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INTRODUCTION

Creep mey be defined as the deformation occurring under the combined

effects of stress and time. During creep testing, tempersture and applied

load are generally kept constint, 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 centrifugsl force at high temperature. Some

testing is done at constant stress, to eliminate the effect of increasing

stress as the cross section of the specimen decreases. The constant stress

tests cre more suitable for scientific investig:ztions, the zim of which it

is to find the effect of the vzrisbles involved in the creep process.

A considercble emount of data hes been collected in the lsst fifty

years; most of the data refer to complex slloys, which undergo several

bynes of transformations during creep testing. Relatively little experi-

mental work has been done to support the theories which have been suggested

to explain the creep phenomenon. 21lthough the results of these investi-

gations cannot be used directly to develop complex creep-resistent alloys,

severzl fundament=l behaviors ere established, For exszmple, it was found

that =n increase in temperature has an effect analogous to a decrease in

strein rate. It was elso found thet the grain boundaries play a very im-

portant role in the mechanism of creep at elevated temperatures.

The present investigztion was undertaken to gain a better under-

standing of the creep process, using a set of experimental deta which in-

volve &amp; minimum number of variables. To mccomplish this purpose high

purity aluminum wes tected at constant stress over wide ranges of stress

snd temperature.

Aluminum was chosen because it hes a rather low melting point end it



is evaileble in high purity form. At high temperature it does not oxidize

much in air since a thin, impervious oxide layer is formed. Tals layer is

transparent end therefore does not hinder the observation of the metallie

surface. The main structursl instability that is ecountered during creep

testing 1s a change of the grain size.

The aims of this thesis are:

(a) Demonstrate the bensvior of simple, high purity eluminum

in creep and stress rupture as a function of stress, tempersture, strain

rate end rupture time,

(b) Study the effect of grein size on the creep behavior of high

purity zluminum.

(e) Study the effect of a change in impurity content on the

rupture and creep behavior, on the ductility znd on the mode of fracture

~f 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 lew or laws which govern. primary creep.



SUMMARY

High purity, commercial 2S and 3S aluminum heve been submitted to

ereep and stress rupture testing at seversl temperatures between 200° F

=nd 1100° F, at severzl constant stress levels.

It was found thet the primary creep follows Andrzde's equation”

better than Mott! 849) equation of %exhaustion® creep.

There is no linear relation between the applied stress and the

logerithm of the minimum creep rete; therefore the fring 1) theory of

rate process as applied to ereep by Keumon' SS) and by Dushman et a1(7)

does not spply to creep and stress rupture if a wide range of strain

retes end 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 minimum

creep rate. In the absence of structural instesbilities such = plot

gives linear relationship. A chenge in slope occurs at a series of trans-

ition points, which are located st lower stress and faster struin rstes,

tae higher the testing temperature. The transition points corresnond to

the change from the ®Low Temperature" to the "High Temperature" behevior

of the materials, The slppe of the straight lines of the plot Log. stress

versus Log. minimum creep rate is greeter the smeller the grain size,

For constant grain size that slope is greater the higherthetemperature.

The dependence of rupture time on stress at constant temperature is

quite similar to the dependence of minimum creep rate. 4 series of

transition points are observed in a log-log olot of stress versus rupture

time.



As a first epproximation the minimum creep rete is inversely propor-

tional to the rupture time. This is especizlly true under "Low Temperzture®

conditions of testing.

The minimum ereep rate of a fine grain high purity =luminum is smaller

tnen the minimum creep rete of a coarse grain sample tested at the same

stress in the ®Low Temperature" region. The reverse is true in the "High

Temperature® region.

£s a flrst epproximstion the tempersture, stress and strain rate =t

which the trensition from "Low Temperature® to ®High Tempersture™ occurs for

high purity aluminum egree with the ecuatlon suggested by Mott (35) for the

beglaning 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 conslidersble grain growth during testing tie rela-~

tion between minimum creep rete znd temperature at constant stress follows

Boltzmann's equation:

rste = A ~Q/RT

where T is the absolute temperzture and 4, Q, R are constants. The change

from ®"Low Tempersture® to YHigh Temperature® is not associzted with a change

of the temperature coefficient Q, at least within the limits of accuracy of

the data.

The nigh purity aluminum samples fail in a ductile manner under eny

testing conditions. A single crystal at very high temperature fails by

gliding. 2S and 3S aluminum samples fail in a ductile manner under low temp-

erzture testing conditions (below the equi-cohesive temperature.) Under high

temperature conditions (sbove the ecul-cohesive temperstures) the failure of

2S znd 38 aluminum is brittle (intererystalline). The transition from ductile



to brittle failure is gradual; the change is more marked for 3S then for 2S

zJuminum,.

Grain boundary migration occurs during creep testing in high purity

aluminum at high tempersture conditions (above the equi-cohesive temperature).

Slip bands are observed in high purity, coarse grained semples under

any testing conditions. As a first eporoximztion, the spacing of the slip

bends is inversely proportionel to the applied stress. The constant of pro-

portionzlity is mpch larger than the constant predicted by Orowan (43) for

the minimum slip spseing, but is in better agreement wlth the experimental

results of Yemeguehi (42) ,
A break-down of the grzins into sub-grains was observed in high purity

aluminum tested under high temperature conditions. The size of the sub-grzins

is of the szme order of megnitude of the spacing between slip bands. The

regularity and the direction of the sub-grain boundaries suggest a relation

between the slip process and the formation of sub-grailns.

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

of ereep (M™brue elongation 20)=) is practically constent with decreasing
for ductile

creep rate /svecimens. For brittle specimens the true elongation decreases

as the rupture time increases. Therefore 2 marked decrease in true elonga-

tion is noticed at the transition from ®Low Tempersture® to ®High Temperature’

behavior for 2S and 3S 2luminum. This decrease in true elongation is more

marked for 3S than for 2S aluminum.

Metsllogrzphic observations of the surface of deformed samples con-

firmed that the transition from low temperature to high temperature cor-

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

sections of deformed samples showed that no erscking occurs at the grain



boundaries of high purity samples tested under =ny conditions. Cracking at

the grain boundaries is noticed in 2S and 3S aluminum samples which were

tested at ®High Temperature".

RSlipless® flow was observed after high temperzture testing only in

the case of fine grained specimens, independently of the purity of the

material. Observations of high purity eluminum semples indicate that

"slipless® flow occurs when the grain size after testing is smaller than

the slip specing which cun be observed in coarser grained specimens tested

under similsr conditions.

The ereep and rupture behavior of 28 and 3S sluminum is quite simil.1

to the behavior of the complex cobslt-bese alloys which heve been inves

tigated by Grant and Bucklin (26) « The mein difference consists of the

fact that certain instabilities sueh ss overaging snd oxidation do nct

affect the creep and ruvture behavior of sluminum even at very high temp-

eratures.

The different behavior of high purity zluminum, as fer as ductility

and mode of fracture are concerned, clearly shows the effect of impurities

on the creep and rupture properties of metels.

It may be zssumed thet zt constent strsin rate the strength of the

grain boundaries hes a temperzture coefficient which is different from the

temperature coefficient of the grains. Under certsin conditions of temp-

erature end strain reste the strength of the grain and the strength of the

grain bounderies are the same. These conditions correspond to the trans-

ition from tov temperature to high temperature behavior. #At faster strain

rete, or at lower temperzture the grain boundary is stronger than the grain.

The reverse is true at slower strain r=te or higher temperature.



3 PREVIOUS INVESTIGATIONS

Creep snd stress rupture tests dete beck over a century. In 1883

Pureton 1) conducted stress ruoture tects on iron at room temperature.

He mentioned a similar experiment done by Vicat ®half a century ago®.

owe?) first determinedtheshepeofa creep curve in 1835. In 1904

Trouton and Renkine'3) suggested a logarithmic relation between creep

relaxstion and time. One year later Phillips'®) first mentioned the word

“ereep®. In 1910 tndrede’d) discovered his fumous equstion for primary

creep, which has been recognized valid for pure metsls up to now. He was

the first to perform constant stress tests,

Engineering interest in the creep phenomenon started much later, when

MeVetty (©) suggested a method for extrepolztion of creep deta. Since then,

meny contributions to tie understsnding of the creep process have been meade,

both from the empiricel and 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 mechanism of creep zs affected

by temperature, strain rate, and purity.

Very few data have been published, concerning creep rates and rupture

times of sluminum. Information on creep rates of high purity =2luminum st

constant stress have been given by Dushmzn et a7, who tested wires in a

rather limited rsnge of temperatures and strain rates. For 2S aluminum, date

have been obtsined by Sherby 8) , who studied the effect of grain size on the

ereen rates. Sherby conducted constant load tests from 90° F to 400° F.

Dorn end T1etz(?) studied the creep and stress rupture properties of 35 al-

uminum over a wide range of rupture times: however, the temperature range

was limited to 90° F to 400° F.



The limited smount of informztion 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 testing were different.

Qualitative studies of the mechenism of creep for aluminum have been

done at a larger extent. Hanson and Wheeler 10) observed the behavior of

99.6 percent eluminum (2S) at different temperatures end strain rates by

microscopical exsminestion of polisned scmples. XLecording to Hanson and

Wheeler, under suitable conditions (high temperature and slow strain rate)

no signs of slip bends appesr on the surface of the polyerystelline sample.

The grain boundaries are developed by streining, although no cracks are

opened during the earlier stage of deformation. As the deformation proceeds.

cracks open at the grain boundaries and the sample fails by intercrystelline

cracking. If the temperature is lower, or the strain rste is faster, the

slip bands ere visible and the failure is transzranular. Single crystals

deform snd fail by shear slong slip planes at all temperatures.
1More recently Wood et 21.(11s 12, 13) found that at elevated temperz-

ture the grains of aluminum break down into "eells®, which slightly chenge

their orientation during deformetlon. 2A more detailed report on this subject

will be made later (see: Experimental results, Part B).

Creep testing of 2luminum by torsion at constant stress was done by

KE (14) Important results were obtained that are concerned with the

viscous behavior of the gresin boundaries. However these results cannot be

directly compared with the others mentioned above, since they have been ob-

teined 2t a very low stress level, where the plestiec deformation is completely

recoverable ( - enelastic behavior).



Electron microscope research by ieideanreich snd Shockley? ) has

demonstrated that each "slip band” of deformed eluminum consists of meny

slip lines. The distence between the slip lines is constant, while the

distance between slip bands, and the number of plesnes in each band is not

constant. Brown (10) indicated thst this is true up to 500° C, znd that

the distance between slip bends is a function of the temperature. The

specimens observed by Brown were deformed by compression without controlling

the amount of deformation and the applied stress. The change in slip band

specing and thickness ss &amp; function of the temperature was recognized ore-

viously by Srassera®®) ,

The function of the grein boundsries in high-temperature cre=p hes

long been recognized since J effries(l?) suzgested the existance of en

Yequl-cohesive temperature” at which the strength of the grain is ecusl tc

the strength of the grein boundary. Jeffries found that the faster the

strein rate, the higher the egqui-cohecive temperature, If the Jeffries’

theory is correct one should expect that a fine grzined masterisl is more

creep resistent then a coarse grained materizl below the ecui-cohesive

temperature. The reverse should be true ebove that temperature. The study

of the effect of grzin size on the creep rates is very limited. The first

rublicetion, by Clark end nite 1?) is still one of the best. Hanffstengel

and TOIL ) found that when the creep rate is plotted versus the stress

for fine grained and coerse grained lead at 25° C, two intersecting curves

are obtained. Hanson 20) first suggested the existance of sn %optimum

grain size® for best ereep resistance of tin. Parker and Rifsness(&lt;L)

suggested that the number of grains per eross section and not the absolute

grain size determines the creep resistance. 2A study of the distribution of
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stresses between the grains and the grain boundaries was done by Siegfried

who found thet the Jeffries! theory is correct. su11y(@’ ) , working on

McKeon (24) data for lesd, found thet the creep resistance is z funetion of

the ratio "grain boundary surface to grain boundary volume", He concluded

that the creep resistance at elevated temperstures increases continuously,

zs the grain size increases, without passing through &amp; meximun as suggested

by Henson (20) and by Crussard 25)
The contribution of the grein boundcries to the flow of metsls zt

eleveted temperatures has also been recognized in complex alloys. It was

found that at elevated temperatures a material fzils along the grain boundaries

with very little ductility; while at lower temperztures the same meterisl

deforms and fails in a ductile msnner. Great and Buck1in (20) studied this

phenomenon on cobzlt-bzse alloys. They slso found that the transition from

the ¥low-temperature® (ductile) to the high-temperature” (brittle) behevior

of those ®lloys corresponds to a chenge in slope of the curves obteined by

plotting the logarithm of the applied stress versus the logarithm of the

minimum creep rate or versus the logarithm of the rupture time. Gr=nt end

Bucklin also found a marked decrease in the “true elongation 20) "ot the

transition points mentioned zbove.



PLAN OF WORK

The plan of work is summarized ss follows:

(2) Building the apnerstus: An spparatus wes designed to perform tensile

creep testing from room temperature to 1300° F gt constant load or at constant

stress up to 100 percent elongation, under 2 meximum epplied load of 300 pounds.

