slightly
higher to start the glide process.

Some of the ideas of the recovery theory have been
incorporated into this new concept. In steady state creep,
the internal stress is constant because of the balance between

strain hardening and recovery:

or
- r |
€s = | (4.9)

This is identical to the Bailey-Orowan recovery
equation with fhe éxceptiqn that now r and h are formulated
in terms of the internal stress instead of the total stress.
The strain rate at any time is controlled by thermal activa-
tion of fhe glide process.and depends upon the effective
stress level. It can be expressed by a dislocation dynamics

type of expression:
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e =31byvop (4.10)

where p is the'average mobile dislocation density and v is
the average dislocation velocity, v = v(oe). Equations
(4.9) and (4.10) thus give two simultaneous expressions for
the creep rate.,‘

If expressions for vV, p, r and h can be developed
in terms of the internal stress, then the € can be expressed

as a function of the internal stress only (Gasca Neri et

al., 1970). For instance, if the deformation is controlled

by a solute drag effect:
v = B(o - a;). (4.11)

~ This is the identical equation used in the simpTe glide
theory except the effective stress (o - Oi) only acts to
move the dislocation. Similar expressions, some theoretical
some empirical, were used for r, h, and p and Ted td'an

equation (Gasca Neri et al., 1970):
€ = EG’T[oi(t)) ‘ : (4.12)

for the creep rate. This expression can be written as:
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. . do.
de _ 1 de . i
o] [
: o,T g, T

where S denotes the sign of the derivative. By considering
the sign of the two terms on the right, predictions can be
made about the shape of the transient creep curve which

depends upon how the internal stress changes from its initial

value oi° to its steady state value o, °.

; The sign of dci/dt

will be governed by the initial value of the mean internal

stress 010' If oi° < Oiss then do{/dt > 0. If oi° > Oiss

then do,/dt < 0.

An expression can be developed for the steady state

SS

value of o, as a function of o (Figure 4.15A):

o - oiss = const (oiss)z_- (4.14)

In Figure 4.15A, point A represents a metal with an
initial internal stress oi° at a creep stress of o. Since

010 1ies to the left of the steady state va]de, the internal

stress must increase during primary creep to its value at B.

Thus in the area to the left of the o.ss(

; o) curve, doi/dt

is positive and to the right is negative.

A similar plot can be produced for S[do ] by
o, T

first developing the equation:
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B

of
- Figure 4.15. A) Changes in sign of doj/dt as a function of
; creep stress and internal stress.

B) Changes in sign of de/doj as a function of
creep stess and internal stress.
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and then graphing o = % o (Figure 4.15B). Thus for a point
(0, 0,°) to the left of the Tine, de/do; will be positive
and to the right negative. ‘

By combining these two figures a "mechanical history"
diagram is created (Figure 4.16) which will indicate the
sign of the derivative de/dt. For instance, in the large area
to the left of both curves both dci/dt and dé/doi are positive
so that de/dt fs positive. .A continuously positive value
until steady state of de/dt indicates an inverted type tran-
sient (Fiqure 4.16A). If as the internal stress changes
to its steady state value the material passes thrbuqh,twd
regions in the diagram, the sigmoidal shaped transient is
produced (Figure 4.16B). A material continuously in the
negative region will have a normal transient curve (Figure
4.16C).

For the situation of Figure 4.16A the loading strain

0

produced an initial internal stress value o.° which was Tower

i

~than that required for steady state.b Consequently o and

the densfty of both mobile and immobile dislocations must
increase during creep. As strain occurs, the density of mobile
dislocations will thus increase producing an increasing strain

rate:
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However, the average velocity of these dislocation is simul-
taneously decreasing since the effective stress is decreasing:

ol o).

The decrease in velocity is, however, offset by the increase

in density producing a net incréase in strain rate.
The physical significance of the line o = % o

can now be deduced. If the structure reaches that line

before o increases to its steady state value, the velocity

decrease will no Tonger be offset by the density increase

and the strain rate will begin to fall (Figure 4.16B).

The sequences depicted in Figure 4.16 predict the
effect of applied stress on the shape of the transient curve
if the mean internal stress after loading is constant. The
value of 010’ however will depend upon the magnitude of the
loading strain which, experimentally in the present a]]oys,
depends upon the applied §tress (page 73). Thus the vertical
line in Fiqure 4.16 at 019 should actually be sloped to the
right. |

It is now possible to eva]ﬁate the changes in shape
of the creep transients of the In d11oys (Figure 4.7 and 4.8)
in relation to the mechanical history diagram.

Consider the 17% In alloy which shows (at .95 Tm)

a change in transient from normal to sigmoidal with increasing
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stress. At .8 T the transition is from normal to inverted
to'sfgmoida1. At .7 Tm a single inverted curve was found.
Normal transients were found at .6 Tm' A11 these trends
can be e*p]ained if the initial internal stresses (after the
Toading strain) of the specimens had values as shown in
Figure 4.17A relative to the zones of the diagram. The
initial internal stress is shown as increasing with creep
stress as discussed above. Thus at all stresses,the internal
stress will increase during transient creep reflecting an
increasing dislocation density except at .6 Tm‘ As stress
is increased at constant temperature,the predicted transients
are: normal, sigmoidal, inverted, normal.

For the 9.5% In alloy, the suggested positidning
of the o, o,° points relative to the zones is similar
(Figure 4.17B). ‘Since only one sigmoidal type curve was
found in this alloy at .8 Tm and o ='1,52MPa, the intersection
3

and 5 O 1ines must be close to the

points of the o,°° ;

1
projected o - 01° curve. Thus there is a narrow stress range

‘where sigmoidal and inverted curves can be found. The 3.5% In

0

alloys all had normal type transients so their o, 0; points

i
should all 1ie within one or both of the central zones (Figure
4.17¢C).

The sequence of these three figures seems to suggest
that the o,°°
In contenf.. The position of the o, oi° point shoqu be

curve is shifted to the right with increased
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Figure 4.17.

Suggested creep stress versus internal stress values in mechan1ca1
history diagram for 17, 9.5 and 3.2% In and 16% Bi alloys.

St
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relatively invariant with alloy content since the loading
strain did not vary appreciably with alloying.

The transients of the "glide controlled” 16% Bi alloy
can also be explained by the méchanica] history diagram if
its o, oi° are positioned as in Figure 4.17C since all
transients were normal type. |

The transient behaviour of the “glide" alloys can be
exp]ained satisfactorily by the combined glide-recovery model
with the movement of dislocations controlled by solute
atmosphere interactions. However the occurrence of'p1astic.
loading strains in these a11oys is not compatible with the
model. In parallel with the simple glide theory, the actual
movement of the dislocation is time dependent or thermally

activated, therefore no strain should occur during the fast

o of the initial loading.

