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1. INTRODUGCTION

Creep mey be defined =s the deformation occurring under the combined
effects of stress and time. During creep testing, temperzture and applied
load are generzlly kept constant. This is done in order to reproduce the
conditions existing in meny practical cases; as in the case of a gas turbine
blade, which is under a centrifugel force at high temperature. Some
testing is done at constant stress, to eliminate the effect of Increasing
stress as the cross sgctibn of the specimen decreases. The constant stress
tests ore more suitable for scientific investigations, the zim of which it
is to find the effeet of the vzriables involved in the ereep process.

& considersble emount of data has been collected in the last fifty
years; most of the data refer to complex =zlloys, which undergo seversl
types of trensformations during creep testing. Relatively little experi-
mental work has been done to support the theories which hzve been suggested
to explain the creep phenomenon., 2Although the results of these investi-
gations cannot be used directly to develop complex creep-resistent elloys,
severzl fundsment=l behaviors ere estgblished. For example, it was found
thet =n increase in temperature has an effect analogous to a decrease in
strein rate. It was elso found that the grain boundaries play a very im-
portant role in the mechanism of creep szt elevated temperstures.

The present investigation wss undertsken to gazin & better under-
standing of the creep process, using a set of experimental data which in-
volve & minimum number of variables. To secomplish this purpose high
purlty aluminum wes tected at ¢onstant stress over wide ranges of stress
end temperature,

2luminum was chosen because it hes z rather low melting point znd it
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is eavailable in high purity form. At high tempersture it does not oxidize
much in air since a thin, impervious oxide layer is formed. This layer is
trensparent and therefore does not hinder the observation of the metallie
surface. The main structurzl instability that is ecountered during creep
testing is a change of the grain size.

The aims of this thesis are:

(2) Demonstrate the behavior of simple, high purity aluminum
in creep and strees rupture as & function of stress, temperature, strain
rate and rupture time.

(1?) Study the effect of grein size on the creep behavior of high
purity sluminum.

(c) Study the effect of a change in impurity content on the
rupture and creep behasvior, on the ductility and on the mode of fracture
of aluminum,

(d) Study the change in structure during creep and stress
rupture tests, such as slip, sub-grain formation, grain growth, =nd grain
boundary flow.

(e) Study the law or laws which govern: primery creep.



2. SUMMARY
High purity, commercial 2S and 3S a2luminum hzve been submitted to
ereep and stress rupture testing at severzl temperatures between 200° F
end 1100° F, at several constant stress levels.
It was found thet the primary creep follows Andrade's equation(s)
better than Mott's(4?) equation of Wexhaustion® creep.
There is no linear relation between the applied stress and the

(31)

logerithm of the minimum creep rzte; therefore the Eyring

(32)

theory of
rate process as applied to ereep by Ksuzmen and by Dushmen et a1(7),
does not spply to creep and stress rupture if a wide range of strain
raetes and rupture times are investigated.

The stress dependence of the minimum creep rate =zt constant temp-
erature is best expressed by a log-log plot of stress versus ninimum
creep rate, In the absence of structural instebilities such a plot
gives linear relationship. A chenge in slope occurs a2t a series of trans-
ition points, which are located at lower stress and faster strzin rates,
tae higher the testing temperature. The transition points correspond to
the change from the ®"Low Temperature" to the "High Temperature™ behevior
of the materisls, The slope of the straight lines of the plot Log. stress
versus Log. minimum ereep rate is greater the smzller the grain size,

For constant grain size that slope is greater the higher the tempersture.

The dependence of rupture time on stress at constent temperature is
quite similsr to the dependence of minimum creep rate. & series of
transition points are observed in a log-log plot of stress versus rupture

time,
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Res & first approximation the minimum creep rste is inversely propor-
tional to the rupture time. This is especizlly true under "Low Temperature®
conditions of testing.

The minimum creep rate of a fine grein high purity aluminum is smaller
then the minimum ereep rate of a coarse grein sample tested at the same
stress in the "Low Temperature" région. The reverse is true in the ™High
Temperature®™ region.

L8 a2 first spproximetion the tempersture, stress and strain rate at
which the trensition from "Low Temperature® to "High Temperature® oeccurs for
high purity s2luminum sgree with the egquation suggested by Mott(35) for the
beginning of "grain boundary slip®. The same is true for 2S sluminum if
different values of the constants are used in Mott's equation.

In the sbsence of considersble grain growth during testing the rela-
tion between minimum creep rste =nd temperszture at constant strese follows
Boltzmann's equation:
rate = A B_Q/RT
wheré T is the absolute temperature and 4, Q, R are constants. The change
from "Low Temperature® to "High Tempersature® is not associzted with a change
of the temperature coefficient Q, at least within the limits of accuraey of
the data.

The high purity aluminum semples fail in & ductile menner under sny
testing conditions. A single crystal at very high temperature fails by
gliding. 28 and 38 aluminum semples fail in a ductile menner under low temp-
erature testing conditions (below the equi-cohesive temperature.} Under high
temperature conditions (above the ecui-cohesive temperatures) the failure of

25 end 38 aluminum is brittle (intererystalline). The transition from ductile
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to brittle failure is gradual; the echange is more marked for 3S then for 28
aluminum,

Grain boundary migration occurs during creep testing in high purity
aluminum at high tempersture conditions (sbove the egui-cohesive temperature).

Slip bands are observed in high purity, coarse grained semples under
any testing conditions., &As a first approxim=ztion, the spacing of the slip
bands is inversely proportionzl to the applied stress. The constant of pro-
portionslity is mpeh larger than the constant prediected by Orowan(AB) for
the minimum slip spacing, but is in better agreement with the experimentsl
paiabiR JF Taungaatd

A braak—dowp of the greins into sub-grains was observed in high purity
aluminum tested under high temperature conditions, The size of the sub-grains
is of the same order of megnitude of the spucing between slip bands. The
regularity end the direction of the sub-grain boundaries suggest & relztion
between the slip process and the formation of sub-grains.

The elongation of the specimen at the beginning of the third stage

(26

of ereep ("true elongation )’) is practically constent with deeressing

for ductile

creep rate/specimens. For brittle specimens the true elongation decreascs
as the rupture time increases. Therefore 2z marked decrease in true elonga-
tion is noticed at the transition from "Low Tempersture® to "High Temperature®
behavior for 28 and 3S 2luminum., This decrease in true elongation is more
marked for 38 thean for 2§ aluminum.

Metallographic observations of the surface of deformed samples con-
firmed thet the transition from low temperature to high temperature cor-

responds to the beginning of grain boundery flow. Observation of longitudinal

sections of deformed samples showed thet no cracking occurs at the grain
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boundaries of high purity samples tested under =ny conditions. Cracking at
the grain boundaries is noticed in 25 and 35 aluminum samples which were
tested at "High Temperature®.

"Slipless"™ flow was observed after high temperzture testing only in
the case of flne gresined specimens, independently of the purity of the
mzterial., Observations of high purity eluminum ssmples indicate that
“"glipless™ flow oceurs when the grain size after testing is smaller than
the slip speseing which cun be observed 1n coarser gresined specimens tested
under similsr conditions.

The ereep and rupture behevior of 28 and 38 sluminum is quite similar
to the behavior of the complex cobslt-base zlloys whieh heave been inves-
tigated by Grent and Bucklin(26). The mein difference congists of the
fact that certein instebilities sueh =s oversging =nd oxidation do not
affect the creep and rupture behavior of sluminum even at very high temp-
eratures.

The different behavior of high purity sluminum, as far as duetility
and mode of fracture are concermed, clearly shows the effect of impurities
on the creep and rupture properties of metels.

It may be zssumed that at constent strein rate the strength of the
grain boundaries has a temperczture coefficient which is different from the
tempersture coefficient of the gresins. Under certesin conditions of temp-
erature snd strain rete the strength of the grzin and the strength of the
grain boundsries are the same. These conditions eorrespond to the trans—
ition from iow temperature to high temperature behavior., &t faster strain
rete, or at lower temperszture the grain boundary is stronger then the grain.

The reverse is true at slower strain rste or higher temperature.



3. PREVIOUS INVESTIGATIONS

Creep snd stress rupture tests date bzck over a century. In 1883

(1)

Thurston conducted stress ruoture tects on iron at room temperature,

He mentioned = similar experiment done by Vicat "helf a century ago®.
Howe(z) first determined the shape of a creep curve in 1885, In 1904
Trouton and Hankine(B) suggested 2 logarithmic relation between creep
relaxation and time. One year later Phillipa(A) first mentioned the word
M"ereep®., In 1910 Andrade(S) discovered his famous egquetion for primary
creep, which has been recognized valid for pure metazls up to now. He was
the first to perform consgtant stress tests.

Engineering interest in the creep phenomenon started much later, when
McVetty(e) suggested a method for extrspolztion of cereep deta. Since then,
meny contributions to the understanding of the creep process heve been made,
both from the empiriczl snd the theoretical viewpoints. It is impossible
to give a detailed summary of the existing literature on this subject. The
survey of the previous investigations will be limited to results concerning
aluminum, and to the current theories of the mechenism of creep zs affected
by temperature, strain rate, and purity.

Very few data have been publisihed, concerning ereep rates and rupture
times of sluminum, Information on creep rates of high purity eluminum at

constant stress have been given by Duslman et 31(7)

, who tested wires in =
rather limited rmnge of temperatures and strain rates. For 2S5 zluminum, date
have been obtzined by Sherby(g), who gtudied the effect of grain size on the
ereep rates. Sherby conducted constant load tests from 90° F to 400° F.

(9)

Dorn znd Tietz studied the creep =nd stress rupture properties of 35 al-
uminum over & wide range of rupture times: however, the temperature range

wes limited to 90° F to 400° F.
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The limited smount of information reported above cannot be directly
compared with the results of this research since the purity, the grain size,
the type of sample and the method of tesﬁing were different.

Qualitstive studies of the mechsnism of creep for zluminum have been
done at & larger extent. Hanson and Wheeler(lo) observed the behavior of
99.6 percent aluminum (2S) at different temperatures and strain rates by
mieroscopical exsmination of polisihed semples. ZAccording to Hanson.and

- Wheeler, under suitable conditions (high temperature and slow strain rate)
no signs of slip bends sppear on the surface of the polyerystalline sample.
The grain boundaries are developed by streining, although no erscks are
opened during the earlier stage of deformstion. As the deformation proceeds,
cracks open at the grain boundaries and the sample fails by intercrystelline
‘eracking. If the temperature is lower, or the strain rate is faster, the
slip bands ere visible and the fallure is transgranular. Single crystals
deform and fail by shear along slip planes at all temperatures.

1
More recently Wood et al,(l""’ 12, 13)

found that at elevated temperz-
ture the grains of zluminum brezk down into "eells®, which slightly chenge
their orientation during deformetion., & more detziled report on this subject
will be mzde later (see: Experimentel results, Part B).
Creep testing of 2lumimum by torsion at constant stress was done by
K& (14). Importent results were obtzined that are concerned with the
viscous behavior of the grezin bounderies. However these results cannot be
directly compared with the others mentioned above, since they have been ob-

tained 2t & very low stress level, where the plestic deformetion is completely

recoverable ( -enelastic behevior).



~ 0
Electron microscope research by Heidenreich and Shockley(l5) has
demonstrated that each ™glip band® of deformed sluminum consists of many
slip lines. The distence between the slip lines is constant, while the
distance between slip bands, snd the number of plsnes in each band is not

(16)

constant. Brown indicated that this 1s true up to 500°-C, znd that

the distance between slip bands is & function of the temperature., The
specimens observed by Brown were deformed by compression without eontrolling
the amount of deformation and the applied stress. The change in slip band
spacing and thickness &s & function of the temperature was recognized pre-
viously by Crussard(éo).

The function of the grain boundsries in high-temperature ereco hss
long been recognized since Jeffries(l7) suggested the existance of en
"equl-cohesive temperature® at which the strength of the grzin is egual to
the strength of the grain boundary. Jeffries found thst the faster the
strein rate, the higher the equi-cohesgive tempersture. If the Jeffries’
theory is correct one should expect that & fine gresined materisl is more
creep resistent than a coarse grained material below the egul-cohesive
temperature. The reverse should be true sbove that temperzture. The study
of the effect of grain size on the creep rates is very limited. The first
publication, by Clark and White(lg) is still one of the best. Hanffstengel
end Hanemann(lg) found that when the creep rate is plotted versus the stress
for fine grained and cosrse grained lead st 25° C, two interseeting curves
are obtained, Hanson(zo) first suggested the existance of sn "optimum
grain size®™ for best ereep resistance of tin. Parker and RiisneSS(al)

suggested that the number of gresins per ceross section and not the sbsolute

grain size determines the creep resistance, A study of the distribution of
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stresses between the grains and the grain boundesries was done by Siegfried(zﬁ)
who found thet the Jeffries! theory is correct. Sully(23), working on
(

MeKeown 24) data for lead, found thet the creep resistance is =z funetion of
tie ratio "grain boundary surface to grain boundary volume®, He concluded
that the creep resistance st elevated temperatures incresses continuously,
&8 the grain size increases, without passing through & maximum as suggested
by Hanson(zo) and by Crussard(zs).

The contribution of the grein bounderies to the flow of metsls =t
eleveted temperatures has also been recognized in complex alloys. It was
found that at elevated temperatures a material feils along the grzin boundaries
with very little ductility; while at lower temperztures the same meterisl

deforms and fails in 2 duetile msnner. Grent and Bucklin(zé)

studied this
phenomenon on cobzalt-bsse alloys. They also found that the transition from
the "low-temperature” (ductile) to the "high-temperature” (brittle) behavior
of those emlloys corresponds to 2 change in slope of the curves obteined by
plotting the logarithm of the applied stress versus the logarithm of the
 nminimum ereep rate or versus the logaritim of the rupture time. Grant =nd
Bucklin also found a marked decrease in the "true elongationczé)“ at the

transition points mentioned zbove.
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4. PLAN OF WORK

The plan of work is summarized as follows:

(2) Building the apparatus: &An apparatus wes designed to perform tensile
creep testing from room temperature to 1300° F =zt constsnt losd or st constant
stress up to 100 percent elongation, under e meximum applied load of 300 pounds.
(b) Preparation of the samples: Preliminsry heat treatments were plsnned

to develop the most suitable structure. The actual preparation of the semples
involved machining, heet treating, =nd finlshing, The dimensions of eaeh
sample were determined after the finishing operstion.

