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Abstract

An extensive creep study of a superplastic material has not previously
been made. The present study was carried out to determine if there are any basic
differences between the creep of coarse grained materials and fine grained super-

plastic materials. The results give information about the mechanical properties

T e

of superplastic alloys and are relevent to an understanding of the mechanics of

superplasticiy.

At high strain rates the superplastic lead-tin eutectic deforms by
recovery creep and a 3-stage creep curve is observed, similar to that f&und for
coarse grained materials. As the strain rate is decreased, the initial transient
(primary creep) disappears énd the creep curve is linear until necking‘océurs and
tertiary creep ends in failure. In the principal superplastic range, at medium
strain rates, creep curves are linear to at least 50 % strain. The recovery rate
is immediately equal to the strain hardening rate and there is no primary creep.
At low strain rates the creep curve is slightly convex as the creep rate decreases
with time. This may be due to the self extinguishing nature of diffusional creep

or possibly strain induced grain growth.

These results are consistent with the grain boundary sliding theories
of superplasticity although details of the accommodation processes are not known.

At the lowest strain rates, diffusional creep may operate.
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1. Introduction

Supe?plastic behaviour has been found in many metal systems. Alloys
of lead and zinc have been investigated mostfrequently, but systems containing
nickel, iron, alﬁminium, tin, cadmium, magnesium, and copper have also exhibited
superplastic properties. Studies have also been made to determine deformation
mechanisms which are consistent with experiment. Results of these studies may

also be important in the development of new metal-forming techniques.

Stress versus strain rate results from tensile and creep tests have
been plotted as log stress (log g) versus log strain rate (log &) to produce
a characteristic three stage S-shaped curve. In the superplastic range, stage

II, the strain rate (&) is insensitive té6 the applied stress (&).

LOG STRESS

LOG STRAIN RATE

Figure 1. Characteristic log stress - log strain rate curve.



o = K& | (1)

where K is a constant and m is called the strain rate sensitivity parameter.
Typical values of m vary from less than .l for most metals up to 1.0 for hot
polymers and glasses. Superplastic metals have been observed to exhibit m
values as high as>.851,.but are typically about 0.5. In stage II, where m is
high,propagafion of a neck is prevented by a local hardening resulting from

an increased strain rate, and thus deformation will proceed in a softer portion
of the material. Accordingly, a high value of m is associated with large elonga-

tions, reportedly as high as 2000 %2.

Mathematically, the relationship between m and elongation can be’

shown more explicitly by first differentiating equation (1) to obtain

d¢ _ 1fdg _ log(g) dn] (2)
é» mko S VK m

It can be seen that the larger the value of m, the more insensitive strain

rate becomes to a change in stress. Also, over a certain strain rate range

in superplastic materials, m increases slightly with increasing strain rate.

The positive variation of m in superplastic materials will cause the factor

in brackets in equation (2) to be reduced, and will further reduce sensitivity

to necking.

Further description of experimental and theoretical studies on super-
plasticity is most conveniently done by considering the stages of the logo -
loge curve separately. Of these, the most important and intensively studied is

stage II.



1.1. Stage IT (Superplastic Stage)

1.1.1. Review of Experiment
A fine grain size has been shown to be the most important microstructur-
. - 3-11 . 1s
al requirement for superplasticity. Providing the phases are of comparable
hardness, the composition and means by which grain refinement is achieved are

*>” In two phase systems, a hot or cold working step will

of secondary importance.
permit the formation of a fine grain size, while phase boundaries inhibit grain
growth. Thus extensive studies have been made on the eutectoid Zn - 22 wt. 7 Al

4-6,14-16 and pure metal 6,17 systems have

and the Pb-Sn systems. Dilute alloy
also exhibited superplasticity. The inherent problem with these systems is to .

produce and maintain a finely-divided microstructure. For a given time and tem-

perature, grain size is larger in dilute alloys.

Large elongations during stage II have been .consistently reported. The
largest elongations occur at strain rates near that associated with peak m

16’18. Maximum elongation may occur precisely at peak m but the result.:is

values
obscurred by the decteasing strain rate during a tensile test on a constant cross-—

head rate machine such as an Instron. ]

Tensile tests involving several grain sizes show that the effect of

grain éoarsening is to shift the strain rate at constant stress to lower values.
. . B . o

This shift is expressed by the relationship € v 1/L ~(for constant m) where o

1,3,5,7,8,12,13

is usually between 2 and 4 and L is the spacing between grain or

phase boundaries.

Temperature also has an effect on the S-curve. The maximum m for
. 1 L
each temperature drops with decreasing temperature . The strain rate correspond-

ing to peak m also decreases with decreasing temperature. An increase in tempera-



ture shifts the curve to higher strain rates and to sligh£ly lower stresses.

Grain boundary sliding is observed and its contri%ution-to total
sﬁrain increases as the strain rate is lowered from stage.III into stage
IIS’ll. Experimentally, the contribution of GBS to tétal étrain is determined
by measuring the offset of grid lines inscribed across grain boundaries prior
to deformation. Superplastic deformation does not cause the build up of a
dislocation substructure. An Mg-Al alldy1 has been water quenched from 400°C
during superplastic deformation aﬁd transmission electron‘microscopy showed no
dislocation traces. Dislocations are present after deformation in stage III.
The low temperature yield stress remains unchanged, relative to that of the
undeformed material, after stage II deformationlB. Pb-5% Cd specimens were
deformed 2 % at a selected temperature, strain rate and grain size and immedia-
tely quenched to -90°C. The .2% yield sfress was then determined. Specimens
deformed in the superplastic range showed no increase in yield stress while
those deformed iﬁ stage III showed an increase in yield stress.

Grain shape remains equiaxed after as much as 1000 % elongations.

1 , s L .
6,19 and may be important in the deformation process or

. 1
Grain growth occurs
may mask other relationships.

; . , 13
Recovery rates are fast in superplastic materials and decrease
3 13 . L/, . ' g [/ O
with increasing grain size. Pb-5% Cd specimens were deformed 2% at -90°C,
; . : 5) . o

annealed for various times at 50 C then deformed again at -90°C. The amount
of recovery, R, was determined by R = (cH - oR)/(oH - oY), where oH is
determined after 2% strain, oR after recovery and oY on the annealed material.

There was 407 recovery for a 4.lu grain size after only .2 minutes while it

took 100 minutes to obtain 30 % recovery in a 15u specimen.



Although there is general agreement in the experimental observations
made on superplastic materials, disagreement on the relative importance or
interpretation of individual obeservation has lead to a wide range of

suggested mechanisms.

1.1.2. Theoretical Discussion

Work on the Al-33 wt. % Cu eutectic7 and the Zn-Al eutecticll lead
to similar proposals that the high strain rate sensitivity which characterizes
superplasticity is the result of boundary shearing and migration. Grain
boundary shear was suggested to be rate controlling, and mechanical obstruct-
ions to sliding were removed by strain rate enhaﬁceiboundary migration and
recrystallization. At this inte;mediate strain fate, boundaries become
smootﬁer and stress is determined by viscous dr;g along the boundaries. Work
on the Pb—Sn6 and Sn—Bi5 systems also lead to the proposal that grain boundary
sliding was the rate controlling mechanism. Experimental results showed6 that
the greatest contribution of grain boundary sliding occurred when the. strain
rate sensitivity parameter, m, reached its peak value. Another suggested
mechanism for deformation of Pb—Sn10 incorpofates non—Newtoniah gfain boundary
sliding and diffusional (NeWtonian) creep acting together in parallel and
then in setiés with non-Newtonian slip créep. Close reproduction of an ex-
perimental logo - logé curve, obtained b§ using new and previously plotted6
points, could be made using semi-empirical procedures based on the model.