SUMMARY

In this chapter the initial trénsient portion of
the creep curve; the loading strain and primary creep, has
been discussed. Several inconsistencies'betwéen these results
and the previous classificatioh based on the steady state.

region alone have been found:
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1) The "glide controiled" 16% Bi alloy did not

behave as expected for a Class | alloy: loading strains
and normal transients prevailed at all stresses and tempera-
tures. Classification of this alloy as "glide controlled"”

is gquestionable.

2) The other "glide" alloys, 3.2, 9.5 and 7% In,
displayed some non-normal transients, as expected, but they
also had Iarge loading strains and a primary region of

equivalent extent to "recovery" alloys.

The simple theories of glide and climb were not
adequate to éxp]ain the transient behaviour of any of the
alloys. The simple glide theory can account for neither
the large loading strains nor the sigmoidal transients of
the In alloys. The.simp1e climb theories do not predict
the occufrence of the normal transients common to the Bi
alloys.

The refined theories were more successful in dealing
with the results. The combined glide-recovery theory could
qua]itative]y account for. the transients in the "g]ide
controlled" In alloys and the 16% Bi alloy. The 1arge'1oading
strains in these a]]dys were not consistent with this explana-
tion, however. The rearrangement theory can also qualitatively
“explain the béhaviour of the Class II Bi a]]bys.'

The conclusions are outlined in the summary chart.



CLASS

-GLIDE

CLASS
11

-RECOVERY

Table 4.1

Summary Chart

Stress Primary Athermal Ag
Theory Alloys Exponent €o Creep G-€ Transients
3.2 In Vv X X
Simple 9.5 In / X X
Glide 17 In Y X X
16 Bi v X X
3.2 In X v
Glide- 9.5 In X v
Recovery 17 In X v
16 Bi X v
1.3 Bi, v Vv X
Simple . _
C1limb 8.8 Bi v v X
16 Bi X v X
13, Bi v/ 4 Y
Rearrange- . v v 4
ment 8.8 Bi '
| y / v/

- 16 Bi

8l



Chapter 5

STRESS CHANGES

This chapter will be concerned with ‘the strain
effects‘produced by increases or decreases in the creep
'stress *Ac after steady state is established. The strain-
time response can be divided into: 1) strains produced
simultaneously with the stress change and 2) transient strains
prior to the restoration of steady state. The initial
transients, studied in Chapter 4, are just a special case
of such a stress change; the és before the change equals
zero and the stress is increased from zero to O+ However,
the results of stress changes in this chapter will be more
indicative of the structures and mechanisms of high temperature
deformation unlike the initial transients which reflect the
response of fully annealed structures.

The stress increases, if performed rapidly enough,
can produce an "athermal" strain fesponSe which contains
minimal time dependent strafn. The strain rate during such a:

rapid test depends only upon the rate of stress increase (o).

119
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The four theories already discussed make different predictions
about these athermal strain responses as well as the
transient shapes after stress increases or decreases. For
instance, the. glide or reaction rate theories predict no
plastic athermal strain until the stress increase exceeds a
threshold stress assocfated with, for example, the breakaway
of the dislocations from their atmospheres. On the other
hand, in alloys controlled by recovery mechansims, some plastic
athermal strain will be anticipated for any stress increase.
Further, simple glide theories prédict an increasing ¢ '
transient after the stress increase but simple climb theories
do not predict transients of any shape.

Both the results and discussion portiohs of this
chapter will be subdivided into 1) the athermal strain tests

and 2) the transients after increases or decreases in stress.

RESULTS

Athermal Strain Tests

Stress increases were performed in two ways; rapid
or “1'nstantavneous'.I increases effected by removing quickly |
small counterweights, and slow or "continuous" increases done
by'a flow of glass beads directly into the load pan. A
series of_instantaneous increases were performed on the

same sample using different values of the stress increase Aoc.
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The added stress was applied only long enough to record the
strain response. To allow the structure to equilibrate back
to its steady state configuration a certain amount of creep
was allowed before a new Ac was applied. The measured
athermal strain Ae was found to be independent of such a
strain history within the accuracy of the measurement
(Figure 5.1).

Because of the high stress rates achieved in the
rapid increases all strain responses were measured by the
storage oscilloscope (Figure 5.2). A typical trace con-

sisted of three regions:

) a nearly horizontal portion indicative
of the steady-state strain rate,

2) the "athermal" region of high strain
rate during which the stress was
increasing, and finally

3) a decreasing strain rate transient

region after the additional stress
was fully applied.

In this final portion small amplitude oscillations were
usually evident probably caused by a slight acceleration
overioad from parts of the créép machine. The end of the
athermal region was defined by an‘approximaté extrapolation
through these oscillations (Figure 5.3):

The e]asﬁiclstrain (Ase) included in the athermal
strain was estimated by performing stresé increases at an

~applied stress well below the usual creep stresses. Such
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Aeé(coulculote/d) Ae; (measured)

¥
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// f‘ | AOC Sequence
) on . O .07,07,14,28 MPa
| ! A/ A 04,05,0710,14,17:21,28,35,4I,
' &/ 05,07, 14;21,28,35,41,48;55,
4’ 0O -48,55.
f @ -07,28,4l.
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A€ x 10
Figure 5.1. Rapid stress increase versus athermal strain for

17% In alloy at .6 Tm and O = 10.35 MPa with
different stress increase sequences.
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AT =41 MPa

AC =14

Elongation (cm.)

—.5 e
Time (sec)

Figure 5.2. Typical strain-time responses for rapid stress increases.
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Figure 5.3.
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Time

Method of athermal strain measurement from
strain-time curves for rapid stress increases.
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elastic measurements can be done only at low temperature,
since the creep stress at high temperautres was too c]ose.to
the minimum stress dictated by the machine design. These
measured elastic strains contained a significant contribution
from machine deflections (Figure 5.1). The use of these low
temperature elastic measurements for comparison with the
high temperature plastic results is thus justified, since
this machine component of the total elastic strain will not
change with temperature.