(b) Preparstion of the szmples: Preliminery heat treatments were plenned

to develop the most suitable structure. The actual preparation of the ssmples

involved machining, hest treating, znd finishing. The dimensions of esch

sample were determined after the finishing operation.

(¢) Creep testing:

(1) Preliminary tests: The purpose of the preliminary tests was to

determine the order of magnitude of the stress levels to be in-

vestigated; end to test the apparatus. Minor alterstions were

msde on the spparsztus after these tests.

(11) Standard” tests: creep testing was planned for four types of

semples:

1. High purity sluminum (99.995%), coarse gruined

2, High purity eluminum, fine grsined

3. 2S aluminum (99.3%)

4» 3S eluminum (98.2%)
During the test the elongstion wos measured as a function of time

and the appecrsnce of the sample was observed through a viewing

window.

(iii) Special tests: A few special tests were planned to study the be-

havior of special types of szmples, such as single crystals or

samples having mixed grain size.
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(d) Examinstion of the samples: it was planned to examine each semple after

creep testing, both on the surface and on a cross or longitudinal section,

(e) Determination of the minimum creep rate and correlztion of the date:

The minimum creep rate wzs determined from the creep curves and the following

data were correlated and compared with the results of previous investigations:

temperature, stress, minimum creep rzte, rupture time, totel elongstion, el-

ongation at the beginning of the third stege of creep (®true elongation¥),

coefficient of primary creep, temperature coefficient of secondary creep.
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DESCPIPTION OF APPARATUS END MATERIALS USED

5 ol Lpparetus

The apperatus consisted of two creep testing units which were provided

with &amp; loading beem of ratio 3 to 1. A constesnt stress system wes introduced,

in this apparatus: a detelled description of the constant stress system

appears in Appendix I.

The elongation wss recorded by reading a dial gege, having a one inch

travel. 1/1000 inch was read directly on the dial, snd 2/10000inch was

read by interpolation. The mein spring was removed from the gzge to avoid

the effect of non-exisl stresses. The gage was fastened to the frame: =a

bzlanced arm wes secured to the upper smecimen holder, One end of this arm

held a polished megnet, which w=s touching the head of the gage shaft. Using

this set-up the elongetion hes been meessured without disturbing the specimen

at all.

Two tubuler furnesces were used: one weg platinum wound end wes cspable

to reech very high temperztures; the other wes nichrome wound znd was used

for the lower temperatures. Each furnsce wes provided with a 1/2 inch viewing

window, which permitted the examinstion of the specimen during testing.

The temperszture wes controlled by one thermocouple, which wes touching

the upper part of the specimen. A deseription of the method of celibration

of the controlling thermocouple is shown in Appendix II. :

The sequence of the operstions is summerized as follows:

(a) The sample wes placed in the spperatus snd heated.

(b) The sample was loaded mbout 30 minutes after it came to

temperature. The loading time wes less then ten seconds

for most of the tests. The loading time was increzsed up

to two minutes for very fast tests zt the lower temperatures.



(¢) The creep curves were determined by reading the dial gege

periodiecelly.

After feilure the specimen wes removed and quenched within
/

two minutes. 4 few tests were not conducted to ecmpletion,

but the "third stage" was slweys reached before interrupting

the test,

(¢) The final length of the cold specimen was determined. The

sample was used for metsllographic examin:ztione.

[ne determinetion of the sccursecy of the deta cannot be done for sure,

but =n order of magnitude csn be ascerteined. The temperature gradient snd

control were kept within + 3° F. The minimum weight necessery to unbelence

the beam corresponded to en applied stress of 5 psi. The determinstion of

tie stress was done within + 1.5 pereat,The ebsolute measurcment of the

elongation wes probably done within + 1/100 of en inch, since the elongestion

on lozding includes the yielding of the threads snd other foreign factors.

However, once an arbitrery "zero" was established after loeding, the mezsure-

ment of the subseguent elongation wes done within + 1/1000 of en inch, This

value includes the error due to expansion or contrection of the frame and of

the holders as the room tempersture changes.

A few experiments were duplicated to test for reproducibility. The

reproducibllity of the minimum ereep rates was within 10 percent. Very

fest tests at the lower temperstures showed a poorer reproducibility.

hel? Matericls

Three gr:des of zluminum were tested:

(2) High Purity (99.995% aluminum)

(99.2% aluminum)
(98.22 aluminum)

(b) 2 8

(c) 3 8

The spectrographicsal rnalyses of these materials is revorted in Table I.



TABLE I

Spectrographical Analysis of the Impurities Contzined in the Three Grades

~® Bluminum Used for Creep_and StregsPurtwre Tesiir

Type of
Aluminum Ja

{igh
Purity

2.0017 N 002

2 9 J.11

J.10
0.47
).46

N 4 J.09
J.09

0.37
0.36

The three grades of aluminum snd

0.001

0.12

0.16
0.16

thelr spe-

‘mouritier /nercent)
‘yr . =

menily

N.0002

J.01

N.01

0.00

2.00

72.00

1.00

D.01

J.01

J.01
7.01 |

2.00

3.00

1.15
1.15

2.01

7.01

~~raphical analyses were furnished by the

0.03
0.03

0.01

7.01

Ni,
31,

0,00
0.00

0.00

0.00

03.0006

LY 2
Ca

Aluminum Company of America.
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The conditions of the meterisls both Mas received™ znd after nest treat-

rent sre listed in Teble II.

The microstructures of the 2S and 2S aluminum after heat treatment

are presented in Figure 1, Figure 2, and Figure 3. The samples were

machined from the Yas received rods: the gage length of the semples was
+

1 - 0.2 inch: the diemeter of the straight portion of the sample was

about 0.162 inch.

Figure 1. Microstructure of 25 gluminum, =fter a 3-hour annealing
treatment at 1000° F. Cross section. Electrolytic polish
end etch. 150 x,



TABLE IT

Data on Aluminum Used in Test Progrem

Meterisl

High purity,
coarse grained#

High purity,
Fine greined¥#

2g

3 7

Phe terms

"rs received?

Shape Temner rein Size

leat Trestnment

Temp. Time
c= Hr,

MREA a rT a ai

3/8 in,
rod

3/8 in.
rod

5/16 in.
rod

3/8 in.

1000 greins
per CU. I.

550 nN -

1000 greins 550
1000

D5
.5

LOOO

LCCO |

fine grained®™ end "goarse grained® refer to the grein s..A

After Hest Treatment

Grsin Size (mm,)
Cross Section foneitudinel Section

 nN 05 1.08

l to 3 l to 3
(20 to 30 grains per cross section)

0.02 to 0,02 0.02 to 0.03

3.08 to 0.1 0.1 to 0.4

: of the semple bef re testing.



Figure 2. Microstructure of 3 © aluminum after = 3-hour annesling
treatment at 1000° F - Cross Section of the bar
Electrolytic polish and etch 100 x

“iF

Figure 3. Microstructure of 3 S zluminum zfter = 3-hour =nnealing
treatment st 1000° F - Longitudinal Section of the bar
Electrolytic polish and etch 100 Xx



After machining, the streight portion of each sample was polished

with 3/0 metallographic paper, coated with peraffin., Finzl heat treatments

were then done in an sir furnace. The samples were cooled in air and elec-

tropolisned in an acetie-perchlorie mixture, Details concerning the elec-

tropolishing snd electroetching techniques sre reported in Appendix ILI,

Figure 4 shows two "coarse grained, high purity™ samples. One has

been macroeteched to reveal the structure. The other is electropolished.

A11 the Ystandexrd™ tests were conducted using electronolished specimens.

Laut

fb Se I siduad

Figure 4. High Purity, Coarse Greined Aluminum Specimens:Above: =after
electrolytic polishing.
Below: after maeroetehing in HCl.
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6, DETAILED REPORT OF THE EXPERIMENTAL WORX DONE

Part A - Mechanical Testing

5.1 The Rupture end Creep Tests

When the elongation of a tensile specimen under a constant lozd is

plotted versus the time, a typical well-known ®ereep curve®™ is obtzined.

During the earlier part of the test the elongation rete decreases (first

stage, or primzry creep). Later the elongation rate is practically constant

(second stzge, or minimum creep rate). Finally there is a period, during

which the rate of elongstion increases up to the rupture of the sample

(third stzge creep).
tndrade’®) showed that at constant stress the third stage ereep is

absent for lead. A similer result was obtained for high purity gluminum,

Figure 5 shows a creep curve obtained at constant load; and a creep curve

obtained st constant stress, under similar conditions of temperature and

Initi=l stress, The ¥third stage" does not appear in the constent stress

curve, since the test was not conducted to completion. The third stsge,

which is alweys present for tests reaching feilure, is due to a stress in-

tensification. In the case of ductile specimens the stress intemsification

begins when the szmple 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 % ductile specimen (test

No. 34) is compzred to the ereep curve obtained for = brittle specimen (test

No. 305). The lower curve also shows that the primary stege cznnot be de-

tected using the sczles of this plot; the apparent mbsence of the primary

stage wes often noted at the higher temperatures.
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The creep curves reported above were obtained by plotting the linear

strein versus the time, on linear graph paper. The linear strzin is defined

nS

viere £v 1s the elongation snd is the initial length.

Since the total 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 zs
~~

end is practically equal to the linear strain when the elongstion is small.

In Figure 7 both the linesr and the true strains have been plotted

versus the time, using the data from the seme creep test. Although there

is a shift in the position of the curves, the shepe of the creep curves

is substentielly the same. Similar results were obtained in other cases;

accordingly, the calculation of the true strain wes not extended to all

the tests in utilizing the data. Linear strain was plotted versus time

in 211 the cases, and the slope of the secondary stage® was determined.

This was eczlled "Minimum Creep Rate when referred to 2 one-inch initisl

gage length,

Generally the second stage of creep was long enough to permit a very

close determination of the minimum ereep rate, The largest uncertzinity

in the determinztion of the minimum slope of the creep curves wazs about

2 percent. .

It hes been ssid that all the curves czn be divided in three stages,

and the first stege wes more or less pronounced sccording to the conditions

of the experiments. An excention was observed in the behavior of a single

erystal of high purity sluminum which gave the typieal creep curve presented

in Figure 8.
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6.2 Study of Yrimery Ureep

The study of primery creep wes nct plenned as one of the primary aims

of this thesis. The data are not sufficient to test tne validity of the

different theories of primery ereep; however, enough information was ob-

tained to study the trend of the creep curves during the first stage.

Indradel’ ) found that the creep curves of pure metzls follow the

equation.
3

~

A

(6.21)
where L is the length of the specimen at the time t ; and {, is a constent

which is not much different from the initial length. 3 is the ¥coefficient?

of transient creep® end K 1s the "coefficient of steady state creep". From

formula (6.21) it follows that

In = = ln (1 +
»

~
LY

+ (€.22)
The true strein st eny time cen be divided into two psrts., The

o
quentity In (1 + A t73) 1s the contribution of the transient creep; the

emount kt is the contribution of the steady stste creep. When 2 £3 is
of ’

small, In (1 +t?) x P th Assuming that the constant £o is equal to
ok

the initisz1l length of the specimen, for small elongations 1n 2 = £4
oy

and tnerefore

48
Lig

A (6,23
in the cease the Initial length is one unit.

At the beginning of the deformation the contribution of the trensient

creep is much larger than the contribution of the stesdy state creep. The

reverse is true after longer times. Therefore for shorter times

2 x,
5

- (6.24)
end for longer times

hp

»

&amp; 3 2h
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The second porticn (6.25) was found to be true in sll the cases; the

coefficient k has the same value snd meaning of the "minimum creep rzte®.
(6.24)

The first portion/cen be verified by plotting the elongation versus the

cubic root of the time. This has been done for seversl 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 ereep curves of

high purity seluminum st 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 strsight lines are obtained; the slope

of these lines increesses for longer times. This was expected, since the

contribution of the steady state creep btecories apprecieble at longer

times. The curves obtained st the lower stress levels show 2n snorrelous

#trensient®, which is in dissgreement with Andrade's formula. This tren-

sient was indeed observed, to 2 minor extent, by exsmining the linesr

creep curves: an exemple is given in Figure 10. It was not possible to

ascertsin whether this anamolous transient stege is &amp; property of the

materiel or. zn effect due to the inertia of the testing machine,

The crossing of severrl curves of Figure 9 is due to the uncerteinity

in the determination of the initial elongation after losding, 2s mentioned

before, The. intercepts of the curves st zero time are not exsct, since

thie loading time wag not sufficiently constant.

The slores of the straight lines of Figure 9 was determined znd called

the "fb ecefficient®. The logeritim of the stress was plotted versus the

logarithm of the # 0 coefficient® in Figure 11 and a straight line was

rbteined,
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It should be understood that the graphicsl determinztion of the * *

coefficient" involves meny zscumptions znd therefore is nct as azecurate

ss the determinations of tne minimum ereep rate, Further speculztion on

this topic is not likely to be constructive, lacking more meccurate datz

on primary creep.

Bimileyr results were obtained wien the true strain was substituted

for tlie linesr strein in the anslysis mentioned above,

few creep curves were plotted in other non-convention:z1 weys.