(e) Creep testing:

(1) Preliminary tests: The purpose of the preliminery tests was to
determine the order of magnitude of the stress levels to be in-
vestigated; end to test the apparatus. Minor alterations were
made on the apparatus after these tests.

(11) ®"Stendard® tests: creep testing was plenned for four types of
ssmples:

1. High purity sluminum (99.995%), coarse grzined
2., High purity gluminum, fine grained
3. 28 aluminum (99.3%)

4. 35S 2luminum (98.2%)
During the test the elongstion wus measured ss a funetion of time;

and the appezrsnce of the sample was observed through a viewing
window,

(111) Specizl tests: A few special tests were planned to study the be~
havior of specisl types of ssmples, such as single crystals or

szmples having mixed grzin size.
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(d) Examinstion of the ssmples: it was planned to exasmine each semple afier
creep testing, both on the surface and on a cross or longitudinsl section.

(e) Determination of the minimum ereep rate and correlstion of the date:

The minimum creep rate wes determined from the creep curves end the following
data were correlzted and compared with the results of previous investigations:
temperature, stress, minimum ereep rate, rupture time, total elongztion, el-
ongation at the beginning of the third stege of creep ("true elongstion®),

coefficient of primary creep, temperature coefficient of secondsry creep.
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5. DESCRIPTION OF APPARATUS AND MATERTALS USED
5.1 Apparstus

The apperatus consisted of two creep testing units which were provided
with &z loading besm of ratio 3 to 1. A constant stress system wes introduced,
in this appsratus: & detailed description of the constant stress system
appears in Appendix I.

The elongztion was recorded by reading = dial gege, having a one inch
trevel. 1/1000 inch was read directly on the dial, and 2/10000inch was
read by interpolation. The mein spring wee removed from the gage to avoid
the effect of non-exial stresses. The gage was fastened to the freame: a
bzlanced arm wes secured to the upper svecimen holder., One end of this amm
held = polished msgnet, which wes touching the head of the gage shaft., Using
this set-up the elongetion hes been meessured without disturbing the specimen
at ell,

Two tubuler furnaces were used: one wes platinum wound and was cspable
to reesch very high temperztures; the other wes nichrome wound and w=s used
for the lower temperatures. Each furnzce wss provideﬁ with a 1/2 inch viewing
window, whiech permitted the examination‘of the specimen during testing.

The tempersture wes ccntrolled by one thermocouple, which wes touching
the upper part of the specimen. A description of the method of celibration
of the controlling thermocouple is shown in Appendix II.

The seguence of the operztions is summerized as follows:

(e) The semple wes placed in the spperatus snd heated.

(b) The sample was loaded mbout 30 minutes after it czme to
temperature. The loading time wes less then ten seconds
for most of the tests. The loading time was incressed up

to two minutes for very fast tests =t the lower temperatures.
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(e) The creep curves were determined by reading the dial gege
periodiecelly.

(d) After feilure the specimen wes removed and quenched within
two minutes. A few tests were not conducted to completion,
but the 'th{rd stage" was alweys reached before interrupting
the test.

(e) The finel length of the cold spécimen was determined. The

| sample was used for metzllogrephic examinzticn.

The determinetion of the sccurscy of the data cennot be done for sure,
but zn order of magnitude cen be'ascertéined. The temperature gradient snd
control were kept within + 3° F, The minimum weight necessery to unbslence
the beam corresponded to en applied stress of 5 psi. The determinstion of
tne stress wes done within + 1,5 pextet,The zbsclute meesurcuent of the
elongation wes probably done within + 1/100 of =n ineh, since the elongztion
on lo=ding includes the yielding of the threads and other foreign factors.
However, once an arbitrary ®zero" was established after loading, the measure-
ment of the subseguent elongation weas done within frl/looo of en ineh, This
velue includes the error due to expension or contrasction of the freme and of
the holders as the room temperazture changes.

A few experiments were duplicated to test for reproducibility. The
reproduclbllity of the minimum ereep rates wes within 10 pereent. Very

fast tests at the lower temperstures showed a poorer reproducibility.

5.2 Materiels

Three grzdes of aluminum were tested:
() High Purity (99.995% sluminum)
(b) 28 (99.2% aluminum)

(e) 38 (98.2% aluminum)
The spectrographicel snalyses of these materiels is reported in Table I.



TABLE T

Spectrographicel Analysis of the Impurities Contzined in the Three Grades

of Aluminum Used for Creep and Stress Rupture Testing¥*

Type of Impurities (percent)
Aluminum Cu Fe Si Mn Mg Zn Cr T1 Pb, Nz ,
‘ Ni, Ca
Bi,
B
High 0.0017 0,002 0.001 0.0002 0.0006
Purity
28 T 2 0.47 0.12 0.01 0.00 0.01 0.00 | 0.03 | 0,00
0.10 0.46 0.12 0.01 0.00 0.01 0.00 | 0.03 | 0.00
38 0.09 0.37 0.16 115 0.00 0.01 0.01 | 0,01 | 0.900
0.09 0.36 0.16 e 0.00 0.01 0.01 | 0,01 | 0.00

% The three grades of aluminum end their spectrographicel snalyses were furnished by the

Aluminum Company of America,




The conditions of the materisls both Tas receivedy snd after hest treat-
ment sre listed in Teble II,

Thne microstruetures of the 2S5 and 28 aluminum after heat treatment
sre presented in Figure 1, Figure 2, and Figure 3, The samples were

machined from the "as received" rods: the gage length of the semples was

o
+ ik
1 - 0.2 inech

the dismeter of the strzight portion of the szmple was

about 0.162 inech.

Figure 1. Microstructure of 28 gluminum, efter & 3-hour snnesling
treatment at 1000° F. Cross section. Electrolytic polish
and eteh, 150 X%,



IIBLE IT

Data on Aluminum Used in Test Program

Materisl "is received" Heat_ Trestment
Shape Temper. |Grain Size Temp. Time
°7F Hr,
High purity, 3/8 1in, - 1000 greins 650 0.5
Coarse grained® | rod per cu, mm.
High purity, 3/8 in. - 1000 greins 650 0.5
Fine greined¥ rod per cu, mm, 1000 0.5
>4 5/16 in. H-18 = 1000 3
rod
38 3/8 1in. F - 1000 3

# The terms "fine grsined® snd "coarse grained®

After Heat Treatment

Grzin Size (mm.)

Cross Section |Longitudinal Seetion
0.05 0.05
1 to 3 1to 3
(20 to 30 grains per cross section)
0.02 to 0,03 0.02 to 0,03
0.05 to 0.1 0.1 to 0.4

refer to the graein size of the s=zmple before testing.




Figure 2. Microstructure of 3 & aluminum after = 3-hour snnezali
(=}
treatment at 1000° F - Cross Section of the bz
Electrolytic polish znd etech 100 x

Figure 3., Microstructure of 3 S zluminum after = 3-hour annealing
treatment =zt 1000° F - Longitudinel Section of the bsr
Electrolytie polish and eteh 100 X

- 18 -
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After machining, the strzight portion of each sample was polished
with 3/0 metallographic paper, coated with peraffin, Finel heat treatments
were then done in an zir furnece. The samples were cooled in air and elec-
tropolished in an aceﬂic-perchloric mixture, Details concerning the elec-
tropolishing =snd electfoetching techniques sre reported in Appendix ILI,

Figure 4 shows two "coarse grained, high purity" samples. One has
been macroetched to reveal the structure. The other is electropolished.

411 the "stendard™ testes were conducted using electronolished specimens.

LS

" ———————————— . | N vy | o 0 A AR

Figure 4. High Purity, Coarse Greined Aluminum Specimens:fbove: =after
electrolytic polishing.
Below: after macroeteining in HC1.
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6. DETAILED REPORT OF THE EXPERIMENTAL WORK DONE

Part A - Mechanical Testing

6.1 The Rupture and Creep Tests

When the elongation of a tensile specimen under 2 constant lo=d is
plotted versus the time, a typical well-known ®ereep curve™ is obtzined.
During the earlier part of the test the elongation rate decreases (first
stage, or primsry creep). Later the elongation rate is practically constant
(second stsge, or minimm creep rate). Finally there is a period, during
which the rate of elongstion increases up to the rupture of the sample
(third stage creep).

Andrade(s) showed that at constant stress the third stzge creep is
absent for lead. A‘similar result waeg obtained for high purity sluminum,
Figure 5 shows = creep curve obtrined at constant lozd; and a creep curve
obtained st constant stress, under similar conditions of temperature and
initi=al stress. The "third stage"™ does not appear in the constant stress
curve, since the test was not conducted to completion, The third stsge,
which is alwsys present for tests reeching feilure, is due to a stress in-
tensification. In the case of ductile specimens the stress intensifiecation
begins when the ssmple sterts "necking®. In the case of brittle specimens
the stress intensification is caused by the presence of intercrystalline
crecks., In Figure 6, the creep curve obtained for = duetile specimen (test
No. 34) is compered to the ecreep curve obtained for a brittle specimen (test
No. 305). The lower curve also shows that the primery stege cennot be de-
tected using the scales of this plot; the apparent absence of the primary

stege wes often noted at the higher temperatures.
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The ereep curves reported above were obtained{by plotting the linear
strain versus the time, on linear graph paper. The linear strzin is defined
as L
wiere £C  is the elongation snd &o is the initial length,

Since the totzl elongation of aluminum during creep testing is con-
siderable (10 to 110%), there is a merked difference between linear strain
end "true" strein. The true strein is defined =8

b
and is practicaily equal to the linear strain when the elongation is small.

In Figure 7 both the linesr and the true strains have been plotted
versus the time, using the data from the same creep test. ZAlthough there
is a shift in the position of the curves, the shepe of the creep curves
is substantielly the ssme. Similar results were obtained in other cases;
accordingly, the czlculation of the true strain wes not extended to all
the tests in utilizing the data. Linear strein wes plotted versus time
in all the cases, and the slope of the "secondary stage" was determined.
This was ealled "Minimum Creep Rate"™ when referred to a2 one-inch initial
gage length.

Generally the second stage of creep was long enough to permit a very
close determination of the minimum ecreep rate. The lergest uneertainity
in the determinztion of the minimum slope of the ereep curves wzs zbout
2 percent. .

It hes been ssid that all the curves can be divided in three stages,
and the first stege wes more or less pronounced according to the conditions
of the experiments. ZIn exception was observed in the behsvior of & single
crystel of high purity aluminum which gave the typical creep curve presented
in Figure 8.
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6.2 Study of Primsry Creep
The study of primary creep we=s not plenned as one of the primery aims
of this thesis. The .data are not sufficient to test the validity of the
different theories of primary creep; however, enough information wes ob-
tained to study the trend of the creep curves during the first stage.
Jlmdrade(s) found that the ereep curves of pure metals follow the

equation
j 7 ) Kt
p-C Grapth)e - (6.21)

where L 1is the length of the specimen at the time t; and £, is a constent
which is not mueh different from the initisl length. 5 is the "coefficient®
of transient creep™ end K is the "coefficient of steady state creep", From

formula (6.21) it follows that

in %: =1n(l+-f3t’/:') # Kkt (6.22)

The true strein at eny time cen be divided inte two perts. The
guentity In (1 + f*tyg) is the contribution of the trensient creep; the
zmount kt is the contribution of the steedy stste creep. When jﬁ ty"‘ is
smell, 1n (1 -%F"t.‘[;)z (5 t'/3. Assuming that the constant £y is equel to
the initiel length of the specimen, for small elongations In -%'; = z}%
and therefore

oe4pthr yne (6.23)

in the cace the initial length is one unit.

it the beginning of the deformation the contribution of the transient
creep is much larger than the contribution of the steady state creep. The

reverse is true after longer times, Therefore for shorter times

7/

and for longer times

b
©
i

vt (6.25)
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The second portion (6.25) was found to be true in sll the cases; the
coefficient k has the same value snd meszning of the "minimum ecreep rzte®.
The first portion/ézézéi verified by plotting the elongation versus the
cubic root of the time. This has been done for several specimens =t dif-
ferent stress and temperature conditions. A typiesl exemple of the results
is presented in Figure 9, where the initial parts of the creep curves of
high purity eluminum et 500° F (coarse grained) heve been plotted in the
form lineer strain versus cubic root of the time.

The plot of Figure 9 shows that strasight lines are obtsined; the slope
of these lines incresses for longer times. This was expected, since the
contribution of the steady state ereep becomes apprecieble st longer
times. The curves obtained st the lower stress levels show an snomzlous
#trensient®, which is in dissgreement with Andrade's formula. This trsn-
sient was indeed observed, to a minor extent, by exsmining the linesr
creep curves: an exsample is given in Figure 10. It wes not possible to
escertzin whether this anamolous transient stage is = property of the
materiel or.=n effeet due to the inertia of the testing machine.

The . crosgsing of seversl curves of Figure 9 is due to the uncerteinity
in the determination of the initisl elongation after losding, =& mentioned
before, The intercepte of the curves at zero time are not exmct, since
the loading time was not sufficiently constent.

The slopes of the straight lines of Figure 9 was determined snd called
the “{5 eoefficient". The logerithm of the stress wss plotted versus the

logsritim of the ® Pcoefficient“ in Figure 11 znd & straight line was

obtained.



STRAIN

LINEAR

TIME

SECONDS MINUTES HOURS
g s 253 5 [O0: 18 20 30 . 40 i 2 3 4
0.5 T e e o i IRET R e e P | |
0.4 A l ] |
3000 PSI 1 99.995 % ALUMINUM
: 2755 PSI | COARSE GRAINED
| | 500° F |
0.3 | |
0.2 '
1180 PSI
04 7 e
| 910 PSI
- [o—V" | | |
&g_v——‘v“: | 495 PS|
0 i | SIS . + oo
0 0.2 0.4 0.6 0.8 | 1.2 ! 1.6
CUBIGC ROOT OF TIME (HR '/3)

Figure 9. Plot of linear strain rate versus cubic root of time. High purity coarse greined aluminum

tested at 500° F,



STRAIN

LINEAR

0.0

0.0.4

0.035

0.0¢

| | HIGH PURITY ALUMINUM |
| | 700°F - 250 PSI
(TEST NO.24)

0.0 |
0 © 5 -
0 20 40 60 80 100 120
TIME (MINUTES)
Figure 10, Typical creep curve indicating sn inertis effect after loading.