The p]astic"athermal' strain could also contain

some time-dependent strain A

ept even at these very high
stress rates. An estimate of Aept can be made by averaging
the strain rates before and just after the stress increases
and multiplying by A, the time of the stress pulse (C1arkv
and Alden, 1972). Such calculations for the present data
revealed that Agpt was a smai] fraction of the total Ae
(< 3%). AccordfngTy, it has been ignored in all presentations
of the data. |

The continuyous stress increase tests gave results
consistent with the rapid increment tests. The magnitudés
of the strain responses were very close (Figures 5.4 and
5.5) despite the difference in the time span of the stress
increase (15 seconds as opposed to .05 seconds for Ac of

1.04 MPa). This result emphasizes the unimportance of time

dependent strain during the rapid increases. The continuous
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Figure 5.4.

for 16%

Bi

alloy.
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Rapid stréss increase versus athermal strain
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Figure 5.5.
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Continuous stress increase versus strain for
16% Bi alloy. ‘



increases were supplementary to the rapid increases for

confirmation of trends with stress or temperature.

Magnitude of Stress Increase. Some plastic

athermal strain nearly always occurred even at very low values

of A

o (Figures 5.4 and 5.5) with either the rapid or con-
tinuous tests. There was very little evidenée for the
existence ofva threshold stress (except for temperatures
< .6 Tm); the slope. of the'Ao vVersus Ae curve decreased

continuously.

Temperature. Both rapid and continuous stress

increase tests were done for all alloys at temperatures from
.5 to .95 T and Ac values between 0 and 1.04 MPa (Figure 5.6
‘and 5.7 — only the rapid increase tests are shown). To
“facilitate study of the trends in these data, the athermal
strain at Ao of .69 MPa was extracted from the figures and
plotted versus temperature (Fiqures 5.8 A,B,C). The athermal
strain versus temperature curve is u-shaped for all alloys,
with a minimum strain responsé at approximately .7 Tm' There
was little difference in the strain responsé between the
alloy systems.

Sometimes the stfain response was irregular, par-
ticularly in the continuous tests at Tow temperafure. The
material would exhibit very distinct bursts of strain as the

stress increased despite the rate of stress increase being

constant. Two good examples were found in the 16% Bi alloy



Ao (MPa)
o o -0 o —O o —
o pg O e Y T O-0 1 T
%5“‘— e -_.;l‘- N % O§U§ :._D_ ~~~~~ W\q%\*— ~~~~~
O\D\ 4 o L?
<]\
— b « \o g R L
q\o\ S o
\\\
\ .
< . L
o _
> \ o
(1))
x
Q, < 5
- N "
]
00)
o O 4 - 4 A
oo g e ’ @
s © @ - @ -
ET* g d 3 i
Figure 5.6.

Rapid stress increase versus athermal strain for Pb-Bi alloys.

6ll




AT (MPa)
O &) — O ) — O &) —
oI L N RSt S T = v
IS i \B\QQQQ ST NG Osp. T
NN q \1:1 <l\ 0\8\ N4 \\\Q\\\D\
o < xg N NN
° \ i \ A <
- O
N - - = S S
z : 4
Q
W - — -
O
o0 d N © _
L OO® © N " 3, B ~
P O 5 < 5 =
i |
3 2 | A § g A

Figure 5.7. Rapid stress increase versus athermal strain for Pb-In alloys.

o€l




131

at ;6 and .55 T (Figure 5.5). In both these curves there
were two such strain bursts associated with two different
"threshold" stresses.

The initial threshold stress decreased slightly
with temperature. The "sharpness" of the strain response also
increased at lower temperatures. The effect-appeered over a
fairly narrow range of temperature (Figure 5.9); for the Bi
alloy it became evident between .67 and .65 Tm a range of
about 10°C. This irregular effect was detected in all alloys

(except the 3.2% In)

Solute Content. There was little difference in the

athermal strain response between the two alloy systems
(Figure.5.10) at equivalent temperature and stress conditions.
An increase in the solute content produced a deerease in the
athermal strain for the Bi system. The strain response in

the In System was relatively insensitive to solute content.

Transients after Stress Increases

A decreasing strain rate transient region of very
"short duration (< 1 sec) was noted after rapid stress increases
(Figure 5.2). This section shall be concerned with the
transients subsequent to this brief initial period.

Since the two alloy systems behaved quite differ-

ently in response to these stress changes, each system will
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6 1m

Figure 5.9.
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Continuous stress increase versus athermal

strain for 16% Bi alloy.
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Figure 5.10. Athermal strain for o = .69 MPa versus solute

content at two temperatures.
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be considered separately. Examples of the transients will
be shown to illustrate the effects of 1) creep stress, 2) the

stress change Ao, 3)'temperature, 4) solute content.

Pb-Bi Systém.‘ The three Bi alloys always displayed
‘a decreasing rate transient. Incréasing the magnitude of
Ag at:fixed stress and temperature did not cHange the nature
of_the tfansient but did produce a more pronounced and 1qnger
fran§1ent region before steady state was re-established
(Figure 5.11A). | |

At fixed temperature and %o the shape of the
transient did not change with the magnitude of the creep
“stress (Figure 5.11B). Temperature also had little effect on
the detfeasing strain kate hature 6f thé“transiént (Figure
5.11C) but lower temperatures did increase the duration 6f

the transient regioh. The Bi content also had 1ittle influence

on the direction of the strain rate change (Figure 5.12).

Pb-In System. The transient behaviour of the In

alloys was affected by the four variables:

i) "Stress Change As. For small étress changes,
the new steady state strain rate was established almost
immediately. As the magnitude of Ao'was increased, at fixed

initial stress and temperature, inverted or increasing strain
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AG =1-04 MPa

J

OE= 10-35 MPg

G, =483

Sfra@n

Figure 5.11.

20

Time (min.)

I L

Stress increase transients- for Bi alloys

A) Effect of stress increase (8.8% Bi,

B) Effect of creep. stress (16% Bi,
As 2 10%) ,

C) Fffect of temperature (16% Bi,

8 T)
6 Tp,

A

o = 10% or 20%).
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| Time (min)
Figure 5.12. Stress increase transients for Bi alloys

A) Effect of solute content at .6 Tp, ‘o
B) Effect of solute content at .8 Ty, 2o

3
v

10%
10%.
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rate. transients began to appear (Figure 5.13A). At the larger
" stress changes, the'difference between the initial creep rate
after the chénge and the new steady state rate was more

pronounced.

ii) Stress. The inverted transients were not
universal. At some stresses and temperaturess normal transients

were found, i.e. at .8 T and low stress (Figure 5.13B).

iii) Tempefature. At the low temperature (.6 Tm)

normal transients were found for all stresses and stress
changes (Figure 5.14). The 1nvertéd transient was most
pronounced fn the middle tempekature range (.8 Tm) but was

less obvious at .95 To-

1y) Solute Content. Alloy éontent also influenced

tHe inverted to normal transition. The dilute alloy (3.2% In)
produced only normal transients at all temperatures and
~Stresses studfed. The 9.5 and 17% In alloys in the higher
temperature region experienced the inverted transients

(Figure 5.15).