Wien the logaritim of the strzin wes plotted versus the logaritim of

the time, 2 curve of increessing slope wes always obtained, This result

suggests thet the relztion

strein = 2 .B (6.26)
does not zpply to high purity eluminum zt constsnt stress. Equstion (6.26)

wes found to be velid for pure nickel by Carreker end Hollomon 27) .

In enother attempt et studying primery creep, the strain wes plotted

versus the logaritim of the time for = series of tests: the slopes of

the curves inerease as the time incresses. This result suggests that the

law
strain =A +B In t (6.27)

does nct apply to the primary creep of the materials investigated.

(6.27) is similar to the equation given by Mott, (28) for the "exhaustion"

Fouation

primary creep.



5.3 Stress Dependence of Minimum Creep Rete etConstent_Temperesture

5.31 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. Indwick (29) proposed en

smpiricel formule of the type

r
. Bs (6.21)

where r 1g the minimum creep rete, s 1s the applied stress and A, B are

constants. According to this formula a strezight line should be obtained

wien the spplied stress 1s plotted versus the logaritim of the minimum

creep rete, Bailey (30) suggested a formule of the type:

r=2 B (6.22)
eccording to which a stright line should be obtained when the logaritim

of the applied stress is plotted versus the logarithm of the minimum creep

rate. Belley's formule is not supported by theoretical considerstions.

On the other hand, Ludwick's formula is in agreement with Eyring's theory

of asetivated complex’ 1, es demonstrated by Kenzmenn (52 ) and by Dushman
et e1(7) “

According to this theory, the rate of shear is proportional to the

rete at which sn hypothetical ®unit of flow" crosses a free energy barrier.

Bssuming that the free energy barrier is a function of the gpplied stress,

and introducing seversl simplifying sssumptions, the following equztion is

obtained:
§-

--AF/RT inh (Ns) (6,33

wiere r = minimum ereep rate

 8s = applied stress

T = sbsolute temperature
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“F = Free energy of activation

R = ges constant per mole

M, N = constants, at constant tempersture.

- o(Ns)
When (Ns) is large, sinh Ns = ~~ end

Log. r = Log r, + P s;

where Tr end P are constants at constant temperszture.

(6.34)

Equation (6.34) 1s of the ssme form as Ludwick's equetion. Creep

rete date by Grent and Bucklin(?®), obtained by testing cobelt bese

alloys, have been santyzeat®) to test the sbove theory for validity.

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

the minimum creep rate at constent tempersture a streight line is not

observed 1f sufficient data ere availeble over a wide range of creep

rates. If the date are restricted to a very narrow renge of strain rstes

the theory of activated complex can be applied, st least as &amp; first ap-

nroximetion.
2The analysis mentioned above’? ) also showed that straight lines are

obtained when the logarithm of the stress is plotted versus the logarithm

of the minimum creep rate, in the case that the seme mechsnism of defor-

metion and fracture prevails. The approximate relstionship:

Log. r =a + (bff —) (Log. s -d) (6.35)

wes suggested to express the tempersture and stress dependence of the

minimum creep rate, with the understanding thet this empirical equation

is not to be regarded as a true ®mechasnical equation of stzte®.

In order to verify whether Eyring's theory can be applied to zn ex-

tensive amount of data obtzined for &amp; pure msterisl, the stress was plotted

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

ocrained aluminum (solid lines of Figure 12). The ®straight lines® obtained



by Dushmen et e1.(7) for a similsr materiel were ®mlso included on the scme

plot (dotted lines of Figure 12). Figure 12 shows that strezight lines are

not obtained over a wide rznge of creep retes although they rey, erroneously

be assumed to exist in such a limited range of minimum creep rates es the
ryrange investigeted by Dushmen et 51 7) . The trend of the seml-log curves

is quite similer to the trend observed for complex cobslt-base alloys (96).

The solid curves plotted in Figure 12, even on eareful inspection, dc

not indicate any discontinuous change in the stress dependence of the

minimum cree rates as structurel instabilities occur in the meteriel.

For instence, the marked grein growth which has been found to take plece

at 900° F and 1100° F is not revezled by any change in shspe or elope

of the semi-log curves. On the other hand, the log-log plot of the ssme

date points out this instability very clesrly zs shown below.

6.32 Log-Log Dependence

6.321 High Purity Aluminum:

The Log-Log dependence cof the minimum creep rate on the

applied stress was verified by plotting the logerithm 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 szmples; streight lines sre observed at ll the tempera-

tures. However, a sharp change in the slope of the lines is observed

very e¢learly et 500° F, and less clesrly at 400° F and 700° F, These

breaks” determine three ¥transition points® 2, B, and C, Metzllographic

studies showed thet =mpprecizble grein growth occurs at 700° F, snd very

extensive grain growth at 900° F znd 1100° F. At the two higher tempera-

tures the grein growth is such thst the results can be hardly compared
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with the results obtained st the lower temperatures. Figure 14 shows

the structures of three samples after testing zt 900° F snd 1100° F,

It is noticed that some grains now occupy the whole cross section of

the specimen.

The frzeture of all the smmples wes tvnically ductlle; although

the shape of the rupture zone changed with the conditions of testing.

A detelled discussion of the change in slope of the curves of Figure 13

will be mcde later when the photomicrographs of several scmples will be

presented. It is assumed for the present that the metallogresphie researeh

showed that the transition A-B-C of Figure 13 corresponds to a transition

in the mode of deformation of the samples. In the region above the line

A-B-C the grain boundaries zppear to be stronger than the grains; they

do not give any contribution to the deformation of the szmple and hinder

the deformation of the greins.

Figure 14. Left to Right: Specimens No. 45, No. 74 and No. 76 after
testing (respectively, 900° F and 0.11 hrs. rupture time;
900° F and 6.7 hrs; 1100° F and 0.31 hrs.)
PGalvanic® eteh in HCl.
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Below the line A-B-C the grain boundaries &amp;T¢ weaker than the grsins;

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

hinder the deformation of the grains.

The region above the line R-B-C is associated with the *Low Temp-

erature Behavior® of the meterizl while the region below that line is

associated with the High Temperature Behezvior® of the material,

Figure 15 shows the appecrance of three specimens tested at 500° F.

Specimen No. 63 (Rapture Time = 0.05 hours) shows "Low Temperzture® be-

havior; the grain boundaries resist deformation more than the grains and

form grzin boundary "orests" from which the deformed grains slope down.

Specimen No. 68 (interrupted after 500 hours) shows "High Temperature®

behavior; the grain boundazy flow which cccurs during the test causes

step formation on the polished surface, therefore the grein boundsries

appear thicker" under the microscope and appear shining to the unszided

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

gition® region, znd hss an intermediate behavior.

Figure 15. Top to bottom: Specimen No.
No. 34 (56.25 hours); No. 6%
tested at 500° F. Unetched.

63 (Rupture time = 0,05 hours);
(interrupted after 500 hours);
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The dotted lines of Figure 13 represent the behavior of the fine

grained, high purity aluminum. The fine greined material is stronger than

the coarse grained meterial in the *Low Temperature region, while the

reverse 1s true in the *High Temperature Rezion®., This behavior is un-

nistakably noticed at 200° F and at 500° F. Not much difference in the

creep rates is noticed at 700° F, since the fine grained semples =re not

steble zt this temperature. A considerzsble amount of grain growth occurs

in the ssmple before and during testing; therefore the difference in finel

grain size between “coarse greined® end *fine grained™ specimens is not

28 large zs after testing at 500° F

In order to demonstrate that the use of linear strzinsinst:-ed of

true streins does not affect the finsl results on this analysis, 2 series

of creep rate data have been replotted in Figure 16; the logaritim of

the stress has been plotted versus the logaritim of the minimum linear

strain rate (minimum ereep rate) and versus the logarithm of the minimum

true strzin rate. A straight line relationship was obtained in both

cases, resulting only in as small shift in the curve.

6.322 Commereclal 2S end 3S Zluminum:

The logaritim of the stress wes plotted versus the logarithm

&gt;f the minimum creep rete for 28 snd 38 aluminum in Figure 17. 4A change

in slope of the straight lines occurs at the points D, E, F, and G for

the 28 aluminum; and st the point M for the 3S sluminum. It may be

observed thst a continuous straight line could be drawn at 700° F.

Llthough this behavior hms not been investigated thoroughly, it is believed

that the snomzlous behavior is due to some aging effect. In fzet the creep
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curves show that very little primery ereep occurs at 700° F up to

time of about 20 hours. If the durstion of the test 1s longer then 20

hours, the creep rate decreases markedly with time. Obviously in this

rupture

case the primery stege of creep is not due to a strzin hardening effect

otherwise it would be more pronounced in faster tests then in slower

bests.

The hypothesis that some aging occurs in those conditions was also

supported by Brinnell hesrdness measurements of 25 zluminum which was

tested at 700° F by Gervsis. According to Gerveis'&gt;%) the hardness of

the specimens which hed a rupture life longer then 20 hours is =z few

points higher then in the case of rupture life shorter than 20 hours.

This was true in spite of the facet that the amount of strein was smaller

for the specimen which had az longer rupture life.

The region ebove the "trznsition zone® D-E-F-G of Figure 17 mzy be

called the "Low Temperature Region end it is characterized by a ductile

type of fracture. The region below the zone D-E-F-G is the "High Temp-

erature Region” and it is chsracterized by the intercrystzlline (brittle)

type of freeture. The seme change in the mode do fezilure is observed for

tae 3S aluminum at the trsnsition point M.

The change in type of failure is gradusl: in the "Low Temperature"

region, necking occurs snd the specimen fails by drawing down to a point.

In the "High Temperszture™ region the diameter remains precticelly uniform

and meny intercrystalline cracks are present. In the ¥Treansition™ region

there is a combination of necking and intercrystzlline fracture. A

demonstration of the transition from ¥ductile® to ®brittle® type of

fracture is shown in Figure 18 and Figure 19 for 25 aluminum; and in



Figure 20 for 3S sluminum. It is noticed that the change in type of

fracture is sharper for the more impure 3S aluminum, then for the 2S al-

uminum, No brittle frzcture was observed in high purity sluminum speci-

merise.
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Figure 18.

Figure 19.

4-

Transition from ductile to brittle fracture as the rupture
time increases. "2S gluminum tested =t 900° F;
left to right: specimen No. 212 (rupture time = 0.02 hrs.);
No. 207 (18.4 hrs.); No. 221 (41.5 hrs.); No. 213 (81.5 hrs.).

Transition from ductile to brittle frecture as the rupture
time increases. 25 aluminum tested et 1100° F.
Left to right: specimen No. 224 (rupture time = 0,023 hrs.)
No. 232 (0.14 hrs.); No. 225 (0.93 hrs.); No. 226 (13 hrs.)



Figure 20. Transition from ductile to brittle fracture as the rupture
time increases. 3S sluminum, tested «t 900° F:
Left to right: specimen No. 301 (rupture time = 0.01 hrs.);
No. 307 (0.93 hrs.); No. 302 (4.1 hrs.); No. 305 (58 hrs.).

The change in slope at 900° F (Figure 17) appears to be sharper for

the 25 than for the 3S 2luminum. This is true only when log-log co-

ordinates are used, since the curve for 2S sluminum 1s placed zt a much

lower stress level than the curve for 3S aluminum. Portions of the two

curves mentioned above were plotted in Figure 21 on a magnified scale

(s011d lines) znd were then replotted on linear co-ordinates in the same

Figure 21 (dotted lines). The dotted lines show that the more impure

35 aluminum has a sharper change in slope than the 2S aluminum, when the

beheviors are expressed in linesr co-ordinates.
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fb.» Stress Dependence of Rupture Times zt Constant Tempersture

The logarithm of the stress was plotted versus the logarithm of the

rupture time in Figure 22 for the high purity aluminum and in Figure 23

for the £S end 3S aluminum, A few values of the rupture times were es-

timated, since the tests were not conducted to completion, The uncer-

tainties introduced by estimating &amp; few rupture times were not apnrecizble.

since in all cases the third stage of creep had begun at the time the

test was interrupted.

The stress devendence of the rupture time is quite similar to the

stress devendence of the minimum creep rate. A series of "breaks® is

found for each material investigated. Since the rupture times mre not

a8 reoroducible as the minimum creep rates, a larger scatter is expected.

For the szme reason steted above the difference in behevior of the fine

grained and of the cozrse greined high purity =luminum at 700° F cannot

be detected from rupture time data. On the other hand, that difference

is clearly demonstrated at 500° F.

In Figure 23 a single straight line could be drawn at 1100° F. The

curve drewn 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 emount of grzin growth.
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5.5 Relation Between the Minimum Creep Rete znd the Rupture Time

The log-log plots "stress versus minimum creep rate® snd “stress

versus rupture time® zppear to be zlmost mirror imsges., This fact

hes been observed for many other materials. It was thought that this

similzrity might be caused by the existence of = very simple relation-

ship between the minimum ereep rate and the rupture time.