Grain boundary sliding was proposed to explain the superplastic be-
haviour of the Mg-Al eutectic by Leel. GBS is accompanied by grain deformation
and recovery. These cooperative processes are.necessary, especially in reéions

near the boundary, to permit extensive plastic deformation. No dislocations



were seen after superplastic deformation. This is possible because the fine

grain size permits all dislocations, even in the bulk of a grain, to be

attracted to 20,21

movementzz’13 or diffusional processesza, and be annihilated. It is suggested

and reach a boundary which is sliding by dislocation

that this model might explain the low amounts of GBS during bicrystal sliding

25,26

experiments where the effective grain size is more or less infinite,

thus limiting recovery to regions near the grain boundary.

Another model3, based'onlexperimental work on}Pb—Sn, involves two
competing processes. Tﬁese are Nébarro—Herring (N—H)gcreep, and dislocation
motion. In the high‘m region, the N-H model is dominant and flow is strongly
viscous. A modification27 of this.model, involving the Coble variamtof the
N-H analysis which ié baéed on grain boundéry diffusion rather than volume

diffusion, was suggested to better account for the observed strain rates.

1.2. Stage III

This region at the high strain rate end of the S-curve is not super-—
plastic. Low m values are typical. There seems to be little controversy as to
the mode of deformation present. Slip is the deformation process indicated
from photomicrographs-and electron micrograbhs which-show slip lines and dis-
location sgructurgs_remaining after deformation.'The.controlling process. is

probably ' recovery by dislocation climb.

1.3. Stage I : : .

Stage I shows grain elongation 7’28, striationslO or denuded ZOnes29

at transverse boundaries, and reduced grain boundarty slidingl’ll. There has

been some question as to whether this stage is representative of a separate



mechanism or is at least partially a continuation of stage II. Further study
over a wider range of variables may explain the true relationship. Study of
deformation in this region often requires long term creep tests because of the

low strain rates involved.

Chaudhar130 proposes that in stage I the dislocation density is small
and the dislocations reaching the grain boundary can be absorbed at the
boundary- by either sliding or migration and local dislocation climb. As the
stress is increased, the flux of dislocations approaching a grain.boundary
increases more rapidly than does the ability of the grain boundary to absorb
them. This results in a dislocation buildup, an internal stress which increases
with strain rate and finally stage II where stress increases rapidly with strain

rate.

Deformation of the Mg-Al eutectic at a low strain rate was studied

1 . . . .
by Lee . He found deformation to be a combined effect of grain deformation
and deformation across transverse grain boundaries. The latter made up 1/3

of the deformation and occurred by GBS and possibly some diffusional creep.

Alden31 has recently proposed that slip at triple lines in response
to sliding is rate controlling. The model involves the viscous glide of dis-
locations between a source (the triple line) and a perfect sink (the éppdsite
grain boundary) and predicts an m valﬁe between .33 and .5 and an activation
energy of bulk diffusion. He suggests that superplastic creep of Fe-Ni-Cr
may be df this type. Fe-Ni-Cr and Zn-Al (40.6 at.% Al eutectoid) show only
2-stage logo curves. Alden suggests that stage II is not energetically favor-

able and only stages I and III are seen in these systems.



Constant load creep tests on the 2-stage Zn-Al eutectic.lead
Chaudhari32 to the conclusion that a dislocation model was involved at
temﬁeratures above 200°C. The model involved the motion of dislocations
in an internal stress field generated by neighbouring dislocations. Ex-
periment'showed that above 200°C the strain rate is controlled by a thermally
activated process with an activation energy of 35.3 k cal./g-atom: below
1750C, by a thermally activated process with an activation energy of 2lk-cal./

g-atom. These values are close to those associated with bulk diffusion in

Al and Zn respectively.

Zehr and Backofen10 represent stage I by a non-Newtonian dashpot
model. They assign an m value .33 and plot a line on the logoc - logé

curve but state that its rationale is no more than speculative.

1.4 Previous Creep Studies on Lead and Tin Systems

The present work was carried out on the eutectic Pb-Sn alloy of
fine grain size. Constant stress creep testing was chosen to determine if
this method would show any difference between the creep of superplastic
and non-superplastic materials. All reported creep work on lead, tin and

. . . . . 33 .
lead-tin has involved large grain size materials. In lead slip occurred
at the initiation of creep and a time 1/3 law was obeyed until recrystalliz-
, 34 35

ation occurred. A three stage creep curve was found. Work on the Pb-Sn
eutectic, and on pure tin and lead, always showed a 3-stage creep curve.

It was suggested that primary creep must always occur.

Creep studies on large grained tin36 at stresses between 629 and’ 1394

psi and 22 and 224.5% always resulted in 3-stage creep curves.



If a material is totally unloaded after deformation, ité shape
changes with time beyond an initial predominantly elastic recovery and tends
to approach its initial shape. This is known as the "anelastic after effect".
This effect is shéwn by Garofalo for lead37 at 25°C where 25 % of the def

formation is recovered.

Most reported stress versus strain rate data has beén obtained
using a tensilettesting machine. This results in strain rate decreasing
and sfress chanéing with éime. The r;sults of these tests are not usually
reported with a statement indicating whether corrections were made for
these effects inherent in the tensile testing machine. It is also difficult
to determine a ”steady sate'" with the tensile machine..A creep test should

avoid these difficulties.

2. EXPERIMENTAL

. 2.1. Material and Specimen Preparation

Ingots:of the Pb-Sn eutectic (61.9 % Sn) were cast in graphite molds
under argon. Materials of 99.99 7 purity or better were used. Ingot dimensions

were 5/8 inch diameter and 5 inches long.

The surface of the cast billets was machined énd the material was
extruded at room temperature into rods o0f.099 and .083 inch diameter. The
first and last 18 inches of the extrusions were discarded. The rod wds then
cut into 3% inch lengths. Sampleé of .099 inch diameter rods were rodghened
at each end with emery paper and epoxied into brassvgrips (Fig.2) with Epon
828 epoxy resin. The grips were drilled one inch deep with a .113 inch drill

and the hole was tapped to improve the epoxy bond. These specimens were aged



it 0

7 days at room temperature and then stored in liquid nitrogen. The length of
time of testing was generally small compared to the total time at room
temperature so that grain growth during testing at room temperature was
minimized. Rods of .083 inch diameter were sealed in evacuated glass tubes
and were annealed at 165 * 2°C for 30 days ‘in an oil bath to produce grain
growth. These rods were also epoxied into brass grips with a .1015 inch

tapped hole. These specimens were stored at room temperature.

Comparison of log stress versus log strain rate curves previously
. S ) {9 R ; :
presented for this material with those resulting from this study shows
the small grain size material (SGS) to have a grain size of 2 microns while

the large grain size material (LGS) has a grain size of 8 microns.

Figure 2.Specimen in gips

2.2, Creep Tests

Creep tests were performed on a constant stress machine (Figure 3).
The cam design has a mechanical advantage such that the load on the specimen
is twice that in theweight bucket. The constant stress cam is designed for

a specimen guage length of 25 mm. The applied load was transmitted to the
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specimen by a chromel tape which followed the contour of the cam exactly
rather than tending to bow as réund wires were found to do. The maximum
elongation possible with this creep machine corresponded to 50 percent
true strain. Loading and unloading operations were carried out by lowering
and raising a scissor jack under the weight bucket. All tests were done

at room temperature (22110C).

Elongation measurements were ﬁade with both a travelling optical
microscope and an extensometer which was connected to a modified Heathkit
recorder and attached to the sample with knife edges. PFElongations could
be measured to * .00l cm with the microscope and to within .0002 inches with

the extensometer and recorder.