Transients after Stress Decreases

Decreases in stress were accomplished by adding
by hand small counterweights to the short arm side of the
lever system. Upon reduction of the stress an immediate

decrease in specimen length occurred, followed by a region of



139

A O =04 MPa

40

L)

ook
l .

Strain

-ocia

F 40 4 Time (min.)

" Figure 5.13. Stress increase transients for In alloys

A) Effect of stress increase (17% In, .8 T,
oc = 1.5 MPa : '

'B) Effect of creen stress‘(17% In, .8 Tm,‘Ao Z 80%).
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zero strain rate until measurable forward creep reéommenced.
(Figure 5.16). The dé]ay time %t 9ave a measure of the

zero strain rate p@rtion of the curve. Two aspects of the |
stress decfease'gurves were studied: the delay time and the
shape of transient_after the delay time. 'Measurements were
confined almost exc]usive1y'to the high solute, 17% In and 16%

Bi alloys.

Delay Times. Considerable scatter was experienced
“in the delay time measurements (Figure 5.17); however some

tfends were detectable:

) lIncreasing (4A0)'produced longer
detay times. :

2) At .6 T the 16.2% Bi alloy had
longer gelay times than the 17% In
alloy.

3) At .95 Tp the delay times were
- identical in the two alloys.

Transient Shape. Differences in the shape of the-

stress decrease transients were discovered between the 16.2%

Bi and 17% In alloys (Figure-5.]8), the Bi alloy having a
continually increasing strain rate ;ransfent and the In showing
a decreasing rate. For the Bi a11oy,1ncreasing the size of

-Ao produced more définite]y shaped:tran51enfs (Figure 5.19A).

" The small stress decrease actua]]& producéd a composite type

curve: an increasing rate transient for a brief time followed
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Figure 5.16. Method of measuring delay times (At) for
stress decreases.
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Figure 5.17. Delay time versus stress decrease for 16% Bi and -
17% In alloys. :

A) .6 T,, o. = 10.35 MPa

B) .95 T, oo = 1.04 MPa for In
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Figure 5.18. Stress decrease transients for 16% Bi and 17%
In alloys (.95 T, b0 = -.69 MPa)
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AO‘»= --69 MPa

o 20
6Tl = 95Tmf !

Time (min.) |
Figure 5.19. Stress decrease transients for 16% Bi alloy.

A) Effect of stress decrease (.95 Tp)
B) Effect of temperature (8¢ = -.69 MPa).
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by a gradual decrease in rate. Temperature did not change
the shape of the transient (Figure 5.19B).

For the In alloy small stress decreases resulted
in almost no transient but an immediate change to the new
steady state rate (Figure 5.20A); larger decreases produced

-the inverted transient. The curve shape changed with
temperature; the increasing rate transient occurked at
lTow temperature, but the decreasing rate transienf pre-

vailed at higher temperatures (Figure 5.20B).

Summary

.The pertinent results of this chapter are:

1. Plastic "athermal" strain occurred conturrent]y

with‘thé stress increases for all levels of + Ac.

2. The magnitude of these athermal strain
responses did not vary between the Pb-Bi and Pb-In alloys

when tested under equivalent conditions.

3. The transient shapes after both increases and
decreases in stress were different between the two systems
under some conditions. These differences are illustrated

schematically in Figure 5.21.
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Figure 5.20. Stress decrease transients for 17% In alloy.
' A) Effect of stress decrease (.95 Tp).
B) Effect of temperature (8¢ = -.69 MPa).
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Time

Figure 5.21. General stress@change transients in Pb-Bi
and Pb-In alloys.



150

DISCUSSION

Athermal Strain Tests

It has been shown that, during the application of
the stress in rapid increase tests, time dependent strain
was unimportant. The measured strain can be conéidered
atherma]: i.e. no thermally activated processes are con-
tributing to the deformation. The curve deffned by a number
of these Ao, Ae-poihts (Figure 5.6 and 5.7) is equivalent
to a contihuous stress—stfain curve at Very high g or at’
0°K. The stress origin (at “¢ = 0) corresponds to the creép
stress and a];o represents the elastic limit stréss for the
structure before the stress change (A]den, to be pub11shed)
The~ predictions of the theories concerning such a time-
~independent o—e curve will be considered. The recovery
theories (Figure 1.3) will be treated first.
| In the Weertman pile-up mdde], a rapid increase of
stress-upsets the stress balance on the source permitfing
generation and movement of dislocations. The amount of
strain produced by these new dislocations will be restritted
by the existing pile-ups. The straiﬁ hardening coefficient
(h = do/de) {s'associated with the bosifion and numbek_of
the pi]e-ups: Since h o 1/03/2 (Appendix 4) the s]dpe
of the atherﬁai o-¢ curve should continua]]y decrease

(Figure 5.22).
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Simple Glide
Glide Recovery

Weertman P‘ile-u;#
Rearrangement

Network

AYS

Figure 5.22. Theoretical predictions of rapid stress
increase - athermal strain curves.
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In the,netwofk recovery model, the high temperature
structure consists of a distribution of interconnected dislo-
cation links. The links which intersect the slip plane act
as dis]dcation obstacles with the Tinks of closest spacing
being the strongest. At the Creep stress the Tongest 1ink
will be just strong enough to prevent movement of dislocations.
Any increase.fn stress will thds'release a certain number of
dislocations past these longer links causing strain. Thermal
activation is not nécessary for strain, but affects the
growth of the network only. The strain produced will be
linear wittho if h is constant (EVans, 1973) (Figure 5.22);
This constancy of the hardening coefficient is a consequence
of the area accessible to a released dislocation being:
governed only by the average mesh spacing (see Chapter 4,

b. 100). | i

In the rearrangement theoky, plastic athermai strain
can occur for any positive‘Ao since-there will always be |
some "soft areas" where strain can initiate. This is similar
to the hetwofk recovery theory. The strain response will not
be linear with Ao however, since the free area will increase
with stress, unlike the simple network recovery theory.

A

The slope of the o-2¢ curve is (from equation 4.7):
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. T - g
where Ar = exp -[—x;———] (Clark and Alden, 1975), the relative
v _

free area.