In order to determine such a relationship, the logerithm of the

minimum creep rste was plotted versus the logarithm of the rupture

time in Figure 24, for high purity sluminum. The points obtained from

bests conducted at different temperatures f=ll1 within 2 band of slope

-1. This suggests the relationship

log. M.C.B. = Log E, - Log R.T.

M.C -» 2. = FP
y

R.T

(6,51)

(6.52

where E is a constent.

Tne aversge line drawn through the experimental points of Figure 24

(solid line) indicates that the constant E hes =n aversge value of 0.316.

The constant E must be relested to the totel elongation of the specimen,

in the sense that the larger to total elongation, the larger the constant

E_.
In Figure 25 = similar »nlot wes obteined for 2S and 3S aluminum,

The behavior of the 2S sluminum suggests the same relationship exoressar:

by formula (6.52), with = constant E = 0.350.

The solid lines of Figure 24 snd Figure 25 could be used to predict

the approximate-life of a specimen, as goon gs the minimum creep rate

hos been established. The experimental vslues of the rupture time are
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not more than 2.5 times larger or smaller then the predicted values.

The ®*Low Tempersture® points obtained for 3S aluminum fall within

the bend established by the 2S points.

The high tempersture points plotted in Figure 25 for 3S aluminum do

not sgree with the results obteined for 2S zluminum. The divergence is

larger tt longer rupture times; this fect mey be explained by observing

that the elongation of the 3S samples decreases very markedly es the

rupture time inereszses, Therefore E, cannot be regarded =s a constant,

but ss a function of the rupture time.

6.6 Temperature Dependence of the Treneition Points

The transition from low temperature to high temperature behavior

probzbly occurs over &amp; range of stresses snd of strzin rates. In order

to study the temperature dependence of the trensition points, it is con-

venient to assume thet the transition occurs at a definite stress snd at

e definite strain rate, as indicated by the sharp change in slope of the

curves of Figure 13 snd Figure 17. The average values of the transition

stress and of the transition strezin rates at different testing tempera-

tures have been determined from the ®breaks® of Figure 13 and Figure 17

end from the results of metallographic examinztions.

The logarithm of the transition stress and the logarithm of the

transition strein rete heve 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 tne tresnsition str=zin rate

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

to the melting point.



A ?

(d) Below a certain critical temperature, no transition will be

observed within a reasonable testing time.

The results of Figure 27 agree with the results obtained by Grant

ené Bucklin (20) for cobalt-base slloys. In fact, Grant and Bucklin

found thet the higher the temperature, the shorter the rupture time at

which the transition occurs.

in =ttempt has been mede to compare the experimental results re-

ported above with the Mott theory of ®grsin boundary slip®. According

to Mott $3 5) slip along the grain boundaries cannot occur below a criti-

cal tempersture T.. This eritical temperature cen be calculated from

the equation:

r, ) R In
 RTT——— (6.51)

where:
Qy-= gonstents associated with the viscous flow st tine

grain boundaries

6 = gpplied stress

F Liner grain size

:. = ¢reep rate

Based on Ke's work) Mott calculated the theoretical critical temp-

erature for aluminum, =nd obtzined a value of 410° K, for ®normal® creep

testing conditions. Moreover he predicted that grain boundary slip

should not be very structure sensitive, "unless a dense film of impurity

is formed at the grsin boundary®

For high purity, coarse grained eluminum, equation (6.61) can be

re-written zs follows (utilizing Mott's values of Q and Db):

Log 2. = = 10.4 * a 5.52)
e
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if the stress is expressed in psi

and the creep rate T 1s expressed in hi

The values of the transition stress and of the trensition strain

retes from Figure 26 and Figure 27 have been used to calculate the

theoretical transition temperature Ta zecording to equetion (6.62). The

results are tzbulated in Teble ITI.

Teble III indicates that the order of magnitude of calculated

transition temperatures is correct: this fact supports the hypothesis

that the transition from low temperature to high temperature behavior

is essociated to the beginning of grain boundary flow.

TABLE ITI

Calculeted snd Experimental Transition Temperszstures for

Testing

Temnersture

 Oo I

400

500

700

High Purity, Cosrse G=ined . SAUMINr

Transition Transition

Stress crecp rate

.Diss

1950 0.001

1400

ren

0.03

Irensition Tempersture( Te!
Caleul=ted Fxperdmental

*
o 7

A 3 k

G0 lf

510 5373

S85 SN

A similar analysis of the data for 28 sluminum did not lezd to a

reasonable agreement between the calculated and the experimental values
4of the critical temperature. This fact was expected, since the Mott theory (3

does not apply to other than high purity metals,

In order to find an explanation for the behavior of 2S aluminum, values

of Loz. —
C

heve been plotted versus the reciprocal of the absolute
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temperature in Figure 28. This wes done for high purity, 2S and 3S sluminunm.

The theoretical curve which follows equation (6.62) has slso been plotted

in Figure 28.

Figure 28 shows a linear relationship for both high purity znd 28

eluminum. The curve drawn for 2S aluminum follows the ecustion

Log ——TC 0.75 + 35- 3500

Tr
(6.63

Equetion (6.63) suggests that the Mott theory (3) of grain boundary

slip may probebly be extended to less pure mzterisls if it is assumed thst

the constants Q snd b of equation (6.61) are smaller for impure then for

high purity aluminum. The values of the constants ¢ and b of ecustion

(6.61) were calculated from the curves of Figure 28. The following results

were obteined:

(2) high purity =luminum:

or 2S aluminum:

Q@ = 29,000 calories per gram atom

b = 107% cgs units

Q = 16,000 calories per gram atom

b = 107 cgs units

The values of the constants used by Mott 3 5) to czleulate the theoretical

critical temperstures are:

Q = 25,000 calories per gram atom

b = 20 egs units,

The curves of Figure 28 end the calculated constants indiczte that

the eriticel temperature Tg is a structure sensitive property. The

critical temperature Tg; ic markedly effected by the impurity content.
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6,7 Study of Ductility

The total elongation of a specimen efter fracture is not only a property

of the materlal tested, but =lso of the test zpparstus used. For instance,

if temperature gredlents are present slong the samples, more than one

necked region may be fcrmed before rupture occurs. In this case the

total elongation is larger then in the case of single-necked specimens,

Grant and Bucklin (26) observed thet the elongation of the sample at

the beginning of the third stage of creep (®true elongation®) is ore

producible and significant property of the material than the total elon-

gation. Studying cobalt-base slloys, they found that the ¥true elongation®

drops markedly to smaller values as the testing conditions change from

"Low Temperature! to "High Tempersture®.

It was not possible to determine the ¥true elongstion® of aluminum

with a better accuracy than ¥ 0.02 inches. However, this =zccuracy was

sufficient to determine the trend of theftrue elongation" zs the rupture

time 1s incresgsed.

Figure 29 shows that for high purity aluminum st 200° F, 400° F, 500° F

snd 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 date cre scsttered

sround an average value. This average value increases zs 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 escribed to grain growth. It is worth noting

thet no truly brittle fsilures were observed in high ~urity sluminum

semples in spite of this decreased elongation.



The same type of plot wes repeated in Figure 31 for the 2S =nd 3S

sluminum. 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 much sharper for 3S than for the

2S aluminum: for both these msterials the decrease of the ®*true elongation”

corresponds to the incidence of intercrystslline cracking.

The results reported sbove demonstreste thet impurities promote the

formation of intercrystalline cracking when a sample is strained et Thigh

tempersture®, The results also support the interpretation given to the

"orecks™ in the curves of Figure 17.

6.83 Temperature Dependence of Creep Hates

Tne data obtained for high purity snd 2S zluminum are not extensive

snough to permit an zccurate snalysis of the temperature dependence of

steady state creep. The data reported in Figure 13 for the high purity

material show that the slopes of the strzight lines increase as the

temperature increases 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 tempers-

tures cannot be compared directly to the other data.

The data reported in Figure 17 for 2S zluminum sre 2lso unsuitable

for studying the temperature dependence of the creep rates, since the

Mtrensitions® divide esci curve into two brenches. The position of eech

branch is fairly approximete.

Therefore the method usged to snslyze date for cobalt-bese alloys 3)

which lead to the final formule (6.35), is not appliezble to the present

deta. Since the transition from PLow Tempersture? to ®High Temperszture®
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for purity sluminum does nct produce a 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

tne curves of Figure 13, the minimum creep retes zt constsnt stress was

celeculcted zs a function of testing temperature. The logeritim of the

minimum ereep rates gt constant stress wes 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 nct constitute proof for &amp; lineer

reletionship. However, it was possible to determine the approxim=te

slope of these lines snd to calculste the "temperature ccefficient" Q

of the Boltzmann's formulsa:

  =Q/7T 6,81}

where r 1s the rate of = process

R is the gas constant per mole

T is the sbsolute temperature

2 is s constant.

The logaritim of the stress was plotted versus the temperature co-

efficient Q in Figure 33; en approximete linesr relstionship wzs obtained.

The results indicate thst the Boltzmenn formule ean be applied to the

steady stste creep end thet the temperature coefficient Q 1s relsted to

the Btress by the equation

Q =A +B log.© 6,22

where A, B = constants

8 = applied stress.

The equation (6.82) is in egreenent with the equation (6.35) mentioned

pefore.



TEMPERATURE (°F)
O00 O oO oO
NOOO oO :N=—0O ~~ 3 2

O
©

’

" ’s

3990 PSI

100°

4 3

~ 50CC

“PS

r
T

L
&lt;
Yr |

| O
a.
1]
LJ
rr
O

Ng

=
&gt;

=
2

=

[O

-3
(0

330 Fo

400 P&amp;S:

4

C

Figure 32.

i

103
2 3 J

Log. minimum creep rate at constant stress versus
the reciprocal of the absolute temperature. High
purity coarse grained aluminum,



N y

Figure 33 does not indicate any sharp chenge of the temperzture co-

efficient Q et the transition from "Low Temperature® to "High Temperature*

behavior, Such a negative conclusion is not zbsolute, since the determina-

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

STRUCTUREOBSERVATIONS DURING CREEP

6.9 Introduction
In Part A creep rate and rupture time deta for three grades of al-

minum heave been presented. It was found that the stress coefficients

of the cfeep rates and of the rupture times change under certzin condi-

tions of testing. This change wes identified with the transition from

"Low Temperzture® beliavior to MHigh Temperesture™ behavior of the

neterisl. It wes also found that the “transition®™ corresponds to the

conditions et which grain boundary flow begins; tierefore the "transition®

corresponds to the ®equi-cohesion® of the grains end of the grein bound-

eries.

In order to support toe conclusions of Part 4, end to obtain further

informetion on the subject of high tempersture deformetion, the deformed

specimens were observed metallogrephically and a few specizl tests were

conducted. The results of these quelitastive observations sre presented

below.

Before presenting such results the work previously done shall be

summarized briefly beceuse of its current rapid development. Observations of

deformed aluminum hsve been made by meny investigators for different con-

ditions of testing. Severzl experimentzl results suggested a change of

the mechenism of deformstion es the temperature is increzsed, or as the

strein rate is decreased.

Wilms and Wood (11) proposed the *cell mechanism” of deformation at

elevated temperstures, basing their conclusions on metallogrephie

and X-ray back reflection evidence. According to Wilms and Wood, for
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proper conditions of tempersture and strein rate, each grein breeks down

into sub-grains (celled cells) which rotate by sliding slong their "sub-

grain boundesries®, For these test conditions the common "slip" mechenism

of deformstion is not operative. These results seemed to offer zn ex-

plenation to the ¥slipless flow™ observed by Henson end Vheelertt? .

The Ycell meclienism® theory has been supported by other results,
2which have been obtszined by Wood and Rachinger(1?), Wood and serutton(L

Galnen end Burns’ 6) , and Greenough end Smith(48) .

Brezkdown of grains into fragments is observed in two other cases:

(a) During cold working. 2According to the "Crystallite
theory? which wes proposed by Bragg (3 7) during cold

working the greins ere fregmented into Terystzllites®

Bragg's crystellites ere not strees free snd huve a

much smaller size then the #celle® which sre formed

during working ct elevated temperstures.

(2) During ennealing efter cold working. According to

Lacombe and Beeuj eral’ 8) snneeled high purity aluminum

mey be in the "polygonized® stete. The ¥sub-grains®

which ere formed during heat trestuent sre stress free

end heve dimensions similer to the size of the "ecells®

mentioned zbove. Can (&gt; 9) discussed the piaenomenon of

oolygonizetion in relstion to the dislocation theory.

The question cen be raised, whether "cell'mechanisn®, ®crystellite

formetion® end ¥polygonizetion® sre essentially the same process.

A grezt deel Las been written on this subject (40) but no definite
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conclusion hes been reached regarding the mechanism of ereep. The lstest

contribution to this subject wes given by Crusssrd and Wyon 41) who

found no relztion between the ¥cells® znd the sub-grains of a polygonized

meterlisl. They found thzt the metellogrephic observations of en unetched

sample revezls the ®cells"Y, while X-rzy diffraction, or the observation

of en etched sample reveals the polygonized stete, which is quite in-

dependent of the deformation process.