The microscope was used to follow the elongation of specimené
deforming under low stresses. Measurement was made of the displacemeﬁt of
a single mark inscribed on the specimen grip with a razor blade. Expériment
showed that there was no slippage in the grips and that it was not necessary

to observe the travel of two marks on the specimen itself.

The extensometer was used at higher stresses and strain rates where
automatic continuous recording was essential. No significant extensometer

knife edge indentation occurred at theses train rates.

The load was increased or decreased during some tests to determine
the effect of stress changes on the resulting creép curves. At high stresses,
involving the large grain size material, changes in stresé were‘made"during
fhe initial transient of thé creep curves. Specimens were also suddenly un-
loaded and the guage length was recorded with the extensometer to determine

if unloading transients existed over any stress range.
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L

Figure 3. Constant stress creep machine.
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3. RESULTS

3.1. Calculations

All calculations were done on aﬁ IBM 360 computer; The programme is
shown in Appendix I. Keypunched data included initial guage lengtﬁ, and
elongations at a series of times (hours). A scale factor was included to
convert deflections on the Heathkit recorder, used whith the exteﬁsometer,
to inches. The computer output included a scaled creep curve piotuof true
strain versus time and strain rateversus time. Also included was a printed

table 1listing each truestrain, strain rate and time point plotted.

Initially, high strain rate values which fall off very quickly may
be due to straightening of the specimen. This effect should be maximum when
a large quage length is used as was done with.tests using the travelling
microscope. Elastig strain would also contribute to this result. These effects

could not be isolated and remain in the computer output.

Plots of strain rate are determined from the strain rate between
two successive points. This results in a jagged strain rate curve. The strain

rate scale is often expanded and this also tends to make the resuiting curve

jagged.

3.2. Log Stress versus Log Strain Rate Curves

Strain rate data obtained from creep tests were used to obtain log
stress versus log strain rate plots for each grain size. These plots are
shown in Figures 4 and 5. Strain rate values used were the initial strain

rate in stages I and II and the steady state creep rate in stage III.
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The plot for the 2 micron grain size is similar to that

determined by Zehr and Backofen10

. The slope, or m value, in Stage I
is .33. Stage II shows a slope of .5 generally with a peak value

of about .6. The slope decreases -after peak m as strain rate
increases and approaches .10 in stage ITII. The curve determined by
Zehr and Backofen, and also using Cline and Alden's data, is shown
in Figure 6. Other points are those determined in the present work.
Even if the two sets of data were brought more closely into
coincidence by moving one set of data to a slightly different strain

rate, the present work shows higher stress values in stage II and

lower values in stagé III.

104 l T
5 10°]
a
o~ L2
A o.-2" e present work
& A2 o ==== from Zehr &Backofen
- 107 - q,g" _
n
10' S T | 1 _1 1

7 10 10% 10% 10 10? 0!

10~ R
~ STRAIN RATE (SEC.™')

figufe—é: Comparisqﬁ of the. S~curve data of the present and previous work.

The plot fo? the 8 micron gréin size shows only stages II and III.
Stage II shows an m value of .5 which falls off to a stage III value of .10.
A stage II-stage transition might be present but lower strain rate data would
be required before it could be stated that stage I has been reached..

3.3. Creep Curves

3.3.1. Stage II Creep Curves
For specimens of both grain sizes the true strain versus time curves

were straight lines. No primary creep was observed. Steady state creep was
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observed from the start of each test. No necking was present during deforma-
tion. For SGS specimens, linear creep curves were observed from near 300 psi
with a strain rate of 5 x 10—2 hr—l, to 2400 psi which is approximately the
stress at maximum m. Figures 7 and 8 show curves near the extremes of this
stress range. Another curve is shown in Figure 9. Above this stress range m
decreased as étage ITI was épproached. Below 300 psi, stage I behaviour was

found. More curves typical of stage II are shown in Appendix II, Figures a to c.

Creep tests on LGS specimens did not extend to low enough strain rates
to determine a transition stress and strain rate between stages I and II.
Straight line creep curves were evident up to a stress of 1500 psi where m
began to decrease. Egamples are éhown in Figure 10 and Appendix II, Figures d

and e.

3.3.2. Stage I Creep Curves

Creepltests carried out in the stress range associated with stage I
showed a creep curve with ever decreasing strain rate. At a stress of 97 psi,
a SGS specimen was extended to a true strain of .446 after 696.5 hours. Figure
11 shows this creep curve. LGS creepvtests at low stresses were only taken to
a few percent elongation and only the creep raté rather than the creep curve
shape was determined,.Figures f,g, and h in Appendix IT show more SGS creep

curves for stage I.

3.3.3. Stage II —-Stage ITI Transition Creep Curves

As strain rate is increased above that associated with peak m, the
creep curves change from the straight lines of stage II. Creep curves in this
transition range all had an initial linear region but the curve increased in

slope, as in tertiary creep, after a strain of a few percent. All specimens,
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in this region of decreasing m, exhibited neck formation and failure occurred
at less than .50 true strain. The transition region continued to 5000 psi, in
the LGS, where m approached a constant Qalue of .10. High strain rates pre-
vented the determination of the end of the stage II - staée ITIT transition.
Figures 12 and 13 show creep curves for the stage II -~ stage II tranéition

for both grain sizes. More plots are shown in Figures i to s in Appendix II.

3.3.4. Stage ITI Creep Curves

Creep plots in this stress range showed 3-stage creep curves. There
was an initial transient. Primary creep was followed by steady state or segond—
ary creep as strainﬁinereased. Fracture generaily occurred at lower and lower
strains as the creep stress was increased. Creép curves were obtained only
for LGS specimens pecause the very high strain rates involved to attainlstage
ITI behaviour in the SGS material made recording of the deformation impossible
with the e%perimental equipment used. Figures 14,15 and 16 demonstrate creep
curves, obtained from LGS specimens, over a range of stress. Two more curves
are shown in Figures t and u in Appendix II. Figure 17 is a plot of the strain
at which steady.state creep appears versus the testing stress for. the LGS

material. The beginning of stage III is thus near 2500 psi.

3.4. Incremental Ldading and Unloading

Incrementai.loading and unloading tests were made during creep tests
on specimens of béﬁh grain sizes in stage II'and III. In stage II, where creep
curves are linear;'increasing and decreasing the load results in an abrupt
transition to lingér curves of increasing or decreasing slope. Figure 18 is an

example of incremental loading of a SGS specimen. The short strain rate peak,
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when the stress reaches 832 psi, is due to an error in one reading exactly

at transition. Another incremental loading example is shown in Figurev
Appendix II. Curves have the same slope at all stresses in stage II, during
incremental loading, as when they are initially loaded to that stress. Strain

rate is independent of prior history in stage II.

Incremental loading during primary creep in stage III results in a
change in’ the initial transient. The slope of the curve is instaﬁtly in-
creased and a transient remains to a higher strain than would have occurred

at the lower stress.

Figure 19 shows the result of increasing the load during steady
state creep in stage III. Here, a transient reappears. Figure 20 shows the
immediate transition to steady &tate creep when.the load is decreased during

primary creep. This result is also shown in Figure w, Appendix II.

The purpose of these tests was to compare the behaviour of a
superplastic material, during loading and unloading, to the behaviour of

mn-superplastic materials under similar testing conditions.

3.5. Strain After-Effects

Specimens deforming in stage IT and stage III were unloadea. These
specimens were then..continuously measured w%th_an extensometer to look for
strain relaxation. At no time was there any sign of contraction during stage
II. An example of this result is shown in Figure 21. Reuslts of tests on LGS
samples in stage III were not conclﬁsive but always suggested some strain

relaxation. Relaxations of .003 to .004 inches were found on a guage length

of .500 inches after times of 45 minutes to 60 minutes after strains-.of .10
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to .30. The return of primary creep after recovery was looked for. Once again
the effect is small as shown by Figure 22 after 5 minutes recovery.time. It

may be that recovery rates are too slow at room temperature. Recovery at higher
temperatures forced the removal of the extensometer and specimen distortion

occurred. These problems once again lead to inconclusive results.