At'the creep stress in steady state, Ty is greater than o

and A, is less than unity. For small Ac,Ar will remain small
and the slope will be high. As larger Ac‘s are used, o
approaches Ty Ar increases and do/de is reduced (Figure

5.22)

| In the s{mple giide model (Weertman, 1957) thermal
activation controls the actual movement of the dislocations |
through diffusion of the solute atmospheres. Small rapid
"increases in stress will cause an "instantaneous" increase‘in
velocity but no strain during the increase. If the stresé

is raised high enough to tear the dislocations from their
atmospheress,strain can be produced. The theory predicts a
_thresholq stress in the athermal stréss-strain curve, the
magnitude of the threshold representing the energy added .

by thermal activation to the creep process. After the
thresho]d stress has been exceeded, the dislocations will
no longer be controlled by the so]ute interaction. Presumably
they will then behave in a similar fash1on as the climb model
forming p1]e-ups. The-s]ope of the: o—Ae curve after the
threshold shou]d then be identical to the Weertman p11e up

theory (F1gure 5.22).



154

In the internal stress or glide-recovery model,
again the actual movement of the dislocations is governed
by thermal activation, the only difference being that the
effective stress acts on fhe dislocation and its atmosphere
rather than the total applied stress. The theory also
predicts a threshold stress. Once the threshold is exéeeded
further deformation depends upon changes in the interﬁa]
stress due to strain hardening. Since h is expected to Vary-
as 1/01 (Gasca-Neri et al., 1970) the slope of the Ao-Ae
should continually decrease (Figure 5.22).

Comparison of tHe predictions of all the theories
about the athermal stress-strain curves (Figﬁre 5.22) with the
experimenta]iresu1ts (Figures 5.6‘aﬁd 5.7) is now possible.
The simple giide and the g]ide-reco?ery'theory are dis-
credited by the lack of a threshold stress in the high
temperature c&rves. Thresholds did appear in the lower
temperature ;ontinuous tests (Figuré 5.5 and 5.9) assocfated
with the irregular o-¢ curves.

The sporadic nature of these curves is suggestive
of the Portevin-Le Chatelier éffect found in alloys during
normal tensile testing (Brindley and Worthington, 1970). This
effect is manifested as serrated regions in the o-e¢ curves.
Each serratioh could correspond to a strain burst in the

curves of Figures 5.5 and 5.9. At constant strain rate the
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serrations appear as the temperéture is decreased. ‘The
usual explanation invo]Ves-pinning and unpinning of dis-
Tocations from solute atmospherés. As the stress is_{n- .
creased dis]ocafions are unpinned and the stress falls

(or a strain burst occurs). As deformation continues the
motion of dislocations creates additional vacancies which
increase the diffusion rate of the solute. The in@reased
diffusion rates enable the solute atmdspheres to‘repin'
the dislocations. The occurrence of the phenomenon-

requires that the diffusion rates of the solute and the

_ Ve]ocity'of the dis]ocation‘are nearly equal at the
o températhre concerned. At higher temperatures the

7qﬁffusion rates are faét enough for the solute to keep

up - wiih the dislocation. ~This implies that the solute

atmospheres are not controlling the deformation at the

: higher temperatures. Thus if the frregu]ar curves are

indicative of the Portevin-Le Chatelier effect the concept

. of solute atmosphere control at high temperature is not

meaningfu1gv The glide and glide-recovery theories are
therefore not éupported by the low temperatufe thresholds.
The network theory does not predict the nonlinearity

of the expefimenta] curves. Both thé'pi1e-up model and the
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. rearrangement theories do predict curves of the correct shape.

However, the degree of curvature of the curves is a diffi-
culty for the pile-up theory. Experimentally do/de changed
from approximately E/10 close to the origin to E/200 for
1arge'Ao. The pile-up theory can only preditt a range of
E/7 to E/20 for these conditions (Appendix 4). The re-
arrangement theovy, on the other hand, can predict large
variations in do/de. For small stress increases Ar is small
and do/de is of the order of the elastic modulus. At higher
Ao Ar approaches unity and dd/ds approaches 6y which is
equivalent td Tow temperature work hardening coefficients
(E/300 or E/400). | |

-To summarize this discussion of the athermal o-¢
curves, on]y the rearrangement theory is capable of explaining
the results for any of the alloys,both "glide" and "recovery"
cohtro]]ed. In the summary chart only agreement with the

Class II Bi alloys has been indicated.

Transients after Stress Changes

Déng;Times._ It has been proposed (Lloyd and

McElroy, 1974; Bayce et al., 1960) that the transient after

a stress decrease is the result of two simultaneous

prqcesses; the forward creep curve at the reduced stress and

the'ane1astic relaxation curve (Figure 5.23). If this idea

ijs correct -then the measured delay times have little significance
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as regards the creep process. Instead, they are a complicated
function of both the creep and the anelastic relaxation |
processes. The delay time, however, can be related to the

two processes (Lloyd and McElroy, 1974). If the forward

creep is assumed to take place at a constant rate over the

time span in question, then:
€ = +— - (5.2)

where ep is the amount of the anelastic strain for the stress
reduction Ao-(Figure 5.23). To estimate e, the fo]lowihg
procedure waé used. The anelastic strain for_comp]ete un-
loading from the creep Stress_(Ao ='oc) was measured. The
forward creep rate under these conditions would be zero.

Then assuming that a linear relationship exists between Ao
and €p > the anelastic strain for other Ac,(Ao < cc) can be

Ay could then be calculated from

obtained. The delay time
equation (5.1). Such measurements were done for the creep
conditions and alloys of Figure 5.17

The Ca]cu]ated A

t could then be compared to the
measured values (Table 5.1). The important observation from
such a comparison is that the magnitude'of the measured
delay times can be accounted for by the measured anelastic
cohtraction.l Cpnsequent]y the zero §train rate region in

the stress decrease tests cannot be considered valid support

for theories that predict delay times.
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Table 5.1

Comparison of Measured and Calculated Delay Times for 16% Bi
and 17% In Alloys

A
t A
A t
Alloy M;; Calculated Measured
~ (min) (min)
17% In .07 052 0
95 T 17 29 .16
.52 2.5 .47
.69 3. 10.7
17% In A7 .16 3.0
6T .69 1.5 » 12.0
1.04 2.5 4.6
1.38 8.5 10.0
3.45 22.0 22.0
16.2% Bi 17 .8 .25
| 1.1 .55
95 T .22 {1.5. {.60
.67 35 5.6
.69 19 2.65
16.2% Bi .69 1.3 5.8
6 T 1.04 19. 21.
2.41 - 108. 51.
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Transient Shapes. The predictions of the four

theories about the shapes of the creep curves after stress
changes will be summarized.