Observetions of aluminum thet was deformed at room tempersture were

meade long ego by Yereguchi (42) » who found &amp; linear relation between the

nurzber of slip bends per unit length end the sheer stress. This reletion

1s of the seme form as Orowan's forme 43),

i __Ge
2TC D,91)

were

d = minimum spscing between slip bends

G = Modulus of elasticity in shear

a = interatomic spseing

 Tt = sheer stress

Assuming thet

G =~ E_
- c

(6.92)

where E is the modulus of elesticity in tension and

» 18 the epplied tensile stress,

for aluminum:

L a A 1/ (6.92)
when d is expressed in millimeters snd &amp; is expressed in pounds per

squere inch.
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According to formuls (6.91) the spacing 4 should be prectiezlly in-

dependent of the temperature, the strein, and the strsin rzte. However,

any spacing lezrger than d can be observed in a deformed specimen if the

zmount of deformetion is not sufficient to give Wsaturztion® of the slip

bends, or if some slip bends escope visusl observation.

The term *slip bends® h=s been used insteed of the more common term

"slip lines™, since themerkings visible under the microscope are actuslly

clusters of slip lines, as it wes found by Heidenreich and Sehokley (15) :

For proper testing conditions the grein boundesries contribute to the

Jeformztion of polyecrystrlline specimens. This fact was observed in =1-

uminum by Hanson snd Wheeler 10) end by other investigators. However,

no systematic resezrch hog been conducted on the behavior of the grein

boundaries of z2luminum. King, Czhn and Chalmers 44) tested 2 two-crystal

semple of tin at 2 few degrees below the melting point. The sample had

sg meeroscopically streight boundsry. 2A displacement of the two erystels

wes observed slong the grain boundary: the rate of displecement diminished

with time, until it re=ched = very smell velue., The results of this

simple experiment suggest thet in = polyerystzlline metericl st elevated

temperatures the grain boundaries should mzke a lsrge contribution to

the initiszl deformation, while a lsrger amount of strsin can be introduced

only if the grein deforms too.

6.10 Sveecial Tests

6.101 Single Crystsl Tested st 1170° F (Test No. 2)

A high purity sluminum specimen wes hest treated for thirty

minutes st 1000° F znd electro-polished. An uncontrolled amount of

deformation was applied to the specimen by bending and twisting. The



semple was then placed in the creep testing zpparstus snd hezted to 1000° ¥F

in two hours. It wss kept at this temperature for 18 hours, tien hested

up to 1170° F and kept at this temperature for two hours before loséing.

From the start of the nesting schedule the lower specimen holder was hanging

from the sample; this corresponds to sn s:plied stress of about 20 psi.

The test loading wes accomplished by increzsing the applied stress from

20 to 50 psi. The creep curve has been reported in Part A (Figure 8).

The total elongetion was 0.45 inch, of which 0.066 inch wes recorded =fter
2

loeding.

Bfter the additionel load wes applied the specimen wes seen to slip

slong one plesne which was at approximately 45 degrees to the axis of tension.

The specimen failed by gliding along this plsne.

Efter testing, the specimen wes macro-etchied; Figure 34 shows thet

bhe specimen consisted of = single crystal, except for a few very smell

crystals near the feilure zone. It is assumed, based on other observations

that the single crystcl was formed before the application of the additional

lozd,

0.102 Coarse Grained Semple Tested ot 1000° F (Test No. 5)

A high purity sluminum sample was heat trezted for 30 minutes

at 1000° F, The two end portions of the sample were defcrmed by bending,

while the central portion was left in the snnezled stste. The ssmple was

then re-snnealed at 1100° F overnight. During the sccond heat tresztment

a few very coesrse grains grew at the two ends of the specimen while the

middle portion did not recrystzllize, lezving the middle portion with =a

finer grain size then the end portions. This soeciel specimen was tested

at constent losd at 1000° F, under &amp;n initizl applied stress of 50 psi.



Figure 34. Speclel Test No. 3 - High Purity Aluminum Single Crystal
After Testing at 1170° F - Etched in HCl,

Figure 35. Speciel Test No, § - High Purity Aluminum Specimen #fter
Testing &amp;t 1000° F - Ftched in HCl.



Since no appreciable elongetion was observed after 24 hours the stress

wes reised to 100 psi. A comparison of these test conditions with the

regults plotted in Figure 13 shows that the specimen was tested at ®high

tempersture® conditions. The specimen deformed by slipping slong parallel

planes in the coarse grained portion and by necking in the fine grsined

portion. It failed after 48 hours in the middle fine grzined portion. The

appearance cf the mecro-etched sample after testing is shown in Figure 35.

6.103 Coarse Groined Semple Tested =t 1100° F (Test No, 90)

A similar test was performed at 1100° F, The preparztion of the

sample was similar to the preparation of sample No. 5: in this case the

specimen was bent only at one end before resnneeling. Therefore = large

crystel grew st one end, while a polycrystalline zone remained =t the

other end, The specimen wzs electro-polished snd electro-etched before

testing (Figure 36). The viewing window of the furnace was placed in front

of the junction between the polycrystalline znd the single crystal part

of the specimen.

A stress of about 50 psi. wes zpplied to the cold specimen and

the tempersture wes roised to 1100° F in zbout 3 hours. The temperature

was kept et 1100° F for 3 plus hours and was then lowered to room temp-

erature in 2 hours.

The first visible dr“ormetion was observed on the single crystal

one hour after the ssmple reached 1100° F. Ten minutes later some markings

were observed in the polycrystezlline zone. Later on, severszl parallel

slip bands sppezred on the single crystal until one band beceme much more

operstive than the others. The sppearznece of the sample after test is

shown in Figure 37.



Figure 36. Speciel Test No. 90 - High Purity Aluminum Specimen
Before Testing - Electrolytic Eich

Figure 37. Speciel Test No, 90 - High Purity Aluminum Specimen
of Figure 36 After Testing at 1100° F



It 1s observed that the single crystal deformed by slipping

slong parellel plenes, which mre st 45 degrees to the axis of tension.

The polycrystalline zone resisted to the applied stress better than the

single erystal. However, there is indication of flow at the grein bound-

eries. Moreover, considerzble groin growtia took plzcce.

Figure 38 shows that the grein boundesry flow did not occur

long the originzl grain boundaries. In fzct the "thickened! grain

boundzries are displaced with respect to the grzin boundzries of the

original structure which is revesled by the etch.

6.104 EvidenceofGrsin Boundary Mierstion Under Strcin (Test No, 33

Sample No. 23 wes e ®standerd® high purity, coarse grsined spec-

imen (hest trestment: 30 minutes zt 1000° F), having = very lsrge crys-

tel in the middle portion of the sample z=fter heat treatment. This

crystal extended through tne whole cross section of the specimen.

This specimen wes first electro-etched to reveel the structure

(Figure 39), then re-polished znd Lented at 700° F under a constant stress

of 175 psi. The test was interrupted after 30 hours.

The specimen was then photographed in the same position 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 lzrge central crystal slipped along parsllel plenes,

The microscopicel observation confirmed the occurrence of grein

boundary flow during testing. It also revealed the evidence of grain

boundary migration under strzin.

Figure 41 shows az micerogrsnh of the sample after test in &amp; part

where serstches (horizontsl lines) crossed a grein boundery (vertical

line). The microgreph can be interpreted as follows: a boundary was



Figure 38. Specimen No. 90 After Testing at 1100° F. Electrolytically
“tehed to Revesl Grain Size Before Testing. Polerized Light.
50 X.



Figure 39.

Figure 40.

Specizl Test No. 33 - High Purity Aluminum Specimen
Before Test = Electrolytic Etch

Speclal Test No.
gt 700° F (totel
before testing.

33 - Specimen of Figure 39 =zfter Testing
elongation = 8 percent). Repolished
Unetched.
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Figure 41. Specizl Test No. 33 - Microgreph showing grzin boundary flow
end grain boundary migrztion under strain. 150X (oblique
illumination).



originally in the position A. Grzin 1 and Grzin 2 moved by gliding =zlong

the boundary 2 (see displacement of scratches). After a certain amount of

displecement, strein wes introduced in the system, due to the interlocking

rection of Grain 3. Under this driving force (strzin energy) the boundary

migreted from A to B, where it was able to flow zgain (see new displacement

of the scrztches).

As the boundery flows, a step is formed on the polished surface

of the specimen; therefore the boundary is revesled under the microscope

. black line. The apparent ®thickness® of the grein boundary depends

on the emount of displecement , end on the relative orientetion of the

boundary with respect to the polished surf:zce (see "very thick®™ boundaries

et the 3-grein junction in Figure 41).

This interpretation of Figure 41 was supported by msny other

observations. Evidence of the same phenomenon is revorted in Figure 4&lt;.

After the pletures of Figure 42 were taken, the sample was partislly

etched and the position of the grain boundaries after testing was revealed

by using the techniques described in Appendix III. (™Salvanic® etching

and observation in polsrized light). A sketch of the microgrsvhs reported

before was done in Figure 43. The position of the grain boundaries after

creep testing was superimposed.

Figure 43 suggests thet the combined mechanism of grein boundary

flow and grain boundary migrstion wes operative in this case, The initisl

structure A changed into the final structure F by grain boundery migration

under strzin. A few intermediate steps B, C, D, E were revezled by the

grein boundary flow.



Figure 42 . Special Test No. 33 - Microgreph showing grain boundary
flow end grein boundary migretion under strzin - 150 X
oblique illuminstion.
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SRAIN €

GRAIN 2

GRAIN 5

SRAIN 3 :

SRAIN 4

* ~~ GRAIN BOUNDARIES
AFTER CREEP TESTING

Figure 43. Sketch of the micfostructure presented in Figure 42. The direction
of grzin boundary migretlon is indieated by the steps A-B-C-D-E-F,
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The grain boundary migration under strzin in aluminum wes observed

before by Sperry (45) end by Beck and gperuy VP) (47) who used different

teclniques. Their investigestion leed to the conclusion that the grain

boundaries move away from their center of curvature, when the driving

force is stresin energy, while the grain boundaries move toward their

center of curveture when the driving force 1s surfzce energy. The results

of Test No. 33 gree with the conclusions resched by Beck and Sperry;

zlthough the experimental conditlons were quite different.

The combination of grain boundary flow and grein bound:ry migration

gives very peculiar effects in certsin cases. Fisure 44 and Figure 45

are two exsmples. The f"stair-stepped® eppecrznce of these micrographs

can be interpreted as follows: one grain boundary was located in such

a position es to undergo a considerable amount of flow without strzining

the neighboring greins. This grain boundary which eppesrs very *thick®

in the microgranh did not migrate. The position of other grein boundzries

wees such £8 to induce streins sfter = smell amount of flow. Therefore

biiese grain bounderies had to migrate. The combination of these processes

gave origin to the¥stasir-stepped® eppearance.

The combination of grein boundary migration end grain boundary flow

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

in whieh "High Tempersture® behsvior preveils.



Figure 44.

Figure 45.

High Purity Aluminum - Coarse Greined - Specimen No. 32.
1100° F - Rupture time = 3,66 hours - 0.25 inch part of
the sample 150% (oblique illumination).

High Purity, Coarse Grsined - Specimen No. 49.
900 © F, after 197 hours - totel elongation = 12.5 percent.
150%

} vy



6.11 Stendsrd Tests

6.111 High Purity Aluminum

Coarse Greined Specimens

2

A change in the appearence of the deformed samples occurs as

the testing conditions change. The effect of the strsin rate at constant

bemperature on the mode of deformetion hzs been demonstreted in Psrt 2

by comnering the photographs of three specimens tested zt 500° F (see

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

For this purpose the curves YLog. Stregs versus Log. Minimum

Creep Rate" of Figure 13 heve been replotted in Figure 46. The reference

numbers which eppear in Figure 46 help relate the photographs to the

conditions of testing. It has been said before thet &amp; ®Trensition® occurs

long the line A-B-C, of Figure 46. If lines sre drawn parallel to the

line A-B-C, the isothermel curves are sporoximstely cut in the points 1, 2,

3 ~ L, 8&amp;8, 6 - 7, 8, 9- end 10, 11, 12, The testing conditions corresponding

to these reference points are:

z) Points 1, 2, 3.:

b) Ryd(Bb) Dodnt. lL, 5. €,

(e)
(4) Poioints 10 s 11, 12,:

nos

"T.ow Temperature®

"Transition®

"High Temperesture®

nigher Temperzture than (c)*

The specimens corresponding to the eccnditions (a), (b), (ec) end

(d) are presented in Figure 47 through Figure 50.

Figure 47 shows that the "Low Temperature" specimens zre char-

acterized by very strong grein boundzries, which hinder the deformetion

of the greins. The greins deform by slip; the slip spacing is very smell.

The freeture occurs slong z more or less irregulsr edge.
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Figure 46. Log-log plot of stress versus minimum creep rzte for

high purity sluminum, replotted from Figure 13. The
reference numbers refer to the photographs end micro-
graphs of Figure 47 to Figure 49.
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Figure 47.

Figure 48.

Top to bottom: Specimens No. 70, 37, and 88 (Points No. 1,
2, =nd 3 of Figure 46.) High purity coarse grained zluminum
tested st low temperature conditions.