4. DISCUSSION

Creep studies of superplastic materials have seldom been made. Pre-
vious work on lead, tin and the lead-tin eutectic33_35 has not involved
stresses, stfain rates and grain sizes necessary. to obtain superplastic be--
haviour. Packer, Johnson and Sherby38 used constant stress creep tests in
their study of eutectic Zn-Al and state that they found negligible strain
hardening dﬁring.superplastic creep and that the creep rate remained constant
under constant stress and temperature. Zehr and Backofen10 used a creep test
to obtain a low strain rate walue on an S-curve for Pb-Sn. Chaudhari32 has
also done some creep work. The present study has been the only oﬁe specifically
designed to gain more insight into the superplastic phenomena through the study
of creep curve details over a wide stress range. Discussion will cover mainly

the merits of recently suggested mechanisms 0f superplasticity, considered in

view of new creep results and other consistently reported observations.

4.1. Stage III
Deformation in stage III is not superplastic. It is similar to the
creep of coarse grained materials where deformation is by recovery creep.

This conclusion follows from the current observations of primary creep, a
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3-stage creep curve and a low m value near .10. A dislocation substructure

is also present after stage III creep 1,6,7,39

, as in the creep of coarse
. . 37 .
grained materials™ . Results (Figure 21) also seem to show the return of an
initial transient after recovery. However, significantly larger transients
were not seen at larger recovery times. A strain after-effect, whereby the
specimens shortened slightly when the load was removed after elongation, has
. . . 37
also been observed in coarse grained materials after recovery creep. Present

results seem to show that this did occur after stage III deformation. Necking

was associated with tertiary creep.

Recovery creep theories involve a general equation for stéady state
strain rate,

e = r/h . (3)

where r is the recovery rate, do/dt, and h is strain hardening dh/dé¢.
Strain hardening is.associated with an increase in dislocation dehsity (v)
while recovery represents a decrease;: Primary creep results if the initial
recovery rate is smaller than the hardening rate. The value of r'in an
annealed sﬁecimen»is close to zero. Steady state creep represents.a balance
between hardening and recovery., Such a balance is expected only after some
increase in dislocation density, relative to the annealed condition, which

occurs during primary creep.

A modern theory for stage III is fhat of McLean4o. Deformation at high
temperatures involves the behaviour of a thrge—dimensional dislocation net-
work. Three important aspects of this behaviour are the temperature insens-
itivity of the flow stress of a given network, the network's tendency to

coarsen on heating which corresponds to a decrease in p and its refinement
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on strainingwhich corresponds to an icrease.

McLean shows that the recovery rate, r, varies with stress by

rag (4)

The recovery process involves diffusion controlled dislocation climb and

migration of jogs in screws. Therefore, if D is the diffusion coefficient

3
raoc D : (5)

Plastic deformation refines the dislocation network. During deformation,
moving dislocations are held up at”points where the network is fine gnd

bow out to increase the average dislocation density. Multiple slip permits
network geometry to remain constant as the meshes become smaller. The strain
hardening coefficient h = 30/3e is a measure of the refining action. If

3/2

expression for r from eqn.(5) and h from the empirical relationship hac_

are used in eqn(3) the result is

¢ = BDo" > (6)
. 1 .
or if K = (l/BD) /45
.22 L
o = Ké& : (7)
which is the same as equation (1) with m = .22. This value of m is not

quite as low as that found experimentally. Theories of this type are, of
course, rather speculative and evidently approximate in nature. It is not

known to what extent the physical model of McLean corresponds to the de-

tailed deformation and recovery processes in stage III.
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4.2, Stage II-Stage III Transition

In the stage II-stage III transition, on increasing strain
‘rate, m falls from a maximum to a small essentially constant
value associated with stage III. The transition strain rate

1 to 2 hr.—1 for the 8 micron grain

range was from 2 x 10-2 hr.”
size and above 2.5 hr_l for the 2 micron grain size. The high
strain rates involved prevented differentiation between the end
of the transition range and the start of stage III in the small
grain size specimens. Creep curves in the transition region

are convex upward (tertiary creep) (Figures 12 and 13). There

is no primary creép. Failure occurs at strains of less than

.50 and failure éccurs at a neck. Chaudhari41 may have explained

this result mathematically. Differentiation of equation (1)

leads to

dé 1 ,do -1 o, d

-é‘e'= = == °8 (R‘);nﬂ] , (2)
The effect of a large m value is to decrease the tendency for
a neck to grow. Conversely, an increase in the bracketed term
increases the sensitivity to necking. If m is decreasing with
increasing strain rate, as it is in the transition range, dm

is negative and fhe second term will be added to the first.

The bracketed term becomes larger and sensitivity to necking

is more pronounced. Observations of neck formation and growth
after only a few percent strain were made during the present
work (Figures 12 and 13). Previous observations16 of large
superplastic elongations using initial strain rates in this
region were made ﬁith Instron tensile machines. These machines

have a constant cross head speed and the strain rate imposed

on a specimen is continuously decreasing. The effect of a
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decreasing strainrate in the transition range is to give a rising m value as

testing proceeds.

A convex upward creep curve has previously been reported.in the liter-
ature36 but no comment or explanation was attempted. Constant stress creep tests
were performed.on a number of pure tin specimens. Four different grain sizes
were used but only the finest, 37 microns, exhibited this behaviour. Others showed
primary creep. Figure 23 shows a logarithmic plot of stress versus strain rate
using Breé; and Weertman's creep rate data for the smallest grain size. This
curve. is somewhat comparable to that of Alden6 and differences may be due to
grain growth and the fact that Alden's curve was obtained using an. Instron tensile

machine. m varies from .3 to .12.

The increase in m with decreasing strain.rxe is due to a slow increase

n size with decreasing strain rate ~. Stage II is reached when sub-grain

—

-
—
w

size has reached the grain size . As this condition is approached, accommodation

for GBS by slip becomes easier and m increases to its maximum value. The stage III -

5

stage II transition is associated with increased amounts of GBS™.

:'Sqﬁérplasticity may actually be possible in larger grained materials
if? at low enough sfrain rates, the sub grain size approaches the grainfsiée. Creep
tests by Gifkins43 may be indicative of this. The grain size of extruded Pb-2.45
_‘ﬁt% tﬁéllium was 100 micfons. Stresses of 300,500,1000,1500, and 2000 psi were

used on creep specimens.

These creep results are plotted in Figure 24. The m value increases
from .15 to .45. Microstructural observations showed that slip.lines became less
regular and-more widely spread as the stress was decreased and at the lowest
strainvrates'deformation proceeded by 'boundary micro-flow" and grains were unde-

formed. At 500 psi elongation to failure was 208 %. Similar observations weremade
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by Wood et al44 on aluminum with a grain size of 100 to 200 microns. Slip was
prominent during deformation at lower temperatures and higher rates of straiﬁ.

As the temperature was increased or the strain rate decreased, slip lines gradually
vanished and the elements of the associated substructure showed an increase in
size. This left a coarse substructure which increased in size with a furthef in-
crease in temperature or decrease.in strain rate until it was the size of the

grain itself. This coincided with the onset of prominent "boundary micro flow"

or GBS. They found that lattice structure was unchanged and no strain hardening

occurred during deformation.