The network recovery theory bredicts no transients
after either stress increases or decreases. Stress increases
will result in instantaneous refinement of the network and
increased recovery and strain hardening rates. These new
values of r and h are characteristic of the new steady state
value and are achieved immediately (Figure 5.24A). Upon
decreasing the stress, a delay time should occur since the
applied stress is too small to move dis1ocations through the
network until it coarsens to its new steady state value
(Figure 5.24A). The Weertman pile-up model, since it is also
a simple recovery theory, makes 1denf1ca1 predictions to the
network theory. In the rearrangement theory, the instantaneous
stress inéreage has the effect of increasing the relative
~free area function (see page1o3) so that more of the slip
plane is accessible to the dislocations. The strain rate
after the increase 1s.thus higher than prior to the increase.
.This étrain rate will gradua]iy decrease as the rearrangement
process reduces the free area. A continually fncreasing
strain rate should follow a stress decrease (Figﬁre 5.24B).
No delay time is anticipated in contrast to the recovery theories.
A positive forward strain rate always remains after a stress
decreése because there are always some soft areas to produce

strain (Ar does not fall to zero).
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A) Network and pile-up theories.
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The rearrangement theory accurately predicts the
experimental transients found in all the Pb—éi alloys (see
Figure 5.21), whereas the simple recovery theories do not.
.The possibility of anelastic procésses can explain the
apparent zero stfain region without contradicting the re-
arrahgement theory predictions.

To explain the transients in the In alloys, the
glide and combined glide-recovery theories are again more
~appropriate. In the simple glide theory an inétantaneous
change in stress will result in an instantaneous change in
strain rate because of the viscous'nature of the dislocation
movement. However, the higher value of the stress (for
positive-Ao) permits more dislocations between the source
and the climb positions. As the dislocation density in-
creases, so will the strain rate (Figure 5.25). On stress
decreases the opposite will be true, as the dislocation
densify and the strain rate decrease aradually. The theory
does not predict a delay time. The simple glide theory can
explain the general shape of the transient curves (Figure
5.21), but these inverted shabes were not universal: some
stress and temperature condifions pfodu;ed “normal"
transients (see page 138).

The combined glide-recovery theory can predict
these comp]ek changes of transiént shape with stress and
temperéture;_ The deformation maps used in Chapter 4 are
used to discuss the stress change transients. Since the

stress changes were done after steady state was achieved,
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Figure 5.25. Theoretical stress change transients of simple
, glide theory. ‘
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the value of the internal stress will be given by the oiss(c)
curve (Figure 5.26). Two positions for the (01, o) point
are possible (Figure 5.26, Point A; Figure 5.27, Point B).
Any changes in the creep stress will kequire readjustment
of the internal stress to new values. Depending upon the
magnitude of the Ao,the material structure can pass through
various regions of the deformation maps with subsequengv
changes in the curvature of the transient.créep. ~For a steady
state point in the Tlower part of the map (Figure 5.26, Point A),
stress increases produce a transient sequence with increasing
A5 of normal (¢ decreasing), sigmoidal and inverted (¢ increas-
ing) Shapes. Stress decreases from this position can produce
only an increasing strain rate. The effect is reversed for a
point in the upper section (Figure 5.27,‘Point B). The
stress decreése transients vary in shape with Ao but the
stress increase transients do not (e always increases).

From a consideration of the primdry creep transients

(Chapter 4), the (oc, o.) position of the In alloys was

3
qualitatively determined (Figure 4.17). The suggested
steady state positions are reproduced in Figure 5.26 for
the 17% In alloy. For example, at .8 Tm and low stress,
increasing Ac.sh0u1d produce a transienf shape sequence
similar to point A, i.e. normal traﬁsients at low Ad to

inverted at high. Such a sequence was in fact discovered

(see Figure 5.13A).
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| The creep stress O was found experimentally to
influence the transient beha?iour (Figure 5.13B). This
effect is e]so consistent with'Figure 5.26. At low stresses
and small Ac,nOrmal transients should predominate. Higher

o and the same A

o should encourage the inverted behaviour.
The effect of temperature however, was not con-

sistent with the suggested (0., o;) positioning. The .6 T

;
~ primary cfeep results necessitated placing the‘(oc, Gi)
in. the upper half of the diagram corresponding to point B
in‘Figure 5.27.'.Stress increases from this position should
gfve only inverted trahsients. Thfs was not the case how-
ever, as on]} normal transients were found (Figure 5.14).
The experimental stress decrease transients are also in
dfsagreement'With the theoretical pdsitioning Decreasing
'stra1n rate trans1ents were associated with the points in the
Tower part of the diagram (.95 T, - Figure 5.20A). To be
: cons1stent w1th the stress 1ncrease'transienfs and the primary
trans1ents,1ncreas1ng € trans1ents shou]d have been found
in this range (Figure 5.27).

Thus the glide- recovery theory is not entirely
successful 1n dea11ng with the stress change transients in
the In a]]oy, but-does afford a reasonable exp]anat1on of
some'of the'phenomena. | - ,

Finally the 16% Bi alloy, when considered as "g1ide

controlled,"” was positioned in steady state identically to
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the 17% In alloy in Figure 5.26 (see page 115). In this

case inverted stress change transients should have occurred
at high stress and Tow temperatures in this alloy. Normal
transients were always found in this alloy. 1Its classifica-

tion as a "glide controlied" alloy is not supported.

Summary

The summary chart can now be completed. The re-
arrangement theory was adequate for the stress change
tréhsients and the athermal o-¢ tests in all the Bi alloys
(last column). The combined glide-recovery theory also
provided explanations for most of the transient results in
~the In alloys. The shapes of the athermal o-e curves in

' these alloys cannot be resolved by the glide theories.
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Table 5.2

Summary Chart

. Stress
Stress Primary Athermal
Theory Alloys €9 Change
Exponent Creep o-€ Transients
3.2 In v X X X X
Simple 9.5 In v X X X X
Glide 17 In v X X X X
16 Bi Y X X X X
: 3.2 In X v X v
Combined T _
_ 9.5 In X vy X v
Glide- o
. 17 Im X 4 X Y
Recovery
16 Bi X v X X
1.3 Bi v v X X X
Simple ' _
8.8 Bi v v X X X
Climb
16 Bi X Y X X X
Reafrange- 1.3 Bi 4 4 v Y
ment 8.8 Bi Y v v v
16 Bi v v v v

691



Chapter 6

SUMMARY

The division of solid solution alloys into two
classes on the basis of high temperature creep properties is
justified by some of‘the results of the present study,v The
two alloy systems Pb-In and Pb-Bi did behave differently in
some respects; the principle dissimilarities were in the
shapes of the transient curves in the primary creep region
and after changes in the creep stress in the steady state
raéidn. The customary criterion for distinguishing the
classes, the steady state stress exponent, was found to
beAunre1iab1e.