CR

STRESS

5000
999551,
ALUMINUM

500 F

500L—o0

0.0l 005 o O] @S 1
"Bt COEFFICIENT - (HR, ~ {2} .

Figure 11, Log-log plot of stress versus fcoefficient of primary creep. High purity coarse .,

grained sluminum bested at 500° F. ?



= 2=
It should be understood that the grephiesl determinztion of the ¥ [»
coefficient” involves meny sscumptions znd therefore is nct as zecurate
as the determinations of tne minimum ereep rate, Further speculstion on
this topic is not likely to be eonstructive, lacking more mecurate data
on primary ereep.
Bimiler results were obtained when the true strain wes substituted
for the linear strein in the anzlysis mentioned above,
A few creep curves were plotted in other non-convention:zl weys.
Vhen the logaritim of the strain wes plotted versus the logaritim of
the time, = curve of increesing slope was alwsys obtained. This result
suggests thet the relztion
strein = 1 t° (6.26)
does not 2pply to high purity =luminum =t constent stress. Equstion (6.26)
wes found to be velid for pure nickel by Uarreker and Hollomon(27) .
In enother attempt st studying primary creep, the strein wes plotted
versus the logaritim of the time for = series of tests: the slopes of
the curves inerease sus the time incremses. This result suggests that the

law
gtrain =2 £ B In t (6.27)

does not apply to the primary creep of the materials investigated. Eguation

(28)

(6.27) is similar to the equation given by Mott for the “exhaustion™

primery creep.



6.3 Stress Dependence of Minimum Creep Rate &t Constesnt Tempersture

6.31 Semi-log Dependence
Since the earliest times, in the study of creep, investigators
have sought a simple relationship describing the stress dependence of the
minimum creep rete at constant tempersture. Ludwickozg)proposed &n
empiriesl formule of the type

r=A4A eBs

(6.31)
where r is the minimum creep rate, & is the applied stress and 4, B are
constants. A#cording to this formula & straight line should be obtained
vihen the spplied stress is plotted versus the logaritim of the minimum
creep rete, Bailey(BO) suggested a formuls of the type:
r=1¢ (6.32)

aecording to which a stright line should be obtained when the logaritim
of the applied stress 1s plotted versus the logarithm of the minimum ereep
rate. Belley's formuls is not supported by theoretical considerations.
On the other hend, Ludwick's formula is in sgreement with Eyring's theory
of sctivated complex(Bl), a8 demonstrated by Kauzmann(az) and by Dushman
et a1(7).

According to this theory, the rate of shesr is proportional to the
rete at,which &n hypothetical ®™unit of flow"™ crosses 2 free energy barrier.
Assuming that the free energy berrier is a function of the zpplied stress,

and introducing several simplifying sssumptions, the following equation is

obtained:

r=n oM o (Ns) (6.33)

Il

where r = minimum ereep rate
8 = applied stress

T = absolute temperature
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- Free energy of activation

R

]

ges constant per mole

M, N = constants, at constant temperature.
o o(Ns)
When (Ng) is large, sinh Ns = A e

Log. r = Log £ P s (6.34)

and

where r, and P are constants at constant tempersture.
Equation (6.34) is of the ssme form 2s Ludwick's equation. Creep

rete data by Grant and Bucklin(26)

» obtained by testing cobelt bace
alloys, have been analyzed(BB) to test the above theory for validity.

It was shown that, when the stress is plotted versus the logaritim of

the minimum creep rate st constant tempersture & streight line is not
observed if sufficient data esre available over a wide range of creep
rates. If the date are restricted to & very narrow rsnge of strain rsztes,
the theory of activated complex can be epplied, st least as & first ap-
proximation.

The analysis mentioned a’bove(3 3)

also showed that straight lines are
obtzined when the logarithm of the stress is plotted versus the logarithm
of the minimum creep rate, in the case that the ssme mechsnism of defor-
metion and fracture preveils. The approximate relstionship:

Log. r = a + (bfT -¢) (Log. s -d) (6.35)
was suggested to express the tempersture and stress dependence of the
minimum creep rete, with the understanding thet this empirical equation
is not to be regarded as & true "mechenical egustion of state®,

In order to verify whether Eyring's theory can be applied to =n ex-
tensive amount of data obtzined for & pure materisl, the stress wes plotted

versus the logarithm of the minimum ereep rate for high purity, coszrse

grained aluminum (solid lines of Figure 12). The "straight lines® obtained
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by Dushmen et el.(7) for a similsr meterisl were =lso included on the szme
plot (dotted lines of Figure 12). Figure 12 shows that streight lines are
not obteined over = wide range of creep rates zlthough they mey, erroneously,
be assumed to exist in such a limited range of minimum creep rates zs the
range investigested by Dushmen et 81(7). The trend of the semi-log curves
is quite similzr to the trend observed for complex cobslt-base alloys(zé).

The solid curves plotted in Figure 12, even on eareful inspection, do
not indieate any discontinuous change in the stress dependence of the
minimum creep rates as struetural instabilities occur in the materisl.
For instance, the merked grein growth which has been found to take plazce
at 900° F and 1100° F is not revesled by any change in shepe or slope
of the semi-log curves. On the other hand, the log-log plot of the ssme
datz points out this instability very clesrly zs shown below.

6.22 Log-Log Dependence

6.321 High Purity Aluminums

The Log-Log dependence of the minimum creep rate on the
applied stress was verified by plotting the logarithm of the stress versus
the logarithm of the minimum creep rate. Figure 13 presents the results
for high purity sluminum. The solid lines represent the behavior of the
coarse greined ssmples; streight lines sre observed at all the tempera-
tures. However, a sharp chenge in the slope of the lines is observed
very elearly st 500° F, and less elesrly at 400° F and 700° F, These
"bresks" determine three "transition points® 2, B, snd C, Metzllographiec
studies showed thet apprecizble grein growth occurs at 700° F, and very
extensive grain growth et 900° F and 1100° F. At the two higher tempera-.

tures the grain growth is such thet the results cen be hardly compared
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Below the line A-B-C the grain boundaries &Y® weaker than the

they contribute to the initial deformation of the specimen znd do not

hinder the deformation of the grains.

cTr
4
e

The region =zbove the line A-B-C is ass ith the "Low Temp-
erature Behavior® of the mesterisl while the region below that line is
agssocizted with the ®High Temperature Behovior® of the material,

Figure 15 shows the appesrance of three specimens tested at 500° F,

q
P

ecimen No. 63 (Rupture Time = 0,05 hours) shows *Low

- -~

havior; the grasin bound=ries resist deformation more than the grains and
2 =

in boundary "erests" from whieh tr ope down.

M amrorediiral
Lemperature "

Specimen No., 68 (interrupted zfter 500 hours) shows "Hi

behavior; the grain bounds¥y flow which ocecurs during the test causes
step formation on the polished surface, therefore the grein boundaries
appear "thicker® under the mieroscope and sppear shining to the unaided

eye. Specimen No. 34 (Rupture Time = 56.25 hours) belongs to the ®Tran-

gition® region, =nd hss an intermediate behavior.

Figure 15. Top to bottom: Specimen No. 63 (Rupture time = 0.05 hours
No. 34 (56.25 hours); No. 62 (interrupted after 500 hours)
tested at 500° F. Unetched.
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The dotted lines of Figure 13 represent the behavior of the fine
grained, high purity aluminum. The fine greined materisl is stronger than
the eoarse grained material in the "Low Temperature®™ region, while the
reverse is true in the “High Temperature Rezion®, This behavior is un-
mistakably noticed at 200° F and at 500° F. Not much difference in the
creep rates is noticed =2t 700° F, since the fine grained semples =re not
gtable at this temperature. A considersble amount of grein growth occurs
in the sample before and during testing; therefore the difference in final
grain size between Ycoarse grzined™ end “fine grained™ specimens is not
as large as after testing at 500° F.

In order to demonstrate that the use of linear strainsinstced of
true streins does not affect the final results on this analysis, 2 series
of creep rate data have been replotted in Figure 16; the logaritlm of
the stress has been plotted versus the logaritim of the minimum linear
gtrain rate (minimum creep rate) and versus the logarithm of the minimam
true strzin rate. A straight line relztionship was obtained in both

cases, resulting only in a smell shift in the curve.

6.322 Commercial 2S5 end 38 Aluminum:

The logaritim of the stress wes plotted versus the logarithm
of the minimum creep rete for 28 aznd 38 aluminum in Figure 17. A change
in slope of the straight lines occurs st the points D, E, F, and G for
the 28 sluminum; and at the point M for the 35S sluminum. It may be
observed thet a continuous straight line could be drawn at 700° F,
#lthough this behsvior hms not been investigated thoroughly, it is believed

that the snomelous behavior is due to some aging effect. In fact the creep
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curves show that very little primery ereep occurs at 700° F up to a rupture
time of about 20 hours. If the duration of the test is longer thsn 20
hours, the creep rate decreases markedly with time. Obviously in this
case the primery stzge of creep is not due to & strain hardening effect
otherwise it would be more pronounced in faster tests them in slower
tests.

The hypothesis that some aging oceurs in those conditions was also
supported by Brinnell hsrdness mezsurements of 2°5 zluminum which wzs
tested at 700°7F by Gervais. ZAccording to Gervais(BA) the hardness of
the specimens whieh had a rupture 1life longer than 20 bhours is = few
points higher then in the case of rupture life shorter than 20 hours.
This was true in spite of the faet thet the amount of strsin was smeller
for the specimen which had = longer rupture life.

The region ebove the "transition zone® D-E-F-G of Figure 17 may be
called the "Low Temperasture Region" end it is characterized by = duetile
type of fracture. The region below the zone D-E-F-G is the "High Temp-
erature Region" and it is eherscterized by the intercrystzlline (brittle)
type of freseture. The sszme chenge in the mode o fezilure is observed for
the 35 sluminum st the trsnsition point M.

The change in type of failure is gradusl: in the "Low Tempersture"
region, necking occurs snd the specimen fzils by drawing down to & point,
In the "High Tempersture®™ region the dismeter remzins prectically uniform
end meny intercrystalline eracks are present. In the *Transition™ region
there is & combination of necking and interecrystzlline fraecture. A
demonstration of the transition fr&m "ductile® to "brittle® type of

fracture is shown in Figure 18 and Figure 19 for 2S aluminum; snd in
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Figure 20 for 3S sluminum. It is noticed that the chenge in type of
fracture is sharper for the more impure 3S aluminum, thsn for the 2S al-

uminum, No brittle fracture was observed in high purity eluminum speci-

mens.,
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6.4 Stress Dependence of Rupture Times st Constent Tempersture

The logarithm of the stress wes plotted versus the logarithm of the
rupture time in Figure 22 for the high purity aluminum and in Figure 23
for the 2S and 38 sluminum. & few values of the rupture times were es—
timated, since the tests were not conducted to completion. The uncer-
tainties introduced by estimating = few rupture times were not sporecizble,
since in 21l ecases the third stage of creep had begun at the time the
test was interrdpted.

The stress dependence of the rupture time is quite similar to the
stress dependence of the minimum creep rate. A series of "breaks"™ is
found for each material investigated. Since the rupture times zre not
a8 reproducible as the minimum ereep rates, a larger scatter is expected.
For the szme reason stzted above the difference in behzvior of the fine
grained and of the coarse grained high purity =luminum at 700° F ecznnot
be delected from rupture time date. On the other hand, that difference
is elearly demonstrated st 500° F.

In Figure 23 a single straight line could be drawn at 1100° F. The
curve drawn in Figure 23 for this testing temperature is based on the
uncertainty of the last point, (test No. 226) which was affected by a

great amount of grzin growth,
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6.5 Relation Between the Minimum Creep Rete znd the Rupture Time

The log-log plots "stress versus minimum creep rate® snd *stress
versus rupture time" appear to be slmost mirror imsges. This fact
hzs been observed for many other meterials. It was thought that this
similarity might be cmused by the existence of 2 very simple relation-
ship between the minimun creep rate and the rupture time.

In order to determine such a relationship, the logerithm of the
minimum creep rate was plotted versus éhe logarithm of the rupture
time in Figure 24, for high purity sluminum. The points obtained from
tests conducted at different temperatures fzll within 2 band of slope
-1. This suggeste the relationship

log. M.C.B. = Log E - Log R.T. (6.51)
or
M.C. R. = E_ / R.T. : (6.52)
where Eo is a constent.

The aversge line drawn through the experimental points of Figure 24
(solid line) indicates that the constant E, has =n aversge value of 0,316,
The constant Eo must be relasted to the totel elongation of the specimen,
in the sense that the larger to total elongetion, the larger the constant
Eo'

In Figure 25 = similar plot wes obteined for 2S5 and 3S sluminum,
The behavior of the 28 sluminum suggests the same relationship expressed
by formuls (6.52), with = constant Eo: 0.350.

The solid lines of Figure 24 snd Figure 25 could be used to predict
the approximete-life of a specimen, as soon s the minimum creep rate

hes been esteblished. The experimental values of the rupture time are
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not more than 2.5 times larger or smaller than the predicted values,

The "Low Temperzture® points obtained for 35 aluminum fall within
the band established by the 2S points. |

The high tempersture points plotted in Figure 25 for 3S aluminum do
not agree with the results obtained for 25 szluminum. The divergence is
larger =t longer rupture times; this fact msy be explained by observing
that the elongation of the 3S samples decreases very markedly as the
rupture time incresses, Therefore Eo cannot be regarded =zs a2 constant,
but as = function of the rupture time.

6.6 Temperature Dependence of the Trezngition Points

The transition from low temperature to high temperature behavior
probebly oecurs over & range of stresses and of strazin rstes. In order
to study the temperature dependence of the trensition points, it is con-
venient to assume that the transition occurs at o definite stress and at
e definite strain rate, as indicezted by the sharp change in slope of the
curves of Figure 13 and Figure 17. The aversge values of the transition
stress and of the transition strein rates at different testing tempera-
tures have been determined from the "breaks® of Figure 13 and Figure 17
and from the results of metezllogrsphic examinztions.