Top to Bottom: Specimens No. 48, 32 and 89 (Points No. 4, 5,
and 6 of Figure 46). High purity cosrse grained aluminum
tested nesr the transition from low tempersture to high
tempersture behavior.



Figure 49.

Figure 50,

Top to Bottom: Specimens No. 66, 71, and 22 (Points No. 7, 3
and 9 of Figure 46). High purity coarse greined aluminum
bested =t high temperature conditions.

Top to Bottom: Specimens No. 24, 44 end 80 (Points No. 10,
11 end 12 of Figure 46). High surity cosrse grained zluminum
tested =t higher temperature than the specimens of Figure 49.
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Figure 48 shows thet, as the "Transition" is spprozched, tne specimens

deform in z more uniform way, since the grain boundaries do not hinder the

deformation of the grains. The fracture edges =re smezller tnesn in the

cese of Low Tempersture™ conditions. The slip spacing is larger.

When tlie "High Temperzture®™ conditions sre reached (Figure 49)

the grain bounderies contribute to the deformetion of the specimen by

flowing; therefore, the grein boundzries apoesr "thicker". The slip

spacing is larger, znd the fracture edges are smaller.

At still higher test temperatures (Figure 50) the grsin growth becomes

spprecizble end the slip spacing becomes larger: consequently the deformation

of the specimen is more irreguler., The dull eprnecrsnee of toe specimen

No, 80 is due to oxidstion.

[f the testing conditions sre changed to much higher temperature or

slower strain rstes, big crystals are formed and the deformstion is not

uniform at all, as shown by Figure 51. Tais nicture shows thet « big

erystal was formed at one end of the specimen and deformed by gliding

slong two parallel nHlenes.

Other informstion on the mode of deformeztion of high purity sluminum

wes obtained by observing the samples under = mzznification of 150X, 4A

few micrographs are presented in Figures52 tarough 64. In tiese pictures

an horizontal line is parallel to the axis of tension. Only one or two

micrographs of each sample appear (taese micrographs have been chosen as

the most representative ones). However, it should be emphasized that a

great varistion in the sppesrance of the sample occurs from one point to

eanother, and therefore no micrograph can be eczlled ecomnletely representative.



&lt;$¢

The mierograpins presented zbove show that, as the conditions of

testing chenge from "Low Temperature" to "High Temperature®,

(a) the spacing of the slip bends increases

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

(e) the deformetion becomes less loczlized along definite nlsnes.
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Figure 51. Specimen No. 82 (Point No. 13 of Figure 46). High Purity
coarse grained aluminum tested zt very hizh temperature.
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Fig. 52 Specimen No. 84. (Point No. 1) of Figure 46). High Purity
coarse grained aluminum. BR, A. = 18 percent. 200° F,
3.4 nours rapture time. 150 X,

Figure 53. Specimen No. 93 (Point No. 15 of Figure 46). High Purity
coarse grained aluminum. BR, A. = 12 percent 400° F, less
than 0.01 hour rupture time. 150 X.
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Figure 54.

Figure 55.

Specimen No. 63 (Point No. 16 of Figure 46). Hign Purity
coarse grained aluminum, R. A. = 12 percent - 500° F,
0.05 hours rupture tine. 150 x.

Specimen No. 35 (Point No. 17 of Figure 46). High Purity
eozrse grained aluminum, R. A. = 15 percent. 400 © F,
1.54 hours rupture time, 150 xX (oblique illuminstion).
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Figure 56. Specimen No. 32 (Point No. 5 of Figure 46). High Purity
coarse grained aluminum. R, A. = 35 percent. 500° F,
3.25 hours rupture time. 150 X (oblique illuminsticn).



Figure 57.

Figure 58.

Specimen No. 89 (Point No. 6 of Figure 46).
coarse grzined aluminum. R. A. 40 percent.
0.079 hours runture time. 150 X.

dign Purity
700° F,

Specimen No. 89 (Point No. 6 of Figure 46). High Purity
zoarse grained mluminum. BR. A. 40 percent. 700° F,
0.079 hours rupture time. 150 Xx.

j 3



/

Figure 59.

Figure 60.

Specimen No. 66 (Point No. 7 of Figure 46). High Purity
coerse gralned aluminum. R. A. 18 percent - 400° F,
250 hours estimeted rupture time. 150 X.

Specimen No. 66 (Point No. 7 of Figure 46). High Pufity
coarse grained sluminum. R. A. 18 percent. 400° F,
350 hours estimated rupture time. 150 X.



Figure 61.

Figure 62.

Specimen No. 71 (Point No. $ of Figure 46). High Purity
cozrse greined s2luminum. BR. A, 30 percent. 500° F,
140 hours estimated rupture time. 150 X.

Specimen No. 71 (Point No. 8 of Figure 46). High Purity
coarse grained aluminum, R. A, 30 percent. 500° F,
140 hours estimated rupture time. 150 X,
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Figure 63.

Figure 64.

Specimen No. 23 (Point No. 18 of Figure 46). High Purity
coarse grained aluminum. R. A. 40 percent. 700° F,
13.5 hours estimsted rupture time. 150 X,

Specimen No. 47 (Point No. 19 of Figure 46). High Purity
coarse grzined aluminum. R. A. 30 percent. 900 ° F,
0.33 hours rupture time. 150 X.
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I'he metallographic evidence of a prezkdown of the grains into "sub~

grains® at elevated temperature is shown by Figure 60, Figure 62, Figure

63, and Figure 64. Is the conditions are changed to "Higher Temperature”

the size of each sub-grain increases. The size of tie sub-grains 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-graifi boundaries form irregular

lines, whicn are nommsl to the mein system of slip bsnds. This feet was

observed in other cases.

The striking similarity between rows of sub-grains znd interslip

spaces suggest that the sub-grsin msy be formed through z slip process.

In this respect 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 remsin in the lattice =fter deformstion.

The slip spacing is very lorge end ezch slip band consists of a large

number of slip planes: therefore, the sppearance of the deformed sur-

fece is rather irregular.

A support to this hypothesis is given by the fact that the observed

sub-grzins have dimensions which are of the szme order of megnitude of

the slip spezeing.

The aversge slip spacing wes determined on the micrographs presented

above, or directly on the sample where the speeing was larger than 0.1

nillimiters. This spseing wes determined on the surfsce of the specimen

irrespective of the amount of totzl strain whieh varied between 10 percent
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and 40 percent. The temperature was not regarded as e veuriable. Con-

sidering the method of determination of slip spacing, the values of

eversge slip specing are worthy only of indicating order of mezgnitude

values.

The logarithm of the applied stress was plotted versus the logaritim

of the sverage slip spacing in Figure 65: a linear relstionship was

obtained.

The average dimensions of the "cells" are also plotted in Figure 65

to snow that the "cells™ have dimensions which are similer to the avercge

slip spzeing. The solid line of Figure 65, whici hes a slope -1, indi-

cates tnat the zversge slip spzeing is inversely proportionzl to the

epplied stress, at least as &amp; first avproximztion. This fact is in agree-

ment with Orowsn's formula (6.91): however, the average spacing was

found to be 10 to 50 times larger than the minimum spscing predicted by

Orowan's formule; but in closer agreement with the experimental values

obtzined by Yameguehi (42) . The divergence between experiment and tiaeory

can be justified by assuming that 2 larger amount of stroin is necessary

to obtain the minimum slip spacing.
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grained aluminum,
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Fine Grained Specimens

Similar conclusions are reached when the fine grain samples gre

sbserved, Figure 66 through Figure 69 show the micrographs of the sur-

face of the srmples tested zt 500° F under different stress conditions.

Figure 66 is from thst part of the specimen which has : dismeter of 0.25

inch. Here the applied stress wes gbout 2.5 times smaller then the stress

applied to the test portion of the ssmple. The micrograph shows an zp-

precizble cmount of grein boundary flow and very little deformation of

the grains,

Figure 67 shows the typical sspect of a "High Tempersture® sample;

there is flow at the grain boundaries, snd szbsecnce of slip bends in most

of the greins, however, one wavy bend crosses the largest grains.

When the ®Low Tempersture® conditions are espnlied to the specimen,

the slip bands become more evident (Figure 68) and the slip soescing

decreases as the stress increases (Figure 69).

In order to compare these results to the results cobtzined for

coarse grained samples, the slip soscing was calculeted from the plot

of Figure 65, for the stresses epplied to the fine grsined semnles.

The calculated spacing was multiplied by the m=zgnificstion of the

nicrograochs (150 X) end the following results were obteined:

for stress corresponding to Figure 67: spacing at 150 X = 7.5 mm.

for stress corresponding to Figure 68: spacing at 150 X = 3.9 mm.

for stress corresponding to Figure 69: spzcing =t 150 X = 1,3 mm.

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

lated and the observed spacings of Figure 68 and Figure 69.
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Figure 66, Specimen No. 53 High Purity fine greined aluminum - 0.25-inch
part of the specimen, 500° F — Oeleulated reduction of ares=
0.5 percent, 150 X,

Figure 67. Specimen No. 58 (Point No. 20 of Figure 46) High Purity
fine greined aluminum. R.A. = 14 percent. 500° F,
&lt;3 hours rupture time. 150 X.
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Figure 68 * Specimen No. 57 (Point No. 21 of Figure 46). High Purity
fine grained aluminum. R. A. = 15 percent. 500° F,
5.43 hours rupture time. 150 xX ,

Figure 69. Specimen No. 56 (Point No, 22 of Figure 46)
fine grzined aluminum. R. A. = 17 percent.
0.44 hour runture time. 150 X.

High Purity
500° F,
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Figure 67 demonstrates « similar sgreement if the spacing between the

visible slip bends and the nearest grein boundary is measured. This faet

suggests thet tne grain boundary inhibits the development of slip bends

in a manner similar to the zction of the neighboring slip bznds. If this

is true, slipless flow should be observed only if the grein size is fine

enough for the applied stress. Under similar conditions a much coarser

grzined sesmple should show slip bands. A sample with mixed grein size

should show slip bands only in greins which are larger then z critical

size. The observations made on high purity and 25 aluminum support this

hypothesis, but more critical experiments sre needed to confirm these

conclusions,

5.112 2S Aluminum

The curves "Log. Stress versus Log. Minimum Creep Rate® of

Figure 17 for 2S sluminum have been replotted in Figure 70.

Photomicrographs of samples tested at the conditions indireted

by the reference points of Figure 70 are presented in Figure 71 to Figure

74. These mierograpns have been taken on the surface of the deformed

semples.Bince the grain size is very fine and becsuse z 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 micrographs 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 bands =re visible in 11 of the grains. When the "trensition" con-

ditions are reached (Figure 72 znd Figure 73) the slip bands sre not

present in all the greins: the slip spacing is lzrger and the grain
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boundsries are “thicker®, At "High Temperature" (Figure 74) no slip bands

sre visible; grain boundary flow and grain boundary migration occur; the

grain boundary migretion is not zs pronounced as in the high purity slum-

inum. A few intercrystalline cracks were seen on the surface of the

specimen

The results concerning the stress dependence nf the slip spaeing for

nigh purity aluminum are epplicable to the 2S aluminum, This conelusion

is only zpproximate, since a close evalusztion of the slip spacing for 2S

sluminum is not possible. However, it is worth mentioning thet the slip

specing caleulsted from the plot of Figure 65 for the stress conditions

of Figure 74 1s 0.1 millimiters, which corresponds to 15 millimeters at a

megnificeation of 150 X. Figure 74 whows that no grain is larger then

15 mm.; this may be en explenation for the "slipless®™ appearance of the

surface of this sample.

A few 28 aluminum samples were sectioned znd exemined after elec-

trolytic polishing znd electrolyting etching. Figure 75 and Figure 76

show typical apoearances of samples deformed at ¥Low Temperature®™:

the greins are elongzted znd the grain boundaries do not show any evidence

of separation. These samples feiled by drewing down to a point fracture.

The longitudinal section nesr the fracture point shows a progressive

elongation of the grains, witia no indication of recrystallization.

Figure 77 is a longitudinsl section of a sample tested at 1100° F

under "Low Temperature™ conditions. It was mentioned before that =t 1100°

elongzted cozrse grains grow, especially along the surface of the specimen

(see Figure 19 in Part 4). Figure 77 reveals that the appearsnce of the
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polycrystalline part of the section is similzr to the appearance of Figure

75 and Figure 76: it is a typicsl "Low Temperzture® behavior. Neer the

fracture point one or a few big grains sre formed.

The presence of intercrystalline crzcking at "High Temperature®™ is

shown by Figure 78. It should be noticed that the electrolytic polish

sttecks sharp edges preferentizlly end meskes the cracss deeper.

Another exemple of intercrystalline erscking is presented in Figure

79, where a big crystal is =zlso visible =long the surface of the s=mple.

The formation of big crystals is cnuracterisite of testing at 1100° F.
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Figure 71, Specimen No. 204 (Point No. 1 of
500° F, 0.11 hour rupture time.

Figure 70). 2S aluminum

Figure 72. Specimen No. 203 (Point No. 2 of Figure 70). 2S aluminum.
500° F, 101 hours rupture time. R.A. = 16 percent. 150 X,
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Figure 72,

Figure 74.