The observations of Wood et al and Gifkins seem to be very similar
to the observations made on fine grained superplastic materials where GBS becomes

. . 1
more dominant as the strain rate is decreased from that of stage III 3.

4.3. Stage II.

The new observations associated with stage II are that the cfeep curves
are linear and that there are no unloading transients. The linear creep curves are
shown in Figures 8,1l. There are no signs of primary or tertiary creep, only
steady state. The results of unloading tests are shown in Figure 21. No contract-
ions due to recovery has occurred. These results show that recovery theories,
which may be valid for normal creep, and stage IIL.are unsatisfactory for super-
plastic creep. Alden45 has demonstrated that many proposed models for super-
plasticity are really models based on recovery creep and are thus unacceptable. An
internal stress model32 which incorporates an accumulation of dislocations near
the grain boundary seems to be unacceptable because dislocations are not seen

: 1
duringsuperplastic deformation even when specimens are quenched under load.
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Also, the low temperature yield stress isunchanged after stage II deformationlB.

If dislocations are accumulated during creep, this yield stress should increase.
Mechanisms and accommodation processes which would show no transients are those
which do not involve avstructural change. Grain boundary sliding with some special
accomﬁodation processes, Nabarro—Herring ot Coble creep and grain boundary migration

are examples.

Grain boundary migration, in association with GBS, has been observed

i Opposition to the idea that migration is rate-

in superplastic materials4
contfolling is based on doubt that migratioﬁ can be effective when many phase
boundaries are present-in‘two phase systems. At the same time, it must be con-
sidered that if there are equal amounts of two pbasés, each phase might still be
in contact with 50 % of the like phase. Thus there is a reasonable chance for
migration to be an effective means of accommodation for GBS in a superplastic -

material. With only one phase present, dilute alloy systems do not, of course,

present this problem.

Grain elongation should result during diffusional creep. This is not
observed in stage IIlO but Zehr and Bachofen‘s explanation is that elongated
grains will experience a shape relaxation during st:aining through direct migra-
tion and recrystallization. They claim that the presence of griated bands on a

2 micron Pb-Sn eutectic specimen pulled at 3.3 x 10—-5 sec._'l supports diffusional
creep. This strain rate is very near the transition to stagé I. Similar striations
have been oserved in Cd-5 % Pb47 over strain rates.associéted with stages I-and II.
Donaldson47 suggests that striations may indicate that boundary sliding occurs on
preferred cryétallographic planes. The test of this is to correlate grain orient-

ation and the planar orientation of the slipped boundaries with striation spacing.
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Narrow striation spacing would indicate large mis-orientation. The absence of

striations would indicate that the sliding plane is a preferred plane.

In a Mg-Al ailoy, the .strain contribution of grain boundary sliding
in stage II reached 65 %1. Alden suggests that the grain boundaries may act as
. "perfect" sinks and that sliding is rate-controlled by diffusion. This ‘model
demands that the absorption rate by boundaries of dislocatibns genérated at
triple lines be so high that it is not rate controlling. Fast recovery rates in
superplastic méterials13 support this but little or no climb can be involved or
this.becomes a recovery creep model. Absorption may be enhanced by GBS bylthe
attraction force between sliding boundaries and dislocationsl. The rate of
sliding is determined Ey the effective viscosity of the boundary. The boundaries
are rough and the sliding rate is determined by diffusion around these rough
areas. The scale of roﬁghness will usually increase with grain size. The model
predicts the strain rate semi'quantitatively in agreement with observed effects

of stress, grain size, and temperature.

4.4, Stage I

Stage I, as shown in Figure 11, is similar to stage II in that there
are no transients similar to those found in stage III. The creep curve is not
linear, however. There is a definite decrease in strain rate with time. This
decreasing strain rate is not believed to be in any way representative of a re-

covery creep model where a decreasing creep rate is found during primary creep.

Stage I may represent a change in the rate controlling procesé for
GBS from diffusion around bumps on boundaries to slip at triple lines. If disloca- -
tions are emitted from a source, proceed through a material without barriers and

are then absorbed at a 'perfect" sink, no strain hardening will result. If the
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sources of dislocations are the edges of sliding grains, and the sinks are grain
boundaries, AldenBO suggests that strain.rate will depend on stfess to the power

2 to 3. The slope depends on whether accommodation dislocations move on a few

slip planes or throughout the grain volume. A linear array is expected in alloys
with a low stacking fault energy such as Fe-Ni-Cr and m should be .5. Motion normal
to the slip plane is easier through cross slip in high stackingfault energy material

and the slope should be .33 as was observed.

Lee1 found the behaviour in Stége I to be a combined effect of grain
deformation and deformation across transverse grain boundaries, accounfing roughly
for 1/3 and 2/3 of the total deformation, respectively. The‘latter consisted, at
least in part, of GBS but whether the remaining fraction was due to GBS or Coble
creep could not be determined.

Several experimental observations suggest that diffusional creep may

. . . . . 1,28 P 10
contribute to deformation in stage I. These are grain elongation >” , striations

and denunded zoneszg, and creep curves of decreasing slope.

Creep curves of decreasing slope could occur by the self-extinguishing
nature of diffusional creep. A theoretical analysis of N-H and Coble creep has
been made and details are shown in Appendix III. Figure 25 shows the shapé of creep
curves expected for pure N-H and Coble creep. A stage I experimental curve is also
shown and all are put on a time scale representing the fraction of total time to
®ach . .40 true strain. Times involved for .40 strain are .87 hrs. for Coble creep
and 5.39 x 105 hrs. for N-H creep. The experimental curve représents 700 hours

and could be partially representative of some combination of N-H and Coble creep.

It has been reported that there is no grain elongation in theé Pb-Sn
' 1 .
eutectic10 in stage 1. There is grain growth during deformation 9 and also grain

. 1 6 . . ]
strain. Grain rotation has been observed ~. Lack of grain elongation might not
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exclude diffusional creep as an important part of the deformation mechanism of

stage I. A grain may elongate, by diffuéion, pafallel to the tensile axis. Grain
boundary migration could account for the return of an equiaxed shape and an increased_
grain size. Grain rotation would change the tensile axis and permit elongation in

all directions. If grain growth does not involve diffusional creep, grain strain
would not Be expected.Lee1 measured the travel of two marker wholly within a grain.

In stage III no movement was found. In stage II this was equal to .21 of the total
strain and in stage I this increased to .30. Growth of one grain at the expense

of another would not contribute to an internal travel of markers but only to the
grain volume. Grain growth by any means, however, could result in a creep curve of

decreasing slope because the strain rate does decrease with increasing grain size.

Stage I deformation involves GBS and probably some combination of N-H

and Coble creep.
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5. SUMMARY AND CONCLUSIONS

In the superplastic range, materials display unusual creep properties.
Strain rate is dependent on grain size and insensitive to stress. Creep curves
are linear with no initial or final transients. A material is considered
"superplastic" if superplastic properties are observed at experimentally reason-
able strain rates. There is evidence that superplastic properties may occur
at low enough strain rates in "normal" materials. Conversely, a "superplastic"

material may display normal creep properties at sufficiently high strain rates.

In stage IT, a linear creep curve suggests that the deformation
mechanism accounting for superplastic behaviour must be one which involves mno
significant structural change. Creep curves in stage II show no tranéieﬁts,
after loading or unlqading and the strain rate, at any stress in the superplastic
range, is independent of prior superplastic deformation history. Prior evidence
indicates that most of the deformation in stage II is accomplished by grain
boundary sliding. There must be accommodation for grain boundary sliding to.
operate.Accommodation could involve one or more of grain boundary migration,
diffusion, or slip at triple points. The m value for stage II in the- lead-tin

eutectic is near .5 and has a maximum value near .6.