The logarithm of the transition stress esnd the logarithm of the
trensition strsin rate hsve been plotted versus the temperature in
Figure 26 snd Figure 27 respectively. The results indicate that:

(s) Impurities raise the transition stress

(b) Impurities lower the transition strein rate

(¢) The transition stress has a finite value at temperature close

to the melting point.
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(d) Below a certain critical temperature, no transition will be

observed within a ressonable testing time.

The results of Figure 27 asgree with the results obtained by Grant
ané Bucklin(zé) for cobalt-base 2lloys. In fact, Grant =nd Bucklin
found that the higher the temperature, the shorter the rupture time at
which the trensition oecurs.

in attempt has been mede to compare the experimentzl results re-
ported sbove with the Mott theory of grain boundary slip®. According
to Mott(BS) slip along the grain boundaries cannot ocecur below & criti-
cal tempersture Tc. This critical temperature can be calculated from

the eguation:

T = »
¢ FTE{ I ) e
Xt
where:
Q, b = constants associated with the viscous flow at the
grzin boundaries
€ = applied stress

x = linear graiA gize
€ = creep rate
Based on Ke's work(lA) Mott celculated the theoretical critical temp=
erature for sluminum, snd obtzined a value of 410° K, for "normal" creep
testing conditions. Moreover he prediet=d that grain boundary slip
should not be very structure sensitive, "unless a dense film of impurity
is formed at the grain boundary®.
For high purity, cozrse greined sluminum, equation (6.61) cen be

re-written as follows (utilizing Mott's values of Q and b):

Log —?—— == 10.4 + lg%’——— (6.62)
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if the stress © is expressed in psi
and the cresp rate ¢ 1is expressed in b

The values of the transition stress and of the trensition strein
rates from Figure 26 and Figure 27 have been used to calculate the
theoreticel trensition temperature Te secording to eguetion (6.62). The
results are tzbulated in Teble III.

Table III indicates that the order of mesgnitude of calculated
transition temperatures is correct: this fact supports the hypothesis

that the transition from low temperature to high temperature behavior

is associated to the beginning of grain boundsry flow.

TABLE III

Calculated snd Experimental Transition Temperstures for

High Purity, Coarse Grained Aluminum

Testing Transition Transition I;ggg;ﬁi§n nggg;g;ure(iﬁm
Temperature Stress crecp rate _-béleulated Experimental
°F psi byt ok oK
400 1350 0.001 460 477
500 1400 0.03 510 533
700 1000 1.7 585 644 i

A similar anslysis of the data for 2S alumlnum did not lead to a

reasonable sgreement between the calculated aznd the experimental values

of the critical temperature. This fact was expected, since the Mott theory (35)

does not apply to other than high purity metals.

In order to find an explznation for the behavior of 28 aluminum, values

¢
of Log. ~= have been plotted versus the reciproecazl of the absolute

¢
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temperature in Figure 28. This wes done for high purity, 2S snd 38 zluminum.

The theoretical curve which follows egustion (6.62) has zlso been plotted

in Figure 28. |
Figure 28 shows & linear felationship for both high purity =nd 28

sluminum. The curve drawn for 25 s2luminum follows the equation

Log —Z:-— =-0.75  + 3500 (6.63)
Te

Equetion (6.63) suggests that the Mott theory(Bs) of grain boundary
slip mey probably be extended to less pure mzterials if it is assumed that
the constants Q and b of equation (6.6l) are smsller for impure than for
high purity aluminum. The values of the constents Q end b of equation
(6.61) were calculated from the curves of Figure 28, The following results

were obtained:

i

(2) high purity sluminum: Q = 29,000 celories per grem atom

b = 1072 cgs units
(b) 28 aluminum: Q = 16,000 calories per gram atom
b= lO_llcgs units

The vslues of the constants used by Mott(35) to ealculate the theoretical
eriticsl temperstures zre:
Q = 35,000 calories per gram atom
b = 20 egs units,
The curves of Figure 28 end the calculated constants indiczte that
the criticel temperature Tg is a2 structure sensitive property. The

critical temperature Tg is markedly affected by the impurity content.
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6.7 Study of Ductility

The total elongation of a specimen zfter fracture is not only = property
of the materisl tested, but also of the test mpparstus used. For instance,
if temperature gradients are present =zlong the samples, more than one
necked region may be formed before rupture occurs. In this case the
total elongation is larger then in the cese of single-necked specimens.

Grant and Bucklin(zé) observed thet the elongation of the sample =at
the beginning of the third stage of creep ("true elongation®) is %?¥%29
producible snd significent property of the material than the total elon-
gation. Studying cobalt-base slloys, they found that the ™true elongation®
drops merkedly to smaller velues as the testing conditions chsnge from
"Low Temperature" to "High Tempersture®.

It was not possible to determine the ®"true elongstion® of aluminum
with a better accurscy than X 0.02 inches. However, this accuracy was
sufficient to determine the trend of the®™irue elongsztion® =zs the rupture
time 1s increased.

Figure 29 shows that for high purity aluminum st 200° F, 400° F, 500° F
and 700° F there is no definite trend of the true elongation as a function
of the rupture time for the test times used; all the data are scettered
around an average value. This average value increases =s the testing
temperature increases. Figure 30 shows thet at 900° F and 1100° F there
is a decrease in true elongation as the rupture time increases. This
trend may possibly be partly asceribed to grain growth. It is worth noting
thet no truly brittle feilures were observed in high -urity zluminum

semples in spite of this decressed elongatiom.
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The same type of plot was repeated in Figure 31 for the 28 =nd 3S
zluminum. This plot shows that the ®™true elongation" decreased as the
transition points ®D-E-F-G" and "M" of Figure 17 are reached.

The decrease in true elongation is mﬁch shafper for 38 than for the
25 2luminum: for both these matefials thé decrease of the "true elongation®
corresponds to the incidence of intererystelline cracking.

The results reported zbove demonstrate that impurities promote the
formation of intererystalline cracking when =z sample is strsined at "high
tempersture, .The results e2lso support the interpretation given to the
"oresks" in the curves of Figure 17.

6.8 Temperasture Dependence of Creep Kastes

The date obtained for high purity and 28 zluminum are not extensive
enough to permit an sccurate analysis of the temperature dependence of
steady state creep. The data reported in Figure 13 for the high purity
materisl show that the slopes of the strazight lines increase as the
temperature inereases up to 700° F. At 900° F and 1100° F there is a
decrease in slope, which may be ascribed to the grain growth occurring
in the specimeng. Therefore the data obtained at the highest tempera-
tures cannot be compared directly to the other data.

The data reported in Figure 17 for 2S zluminum zre elso unsuitable
for studying the tempersture dependence of the creep rates, since the
“trensitions® divide esch curve into two branches. The position of esch
branch is fairly spproximete.

Therefore the method used to =znslyze datea for cobazlt-bese alloys(sj),

which lead to the finsl formule (6.35), is not applicable to the present

data. Since the transition from ?Low Tempersture® to "High Tempersture"
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for purity sluminum does not produce = very sharp change in the slope of
the curves of Figure 13, the whole set of data from 200° F to 700° F was
used to determine the temperature coefficient of secondary creep. From
the curves of Figure 13, the minimum ecreep restes zt constant strees wes
celculzted =8 a2 function of testing temperature. The logeritim of the
minimum ereep rates at constant stress was plotted versus the reciprocal
of the absolute temperature in Figure 32.

Only two or three points were obtained at each stress level: there-
fore the straight lines of Figure 32 do not constitute proof for & linesr
reletionship. However, it was possible to determine the approximate
slope of these lines énd to calculaste the "temperature ccefficient® Q
of the Boltzmenn's formula:

r=4 e_Q!RT (6.21)
where r is the rate of = process
R is the gas constant per mole
T is the absolute temperature
2 is & constent.

The logaritim of the stress was plotted versus the tempersture co-
efficient Q in Figure 33; an approximete linesr relationship wzs obteined.

The results indicate that the Boltzmenn formuls can be applied to the
steady stste creep and thst the temperature coefficient @ is relsted to
the Btress by the equation

Q=23A+B log. s (6.82)

congtents

i

where £, B

1]

& = applied stress.
The equation (6.82) is in sgreement with the eguation (6.35) mentioned

before.
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Figure 33 does not indicate any sharp change of the tempersture co-~
efficient Q &t the transition from "Low Temperature" to "High Temperature*
behavior. Such a negative conclusion is not absolute, since the determina-

tion of the temperature coefficient Q was only spproximate.
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PART B

_STRUCTURE OBSERVATIONS DURING CREEP

6.9 Introduction

In Part 2 creep rate and rupture time deta for three grades of al-
uminum heve been presented. It was found that the stress coefficients
of the cfeep rates snd of the rupture times change under certzin condi-
tions of testing. This change was identifiéd with the transition from
"Low Temperature" behavior to M™High Temperature®™ behavior of the
meterisl. It wes slso found that the "transition® corresponds to the
conditions &t which grain boundary flow begins; therefore the "transition®
corresponds to the "equi-cohesion” of the grains end of the greain bound-
aries.

In order to support tne conclusions of Part 4, and to obtein further
informetion on the subject of high tempersture deformstion, the deformed
specimens were observed metallogrephically and = few specizl tests were
conducted. The results of these qualitative observations sre presented
below.

Before presenting such results the work previously done shall be
summarized briefly becesuse of its current rapid development. Observations of
deformed aluminum hsve been made by meny investigstors for different con-
ditions of testing. Severzl experimentszl results suggested a change of
the nechanism-of deformation as the temperature is incressed, or as the
strein rate is decreszsed.

Wilms and Wbod(ll) proposed the ¥cell mechanism® of deformetion at
eleveted temperatures, basing their conelusions on metallographic

end X-ray back reflection evidence. According to Wilms and Wood, for
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proper conditions of temperzture and strzin rate, each grain breeks down
into sub-grains (called cells) which rotate by sliding elong their ¥sub-
grain boundaries®, For these test conditions the common "elip" mecheniesm
of deformztion is not operstive. These results seemed to offer zn ex-
plenation to the "slipless flow™ observed by Henson and Hheeler(lo).

The "cell mechenism™ theory hes been supported by other results,
shih xve ben Shtatued Ny Weod nd Reohtngerti?!, Heod mnd Sesvitten ),
Calnen and Burns(36), and Greenough end Smith(AS).

Breskdown of grains into fragmente is observed in two éther cages:

(a) During cold working. According to the "Crystallite
theory" which wes proposed by Bragg€37) during cold
working the grains are fregmented into "erystzllites”.
Bragg's crystzllites ere not stress free and have a
much smeller size then the ®cells® which are formed
during working =t elevated temperstures.

(b) During =znnealing efter cold working. According to
Lacombe and Beaujard(Ea) anneeled high purity aluminum
may be in the "polygonized® stete. The ¥sub-grains®
which are formed during hest treastment zre stress free
end have dimensions similer to the size of the "ecells™
mentioned zbove. Gahn(Bg) discussed the pheﬁomenon of
polygonizetion in relstion to the dislocation theory.

The question csn be raised, whether "cell'mechanism®, ®erystellite
formetion® and ¥polygonizetion® are essentially the same process.

A grest deal Las Dbeen written on this subject(4o) but no definite
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conclusion hes been reached regarding the mechanism of creep., The latest
contribution to this subject wes given by Crusssrd and WYon(4l), who
found no relstion between the "cells® and the sub-grains of az polygonized
meterisl, They found thzt the metallographic observetions of an unetched
gsmple revezls the "eells", while X-rzy diffraction, or the observation
of en etched ssmple reveals the polygonized stste, which is quite in-
dependent of the deformation process.

Obgervetions of sluminum thet was deformed at room temperzsture were

(42)

maede long ego by Yemaguchi , who found & lineer relation between the

nunber of slip bends per unit length =nd the sheer stress. This relation

is of the seme form ss Orowen's fonnula(AB):
4 =¥ e

where

d = minimum specing between slip bands

G = Modulus of elasticity in shear
a = interatomic spseing
T = shear stress

Assuming thsat

i =~ . (6.92)
&

where F is the modulus of elesticity in tension end
© is the zpplied tensile stress,
for aluminum:
ad = 1/6 (6.93)
when d is expressed ip millimeters end ©& is expressed in pounds per

squere inch,
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According to formuls (6.91) the spacing d should be prectieslly in-
dependent of the temperature, the strain, and the strsin rzte. However,
any spacing la}ger then d can be observed in a deformed specimen if the
emount of deformation is not sufficient to give "saturation® of the slip
bands, or if some slip bands esca=pe visusl observatiocn.

The term "slip bands® hzs been used instesd of the more common temm
"slip lines", since themerkings visible under the mieroscope are actuzlly
clusters of slip lines, as it was found by Heidenreich and Schokley(IS).

For proper testing eonditions the grein boundsries contribute to the
deformetion of polyerystszlline specimens. This fact was obgerved in =1-
uminum by Hanson and Wheeler(lo) end by other investigators. However,
no systemetie resezreh has been conducted on the behavior of the grain
Veundnitan S0 alubtnnn. Fiig, Sabn sud Chalals P tagbed & dyiuprrial
semple of tin at = few degrees below the melting point. The ssmple had
& macroscopieelly streight boundary. 2 displacement of the two crysteals
wos observed along the grzin boundary: the rate of displecement diminished
with time, until it re=ched = very smell velue. The results of this
simple experiment suggest thet in z polyerystzlline mesterizl at elevated
temperztures the grain boundaries should mszke & l=rge contribution to
the initisl deformetion, while a lerger eamount of strsin ean be introduced
only if the grein deforms too.

6,10 Special Tests

6.101 Single Crystsl Tested st 1170° F (Test No. 3)

A high purity aluminum specimen wes heat treeted for thirty
minutes at 1000° F and electro-polished. 2An uncontrolled smount of

deformetion was applied to the specimen by bending =nd twisting. The
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semple was then plzced in the creep testing zpparstus =nd hested to 1000° F
in two hours. It was kept at this temperature for 18 hours, then hested

up to 1170° F and kept at this tempersture for two hours before lozding.

From the start of the heating schedule the lower specimen holder wss hanging
from the sample; this corresponds to an eyplied stress of about 20 psi.

The test loading wes accomplished by incressing the spplied stress from

20 to 50 psi. The creep curve has been reported in Part & (Figure 8).
Thﬁltotal elongation was 0.45 inch, of which 0.066 inch wes recorded =fter
lozding.