Thé concept of different mechanisms, glide and
recovery, cohtro]]ing the creep rates in the two classes
was supported in part by this study. The usual approach
employing the simple glide and climbh theories for assessing
these mechanisms did not prove adequate. The simple theories
were incapable of characterizing the loading strains; the
athérma] o-¢ measurements and the transient shapes.

The refined theories, the combined glide-recovery

theory and the rearrangement theory, were more successful.

170
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~The combined glide-recovery theory could predict qualita-
tively most of the transient shape results in the Class I,
3.2, 9.5 and 17% In alloys but failed to account for both

the loading strain and athermal o-e measurements. This

theory is not an.entire1y satisfactory explanation of the
Class I alloys. The rearrangement theory adequately explained
all of the measured properties in the Class II, 1.3, 8.8 and
16% Bi alloys. Additional development of the theory is
required before a complete account of the influence of solute

content on creep is possible.
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APPENDIX 1

ANALYSIS OF INITIAL LOADING CURVE

When the pan support is raised, the bottom grip
assembly does not contact the machine base (Figure 2.1) and
the 1oad on thebspecimen is zero. To start a test the support
is moved downward at constant rate'(iTOT). When the bottom
grip.contacfs.the base, loading of the specimen commences,
The maximum value of the load (Pc) is realized when the
support releases the load pan. During the time the load is
increasing from 0 to P, the creep machine is analogous to a
constant crosshead speed tensile machine. Such a‘machine may
.be represented by two springs in series (Figure A1.1)
(Richards, 1961). | |

The specimen e]ongation 25 represents the1def1ec-'
tion measured by the transducer after Pv= 0 and therefore
includes some grip and pull rod elongation. Before P =0
the transducér measures movement of botﬁ}the specimen and the

~complete machine (&yq = zm'+.£s) (Figure A1.2).
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Base

Machine (spring constant = Km)

Specimen (spring constont = k)

Load
,& Support
Figure A1.1. Mechanical analogue of creep machine.

bottom grip contacts base P =0

Time
Figure A1.2. Strain -time curve during initial loading.
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After loading begins: -

£TOT = zs + zm constant

1
o

At any point between P = 0 and P

where k is an equivalent spring constant
or P = kmzm = ksgs ='k2T0T
S1nce‘ﬁ‘ QTOT =-§onstant

P = constant = kszs-
Before the specimen yield point Y and ignoring the grip and

pull rod extension:

kS =

AE .
Lo
where A is the specimen area

2o is the original length

»E‘ié Young's modulus,


http://ic.-j.Q-p
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The elastic stress rate on the specimen is:

and can be determined by measurement of'is.



APPENDIX 2

COMPUTER PROGRAM FOR CREEP CURVE

The computer program converts the elongation-time
chart record to true strain-time, calculates an approxi-
mate strain rate from the slope between adjacent poihts
and plots strain ahd strain rafe as a function of time.
The readings are taken directly from the 0-100 chart paper
énd é variable scale factor included to convert to length
Ameasurements. Factors are also included to account for
the shifts required to keep the recorder pen on scale.

The time of stress changes is also plotted.

Definitions of the variable names are:

ELNOT = initial gauge length
DELTAO = chart reading at zero strain x scale factor
at start of test
NCRISI = ﬁumber of changes of.scale or shifts of pen
~ SUMSH = total amount of shift
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NMEAS (1)
FSCALE(I)
SHIFT(I)
TIM(J)

CHART(J)
STRAT(J)

CSTRAN(J)

CSTRAT (1)
STIM(T)
RATE(K)

KCRIT

il

1

183

number of poinfs between changes

scale factor

amount of pen shift in chart divisions
time in minufes

chart reading at time = TIM(J)

total strain at time = TIM(J)

creep stfain (total strain - loading

strain) at time = TIM(J)
loading strain

zero time

strain rate

value of K when stress is changed
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C CREEP CUKVE CALCULATION
DIMENSION FSCALE(15),SHIFT(15),TIM{ 200) 4CHART(200),CSTFAN(T00),
+STRAT(200), STRATN(200)yCSTRAT(200), TIME(200) 4 RATE(Z0D), TITLE(Z0)
__COMAON/DERIG/FLAG R
LOGICAL FLAG
FLAG=oTRUF,
REAC{54 1INTESTS
H FORMAT(12)
DO 60 M=1,NTESTS
READS2) (TITLE(T),1=1,20)

: FORMAT (2044)

READ(543) ELNOT,DELTATG,NCRIST,KCKIT
2 FORMAT(FEo5,F9,5,213)

SUMSH=0

K=0

D3 10 1=1,NCRIST

READ(544) NMEASUSFSCALE(I) ySHIFT( )

L FORMAT (14 4,F8B,54F%,73)
FSCALE(IN=FSCALE(I) /100
SUMSH=SHMSH4SHIFT(I)*FSCALE( )
PrAr(%,))(T!H(J),CHART(J),J 1 yNMEAS))

< RMAT(4(F1002,F1003))
nn 30 J=1 ,NMEASY
STEATCII=ALOG UL+ (CHARTIJIRFSCALE (1) =DELTAD+SUMSH) ZELNDT)
IF(TeEQolsAMDeJoFQol) STPAIL=STRAT(1)
CSTRAM(J)=STRAT{J)-STRAT!
K=K+1
_ STRAIN(K)=STRAT(JY
CSTRAT(K)=CSTPAN(J) -
TIME(K)I=TIM(I)

290 CONTINUE -
10 CONTINUE
L=K-1

DY 40 K=2,L
O RATE(KY=(CSTRAT(K+ 1) =CSTRAT(K=2)Y/(TIME(K+I V~-TIMI(K=1))

IF(KoNELKCRIT) GO TO 40

RATE(K=1)}=RATE(K)

RATF(K=-2)=RATE(K=-3)

40 CINTINUE
RATE(1)=RATE(2)
RATE(L+1)=RATE(L)

K=K+1
WRITE(6.6) TITLE,ZSTRAIL,K
£ FORMATUIHLI 91Xy EHCREEDP CURVE FOR /71X 420Aay///iXyloH LOADING STHR
1INz 3 FBe5419HNO ['F DATA PNINTS= ,I?///ix,é)H TIME CRETP STRAT?
2TOTAL STEAIN RATF/1XytsH MIN 35X, THMIN®¥x=7//)
 WRITE(6,T)I(TIMEINK) CSTRATINK) 3 STRAINTNK) yRATE(NK ), MNK=",¥)
7 FORMAT{IXyOPFEozZ 4 Xy 0PFRa3 46X 0PFRo 544Xy 1PF92)