Specimen No. 218 (Point No. 3 of Figure 70y. 2S aluminum.
900° F, 0.95 hour rupture time. R. A. = 26 percent. 150 X,

Specimen No. 221 (Point No. 4 of Figure 70). 2S sluminum.,
900° F, 41.5 hours rupture time. R.A. = 31 percent. 150 X,



109

SoA
J

Figure 75. Langitudinal section of specimen No. 204 (point No, 1 of Figure 70)
25 aluminum. 500° F, 0.11 hour rupture time, R.A. = £5 percent.
Electrolytic polish snd eteh. 150 X (oblique illumination)

 a
 a

oo

of 2
--
L
21

Ck

Figure 76 . Longitudinel section of specimen No. 216 (Point No. 5 of Figure 70)
2S aluminum. 700° F, 0.09 hour rupture time. Nezr neck.
Electrolytic polish znd eteh. 150 X (oblicue illumination)
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Figure 77.

Figure 78.

Longitudinal section of specimen No. 224 (Point No. 6 of
Figure 70) 28 eluminum. 1100° F, Q78 hour rupture time.
Near neck. Electrolytic polish and etch. 50 xX.

Longitudinal section of specimen No. 207 (Point No. 7 of
Figure 70). 28 aluminum. 900° F, 18.4 hour rupture time.
Near fracture. Electrolytic polish znd etch. 150 Xx.
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6.113 3S Aluminum

The curves "Log. Stress versus Log. Minimum Creep Rate® has

vpeen replotted in Figure 70 for 3S sluminum.

The microgrzphs 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 ss the stress decreases: no

slip bznds are visible in Figure 82, whica corresponds to #High Tempera-

ture® conditions.

The sppearance of the °S aluminum semples is quite similzr to

the apoesrznce of the 25 aluminum sesmples. #n estimation of the slip

soacing does not lead to any sctisfectory results, since the maximum

reduction in =rea of the 3S zluminum s:zuples et elevated tempersztures

1s only 5 to 6 percent; therefore, a direet comparison to the behavior

of 2S or high purity aluminum is not possible.

There is very little evidence of grein boundary migration in

3S sluminum., There is considersble oxidation, 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 grzin boundery cracking occurs

(Figure 83). Recrystallizztion was observed only near the fracture point

in a few samples (Figure 84): in these cases, recrystellizstion may have

recurred after the end of the test,

Under "High Temperature® conditlons, intercrystzlline cracking

is visible and the failure occurs along the grain boundaries, es shown

by Figure 35.
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Figure 79.

Figure 80.

Longitudinal section of specimen No. 225 (Point No. 8 of
Figure 70). 2S Aluminum. 1100° F, 0.93 hour rupture time,
Near fracture. Electrolytic polish and eteh.

Specimen No. 301 (Point No. 10 of Figure 70). 3S aluminum.
300° F, 0,01 hour rupture time. R.A. = 23 percent. 150 X.
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Figure 81.

Figure 82.

Specimen No. 307 (Point No. 11 of Figure 70). 3S sluminum.
900° F, 0.93 hour rupture time. R.&amp;. = 6 percent. 150 X,

Specimen No, 305 (Point No. 12 of Figure 70). 3S aluminum.
700° F, 58 hours rupture time. R.#, = 5 percent. 150 X,
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Figure 83. Longitudinal section of specimen No. 301 (Point No.l0 of
Figure 70). 3S aluminum. 900° F, 0.01 hour rupture time.
R.A. = 23 percent. Electrolytie polish and eteh. 50 X.
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Figure 84. Longitudianl section of specimen No. 301 (Point No. 10 of
Figure 70). 3S aluminum. 900° F, 0.01 hour rupture time.
Fracture point. Electrolytic polish and eteh. 50 X,



Figure 85. Longitudinal section of specimen No. 306 (Point No. 13 of
Figure 70). 3S gluminum, 900° F, 11.3 hours rupture time.
Frecture. Electrolytic polish and etch.
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7.DISCUSSION OF THE RESULTS AND CONCLUSIONS

(« The results of the present investigation confirm the existence of

a trensition from "low tempersture® to Phigh temperature" behavior

of metals. The trensition occurs st higher tempersture, the faster

the strsin rete.

Metallographic observations demonstrate thet the trensition cor-

responds to tne beginning of grain boundery flow and therefore it

hes the seme meaning sg Jeffries! "eqguli-cohesion®.

'b) The trensition coincides with the change in slope of the stresight

lines whicn zre obtained when the logarithm of the stress is plotted

versus the logerithm of the minimum creep rate.

‘¢) when the test conditions change from "low temperesture® to ®high

temperature” the type of fracture of impure sluminum (ZS and 38)

: i

chenges from ductile to brittle sand the ductility et the beginming

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

nigh purity aluminum shows no chenge in ductility or in type of

foilure..

(d) The effect of impurities on ereep end rupture properties of metals

and especially on the transition from low tempersture® to "high

tempersture® behszvior cen be interpreted by modifying the theory

5f equl-cohesion zs follows: 1t is sssured thet two intersecting

lines are obtained when the hypothetical strength of the grezin and

of the grein boundaries cre plotted versus the temperzture (Figure 86).

The difference in slope between the two lines is grester for sn impure

meteriel (Figure 86 -B) than for s high purity material (Figure 36 -4).
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Although in ezch case equal strength of grain and grzin boundaries occurs

zt some critical tempersture Te , the high purity materisl has = wide renge

of temperstures within which the strength of the grein end the strength

of the grzin boundaries are not markedly different (ecqui-eohesive range of

temperature).

If &amp; specimen is tested below the critical tempersture T. grein boundery

flow does not control the creep end ruoture proccess. If g specimen is

tested above the critical temperesture T, the grain bound=des flow, the

grains are more free to deform end therefore the creep resistance of the

meterial is lowered. The decrease in creep resistance of the grains snd

the contribution of the grsin boundary flow to the elongation of the

specimen explzin the "breeks™ observed in the log-log plot of stress versus

minimum creep rate. This is true for both impure end high purity msteriels.

Grz=in boundary flow cannot occur in &amp; polycrystalline materlel unless

either the grains deform or the grzin boundaries crack. In the case of

high purity eluminum grzin boundary flow creates strains in the neigh-

boring grains. This is to be expected since the difference in strength

of grains and grzin boundaries is very smzll (see Figure 86-A), Moreover

local recovery end grein boundsryy migration are likely to occur since the

impurity content is low. In such 2 wey the materisl cen undergo &amp; large

zmount of deformation without formetion of cracks slong the grein boundsries.

in impure materizl behaves in 2 different way. Possibly, even in this case

grein boundary flow determines streins in the greins. Since there is a

parked difference between the strength of the greins end of the grain

boundaries (see Figure 86-B), and since the impurities hinder locel re-

covery and grein boundary migretion, crscks open elong the grein boundaries.
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Cracking ot the grain boundaries gives origin to stress intensification,

wnich starts tie third stage of creep. This is the reason for a marked

decrease in ductility at the trensition from *low temperature to Yhigh

temperzture® behzvior for impure sluminum. As the deformetion proceeds, mor:

snd more cerecks open slong the grain boundsries until the specimen fails

in = brittle menner. # comparison of the results obtsined for 2S end 3S

clJuminum indicates tist tho chan &gt;» in ere-n snd rupture behevior zt the

trensition ie sharper the ler~-~ +4ve gmormt ~f impurities. This facet is

in agreement with the hyp-otier:? rraaent 1 4-in Figur: ©

2) The presence or ebsence cf sliv bends on the surfzece of the deformed

specimens is not releted tH» the trensition from "low temperzture" to

Bhigh tempereture" benavior. There is indication thst the chenge from

slip to "slipless" flow is &amp; function of the gpplied stress and of the

grein size, The metallogrephie observztions reveal that slip bands are

present even et "high temperzture™ if the grzins =re large enough.

ff) ®"Sub-grzin® formation was observed metasllogrephically in a few cases;

it eppeers that the sub-greins are closely related to the slip systems,

Therefore, tue sub-greins seen to be the effect and not the cause of

plastic deformation at eleveted temperature. It is true, that, as the

temperature is increased, the deformation is less and less loczlized, the

slip bends become wider, snd assume &amp; wavy eppezrance, However, the slip

bends zlweys retein = certain regularity, if the grain size is large enough.

'g) The experimentsl results did not help to internret the mechanism of creep

as operative on an ztomie scale. A negstive conclusion wes reac.aed, which

consists of disproving the applicability of the Eyring theory of sctivated

complex to the creep process. This theory is eppliceble at least zs a first

approximation only within = nerrow range of creep rstes.
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(h) The experimentzl data are insufficient foracompleteanalysis of the

tempersture dependence of the creep rates, The eneslysis hes been limite

to a part of the date obtzined for high purity sluminum. The znelysis

indicztes that the tempersture coefficient of creep retes, wiich mey

be regarded as an activation energy®, is = function of the zpplied

stress. The uncertainty of the experimentel dats has a large effect

on the computation of the zctivation energies for creep. This fact

hes been verified by mzking computations which were besed on otier

oublished date as well ss on date obtained during the present inves-

tigation. The csleulestions lead tc the conclusion thet the asetive-

tion energies for creep can be determined only as fer zs thelr order of

megnitude is concerned.

1) The rupture time dete indicate thet, as a first spproxisstion, the

rupture time is inversely proportionsl to the minimum creep rate.

Hence the creep behavior of = metal ezn be expressed in terms of

minimum creep retes as well es in terms of rupture times. Short time

tests mey be sufficient 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 ccmpleticn.

Only =z few data concerning 3S sluminum do not agree with the simple

relstionship between rusture time and minimum creep rete which was

mentioned sbove.

The study of primary creep lead to the conclusion thet the trensient

creep of aluminum is not of the Y"exhsustion® tyne, at lesst for tune

test conditions Investigated. On the other hend, the dsta fit the
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Andrade equation fairly well. The date support Andrade's theory, aec-

cording to which the creep strain is due to the contribution of =a

transient ("beta") flow end of = steedy state (Mkapoa") flow. £&amp; simple

graphicz1l method was used to determine the "beta" coefficient of primary

creep. The computations were only anproximste, but sufficient to in-

dicste that the stress dependence of the "beta coefficient" at constant

temperature is similar to the stress dependence of the minimum ereeo

rete at constant temperatue.
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SUGGESTIONS FOR FURTHER WORK

Tnere are a great number of critical experiments which czn be

serformed to confirm and expsnd the conclusions of the present research,

&amp; few suggestions are reported below:

 Creep znd rupture testing with different grades of «luninum

between 99.995 snd 99.3 percent. Study of the effect of

o

smount and type of impurities on the "trsnsition® points,

tyve of failure, =nd ductility.

Direct observetion of grein boundery migrztion during testing

using a high tempereture microscope.

[=
WT Systenetie study of "slipless™ flow, by observing the appear-

ance of a mixed grain size s=mple. The study should be done

in reletion to the effect of total ctrain st constsnt stress.

Determination of "beta" coefficients of orimery creep from

very accurate data, Study of the stress denendence of the

"beta" coefficient.

f .

» Study of sub-grain formetion by X-rey diffraction and metsllog-

raphy.
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ABSTRACT

Creep snd stress rupture testing of high purity, 2S end 3S zluminum

was done at constant stress from 200° F to 1100° F.

\ transition in the creep snd runture bensvior wes established for

the three msterizls zt proper conditions of tempersture snd strzin rate.

This tr=neltion corresponds to the conditions at which the grain boundary

start flowing under stress.

At temperstures higner. or strzia rates slower tusn the transition

conditions 28 and 3S aluminum fail by brittle foilure., High purity slunmi-

num saows a ductile failure under eny testing conditions.

Grain boundary migration occurs in high purity zluminum during creep

testing et nigh temperature

The log-log method of plotting cereen rate and rupture time data as sa

function of the applied stress has been found to be most suitable to express

bhe creep and runture behavior of tie meterials tested. "inear relstion-

ship was observed, but a change in slope wes noticed at the trensition

points.

The mechaniesl testing hes been supnlemented by metallogrsphic obser-

vations, whien revealed facts concerning the mode of deformstion end fallure

&gt;f aluminum under different testing conditions.
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APPENDIX T

Constznt Stress Creep Testing

Constant stress creep testing up to rupture is not possible, since

the deformation of tne specimen is not uniform during the last port of the

test. In fact, either a neck is formed (ductile specimen) or cracks open

inside or at tie surface of the semple (brittle specimen). In both cases

there is a stress intensification, whieh is not the seme in different parts

of the specimens. Therefore, constant stress creep testing must be restricted

to the condition of uniform deformation.

Yhen the deformetion is essentielly uniform the stress cen be kept

constant if the lo=d is decreased proportionslly to the reduction of area

of the specimen. Assuming that the volume is constant, since the change

in density during deformation is negligible, the condition for constant

stress is

 *» = ww 1
OT) (1.1)

wiiere w 1s the load zpplied wien the length of the specimen is 1;

by is the initi=l losd snc

L is the initial length of the specimen.