Lfter the additionzl load was epplied the specimen wzs seen to slip
glong one pl=ne which was at approximately 45 degrees to the axis of tension.
The specimen failed by gliding along this plesne.

After testing, the specimen was macro-etched; Figure 34 shows thet
the specimen consisted of = single crystal, emcept for a few very smell
crystals near the fzilure zone. It is assumed, based on other observetions,
that the single crystel was formed before the zpplicstion of the additionsl
lozd.

6.102 GCosrse Grained Ssmple Tested =t 1000° F (Test N

A high purity sluminum sample was hest trested for 30 minutes
at 1000° F, The two end portions of the sample were defcrmed by bending,
while the centrzl portion was left in the znnezled state. The sample was
then re-smnesled at 1100° F overnight. During the second heat trestment
a few very cozrse grains grew 2t the two ends of the specimen while the
middle portion did not recrystallize, lezving the middle portion with a .
finer grain size then the end portions. This specisl specimen was tested

at constant lozd at 1000° F, under en initizl applied stress of 50 psi.
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Since no appreciable elongetion was observed after 24 hours the stress

wes rzised to 100 psi. A comparison of these test conditiong with the
repsults plotted in Figure 13 shows that the specimen was tested st "high
tempersture® conditions. The specimen deformed by slipping slong psrallel
planes in the coarse gresined portion and by neeking in the fine grzined
portion. It failed after 48 hours in the middle fine grazined portion. The
appearance of the maecro-etched sample after testing is shown in Figure 35.

6.103 Coarse Grained Szmple Tested =zt 1100° F (Test No, 90)

A similar test was performed at 1100° F. The preperztion of the
sample was similar to the preparation of sample No. 5: in this case the
specimen was bent only at one end before resnnealing. Therefore = lorge
crystel grew at one end, while a polyerystalline zone remained zt the
other end. The specimen was electro-polished and electro-etehed before
testing (Figure 36). The viewing windew of the furnace was placed in front
of the junction between the polycrystalline znd the single erystal part'
of the specimen,

A stress of zbout 50 psi. wes spplied to the cold specimen and
the temperzture was rezised to 1100° F in zbout 3 hours. The temperature
was kept &t 1100° F for 3 plus hours and was then lowered to room temp-
erzture in 2 hours.

The first visible deformetion wes observed on the single erystzl
one hour after the sample reached 1100° F, Ten minutes later some markings
were observed in the polyerystslline zone. Later on, seversl parallel
slip bends zppezared on the single crystsl until one band beezme much more
operstive than the others. The sppesrsnce of the szmple after test is

shown in Figure 37.
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It is observed that the single crystal deformed by slipping
along parellel plenes, whiech ere at 45 degrees to the axis of tension.
The polyerystalline zone resisted to the applied stress better thzn the
single erystal. However, there is indication of flow at the grein bound-
eries. Moreover, considersble grain growth took plzce.

Figure 38 shows that the grzin boundary flow did not occur
glong the originzl grain boundaries. In faet the "thickened" grain
boundzries are displaced with respect to the grain boundazries of the
original strueture which is revesled by the eteh,

6.104 Evidence of Grsin Boundsry Migrztion Under Strein (Test No, 33)

Sample No. 33 wes 2 "standsrd®™ high purity, coarse gresined spec-
imen (heat trestment: 30 minutes zt 1000° F), having = very lsrge crys-
tal in the middle portion of the sample after heat treatment. This
crystzal extended through the whole eross section of the specimen.

This speeimen wes first electro-etched to revesl the structure
(Figure 39), then re-polished =nd tested zt 700° F under = constant stress
of 175 psi. The test was interrupted after 30 hours.

The specimen wes then photogresphed in the s=zme positicn shown
in Figure 39 (see Figure 40). A comparison of Figure 39 with Figure 40
reveals that there was grein boundary flow slong the original boundaries
whereas the lerge central crystal slipped along parzllel plenes.

Thé mieroscopicel observation confirmed the occurrence of grain
boundary flow during testing. It also revealed the evidence of grein
boundery migration under strszin.

Figure 41 shows 2 microgrsph of the sample after test in a part
where scratches (horizontsl lines) crossed a grein boundary (vertical

line). The micrograph can be interpreted as follows: =& boundary was
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Figure 41. Specisl Test No. 33 - Microgreph showing grein boundary flow
end grein boundary migrstion under strain. 150X (oblique
illumination).



originally in the position A. Grzin 1 snd Grzin 2 moved by gliding slong
the boundary 2 (see displecement of scrstches). After a certain smount of
displecement, strein wes introduced in the system, due to the interlocking
sction of Grain 3. Under this dri&ing foree (strzin energy) the boundary
migrated from & to B, where it was able to flow =gain (see new displacement
of the serztches).

25 the boundery flows, a step is formed on the polished surface
of the specimen; therefore the boundary is revesled under the microscope
2s a black line. The apparent ®thickness®™ of the grezin boundary depends
on the smount of displscement, #nd on the relative orientetion of the
boundary with respect to the polished surfzce (see "wery thick" boundaries
et the 3-grzin junetion in Figure 41).

This interpretetion of Figure 41 was supported by msny other
observations. BEvidence of the szme phenomenon is reported in Figure 42.
After the pictures of Figure 42 were taken, the sample was partislly
etched =znd the position of the grain boundaries after testing was revealed
by using the technigues described in Appendix III, ("Belvenic® etching
aznd observation in polsrized light). A sketeh of the mierographs reported
before was done in Figure 43. The position of the grain boundaries after
creep testing was superimposed.

Figure 43 suggests thet the combined mechenism of grein boundary
flow 2nd grain boundary migration wss operative in this case, The initial
structure & changed into the final structure F by greain boundery migration
under strsin. A few intermedizte steps B, C, D, E were revesled by the

grain boundery flow.

L

=



Figure 42. Special Test No. 33 - Microgreph showing grain boundsry
flow end grein boundary migretion under strzin - 150 X
oblique illuminztion.
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Figure 43. Sketch of the micfostructure presented in Figure 42. The direction
of grain boundary migretion is indicated by the steps A-B-C-D-E-F,
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The grain boundary migretion under strzin in aluminum wes observed

(45) end by Beck and Sperry(46) (47)

before by Sperry , who used different
tecimiques, Their investigation leed to the coneclusicn that thé grain

- boundaries move away from their center of curvature, when the driving
force is strein energy, while the grain boundaries move toward their
center of curvature when the driving force 1s surfzce energy. The results
of Test No. 33 szgree with the conclusions resched by Beck and Sperry;
elthough the experimental conditlons were quite different.

The combinstion of grain boundary flow and grein boundsry migration
gives very peculiar effects in certain cases. Fisure 44 and Figure 45
are two exsmples. The M"stair-stepped® sppecrsnce of these micrographs
can be interpreted as follows: one grain boundary was located in such
a position 2 to undergo a considerable amount of flow without strzining
the neighboring greins. This grain boundery which eppesrs very %thick®
in the mierograph did not migrate. The position of other grain boundzries
wes such cs to induce strains sfter & smell amount of flow. Therefore
these grain boundsries had to migrate. The combination of these processes
gave origin to the%stsir-stepped¥ zppearsance.

The combination of gresin boundsry migration end gresin boundary flow

was observed in meny other specimens, but only for those testing conditions

in which "High Temperature®" behevior prevails.
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6.11 Standzrd Test 4

6.111 High Purity Aluminum

Coarse Greined Specimens

A change in the sppeasrsnce of the deformed samples occurs zs
the testing conditions change. The effect of the strsin rate at constant
temperature on the mode of deformetion hes been demonstreted in Part 2
by compering the photographs of three specimens tested at 500° F (see

Figure 15). In this section, further evidence of this fact will be given.

For this purpose the curves "Log. Stress versus Log. Minimum
Creep Rate" of Figure 13 have been replotted in Figure 46. The reference
numbers which eppesr in Figure 46 help relste the photographs to the
conditions of testing. It has been said before thet & ®™Transition®™ oecurs
elong the line A-B-C, of Figure 46. If lines sre drawn parallel to the
line A-B-C, the isothermel curves are approximetely cut in the points 1, 2,
3-4,5,6-7,8, 9- end 10, 11, 12, The testing conditions corresponding

to these reference points are:

(a) Points 1, 2, 3,: "Low Temperature®

(b). Polnte £, 5, 6.2 "Traneition®

(c)-.Points 7, 8, 9: "High Temperature®

(d): Points 10, 11, 12,: "Higher Temperature than (e)®

The specimens corresponding to the eonditions (a), (b), (¢) end
(d) are presented in Figure 47 through Figure 50.

Figure 47 shows that the "Low Tempersture" specimens zre char-
acterized by very strong grein boundzries, which hinder the deformetion
of the grains., The greins deform by slip; the slip spacing is very smell.

The frecture occurs slong =z more or less irreguler edge,
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Figure 48 shows thet, as the "Transition® is spproached, the specimens
deform in & more uniform way, since the grain boundaries do not hinder the
deformation of the grains. The frzeture edges =zre smeller then in the
case of ¥Low Temperature" conditions. The slip spacing is larger.

When the "High Tempersture™ conditions are reached (Pigure 49)
the grain boundaries contribute to the deformstion of the specimen by
flowing; ther&fore, the grein boundzries mppesr "thicker®, The slip
spacing is larger, and the fracture edges are smaller.

At still higher test temperatures (Figure 50) the grsin growth becomes
apprecizble and the slip spacing becomes larger: consequently the deformstion
of the specimen is more irreguler. The d;il eppearznce of the specimen
No. 80 is due to oxidation.

If the testing conditions sre changed to much higher temperature or
slower strain rztes, big erystals are formed and the deformztlon is not
uniform at all, as shown by Figure 51. This picture shows that a big
erystal was formed at one end of the specimen end deformed by gliding
zlong two parallel plz=nes.

Other informstion on the mode of deformation.of high purity =luminum
wes obtained by observing the szmples under = meznification of 150X, A
few miecrographs are presented in Figures52 through 64. In these pictures
an horizontal line is parallel to the axis of tension. Only one or two
micrographs of esch ssmple appear (these microgrzphs have been chosen as
the most representative ones)., However, it should be emphasised that =
great varistion in the appesrance of the sample occurs from one point to

another, and therefore no microgrepn can be called completely representative.
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The mierographs presented above show thet, as the conditions of

testing change from "Low Temperature"™ to "High Tempersture®, :
(a) the spacing of the slip bends increases

(b) the grain boundaries become more active ("thicker®)

(¢) the deformstion becomes less locszlized along definite plenes.
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The metallographic evidence of a breszkdown of the grains into ™sub-
grains® at elevated temperature is shown by Figure 60, Figure 62, Figure
63, and Figure 64. 1s the conditions are changed to "Higher Temperature”,
the size of each sub-grain increases. The size of tie sub-greins in each
szmple is fairly constant and the distribution of the sub-grsins in each
grein is very regular.

Figure 62 shows that two rows of sub-graiB boundsries form irregular
lines, which are nommsal to the mein system of slip bends. This fact was
observed in other cases,

The striking similarity between rows of sub-grains snd interslip
spaces suggest that the sub-grsin msy be formed through z slip process.
In this reppect the sub-grains would be similar to Bragg's crystsllites:
however, the testing conditions are such that recovery is very active
and therefore no strain can remein in the lattice after deformestion.

The slip spacing is very large end eech slip bsnd consists of = large
number of slip planes: therefore, the appearsnce of the deformed sur-
face is rather irregular.

A support to this hypothesis is given by the faet thet the observed
sub-greins have dimensions which are of the same order of mesgnitude of
the slip speeing.

The average slip spacing wes determined on the micrographs presented
above, or directly on the sample where the speseing was larger than 0.1
millimiters. This spacing wes determined on the surface of the specimen

irrespective of the amount of totsl strain which varied between 10 percent
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and 40 percent. The temperature was not regarded as e vauriable., Con-
sidering the method of determination of slip spacing, the values of
averasge slip specing zre worthy only of indicating order of megnitude
values.

The logarithm of the epplied stress wes plotted versus the logarithm
of the sverage slip spacing in Figure 65: a linear relationship was
obtained,

The average dimensions of the "eells" are also plotted in Figure 65
to snow thst the "eells™ have dimensions which are similsr to the aversge
slip spzeing. The solid line of Figure 65, whieh hes =z slope -1, indi-
cates thet the zverzge slip spaeing is inversely proportionzl to the
epplied stress, st least as e first epproximetion. This fﬁct is in agree-
ment with Orowsn's formula (6.91): however, the average specing was
found to be 10 to 50 times larger than the minimum spscing predicted by
Orowan's formule; but in closer agreement with fhe experimental values
obtzined by Yamaguchi(Az). The divergence between experiment and theory
can be justified by assuming thst a2 larger amount of strzin is necessary

to obtain the minimum slip spaeing.
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Fine Grained Specimens

Similar conclusions are reached when the fine grain: samples sTe
observed., Figure 66 through Figure 69 show the micrographs of the sur-
face of the scmples tested =t 500° F under different stress conditions.,
Figure 66 is from that part of the specimen which has = dizmeter of 0.25
ineh, Here the applied stress wes sbout 2.5 times smaller then the stress
applied to the test portion of the ssmple. The mierograph shows zn zp-
precieble amount of grein boundary flow and very little deformation of
the grains,

Figure 67 shows the typical mspect of & "High Tempersture® sauple;
there is flow at the grain boundaries, and zbsence of sglip bands in most
of the grains, however, one wavy bend crosses the largest grsins.

When the "Low Temperzture® conditions are epplied to the specimen,
the slip bands become more evident (Figure 68) and the slip specing
decreases zs the stress increases (Figure 69).

In order to compsre these results to the results obtzined for
coarse grained samples, the slip spscing was caleculeted from the pilot
of Figure 65, for the stresses epplied to the fine grzined samples.

The csleulated spacing was multiplied by the m=gnification of the

micrographs (150 X) znd the following results were obtained:

H

for stress corresponding to Figure 67: spacing at 150 X = 7.5 mm.
for stress corresponding to Figure 68: spaeing at 150 X = 3.9 mm.
for stress corresponding to Figure 69: spzecing at 150 X = 1.3 mm.