At low strain rates creep curves show an ever decreasing siopé.
this could be due to diffusion or grain growth. GBS occurs in stage I, but
is not as dominatihg as in stage II. Grain strain increases in stage I and
is notably indicative of a diffusional process. Some combination of N-H and
Coble diffusional creep is likely since the experimental creep rates:are much

faster than those expected for N-H creep and much slower than could be
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attributed to Coble creep. The rate controlling process is not known. Grain
growth, grain rotation, graih boundary migration, and slip and triple lines
may all have some effect on deformation and the resulting creep curve. The

m value for stage I is .33 and is constant over the stress range studied.

In the stage II - stage II transition region, superplastic properties
depend on the testing method. In a constant stress creep test tertiary creep
begins, as necks propagate and grow, after ohly a few percent strain and
failure occurs at less than.50 true strain in the lead-tin eutectic. Testiqg
under conditions where the strain rate decreases as the test proceeds reduces

the tendency to neck and elongation to failure is much greater.
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SUGGESTIONS FOR FUTURE WORK

»

There are several lines of investigation which could extend from the

present work. These include:

(1)

(2)

(3)

(4)

(5)

(6)

A determination of creep curves and creep rates over a wide stress range in

stage I for several grain sizes.

A micrographic study of the variation of the contribution of grain boundary

sliding and grain strain with stress over stage I. A study of grain elongation,

"grain boundary migration and grain rotation might prove helpful at low stresses.

A study of activation energy in stage I over a wide stress and temperature

range and also into stage II.

An evaluation of factors, such as time température and elongation, contribut-

ing to grain growth during stage IT deformation.

An investigation of elongation at various constant stresses over the stage I1I-

stage III transition to determine if there is a relationship between elongation
to failure and m.

A more careful study of the relationship between strain rate and grain size.
Relationships - between 1/L2 and 1/44-5 have been reported in the literature
1’3’10’13’20. For these relationsips to be valid, each value taken must be

in stage II. Some relationships in the literature have involved a%stress which
is in two stages of the S-curve and are therefore invalid. The present work
shows a 1/L3 dependénce although there is some doubt in the grain sizes. A
plot of valid points for Pb-5 %Cd13 and eutectic Pb-Sn shows a ;/i3 felation—
ship. The relationships show scatter between -2.2 and -3.9 for Pb-—lSn3 and -2

and -3 for a Mg—-Al alloy.
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APPENDIX T
Computer Programme
(" r-ur Ty CwopLoe MATN T 03-17-69 1R231:04 PAGE 0001}
c ANALVETS NE THE CREFEP TEST CURVFES : PHBOO4
Aala] DIMENSTION TITIE(14),IND(20,20), TIMEID0,20),GPRADI20,20), PHBOOS
TSTPAIN(2C0), TIMEY(200)4RATFI2001,IN(200),DIALLI20,203,XC(5),YC(5) PHBOOG
\_ RAFEAD(S,R) NEYTLOL PHBROO7
( o FOPMAT( 15X, 13) ] "~ PHB0OB
B0 £ L= 1, NFXFOU PHB 009
RFANIS, 1) TITLE . . o PHBO10
L FOPMAT (1644 . :
READ{S,4) SCAFAC,NSHIFT,FLNOT
4 FO9MATIF10,5,5Xs13,F8,3)
3 K =0 ) ' , R PHBO14
M= 9 : I ©. ' PHBO15
SUMSHI = 0, . . e e ek . PHBOLS&
DO 1N T = 1,NSHIFT - i e e : PHBOL?
RFAN{5,5) SHIFT,NMEASY HEUE I P AR , PHBO18
5 FORMAT(F10,545%,13) e e PHBOLY
SUMSHT = SUMSHT + SHIFT : PHR020

NIMENSTON CNMNTSE 9,50, 7),IMPURT(?O,SO).TINEXH(9o50hSTRAIM(9 50),PHBO21

LMTRANS(D),CRISTS(20,20,7. . ... .. PHBD22
notl7 AN 29 ) = 1, NMFASU : . "PHBO23
onte REAN (5,601 TIME(L.J}, GRAD(I.Ja.n!ALt! (!.J y(CR!SIS(IoJ»PH8024

110,19 = 1,7) Pusozs
0019 3 FORMAT(F9. 2.1x.F5.1.3X.F8.5.2x.12.7n4
L P K=K+ 1 ’ .- PHBO27
0n21 INIK) = K - R ' PHBO28
002? If { DTIALII,J) .GT.0.) GO TO 12 - PHBO29 .
WP NELTAL = SCAFAC * GRAD(I,J) -+ SUMSH PHB O30
0026 6N T 11 v s PHBO31 =
0325 12 DFLTAL = DIAL(T,J) B PHBO32
naze 6N To 11 . : PHBO33
0127 11, TSTRAL = ALOG { 1. ¢ DELTAL I ELNOT S i

c SFLECTION OF COMMENTS: = | . . 43035
no28 o IF(IMPﬂRT(I,J).GT 0) Go TU 13 S PHBO36
0029 GO TO 14 : PHBO3Y
0032 13 M= M4+ 1. f/ e HBO38
0031 SonpnT120 19 7 Tt 'PHBO39 "
0032 120,_ACnMNTS(LyM 14).. = CRIRIS(I;J,IJ) -PHBO040
2033 IMPORT (L4 M) ,= IMPORT(1,J) PHBO41
014 TIMEXMIL,M) " = TIME(T.J) .. . - PHBO42
nQ3s STRAIM{L M)~ = TSTRAL. PHBO43
01136 MTRANS(L) =M : PHBO44
nn37 14 STRAIN(K) "= TSTRAL. IR ‘PHBO45 . -
no3n L TIMEX (K). TIMF(I.JI‘ PHBO4S
0039 20 CONTINUE: PHBO4T -
2040 10 CONTINUE PHBO48
cnal H=K.-1 - PHBO049
0047 DN 30 1 = 2, K PHBOS0
0043 - TF{I.FO.K) GO TO 32 7" . S PHBOS1
0044 . QATE{1) = (STRAIN{I+1) = STRAIN(I-1} 1} T!HEX(I+1) TIMEX(I—I))PHBOSZ
045 GO TO 30 . . RN o PHBO53
Q0n6 32 RATE(I)=( STRAIN(T)-STRAIN(I-1))/(TIMEX(T -TIMEX(I 1)) . PHBOS4
nn47 30 CONTINUE : : F T o - PHBOSS
no4s RATE(L) = RATE(2) - . .. .. . PHBODS6

€ TRYING TN GFT A DFCENT QUTPUT . o S . PHBOST .
nn&o N

NUMERD = 0 L Lt 5, pPHBOSS .
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i s e = mun e v o oma e b m 315 e v Sy s £ - —— [ ———

TrRTCAN TV T AT REEGF A [REZCHE! DAGFE NGC2

NYRN . FMSTART = ' i DHR D59
L] METNTS = A0 PHROED
ane? MPAGE = K/4D 4+ . . PHRQC61
NTED ' NPADTF = K = {NDAGE ~ 1 ) * 40 : PHE A2
EBLYA TE INPADTF.EN,D) 6D TN 4) . PHA3(6 3
RIS SG0 TN 42 ’ . PHROGSG
anse - 41 . MPAGE = NPAGF ~ 1° . — PHBO6S
Ans7 42 D0 40 ) = 1,NPAGF L . .. .. .~ PHBOG66
nnsa ri NUMERD = TNUMERP & ] el e T Tl © PHBNG7
nnea COWRITE(6,2) NUMERD , TITLE .3 ) C ST - PHBU6S
Anen ? FORMAT (10X, 23HANALYSIS OF THE GRFEP TRST rURves.l?x.SHPArE v 124 4X3 PHROAG
: "11”*/66X.1H*/1X 1444, ?(lsax 1ﬂ*)/7H NUMRER 4 10Xy 4HT!MF 10X , 6HSTRAIN,PHBOTO

e ' ...PHBOTL
noel PHADT2
0062 JGN 0 46 . e _ PHBOT3
0063 . CONFINIS BOR YT RO ! CEw " PHROT4
066 T asA, NG .130 1 .= NSTART NFINIS B . ., T LLrt. . PHBOTS
006S a INCTY — (INMET)/10] . © .. PHBOT6
| : . PHBOT7Y
. PHBO78