CALL PLOT (06004060,-73)
CALL SCALE(TIME ,Ky 20,9 XMINGDIXy1)

CALL SCALC(CSTRAT K 10, 4YMIN,NY,1)

CALL SCALF(FATE,Ky210c9ZMIN,DZ,y1)

TCALL AXTS(00s00¢9H TIMFE MIN,=94200y 0a 9 XMIN,DX)
CALL AXIS(0o090098H STRAIN 484100990 0s YMIN,NY)
CALL LINE(TIME,CSTRAI,K,1)



XO=TIME(K)=0o 4 185

YO=CSTRAT (K )+,
CALL SYMBCL(XOyYDyoOT796HSTRAIN,Oo 6)

CALL AXIS(206900920H STRAIN RATE MJN#k- 1,—50,1u,,ooa.zvxw 07)

&

O XI=TIME(KCRIT=-2)

CALL LINE(TIME,RPATE,K,y1)
I0=RATE(K)*o5

CCALL SYMECL(XQs 70y 074 LIHSTRAIN RATE,Qo,11)

CALL SYMBOL(1o9i0oyo0lésTITLE»Qoy30)
CALL SYMBOL(1B0541009014yTITLESO00,411)

R

CONTINUE
CALL PLOTND

CVEND

YI=CSTRAI(KCRIT=2)-,2
ZI=RATE(KCRIT-2)-,3

CCALL SYMBOL (XI4YIy028+69009=1)

CALL SYMBCL(XIyYI,028,64009-1)
CALL PLOTU(2250+,0-0,-3)

STQOP
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Figure A2.1.

‘Example of

computer output.
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APPENDIX 3

FIRST ORDER KINETICS ANMALYSIS

If the strain rate during the primary transient

obeys the principles of first order kinetics, the parameters

. ' E. - é ..
of the Garofalo equation (e = [—l—a—éi][1 - exp -mt| + e t

should behave in certain ways (Mukherjee, Bird, and Dorn

1969). - The present results are evaluated for four such

" characteristics:

1. First-order kinetics implies that the same
process controls the transient and steady state rates, there-
fore the initial and steady state creep rates should have

the same temperature and stress dependencies or:
€. = A ¢ (A3.1)

This relationship has been found in pure metals and some
alloys (Evans and Wilshire, 1968; Webster, Cox and Dorn,
1969; Sidey dnd Wilshire 1969; Garofalo et al., 1963; Evans,
and Wilshire, 1970). |
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In the present alloys éi was calculated using

the relationship:
€. = m e, + & | (A3.2)

‘and the measured values of m, and és' For the 16% Bi

€T
alloy it was found that éi 2.8 és (Figure A3.1)
temperature range .8 to .95 Tm. Insufficient results did-

not permit establishment of the ke]ationship for other alloys.

2. The rate constant m should also have theisame
stress and.temperature dependence as the steady state strain.

rate, therefore:
m=28 ¢ " (A3.3)

This prediction was validated in pure metals and
in stainless steel (Evans and Wilshire, 1968; Garofalo
et al., 1963). In the present study use of a fairly nérrow
Stress range precludes accurate assessment of the fe]ationship

(Figure A3.2).

3. Because of the above relationships (Eq. A3;1,

A3.2, A3.3), it follows that:
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Figure A3.1. 1Initial creep rate versus steady state creep

rate for 16% Bi alloy.
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Figure A3.2. Rate constant, m versus steady state creep rate for 16%

Bi alloy.
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er = g (A3.4)
Thus €1 is a constant since A and B do not contain stress
or temperature factors. However some stress dependénce of
€1 has been found (Evans and Wilshire, 1968; Garofalo et
al., 1963). In the present Bi alloys eq does not vary
with temperature but does change with stress and alloy

content (see Figures 4.12, 4.13).

4. The initial strain rate éi should be independent
of the loading strain e, depending solely on the value of
és. Little data have been generated to test this prediction.
In the present study éi is independent of e,, as predicted

(Figuré’A3.3).
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APPENDIX 4

CALCULATION OF A STRAIN HARDENING COEFFICIEMT FOR
THE WEERTMAN CLIMB THEORY

The model of the Weertman climb theory is one
of pile-ups created by interaction with dislocations on

neighbouring planes.

Source inn
11 \"__ T
L ——a&d

114

®

|
IR
Weertman uses :the following equations: The average number
of dislocations in the pile-ups:
_ 2oL
n = b
where o is the applied stress

L is the distance between the source and
the climb position

U is the shear moduius

b is the Burger's vector.
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The climb distance‘d also depends upon the applied stress:

4 oMb
~ 4ngo

An expression for L, the slip distance is obtained by consfdehing

any one source to be blocked by three néighbouring sources: .
. : /

2 . __30 _
S ST
where M is the densitg.of Frank-Reads considered
a constant in this model.

A‘rapid increase in the stress by do will initiate a strafn
increment de. The magnitude of this strain is the‘pfoducf
of denéﬁty of sources times the average area.swept out by
each dislocatidon, A, multiplied by: b and the number of

dislocations released at each source dn:
de = MAb dn.

The area swept out is almost equivé]ent to the area of the
leading dislocation loop; A 2 47 L2. Actually,A will 1ncrease
somewhat during the stress incremehf since the added stress
will cause some of the pile-ups to move past each other.

This variation in A will be small if %o is small compared»to.

g..
c



..theh

also

thus

thus
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"From above

ub ub 2 upb
k' 3/2
= == 0
M%
dn = EI . % oJ‘r do
MZ
- 2 _ 30
A =4m L* = 4n 5 b T
% k' 302 do
de = M+ G0+ b - >
' M= 2

3 K" k' b _3/2
=5 ——a;——— o do

h:é?__—_-,?_ M% 1
£ 3 k" k' b 03/2'

An estimate of the magnitude of h can be made with this

equation and -the following values:

Temperature = 200°C

Creep stress = 1.04 MPa
5.76 x 10'° dynes/cm (Cardinal and Hart, 1968).

p o= ,
b =3.5x 108 cm (Weertman, 1960)
Mt = 2:4 4 107 cm? (Weertman, 1960).

1.9



196 °

In this case h 2 % where E is the Young's modulus. For the

same conditions but a stress of 2.08 MPa h = £

20.