The micrographs show that there is good agreement between the calcu-

leted and the observed spscings of Figure 68 and Figure 69.
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Figure 67 demonstrates a similar sgreement if the spacing between the
visible slip bands and the nearest grein boundary is measured. This fzet
suggests that the grain boundary inhibits the development of slip bands
in = manner similar to the zction of the neighboring slip bends. If this
is true, slipless flow should be observed only if the grain size is fine
enough for the spplied stress. Under similer conditions a mueh coarser
greined ssmple should show slip bends. A sample with mixed gresin size
should show slip bends only in greins which are larger than a critieal
size. The observetions mede on high purity =znd 25 eluminum support this

hypothesis, but more eritiecal experiments are needed to confirm these

conclusions,

6.112 2S5 Aluminum

The curves "Log. Stress versus Log. Minimum Creep Rat;' of
Figure 17 for 25 aluminum have been replotted in Figure 70.

Photomicrographs of samples tested at the conditions indiceted
by the reference points of Figure 70 are presented in Figure 71 to Figure
74. These micrographs have been taken on the surfsce of the deformed
gsamples.8ince the grain size is very fine and because & heavy oxide film
is formed on the surface of the specimen during testing, the micrographs
are not as clear as the ones presented before for the high purity alum-
inum. However, the mierographs show a progressive change in the ap-
pearance of the sample as the testing conditions are changed from "Low
Temperature® to "High Temperzture"™ behavior.

There is no indieation of grain boundary flow in Figure 71.
Slip bends =re visible in 211 of the grains. When the "{rensition” con-
ditions sre reached (Figure 72 and Figure 73) the slip bands =re not

present in all the greins: the slip spaecing is lesrger and the grain
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boundaries are "thicker®., At "High Temperature" (Figure 74) no slip bands
are visible; grain boundery flow and grain boundary migration occur; the
grain boundary migrastion is not as pronounced as in the high purity alum-
inum. A few intererystalline cracks were seen on the surface of the
specimen.,

The results concerning the stress dependence of the slip spacing for
high purity aluminum are zpplicable to the 25 aluminum, This conelusion
is only =pproximate, since a close evalustion of the slip.spacing for 28
agluminum is not possible. However, it is worth mentioning thet the sglip
specing caleulsted from the plot of Figure 65 for the stress conditioms
of Figﬁre 74 is 0.1 millimiters, which corresponds to 15 millimeters at a
megnification of 150 X. Figure 74 whows that no grsin is larger than
15 mm.; this may be en explenation for the "slipless™ appearance of the
surface of this sample.

A few 28 gluminum samples were sectioned =nd exemined after elee-
trolytic polishing and electrolyting etching. Figure 75 and Figure 76
show typical =mpnearances of samples deformed at "Low Temperature®:
the grains are elongsted and the grain boundaries do not show any evidence
of sepszration. These samples feiled by drawing down to a point fracture.
The longitudinal section neer the fraeture point shows a progressive
elongation of the grains, witi no indication of recrystallization.

Figure 77 is‘a longitudinsl section of =z semple tested at 1100° F
under "Low Temperature® conditions. It was mentioned before that at 1100° F
elongzted coarse grains grow, especially along the surface of the specimen

(see Figure 19 in Part &), Figure 77 revesls that the appearsnce of the
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polyerystalline part of the seetion is similsr to the appearsnce of Figure

75 and Figure 76: it is a typicsl "Low Temperature® behavior. Nezr the
fracture point one or =z few big grains sre formed.

The presence of intererystalline erscking =t “High Temperature"™ is
shown by Figure 78. It should be noticed that the electrolytie polish
attecks sharp edges preferentizlly =nd meskes the cracics deeper.

Enother example of intercrystalline eracking is presented in Figure
79, where & big erystal is =21so visible =long the surface of the s=mple.

The formation of big crystals is characterisite of testing at 1100° F.
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Figure 70. Log-log plot of stress versus minimum creep rate for 25 znd 38
eluminum, replotted from Figure 17. The reference numbers
refer to the mierographs of Figure 71 to Figure 85,
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6.113 3S Aluminum

The curves "Log. Stress versus Log. Minimum Creep Rate® has
been replotted in Figure 70 for 3S sluminum.

The micrographs of three deformed samples sre presented in
Figure 80 to Figure 82. The progressive increase of grain boundary flow
is very marked., The slip spacing increases ag the stress decreases: no
slip bends are visible in Figure 82, which corresponds to ®High Tempera-
ture® conditions.

The sppearance of the 35S aluminum semples is quite similar to
the appesrsnce of the 25 sluminum ssmples. #n estimetion of the glip
gpacing does not lead to any satisfactory results, since the meximum
reduction in area of the 35 2luninum szmples 2t elevated temperatures
is only 5 to 6 percent; therefore, a direet comperison to the behavior
of 28 or high purity aluminum is not posgible.

There is very little evidence of grzin boundary migration in
38 aluminum, There 1s considerable ozidation, which mskes the inter-
pretation of the micrographs rather difficult.

The exzmination of longitudinal sections showed that st "Low
Temperature™ the grains deform and no grain boundesry craecking occurs
(Figure 83). Recrystzallizstion was observed only near the frecture point
in a few samples (Figure 84): in these cases, recrystzllizstion may have
occurred after the end of the test.

Under "High Temperature® conditlions, intercrystalline crzcking
is visible and the failure occurs along the grain boundaries, as shown

by Figure 35.



2 o
e @ O
ture L ile,

T.ones 1
LOngl

Figure 79.

imen No. 301 (Point No. 10

cLl

0. Speeim
900° F, 0,01 hour rupture time

Lr 5
fr-
0
[ 4
-
O
8]

U



Figure 8l1. Specimen No. 307 (Point No. 11 ire 70).  3S sluminum.

> “5
900° F, 0.93 hour rupture time. R.&. = 6 percent. 150 X,

Figure 82. Specimen No, 305 (Point No. 12 of 1
900° F, 5% hours rupture time, R.£., = 5 percent., 150 X,

()-‘



Figure 83,

4 "
1 T
igure

imen No. 30
900° ¥, 0.01

7]

]

anda

hour mapt

Longitudianl s

Fracture point.

section
Figure 70). 3S

C

1

luminum.

imen No, 301 (P

s Ly

v

L

]

h and eteh.

i - 1
NOQ, L

50 X,

(

01 hour rupture time.






(=)

(b)

(e)

- 116 -

7.DISCUSSION OF THE RESULTS AND CONCLUSIONS

The results of the present investigsztion confirm the existence of

& trensition from "low tempersture® to Thigh temperature® behevior
of metals. The trensition occurs st higher temperszture, the faster
the strsin rste. |

Metallographic observetions demonstrste thet the trensition cor-
responds to the beginning of grzin boundery flow and therefore it
hes the ssme meaning as Jeffries' ™eqgui-cohesion®.

The trensition coincides with the change in slope of the straight
lines whicih =zre obtained when the logarithm of the stress is plotted
versus the logerithm of the minimum ereep rate.

When the test conditions change from "low tempersture® to "high
tempersture" the type of fracture of impure eluminum (2S end 38)

chenges from ductile to brittle znd the ductility et the beginming

. of the third stage of creep decreases merkedly. On the other heand,

(d)

high purity zluminum shows no chenge in ductility or in type of
failure.

The effeet of impurities on creep and rupture properties of metals

end especially on the transition from "low temperature" to "™high
tempersture"” behovior esn be interpreted by modifying the theory

of equi-cohesion 2s follows: it is 2ssumed thet two intersecting
lines are obtzined when the hypothetical strength of the grzin and

of the grein boundaries sre plotted versus the temperature (Figure 86).
The difference in slope between the two lines is greater for an impure

meteriel (Figure 86 -B) than for s high purity msterial (Figure 86 -4).
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Although in each case equal strength of grain and grain boundaries occurs
at some critical tempersture Tc’ the high purity materizal hes = wide renge
of temperstures within which the strength of the grein end the strength

of the grein boundaries are not markedly different (egui-eohesive renge of
temperature).

If & specimen is tested below the critical temperature Tc grein boundery
flow does not control the creep snd rupnture process. If & specimen is
tested above the critical tempersture Tc the grain boundeades flow, the
greins sre more free to deform end therefore the ereep resistance of the
material is lowered. The decrease in creep resistznee of the grains and
the contribution of the grsin boundary flow to the elongation of the
gpecimen explzin the "breeks" observed in the log-log plot of stress versus
minimum ereep rate. This is true for both impure end high purity msteriels.
Grzin boundary flow cannot occur in s polyerystalline material unless
either the grains deform or the grsin boundaries crack. In the case of
high purity aluminum grain boundary flow crestes strains in the neigh-
boring grains. This is to be expected since the difference in strength

of graing esnd grein boundaries is very small (see Figure 86-i), Moreover
loeal recovery end grain boundsry migretion are likely to occur since the
impurity content is low. In such 2 wey the materiel cen undergo = large
amount of deformation without formetion of cracks zlong the grain boundsries.
An impure material behaves in = different way. Possibly, even in this case
grzin boundary flow determines strsins in the greins. Since there is 2
marked difference between the strength of the greins snd of the grain
bounderies (see Figure 86-B), and since the impurities hinder locel re-

covery end grein boundary migration, cracks open slong the grein boundaries.
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Cracking =t the grain boundaries gives origin to stress intensifieation,
whieh starts the third stage of creep. This is the reason for a marked
decrease in ductility et the transition from "low temperzture® to "high
temperature" behsvior for impure sluminum., As the déformation proceeds, more
and more cracks:oﬁén elong the grein boundsries until the specimen fails
in & brittle menner. A comparison of the results obtsined for 25 &nd 38
eluminum indicetes thet the change in creep Qnd rupture behavior zt the
trensition ig sharper the larger the emount of impurities. This faet is
in sgreement with the hypotiesis presented in Figure 86,

The presence or zbsence of slip beznds on the surface of the deformed
specimens is not relsted to the trensition from "low temperzture" to

"high tempereture" benavlior., There is indication that the chenge from

glip to "slipless" flow is = funetion of the zpplied stress and of the
grain size., The metallographie observztions reveal that slip besnds are
present even =t "high temperzture" if the greins are large enough.
"Sub-grein® formation was observed metsllogrephiczlly in = few cases;

it appesrs that the sub-grzins are closely related to the slip systems.
Therefore, the sub-greins seem to be the effect and not the cause of
plestic deformation =t elevsted temperature., It is true, that, as the
tempersture is incressed, the deformation is less and less localized, the
slip bands become wider, snd assume & wavy appesrance. However, the slip
bends zlwsys retein e certain regularity, if the grain size is large enough.
The experimentzal results did not help to interpret the mechanism of creep
as operative on =n stomic scale. A negative conclusion was reac.ed, which
consists of disproving the applicability of the Eyring theory of =mctivated
complex to the creep process. This theory is eppliceble at least =s 2z first

approximetion only within = nerrow renge of creep rates,
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(h) The experimentzl data are insufficient for & complete anzlysis of the
temperature dependence of the creep rates. The anelysis hes been limited
to a part of the date obtained for high purity zluminum. The znzlysis
indicates that the tempersture coefficient of creep rstes, wihich mey
be regarded zs an "activation enecrgy™, is @ function of the zpplied
stress. The uncertainty of the experimentzl dates has 2 large effect
on the computation of the activation energies for creep. This fact
hes been verified by meking computations which were besed on otuer
published data as well ss on date obtained during the present inves-
tigetion. The calculestions lead tc the eonclusion thst the setive-
tion energies for creep can be determined only as far zs their order of

f magnitude is concerned.

(1) The rupture time dete indicste thet, as a first approximation, the
rupture time is inversely proportionzl to the minimum creep rate.
Hence the creep behavior of = metal eczn be expressed in terms of
minimum creep rstes as well &s in terms qf rupture times. Short time
tests mey be suffieient to indicate the value of the constant of
proportionality. Therefore, the rupture time of long time tests cen
be rouginly predicted without bringing the test to completicn.

Only = few dats concerning 35 sluminum do mot asgree with the simple
relationship between ruoture time and minimum creep rate which wes
mentioned above.

(1) The study of primary creep lead to the conclusion thet the trensient
creep of aluminum is not of the "exhaustion" type, at leest for tue

test conditions investigated. On the other hend, the data fit the



s

Andrade equation fairly well. The datz support Andrade's theory, ac-
cording to which the creep strein is due to the contribution of &
trensient ("beta") flow end of = steedy state (®keppa") flow. L simple
graphiczl method was used to determine the "beta" coeffieient of primery
creep. The computations were only aporoximete, but sufficient to in-
dicate that the stress dependence of the "beta coefficient” at constent
tempersture 1s gimilar to the stress dependence of the minimum creep

rate at constant temperatue.
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8. SUGGESTIONS FOR FURTHER WORK

There are a great number of critical experiments whieh cen be

performed to confirm and expsnd the conelusions of the present research.

4 few suggestions are reported below:

(2) Creep and rupture testing with different grades of zluminum

(b)

(e)

(4)

(e)

between 99.995 end 99.3 percent. Study of the effect of
emount znd type of impurities on the "transition"™ points,
type of failure, =nd ductility.

Direct observetion of grain boundery migration during testing
using a high tempersture microscope.

Systemetie study of "slipless™ flow, by observing the appear-
ance of 2 mixed grein size sample. The study should be done
in reletion to the effeet of totzl strain st constent stress.
Determination of "beta" coefficients of priﬁary creep from
very accurate data. Study of the stress dependence of the
"beta®™ coefficient.

Study of sub-grain formation by X-ray diffraction and metsllog-

raphy.
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), ABSTRACT

Creep =nd stress rupture testing of high purity, 2S5 and 35 zluminum
was done st constant stress from 200° F to 1100° F,

A transition in the cereep and rupture behavior was established for
the th;ee materials st proper conditions of temperzture snd strzin rate.
This transition corresponds to the conditions at which the grain boundary
start flowing under stress.

At temperstures higher, or strain rstes slower then the transition
conditions 28 end 3S aluminum fail by brittle failure. High purlty slumi-
num shows a ductile failure under any testing conditions.

Grzin boundary migration occurs in high purity zluminum during creep
testing at high temperature.

The log-log method of plotting ereep rzte and rupture time date a&s a
function of the applied stress has been found to be most suitable to express
the creep and rupture behavior of the moterials tested. # linear relation-
ship was observed, but a change in slope wes notieed at the transition
points,

The mechanieal testing hes been supplemented by metallographie obser-
vations, whieh revealed fects concerning the mode of deformation and failure

of aluminum under different testing conditions.