WRITF(6‘7) L © PABOTO’

“FNRMAT (66X, JH¥) " PHROAO
¥ wPITE(ﬁoE{hIN(I)..A PHROB1
- 346XeF943y] “PHBOR2

R : T PHBOS83 _

PHRonaf
, PHBORS

WRITE (69 PHBCAG

. FORMAT.{1H1)

T CONTTINUE
[R10000 ¥ T4 I 0N

PHB114
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-

TAMPLLER MAEN 03-17-69 1R:31:74 PAGF 3003

LMIDDLE, = STRAMIJ) .GT.5. ., .-

FOAnYoRrn Ty o
nega TITLE (1) = TIT(L.1) PHBLLS
aen 110 CONTINYF : PHB116
£101 CALL 1 INF (xc.vc.s.l) ’ . PHRL17
\ 2102 WRITE(6,1000) XC,YC
( r~ioa 1000 FNRMAT (12F6,2) o
nlce CALL PLOT {(144044-3) : PHB118
7105 CALL SCALE (TIMFXyKy1049sXMIN,DOX,1) © PHBL19
N0k CALL SCALE (STRAINSK,T4sYMIN,NY,1) - PHBl120
ner CALL SCALE (RATEGKyT4yZMINyDZ,1) PHB121
clon NP_S0 1 = 1,k PHB122
0109 RATE (1) = RATE(I} + 1, PHBL23
o1 STRAINCI) = STRAIN(I) + 1. . PHBL24
el L NRITE(6,1000) TIMEX(T)4STRAIN(T),RATE(]) : U o
o112 S0 CONTINUF . . : . . . _PHBl12S
0113 CALL AXIS (0.,1.,18H TIME. HOURy~18410690.9 XMINyDX) . . PHB126
0114 CALL AXIS (0.,1.,12H4 STRAIN 212079904 s YMIN, DY) : PHB127
n11s CALL LINE (TIwa.chAxN,K,l) ) ] . . ~ PHB128
116 XD = TIMEXUK) - .4 . S T PHBL29.
.oy YD = STRAINI(K) + .1 : g * - PHB130
c1ta CALL SYMAQL (xo,vn..ov,susrnAxN.o..6; : o PHBL31L
cl119 CALL AXTS (10a.91.+425H STRAIN RATE . I/HOUR. 25.7..90..1M1N.D2)PH8132
n120 CALL LINE ( TIMFX'PATF.K 1) - n . : PHBR133
0121 I0 = RATF(K) + .5 Wi el A : PHB134
6122 CALL SYMROL (X0,20, .07.11HSTRA1N RATr.o..ll */ PHB135
A B-X . '__CALL“SVMRDL (l.'8...14 TITLF.O.,SOlN _PHB136
c - PHBL3?
C PRINTING NF chMFNTs y PHB138
o . PHB139
0124 . M = MTRANS(L) . . PHB140
0125
e 1?(3).LFAP(5O)
0126 ..DN 9999 1=1,6,
0127 .
n128 9999
0129 XE(1)=0.
0130° JIXEL2Y=0
0131 - L. L YE(l)=0
0132 *YE{2)=0 R
ni3z2 "SPACIN = "PHBLS3
N134 ALTITU =-0. PHB144 : -
0135 DISTAN = 1. _PHB1S0
0136 - . cus  KOUNT=Q fi .. - . ) S
Cow3T #{NPITF(6'1002)MK0UN
nis 1002 FORMAT(I6):. . N
0139 - L N0 160 J .=, Mo . PHB1SL .
N4 CTIMM() = (TIMEXM(L.J) JXMINY /2 DX ‘PHB152
0141 STRAM(J) = (STRAIM(L.J) YMIN )}/ DY + 14 - PHB153
0142 = TIMM(JY -, C o PHB154
..... 0143 . = OXEALY L :
0144 = XF(1).
n1as = XF(1) " .
0144 = XE(1) o
0147 . = XF(1) . ;
0148 | " LOGICAL MIDDLE, PLACE,CLFAR
0149 _
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TORTEAT TV L Citmn]) g MATN 03=-17-69 1R231:N4 PAGFE NQ04
n18a PLACE = [MPORT(L,J) LLT.? PHB162
n1s1 IF ( J.6T.1) 60 TO 143 , PHB163
nyso GNP T 144 Y PHB164
\ n1851 147 NISTAM = TIMM(J) - T{MOUT PHB165
(1S4 . IF { PISTAN .LT..2) GO TO 145 PHB166
7158 144 XE(1) = TIMM{]) .. PHB167
nLS6 IF { XF(1) LY. 1) TIMM(J) = .1 PHR168
s IF { XE(1) 6T, 9,85 ) TIMM{J) = 9,85 PHAL69
188 XE(2) = TIMM(J) PHBL70
nien XDl = XF{2) PHBLT1
nYer XD2 = XE(?2) + .1 PHB172
"6 141 IF ( MIDDLE) GO TO 146 PHB173
n1ap YF(1) = 5.8 PHB174
n1a3 YEL?) = 6. PHBLTS
T2 yny = YEU(2) PHB176
n165 YE(T)_ = STRAM{J) + .08 PHR177
166 VF(6) = STRAM(J) + .25 PHBL78
0187 KNUNT=KOUNT+1 : "
n1689 WRITEL6,1002) KOUNT :
n169 G0 TO 147 ' PHB179
2170 146 YE(1)Y = 3.7 o PHB180
6171 YF(2) = 3.5 PHB181
172 Yn1 = 2,06 PHB182
0172 YE{1) = STRAM{J) - .08 K PHB183
0174 YFI6) = STRAM(J) - .25 - T AT - PHB184
o17s 147 ¥n2 = vyn1 : ‘ T " PHB185
174 ANGLE = 90, : PHB 186
177 LEAP(Y) = O PHB187
0179 KOUNT=KOUNT+1 )
0179’ WRITE(&,1002) KOUNT , (PR S
nire IF( DISTAM .LT. .2 .AND. PLACE.) GD TO 142 .. PHB188
181 G0 TO 148 < e . - -PHB189
n1a2 145 IF { PLACE ) GO TOD .141 ¢ ° : PHB190
0183 IF_(_TIMM{JY .G6T. .72 )} 60 YO 151 PHR191
n184 XNl = .1 ) - c—~ PHB192
2185 TG0 TO 152 ST PHB194
0185 - . 151 IF L.TIMM{J) .GT. 9,27 ).GD.YO 153 PHB195
n187 X0L = TIMMUYY - .72 - PHB196
0188 G0 'TO 152 ’ L PHB198
0189 153 XNl = R.55 PHB199
n1on 152  xP2 = XD1 B . PHB201
n1a] TOXE(L) = TIMM{Y) o - PHB202
_ o192 CUXEQ2Y = TIMMUIY : . PHB203
0193 RODM = TIMMIJ) - SPACIN . S .. PHB204
0194 CLEAR ‘= ROOM .6GT. l.44 .OR. VCLEAR .GT. PHB205
0195 VCLFAR = STRAM(J) ~ ALTITY . ==~ . ' PHB206
n196 SPACIN = TIMM(J) R . .; PHB207
0197 ALTITU = STRAM(J) E _PHB208
0198 3 KOUNT=KOUNT+1 - L R
n1959 WRITE(6,1002}) KOUNT .
n200 IF { MIDDLF) GO TN 154 PHB209
0201 IF ( .NOT. CLEAR ) GO TO 157 - PHB210
0202 156 IF ( LEAP(J-1) .FQ. ! } GO TO 158 PHB211
L0203 1597 YF(1) = STRAM(J) + ,08 . PHB212
0204 LEAPCJY = 1 ; ) PHB213