- 124 -

The writer, Italo Servi, wes born in Gallarate, Italy, on October 3,
1922. He attended grade =nd junior high school in that city (l92é to
1938) and senior high school in Milsn, Italy (1938 to 1941). He then
matriculated at the University of Milan, Depsrtment of Industrisl Chemistry,
end after a five yesr course of study he received the degree of Dottore
in Chimica In&ustriale in October 1946,

He enrolled at the Massachusetts Institute of Technology in 1947
and received a S.M. degree in Metzllurgy in 1949. In February, 1948,
he was sppointed Research Assistsnt in the Department of Metallurgy, at
the Mzssachusetts Institute of Technology.

The writer is & student member of the American Institute of Mining
and Met=llurgical Fngineers, =nd 2 member of the Americen Society for

letals =nd of the Society of the Sigms Xi.



2

3

AN

e

H. H. Thurstons

H.

r.

M, Howe:

T'. Trouten

.
/o BIBLIOGRAPHY
"Note relating to a peculiarity distinguishing annezled
from ungﬁéealed iron® Seience, lst series, 1, (1883), page
418,
"The Pztience of Copper =nd Silver as Affected by #n-
nealingi Tyens. A.I.M.E. ;2_(1885); page 646,

"On the Stretching end Torsion of Lead Wires Beyond

end 2. O. Renkine: the Flastiec Limit™ Philos. Magezine, VI, 8,

Phillips:

(1904), pege 538.
"The Slow Stretch in Indisrubber, Glezss and Metal
Wire when Subjected to a Constznt Pull®, Philos,

Megazine, VI, 9, (1905) page 513.

N. daC, Andrade: "Plastic Flow at Constant Stress” Proe. Royal

G. McVetty:

Society of London A-84, (1910) page 1, ibid.

A-90 (1914) page 329.
"The Interpretation of Creep Tests® Proc. A.5.T.M,,

Pert II, 34, (1934), pzge 105.

Dushman, L.W. Dunbsr snd H, Huthsteiner: ™"Creep of Metslg®.

D, Sherby:

Journ. Applied Physics 15 (1944), psge 108,
"The Effect of Grain Size on the Creep Properties of
28-0 aluminum.® Univ, of Celifornia, Berkeley,

Dept. of Engin., M. S. Thesis, 1949.

E. Dorn end T, E., Tietz: #Creep and Stress Rupture Investigations

on Some Aluminum 2lloy Sheet Metals", Trans. A.S.T.M.,

Part II, 49, (1949), page 815.



10.

L N

A3

1D

17.

18.

D.

W.

W,

R.

Ze

= T8

Hanson and M. A. Wheeler: "The Deformation of Metals under Prolonged
Loeding. I: Flow and Frecture of Aluminum®, Joumn.
Inst. of Metals 45 (1931) page 229.

R. Wilms snd W. A, Wood: "Mechanism of Creep in Metals" Journ. Inst.
of Metals 75, (1949) pege 693.

A, Wood and W. D, Rachinger: "The Mechenism of Deformation in Metzls
with Special Reference to Creep®. Journ. Inst. of
Metals 76 (1949) page 237.

A, Wood and R. F. Serutton: "Mechanism of Primery Creep in Metzls®,
Journ. Inst. of Metals 77 (1950) page 423.

S. Ke: "Experimentsl Evidence of the Viscous Behavior of Grain
Boundaries in Metals". Physieal Review 71 (1947)
pege 533.

D, Heidenreich =nd W, Shockley: "Study of Slip in Aluminum Crystals
by Electron Mieroscope and Electron Diffrzction Methods”.
Report of a conference on strength of solid, Bristol,
1948, page 57.

F. Brown: "Elementary Slip Process in Aluminum =s Shown by the
Electron Microscope®. Metall. applieations of the
Electron microscope, Institute of Metals, London,
1950, pzge 103.

Jeffries: "Effect of Temperzture, Deformstion snd Grein size on
tie Mechaniesl Properties of Metals®., Trens.
A.IM.E. 60 (1919), vege 474.

L, Clark =nd A, E., White: "Influence of Reerystallizetion Tempera-

ture =nd Grein Size on the Creep Cherscteristies of

Non-ferrous Alloys®. Proc. 4,8.T.M., Part II, 32

(1932) pege 492.



19.

N
*

23.

25.

26,

27

28,

29.

8.

R.

By

V. Hanffstengel and H{, Hanemsnn:

Henson:

-y

"Der Kriechvorgang in Belasten

Blei. Ein Beitrsg zur Brforschung der Kriechvorgange in

Metzllen", Zeit. Metallkunde 30 (1938), psge 41.

"The Creep of Metals®. Trens., A.I.M.E. 133.(1939) page 15.

R. Parker =nd C, ¥, Riisness: MEffect of Grain Size snd Ber

Dizmeter on Creep Rate of Copper at 200° C*,

Trans. A.I.M.E, 156 (1944) page 117.

Siegfried: “Fszilure from Creep ss Influenced by the Stste of
Stress™ Journ. of Aoplied Mecheanies 10 (1943)
pege A-202,

H, Sully: "Metallic Creep" London, 1949.

McKeown: "Creep of Lesd snd Lead Alloys. Part I: Creep of
Virgin Lead". Journ. Institute of Metals 60
(1937) page 201.

Crussard: "Influence du grain d'un métsl sur la vitesse de

J. Grant and £, G. Bucklin:

filusge®. ‘codémie de France, Comptes Rendues 219

(1944) pege 681,

"On the Extrapolation of Short-time

Stress-rupture Data® Trans. £.S.M. 42 (1950) psge 720.

P, Carreker end J, H. Hollomon: "inelysis of the Ureep of Nickel®

F. Mott =nd F. R. N. Nebarro:

Ludwick:

General Electric Compeny, Report RL-433. September 1950.

"Dislocation Theory and Transient

Creep". Report of = conference on strength of solid,

Bristol, 1948. psge 1.

"Elements der teechnologische Mechanik™

Berlin, 1908.



- 128 =

30. R. Besiley: ™"The Utilization of Ureep~test Datz in Engineering. Design"
Proc. Inst. Mechenicsz1l Engineers, 131, (1935) pzge 131.

31, H. Eyring: "Absolute Reaction Ratesg Equetion Applied to Viscosity,
Plasticity and Diffusion™., Journ. of Chemical Physics
4, (1936) page 283.

32. W, Kauzmenn: ¥Flow of Solid Metsls From the Stzndpoint of Chemical-
Rate 'Bheory %, Trans. A.I.M.E, 143 (1941). psge 57.

33. I. S. Servi and N, J. Grant: ®Creep snd Stress Rupture as Rate
Processes® M,I.T. Metallurgy Department. Quarterly
Report, Jenuary, 1951. (unpublished).

34. 4. Gerveis: Private communicsation.

L J‘. Mott: "Mechanical Properties of Metals" Physica 15, (1949)
page 119.

36.. E. A, Calnsn znd B. U, Bruns: "Some X-rzy Observetions on the Nature
of Creep Deformetion in Polycrystalline Aluminum”,
Journ. Institube of Metals 77 (1950) page 445.

37. W. L. Bragg: " Theory of the Strength of Metzls"™. Nature 149,
(1942), pege 511.

38. P. Lzcombe znd L, Beaujard: ®Sub-boundary snd Boundary Structures
in High Purity Aluminum®. Report of a conference
on strength of solid, Bristol, 1948. Page 91.

39. R. W, Oabn: Discussion on = psper by W. G. Burgers. Report of =
conference on strength of solid, Bristol, 1943.

ze 136,

40. C. Crusssrd et al. Discussion on pszpers by Wilms and Wood, and by
Wood znd Rechinger. Journ. Instiijyte of Metals
25 (1949) page 1125.



43,

45.

46.

47.

49.

50.

E.

R.

P.

G.

- 129 2

Crussard =snd-G. Wyon: ®Modificetion de structure de 1l'sluminium au
cours du flusge", Journées Meftallurgiques d'2utomne de la
Societe Frenceise de Métsllurgie., Paris 1950,

Yeamaguchi: "The Slip-bends Produced when Crystzls of Aluminum are
Stretched®. ©Sei. Pzpers of the Inst. of Phys. =nd
Ciaem. Research Tokyo 8 (1928), puge 289.

Orowen: "Origin and Spacing of Slip Bands" Nature 147 (1941)
pege 452

King, R. W. Caln =znd B, Chalmers: "Mechaniczl Behavior of Cryst=zl
Bounderies®, Nature 161 (1948), psge 682.

K, Sperry: "Grain Boundary Migrastion in Aluminum®. Trans.
2.1.M.E. 188 (1950) page 103.

4, Beck and P. R. Sperry: "Strain Induced Grein Boundzry Migration
in High Purity Aluminum®. Journ. Applied Physics
21 (1950) page 150.

A, Beck &nd P. R. Sperry: "Two Types of Grain Boundery Migration
in High Purity Aluminum®, Journsl of Met:=ls 188
(1950) page 468 A,

B. Greenough and E. M. Smith: ®The Mechenism of Creep as Revesled
by X=rzy Methods®. Journ. Institute of Metsls 77
(1950) pege 435.

J. Mott: "Theories of the Mechaniesl Properties of Metals®,
Reseerch 2 (1949) page 162.

N, deC, Endrede: "A New Device for Megintsining Constant Stress in
a Rod Undergolng Plastic Extension®, Proc. of the

Physical Society, London, 60, (1948) psge 304.



51.

53

544

55.

56.

o

58.

59.

60.

- 130+

J. C. Fisher and R. P. Coerreker: * A Simple Constent Stress Creep
Test” Journal of Metals 1 (1949) psge 178.

E. N. deC. indrede end B. Chzlmers: ™rhe Resistivity of Polyerystalline
Wires in Relation to Plastic Deformation, =and the
Mechaniem of Plastie Flow". YProc. Royal Society,
London, A-138, (1932) page 348,

C. E. Pearson: ™The Viscous Properties of Extruded Butectie Alloys
of Lead-Tin and Bismuth-Tin", Journal Institute
of Metals 54, (1934) pege 111.

H, T. Tapsell end H. V. Pollerd snd W. £, Wood: ¥ A Combined Creep
Machine and X-ray Spectrometer®, Journsl of Scientifie
Instruments 25 (1948) page 198,

L. G. Ward and R, K, Merriott: ™A Constant Stress Appsratus for the
Study of the Creep Properties of Plestics". Journal
of Scientific Instruments 25 (1948) p=ge 147.

L.M.T, Hopkin: " A Simple Constant-Stress Apparstus for Creep
Testing®., Proec. Physical Society, London, 63-B
(1950) page 346.

P. Jacquet: "Le polissage electrolyticue des surfuces métalliques et
ses applieztions®™, Paris, 1948.

I. ©, Servi: ®Gslvenic Macro-etch for High Purity Aluminum", Metal
Progress 58 (1950) psge 732.

P. Lzcombe :nd L. Beaujard: ™The Applications of Eteh Figures on
Pure Aluminum to the Study of Some Metsllogrsphie
Problems". Journ, Inst. of Metals 74 (1947) pege 1.

C. Crussard: “ﬁtude des glissements plastiques dans les cristaux
d'zluminium®, Revue de Mdtallurgie 42 (1945)

pages 28 and 321,



APPENDIX I



- 191 e
APPENDIX I

Constant Stress Creep Testing

Constant stress creep testing up to rupture is not possible, since
the deformation of the specimen is not uniform during the last pzxt of the
test. In faet, either & neck is formed (ductile specimen) or cracks open
inside or st tﬁf surface of the semple (brittle specimen)., In both cases
there is a stress intensification, which is not the same in different parts
of the specimens. Therefore, constant stress creep testing must be restricted
to the condition of uniform deformation.

When the deformation is essentieslly uniform the stress ean be kept
consgtant if the lo=sd is decreased proportionally to the reduction of area
of the speclimen. Assuming that the volume is constant, since the change
in density during deformation is negligible, the condition for constant
stress is

w1l =w 1 (e

o
where w is the load applied wien the length of the specimen is 1;

v, is the initi=l losd and

10 is the initial length of the specimen.

The conditions of equation (I.l) can be obtained experimentslly in
different ways. Andrade(S) used a load which sinks in water as the
specimen elongates. Andrade(so) end Fisner snd Carreker(sl) used an ap-
paratus based on the change of the resolved force'acting on two zrms when
tne angle betwgen the two arms is changed. Andrade and Chalmers(52),

(53), Tapsell, Pollzrd snd Wbod(54), Ward and Marriott(55) and

Peerson
Hopkin(ﬁé) designed different kinds of constant stress apparatus which

were bzsed on the change in a lever ratio as the specimen elongates.
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The last method has been used in the present research. £ cam of speeial
design hzs been fastened to a pulley (Figure I.l). 1 steel caeble has been
attached to the pulley; enother cable has been zttached to the cam. The
system was mounted on ball bearings and wes =ble to rotate freely. The
cable which was connected to the pulley was attached to the loading beam
of the creep testing machine. The other csble was attached to the deasd load.
At the beginning of the test the system was in the position shown by Figure
I.1. The two eczbles were aligned; therefore the full losd was applied to
the lording beam. HAs the speecimen elongated, the system turned clockwise.
The cable attached to the loading beam did not change position, while the
point of zpplication of the lozd moved toward the center of the pulley,
as the system turned; therefore, the load apnlied to the loading beam de-
crezsed.

A guarter of a turn of the pulley eorresponded to a decrease in applied
load of 50 percent; and to an elongaiion of the specimen of 100 percent.

The cam wes designed grephieally, sccording to the ecuation:
e

r= FRo (I.2)
¢, tC

where r = point of zpplicztion of the dead load

€
Ro

Co

i

corresponding angle of rotation of the system

radius of the pulley

Il

angle of rotation of the system, which corresponds to 100 percent

elongation of the specimen,



- 133 -

Figure I.1, Constent Stress Apparstus
To scale.



APPENDIX IT



8 134 4
APPENDIX T1

Calibration of Thermocouples — Testing for Temperature Gradient and

Temperature Control

2 chromel-alumel thermocouple was used as sn erbitrary "standard".

211 the controlling thermocouples used for creep testing heve been ezli-
brated versus the "standard", For this purpose the hot junctions were placed
in holes whieh have been drilled in a block of copper. This block of copper
was kept at constant temperature by = photocell-type controller, After =
few hours the elgctromotive forees of the thermocouples were rezsd; = dif-
ference in tempersture up to 3° F was found between ezch couple and the
"standard®.

Since this difference is too large to be neglected, = calibration of
the eontrolling thermocouples'was made before eachi series of tests; st the
szme time the tempergture gradient wos measured. The followling technicue
was used: the "standerd” =and = thermocouple A were plzced on the middle and
lower purts of the speeimen, respectively. The_thermocouple L was connected
to the temperzture controller: the coﬁtroller dizl was set in order to read
the wanted temperazture on the "standard" thermocouple. The temperzture
gradient was reduced to = minimum by adjusting the voltege and the variable
resistors of the electrical cirecuit.

This operation was repeated before each series of creep tests. The
thermocounle A wes used as the controlling ﬁhenmocouple for creep testing =t

the tempersture at whieh it hes been calibrated.
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APPENDIX ITT

Metallography of Aluminum

The metallographic preparstion of sluminum szmples is generzlly done
by electrolytie polishing in order to avoid the deformation of the surface
faring Boliehing dsorumet 21 Pikueied. s sanaiiont tevicw af the metbiohs
which have been suggested for best results.

New technigues have been developed during the course of the present
investigation =snd shell be deseribed in deteil.

The "galvanic etching® technique(Ss) hag been found very useful to
reveal the structure of coarse grained, high purity aluminum. This
technique congists of etching the sample in = solution of hydrochlorie
acid (10 to 20 percent). The szmple is coupled to 2 more noble metal
such &s copper or stainless steel. Hydrochloric aecid sttacks zluminumr
zlong tie (100) plenes: after = short time severzl large end irreguler
etch pits are observed on the ssmple. After = long time the whole sur-
fzce bhas been ettecked, snd a sherp macro-eteciing effect is obtzined.

The contrest is very high, as shown by Figure III.l. Careful preparation
of the ssmple before etehing is recoﬁmendable, but not necesszry,

The "galvanic" attack is much faester then the chemiczl attsek; this
faet helps in the etening of high purity sluminum, which is attacked very
slowly by hydrochlorie acid.

The "golvenie® etehing technique hes been used zs 2 microeteh to
revezl the position of the grain boundaries. Best results are obtzined
if the observetion is done under polarized light; in fect, the unetched

szmple is optiecelly inzctive and does not reflect the light, whereas the
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etched portion of the semple is optically sctive. The smount of reflected
light depends on the orientation of the grzin. Therefore & grest contrast
is obtained &t the grein boundsries.

Figure III-2 shows a partislly etched sample: the blsck background
is the unetched part of the specimen, which wes polished electrolytically
before ®galvenie® etching.

Similer results are obtained by observetion in polarized light through
e sengitive tint plete: in this case the unetched part has s megenta
cclor; while the etched part has different eolors from light green to dark
brown. Color photogrsphs of good color contrast have been tzken. This
teclnigue hes the sdvantage of perﬁitting the observation of the unetched
background, If & creep specimen is pertislly etched after deformestion,
the appearznce of the surfece of the specimen is not totally destroyed
by the etching. The final structure can be determined by observing the
golor of theretched vortions of the specimen, and can be compered to the
appearance of the unetched surfece., This technique geve excellent results
for the determination of the direction of grein boundsry migration under
stress.

Electrolytic polishing has been done suceessfully by using the Jacquet(ST)
solution wiich ecnsiste of

1/3 perchloric acid
2/3 acetic anhydride.
BEnother solution gave good results for high purity sluminum. This

solution consiste of

5 ml, of perchlorie acid (72percent) and

95 ml. of glaeiel scetiec seid.
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When this modified sclution is used, the distance between cathcd and
enode should be kept constent: hence & cylindrical cathode 1s necessery
to pelish tensile specimens.

If the applied voltage is below 20 volts, a meacro-etching effect
oceurs. Between 26 and 60 volts the specimen is polished. At higher
voltage the polishing effec£ is spoiled by the formetion of a2 film on
the surfrce of the specimen. The polishing.time, after preparation on
3/0 metz1lographic pzper, is sbout two minutes.

The modified solution mentioned sbove ig suitable for = rapid ex-
emination of the structure of coarse greined sambles: this was done by
polishing the ssmple =t 25 vclis 2nd lowering the voltage to 10 volts
for a few seconds. In these conditions the speecimen is macro-etched.

The mzero-etched ezn be removed in less then thirty seconds by incressing
the voltage to 25 wvolts,

The current is meinly a funetion of the resistance of the polislhing
solution: -hence the current changes 25 the temperature changes. The
tempersture should be controlled between 20° C and 30° C; and should be
kept 25 uniform &8 possible by continuous stirring.

The modified Jeccuet solution does not give very good results for
28 end 38 gluminum; & fezir polish can be obtained in twoc minutes if
more then 100 velts is epplied.

28 and 3S specimen heve been polished in the Jaequet solution at
20° C to 30° C with en zpplied of 45 volts. Uontinuous stirring is neces-
sary to keep the current to 2 minimum velue. Five to ten minutes are

sufficient for 2 good metsllogrephic polish., Micro-etching is done by
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lowering the voltage to 2 to 5§ volts for five to ten minutes. The speei~
men” should not be removed from the bath during the etching operation:

if deeper etehing is wented, the specimen should be re-polished for =

few minutes.

Miero-etching of high\purity aluminum wzs not necessary, since the
modified polisiing solution azttecks the grain boundsries. For higher
contrast & séturated solution of emmonium fluoborate at 80° C has been
guccessfully used. The etch was done electrolytically at 15-18 volts,
for thirty minutes.

Eteh pits hawe been very useful to reveel uncertsin grain boundsries:
Figure III-3 shows & section of & high-purity specimen neer the fracture
point. A few grain boundaries sppesr: however, the observetion of the
eteh pits revesls that the centrsl "grzin® is actuelly frsgmented into
several parts, which have similer orientutions., In faet, the orientation
of the etch pits slightly changes inside that ®grain®.

The eteh plts of Figure ITI-3 were developed by using the Lacombe
end Bezujard (59) solution, which congists of:

47 ml. of fuming nitrie aeid
50 ml. of hydrochlorie =eid (37.5 percent)
3 ml. of hydrofluoric seid (42 percent)
This selution should be used below 10° C fof 30 seconds. A modified solu-
tion gave similar or better results. This solution consists of:
70 ml, nitric acid (70 percent)
50 ml. hydroenlorie acid (37.5 percent)

3 ml. hydrofluorie acid (48 percent)
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Exemples of eteh pits obtaiped with the modified solution zppear in Figure
III-4 end Figure III-5. The polished end etched sample of Figure III-4
has been deformed by compression: the combination of etch pits and slip
lines is useful to determine the gpproximste orientation of ezch grain.
2 peculier effect was obteined by observing eteh pits in polarized
light: = comperison of observetion in normel light end in polerized

light is shown in Figure III-6 and Figure III-7.
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Figure III-3:

Figure III-4:

wil JAL

High purity cosrse greined specimen. Longitudinsl section.
Electrolytic polish. Etch pits. Developed by Lacombe
reagent. 850 My

High purity sluminum. Electrclytic polished., Eteched in
modified Lacombe resgent, deformed after eteching. 1000 X,
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APPENDIX IV

Tebles of Experimentzl Date from Creep end Stress Rupture Tests



TABLE IV

Results of the Preliminary Tests for High Purity Aluminum

Test Temp. Stress Mcgl

No. o Psi Hr

1 700 650 ~ 0.7

2 212 4000 ~ 0.01

3 1170 20-50 s

5 1000 50-100 -

i 700 630 0.28

8 500 500 ~0.001

12 700 325~ 0.785
650

13 1000 200 -

1 1000 160 ~0.9

ReT. Total Remarke
Er. Elong.

' Inches
0.5 1.01 eonstent load
37 0.55 Y =
0.8 045 single crystel . C.L.
48 0.68 very coarse, OC. L.
1.3 0.85 constant stress
450 1.00 constant losd
1.3 1.08 lozd decreased

' during test

0.33 0.97 eonstant load
0.5 0.81 constent load
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TABLE V

_ 1. _Creep Test Results for High Purity Aluminum

w BiE <

Test Temp. Grein Stress Mcgl R, T, Taobal True Remarks
No. 9 P. Size Pei Hr Hy Elong. Elong.
Inch Inch
54 200 F 11,000 0.93 0.1% - D38 Interrupted
after 0,09 hrs.
52 F 8,050 0.02 6.25 0.46 031
53 F 6,870 0.0043 39.3 0.54 0.37
50 F 5,920 0,0009 177 0.49 0.32
86 c 6,210 0,027
84 c 5,800 0.038 3.4 0.52 0.3
73 c 5,640 0,016 AR § <39 0.275
72 c 5,100 0.003 29% - 0.25 Interrupted
after 27 hrs.
70 C 4,400  0,00045 324 0.52 041
93 400 c 4,290 ~11
38 c 4,350 ~2.1 0.075 0.54 0.51
b C 3,479 0.099 1.54 0.50 0.38
40 c 2,595 0,038 3.9 0.46 0431
43 c 2,216 6.013 24.64 0.60 0.475
48 c 1,775 0.00295 102 0.60 0.39
66 c 1,130 0.000255 850% - 0.30 Interrupted
after 736 hrs.
56 500 F 3,030 15% 0.44 0.92 0.55
55 F 23415 «394 LauB? 0.94 0.45
87 F 1,910 0.089 543 0.84 0.39
58 F 1,200 0,013 8% - Interrupted
efter 24 hrs.
59 F 1,105 ©0.61 60%* - 0.40 Interrupted
after 48 hrs.
97 F 750 0.00268 300% - 0.320 Interrunted
; after 294 hrs.
87 c 3’400 ~'7 0.046 0052 -
85 c 3,000 2.25 0.08 0.48: 0.30
83 c 2,750v 1,36 a:21 Q.57 0437
28 c s 2,320 0,35 0.74 0.60 0.35



TABLE V_(cont)

Test Temp. Grain Stress Mcgl R.T.

Now ©F Size Psi Hr Hr

62 500 v 2,020 0,164 2.80

32 c 1,660 0.051 8.25

34 C 1,180 0.0089 56 .25
T G 910 0.0031  140%
68 C 495 0.,000222  550%

98 700 F 1,260 496 0.09

96 F 765 0.605 0.92

99 F 415 0.049 A
89 C 160 7.5 0.079
25 C 995 1.83 0.26

21 c 920 1.12 0.47

22 H 680 0.38 1.47

23 c 450 0.05 13.5%
2/ c 250 0,005 303.3
45 900 c 445 435 Ol

47 c 390 1.96 0.33

L1 c 255 X:53 .24

Ll C 280 0.485 183

L2 ¢ 170  0.0555 9.75

4 c 120 0.009 67

51 1100 F 170 1.54 0.266
80 C 250 8.6 0.075
76 C 170 1.54 0.317
82 c 100 0.11 3.66

81 (v 35 0.038 10%

%* Estimsted values

Total
Elong.
Inch
0.77
0.66
0.81

0.73
0.89
1.19
0.83
1.07
0.75
0.79

0.95
0.73
0.89
0.54
0.87
0.74
0.54
0.72
0.89
0.70
0.59

True
Elong.
Inch
0.50
0,40
0.48
0.81

0.125

0.25
0.3

0.35
0.50
0.40
0.40
0.44
0.55

0.40
0.425
0.55
0.30
0.475
0.375
0.20
0:35
0.50
0.30
025
0.25

o 146 =

Remarks

Interrupted
after 96 hrs.

Interrupted
efter 500 hrs.

Interrupted
after 12 hrs.

Interrupted
after 8.2 hrs.



Test Temp.

TABLE VI

Creep Test Results for 28 Aluminum

Stress MC§1 R. T. <Total

Ne. ©F Pei Hr Hr Elong.
& Inches

204 500 6525 2l O 0,52
205 6050 1,09 0.233 0.51
202 5580 0167 147 0.54
206 5010 0.093 2.67 0.53
201 4550 0.0285 10.28 0.53
208 175 0.0125 18 0.45
203 3400 0.002 101.5 0.35
227 2540 ~0,0001 - -
219 700 2575 5.35 0,18 1.10
216 2515 L1 0,089 0.64
209 2060 1.53 0.45 0.91
211 1825 8235 1.37 Q.58
210 1550 0.059 3.93 0.40
223 1255 0.0215 20.6 0.49
215 1095 0.0046 42.6 0.46
230 890 0.00065 224 0.22
212 900 E353 #2285 002 0.64
231 1260 8.0 0.057 0.70
217 1160 245 0175 062
218 975 0.493 0.95 0.55
207 670 0.04 18,41 0.86
221 500 00125 41.5 Q.59
213 380 0.00535 €1.5 0.64
224 1100 800 21.2 0.0236 0.78
228 1 650 475 0.12 0.84
232 560 26 0145 0.46
225 460 0.5, 0,93 0.62
235 320 0.12 3.66 0.60
226 260 0.09 13 1.00

True
Elong.
Inches

0.375
0.35
0.41
0.38
0.30

0.13

0.30
0.25
0.35
0.275
0.275

0.20
0.18
0.22
0.275
0.30
0.35

0.20
0.20
0.28
0.29

0.25
0.20
0.17

R 1 R

Type of Remarks

Fracture

Ductile
n
n

n

"

Intermediate
Brittle

= Interrupted
efter 1000 hrs.

Duetile
o

n

n

Intermedizte
Ductile
Brittle
Duetile

n

L]

Intermediete
Brittle
"
Ductile
L ]
n
Brittle
"

o



TABLE VI

Creep Test Results for 3S Aluminum

Test Temp., Stress Mcgl R, T. Total True Type of Remerks
Jo, O F Pgl Hr Hr Elong. Elong. Fracture
Inches Ineches

301 904 2590 o 30 0.01 | Eusk 0.30 Ductile

303 2300 7.7 0,036  Oudd. 0.25 u

304 1960  Ou815 0.384  Dude 0.20 "

307 1796, 0461 0.93 0.1 0.14 Intermediste
302 1590  0.0285 4.1 0.22 0.055  Brittle

306 1290 D089 11.3 0.1 0.015 "

305 970 0.0007 58 0.12 0.01 o