B
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r

END

COUTUAN [V o crwopyep MA LN 03~17-%9 18231304 BAGE NCO5
>
npne YF(£) = STRAM{YS) .25 PHB214
el YE(1) = YF{&) + .2 PHB215
noaT? YE(2) = YE(6) + .4 PHB216
\_  coro VOl = YE(2) + .1 PHB217
 A»an vy = YE(2) PHB218
n21n KOUNT=KOUNT +1
0211 NP ITE(A,1002) KOUNT
np1? 6D TN )5S : : PHB220
GEAN 154 TF ( JNOT. GLEAR ) 6D TO 156 " PHR221
0214 157 1F { LEAP(J-1) .EQ. 2 ) GO TO 159 PHB222
0218 158 YE({1) = STRAM(J) - .09 ~ PHR223
n216 LEAD(Y) = 2 . ‘PHB224
r217 YE(6) = STRAMIJ) = .25 . - PHB225
a214a YEL1) = YR(R) =~ .2 o . “'PHB226
G210 YE(2) = YF(6) - .4 : PHB227
r220 YD1 = YE{?2) = L1 ~ PHR228
r221 155  ANGIE = 0, . .. PHB230
0222 YN2 = YE(2) - .2 PHB231 ..
N2 KOUNT=KOUANT+1 - . :
N324 WRITF(6,1002) KOUNT S -
naoe 148 NN 1A0 T = 1,4 : - T PHB232
nNp2h 160 COMI(I) = COWNTS(L,J,I) - PHB233
n227 9N 170 1 = 5.7 - ) . .- PHB234
apra A =1 - & e ’ - PHB 235
n229 170 COM2(TA) = COMNTS(L,Je1) . PHB236
7230 CALL LINF ( XEoYE,2,1) PHB237
N2 WRITE(6,1000) XF,YE e O :
ERE) CALL SYMROL ( XDl  ,Y01 3 .07,C0MI,ANGLE,24) . PHB238
6223 CALL SYMRAL (Xn2, vnz..o7.c0n2.ANcLE.1a) - PHB239
0234 WRITFE(£,1000) XDleDZvY01'VDZ . T
nyas TIMOUT = TIMM(JS) PHB 240
n23e 162 YF{2) =.YF(1} PHB 241 . -
n237 YE(3) = STRAM{J) PHB242
np3o YF(4) = YE(1) PHB 243
0239 YF{S) = YF(1) L PHB244
18240 CALL LINE (XF, YFy 651} PHB 245
n261 . WRITE(6+1000) XF.YF
nNo4? 140  CANTIMNUE HB251
o THE END OF COMMENTS' PHB252
n2aet CALL PLAT (12..0.,—3) PHB253
N2t R0 CONT INUE PHB256
0245 CALL PLOTND - PHB257 )
0246 el STOP PHB258 -
nzav
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APPENDIX II
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Figure d. Stage II (LGS),

Figure c. Stage II (SGS), 1144 psi
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Figure e. Stage II (LGS), 1221 psi
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APPENDIX III

Calculation of Theoretical Creep Curves for Pure Nabarro-Herring Creep

and Pure Coble Creep.

Assume that a grain deforms only by N-H diffusional creep.

Initial length = lo
Initial widths = wo
Increases in length = Al
Increase in width = Aw
Final length 1 = lo + ol
Final width w .= wo + Aw
Engineering strain = Al/l = E
True strain de = d1/1; € = 1n To = In L+ %% =1n (1 +E)
F+1=c¢ or E=e -1
For constant volume
;. + 52 +e3=0
Assume e, = €3 = - Y%e; with a Poissons ratio of % for plastic deformation.
In (1+3) - -5 ardh
. -L
In (1459 =10 (1+2hH7%

1
-3

( % + ET) = (1+ EL)
Assume initial grain dimensions Lo, Wo

After engineering strain EL .



L =Lo(l +E) = Loe®
-1 _E
W= Wo(l + EZ) . Woe /2
Define grain size L where iz = %(Lzrwz) = %_Loze28 + 4 I«Ioze_€

If the grain is initially equiaxed

=2

L® = 1/2Lo2

{e2€ + &}

From Zehr and Backofen10

L2kT

avDj,

S =7lnw =
€

where o is a geometrical constant = 10

v is the atomic volume (1.43 X 10_23cm3 for Sn)

DL is the coefficient for lattice diffusion

16

k is Boltzman's constant = 1.38 x 10~ erg/oK

. .
T is the absolute temperature ( K)

Pure N-H creep is much slower than that found experimentally. Values of DL for

Sn will give the fastest rate. If the grain size is 2 microns and T = 26°c.
U NE = 2,74 x 1017 meS =see 596 5 10'% 1p-gec/in’

cm

€
- 2 28 . _
(*’L) = % Lo j @+ & e = b Lo (B F e F 4 1)
KT , 0
t —n4N'H 128 - 2¢7F +13
S
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o = 97 psi
e 12 1b-sec hr _ 9 1b -_hr
TUN'H = 3.96 x 1077 22858 5 b — = 1.1 x 10” 2B5500
£ = }.l X 109'{ 2e -9 —-€ + 13
4 x 97 &
€ = 2.85 x 10°{e”® - 2¢”% 4+ 1} hrs.
N-H Creep
' : : Fraction of time
True Strain © Time (hts) ' to reach .40 strain
0 ' 0 0
.01 1.14 x 10° 1
.02 2.28 x 10° 4.2
.05 . 5.70 x 10° 10.6
.10 1.16 x 10° 21.5
.20 2.42 x 10° 45.0
.30 3.82 x 10° 71.0
.40 5.39 x 10° ' 100.0

Coble

The analysis is similar to that for N-H creep.
Grain size is identified as
. . 3
L3 =L (Lo3 + W03) =1L Lo3_e38 + %WOBe /2e

for equiaxed grains Lo = Wo

- _3

L3 - %Lo3(e3€ +e /2e)
3

o _ 7q . L kT

g~ 7V T Bawp

“gb
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where ng is the grain boundary diffusion coefficient

B is a constant = 150

7

w  is grain boundary width (& 10" cm)
T is 26° C
L dis 2 microns
o is 97 psi
7YZCO =77Pb = 3.88 x 1010 dynes sec/cm2 since coble creep is much faster

than the experimental rate and77Pb givesa slower rate of creep than775n.

€ t
=3, _ oBvwWD.
vj~ L7de = J[_ gb at
kT
0 ' (o)

£
3
L93 (e38 + e /2€)de = (?vagﬁh ) t
2 kT
0
3, - 3
g = Lo KT 151‘ (—6—1)[e3€- 2¢” /2 +.1]
Bvw b g
3 3 ]
. - Lokt (_1_)[835_29_ /2e + 1
. BvwD 60
gb :

23
R S Sk 1] hrs.

t
Il



Coble Creep

True Strain

.01
.02
.05
.10
.20
.30
.40

0 L1 W = 0 W

~63=

Fraction of time

Time (hrs) to reach .40 strain
0 0

62 x 102 - o .0187
24 x 1075 .0374
4 x 1072 3 0%
7 x 107° L .196
6 x 107! (415
9 x107t 680
7 x 101 o 1.00
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