The conditions of equation (I.l) can be obtained experimentslly in

different ways. Andrede’ used a load which sinks in water as the

specimen elongates. indrsde’” 0) znd Fisner znd Carreleri ot) used an ap-

perztus based on the change of the resolved force acting on two rms when

tne angle between the two arms is changed. Andrade and Chalmers‘ 2) 3

Person’), Tapsell, Pollsrd znd Hood 4) | Ward znd Marriott (55) and
Hookin (56) designed different kinds of constant stress apoarstus which

were bzsed on the change in a lever ratio ag the specimen elongates.
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The last method has been used in the present research. £ cam of special

design has been fastened to a pulley (Figure I.1l). ZL steel cable hss been

attached to the pulley; znother cable has been zttached to the eam. The

system was mounted on ball bearings and was able to rotate freely. The

cable which was connected to the pulley was attached to the loading besm

of the ereep testing machine. The other cable was attzclhied to the dead load

At the beginning of the test the system was in the position shown by Figure

I.1. The two czbles were aligned; therefore the full losd was applied to

the lording beam. As the specimen elongated, the system turned clockwise.

The cable attached to the loading beam did not change position, while the

point of pplication of the load moved toward the center of tine pulley,

as the system turned; therefore, the load asHlied to the loading beesm de-

creased.

A quarter of a turn of the pulley corresponded to a decrease in applied

load of 50 percent; and to en elongalion of the specimen of 100 percent.

The cam was designed graphically, according to the ecuation:

 eC
 le

-

\

— 1.2

wnere r = point of spplicetion of the dead load

€ = corresponding angle of rotation of the system

Ro = radius of the pulley

Co = angle of rotation of the system, whicia corresponds to 100 percent

elongation of the specimen.
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Figure I.1. Constent Stress Apparctus
To scale.
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APPENDIX II

Calibration of Thermocouples — Testing for Temperature Gradient and

Temperature Control

x chromel-alumel thermocouple was used as zn erbitrery "standard",

£11 the controlling thermocouples used for creep testing have been cali-

brated versus the "standard", For this purpose the hot jinctions were placed

in noles whieh have been drilled in a block of copper. This block of copper

was kept at constant temperature by a photocell-type controller, After a

few hours the electromotive forces of the thermocouples were rezd; = dif-

ference in temperzture up to 3° F was found between etch couple end the

 standard".

Since this difference is too lerge to be neglected, = culibrstion of

the controlling thermocouples was made before each series of tests; st the

seme time the temperature grodient wes measured. The following technicue

was used: the "stenderd® and az thermocouple 4 were plzced on the middle and

lower purts of the specimen, resvectively. The thermocouple 4 wzs connected

to the temperature controller: the controller disl wss set in order to read

the wented temperzture on the Ystandard® thermocouple. The temperszture

gradient wes reduced to a minimum by adjusting the voltsge and the variable

recistors of the electrical eircuit.

This operation was resested before each series of ereep tests. The

thermocouole 2 was used as the controlling thermocouple for creep testing at

the tempersture at whieh it hes been calibrated.
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APPENDIX III

Metallography of Zluminum

The metallographic preparation of aluminum s:mples is generslly done

by electrolytic polishing in order to avoid the deformation of the surface

during polisning. Jacauet (57) presentedanexcellentreview of the methods

which have been suggested for best results.

New technigues have been developed during the course of the present

investigation snd shall be described in deteil,

The "galvanic etching" tecicuel 58) hes been found very useful to

reveal the structure of coarse grained, nigh purity aluminum. This

technique consists of etching the sample in = solution of hydrocilorie

acid (10 to 20 percent). The s:tmple is coupled to a more noble metal

sucli &amp;g coprer or stainlese steel. Hydrochloric seid attacks zluminur

:long tae (100) plznes: after a short time severzl large end irreguler

etch pits are observed on the sample. £After = long time the whole sur-

feece has been sttecked, end a sherp macro-etching effect is obtained.

The contrest is very nigh, 2s shown by Figure III.1. Careful preparation

of the sample before etching is recommendable, but not necesscry.

The "gelvenic® attack is much fester then the chemicsl attsck; this

fact helps in the eteiring of high purity aluminum, which is attecked very

slowly by hydrochlorie seid.

The Tgelvenic® etching tecinlgue hes been used ss 2 microeteh to

reverl the position of the grain boundsries. Best results are obtzined

if the observetion is done under nolerized light; in fect, the unetclhied

szmple ig opticelly inszctive and does not reflect the light, whereas the
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etched portion of the semple is optically active, The emount of reflected

lignt depends on the orientation of the grein. Therefore a grest contrast

is obtzined st the grein boundaries.

Figure I1I-2 shows a partislly etched scmple: the blsck background

is the unetched pert of the specimen, which wes polished electrolytically

before "galvenic® etching.

Similer results are obtzined by observeition in polarized light through

z= gengitive tint plate: 1In this cose the unetehed pert ness = megente

cclor; while the etched part has different colors from light green to dark

brown. Color photogrephs of good color contrast have been teken. This

technicue hes the sdvantsge of permitting the observation of the unetched

background, If &amp; creep specimen is pertielly etched after deformetion,

the eppearence of the surfcce of the specimen is not totelly destroyed

by the etching. The final structure can be determined by observing the

color of the etched portions of tie specimen, snd can be compsred to the

epoearence of the unetcned surfece. This technique geve excellent results

for the deterrinstion of the direction of grein boundsry nigrztion under

stress.

Electrolytic polishing has been done successfully by using the v sanuer $57

solution wiich ecnsists of

1/3 percliloric acid

2/3 ascetic anhydride.

Another solution gave good results for high murity eluminum. This

solution consists of

5 ml. of perenloriec acid (72percent) and

25 ml. of glaeciel scetic scid.
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When tinis modified solution is used, the distance between cazthod and

enode should be kept constant: hence &amp; cylindrical catliode is necessecry

to polish tensile specimens.

If the zpplied voltage is below 20 volts, a mecro-etching effect

oceurs. Between 26 znd 60 volts the specimen is polished. At higher

voltege the polishing effect is spoiled by the formetion of &amp; film on

the surfeee of the specimen. The polishing time, after prevaration on

3/0 metzllographic psper, is zbout two minutes.

The modified solution mentioned zbove is suitzble for &amp; repid ex-

amination of the structure of coerse greined semiles: this wes done by

polishing the scmple st 25 volts and lowering the voltage to 10 volts

for a few seeccnds. In these conditions the specimen is macro-etcihed,

Tne mecro-etched czn be removed in less then thirty seconds by incressing

the voltzge to 25 volts.

The current ie mainlr a funetion ~¥ the resistance of the polishing

solution: hence the current changes as the tempersture chenges. The

temperature should be controlled between 20° € and 30° C; snd should be

kept es uniform e8 possible by continuous stirring.

The modified Jaccuet solution does not give very good results for

28 end 38 g2luminum; &amp; felr polish cen be obtained in two minutes if

more then 100 volts is epplied.

28 snd 3S specimen hesve been polished in the Jscquet solution st

20° C to 30° OC with an zpplied of 45 vclte.

sary to keen the current to 2 minimum value.

sufficient for 2 good metellogrephic polish.

Continuous stirring is neces-

Five to ten minutes ere

Micro-etching is done by
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lowering the voltage to 2 to 5 volts for five tc ten minutes. The speei-

men should not be removed from the beth during the eteling operation:

if deever etching is wanted, the specimen should be re-polished for =

few minutes.

Micro—-etching of high purity aluminum wses not necessary, since the

moaified polis.ding solution atteecks the groin boundaries, For higher

contrast &amp; setursted solution of emmonium fluoborste et 80° C his been

successfully used, The etch was done electrolytically st 15-18 volts,

for thirty minutes.

Etch pits have been very useful to revesl uncertsin grain boundaries:

Figure III-3 shows a section of 2 high-purity specimen neesr the frescture

point. A few grain boundaries eppesr: however, the observetion of the

eteh pits reveals that the centrel "grsin" is sctuelly fragmented into

several parts, which have similer orientztions. In fact, the orientetion

of the etch pits slightly changes inside thst ®grain¥.

The eteh pits of Figure III-3 were developed by using the Lacombe

end Bezujerd (59) solution, which consists of:

47 ml, of fuming nitric scid

50 ml, of hydroechlorie ecid (37.5 percent)

3 ml. of hydrofluoric scid (42 percent)

This solution should be used below 10° C fof 30 seconds. 4 modified solu-

tion gave similer or better results. This sclution consists of:

70 ml. nitric acid (70 percent)

50 ml. hydrochloric acid (37.5 percent)

3 ml. hydrofluoric acid (48 percent)
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Exsmples of etch pits obteined with the modified solution zppear in Figure

ITI-4 end Figure III-5. The polished and etched sample of Figure III-4

hes been deformed by compression: the combination of etch pits and lip

lines is useful to determine the epproximzte orientstion of ezch grain.

A peculier efiect wes obtzined by observing etch pits in polerized

light: = ccmperison of obsecrvetion in normel light end in polerized

light is shown in Figure III-6 end Figure III-7.
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Figure III-1. Ainnezled 99.9 percent eluminum., "Galvanic? etch
in BCl. 1.5 X.

Figure 111-2: High purity coarse greined aluminum specimen.
polish, partial %gslvanie® etch in HCl. 50 X
‘Polarized light).

Electrolytic



Figure III-3: High purity cosrse grained specimen. Longitudinzl section.
Electrolytic polish. Etch pits. Developed by Lacombe
reagent. 50 x,

Figure III-4: High purity aluminum. Electrelytic polished. Etched in
modified Lzcombe resgent, deformed after etching. 1000 X,
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Tebles of bxperimentul Deta from Creep end Stress Rupture Tests
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Results of the Preliminary Tests for High Purity Aluminum

Test Temp.
No. © F ~

Stress
Psi

—

700 650

212 £4000

1170 20-50

50-1001000

700 630

500500

700 325
450

17"

1000 1 )

 r&lt;4 TY

pr

-~ - -
~~

0.28

~0,00L

0.785

R,™

~

-

}

Total
Elong.
Inches

1 "1

0. ¥%§

0.5

0.68

0.85

1.00

1.08

 mn ory

c 1

Renarkse

EA —

eonstent load

single cerystel . C.L.

very coarse, OC. L

constant stress

constant load

lozd decreased
during test

constent load

constent losd
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TABLE V

Sreep Test Results for High Purity Aluminum

Test Temp.
No. A
Jy=

SA 200

52
53
50
36

3
73
72

70

33 400
38

37
35
1.0

Co
3

L.

? ’

56 500

55
577

RE

-

37

35
33
8

Grein
Size

_-—r

Cy

vJ

-

IT

of
re
v

~*
»

Stress
Pr

MCer R. mn Totel
Elong.
Inch

True
klong.
neh

11,07) C0” ~ - 0 *
5

8,050
6,87C
5,920 0°"
6,210 0,027
5,850 0.038
5,640 0.016
5,100 0.003

C.07 0,0 0.21
C.54 0.27
0/9 0.32

»

7 ey

0. RZ 0.25

0.29 0.275
0.25

4.52
20%

4,400 0.00045 324
4290 ~11
ly350 ~2.1 0.075
3,350 0.1 1.72
3,479 0.0 1.54
2,595 0.0 20
2,210 0.017 24.64
1,775 0.00295 102
1,130 0.000245 850%

0.82 0.41

0.54 0.51
0.58 0.41
0.50 0.28
0.46 0.31
0.60 0.475
0.60 0.29

0.20

3,130 1.7"
2,415 0.394
1,910 0.089
1,200 0.01"

0 a

-

0.7" 0.55

 0.94 0.45
0.84 0.39

~

1,105 0.01 60 ~ ~
“ J

750 0.00268 300% J 30

3,400 ~7
3,000 2.25
2,750 1.16
2,320 0.25

0.046 0.52

0.08 0.48: 0.20
0.21 0.57 0.37
0.7L 0.60 0.35

Remarks

Interrupted
after 0.09 hrs.

Interrupted
efter 27 hrs.

Interrupted
after 726 hrs.

Interrupted
zfter 24 hrs.

Interrupted
after 48 hrs.

Interrupted
after 294 hrs.
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TABLE V_ (cont)

Test Temp.
No. °F

netie

&amp;) 500

32
34
71

468

08 700

26
9

2Q

JK

21

DD

=

D7

A5 300

fy 5

J
ev

17,

21 1100

30

76
32
21

arain
Size

a]
vj

”~

—

4

:
-

Stress
Psi

VR, R,T.
an

2,070
1,660
1,180

910
CGT

0.0071

[oT

LAN:

425 0.000R2% 550%

1,260
765
415

 260

4 ~ ~~

 -~

295
320

680 0.28
450 0.05

2

17

250

4h5
390
355
280

170
120

170

250
170

100

35

n.rsg ~~
. i

-

Nae

- Na

’ oa

 ~- &amp;

iid neo
+

-

- —

. ”~

A

0.073 1

Total
Elong.
Inch

~ ot

ee
|

c=

n [a

rr

0.79

”~ ng~

1 pn

~ -—

1

~~ =

- .

True
Elong.
Inch

0.50

0.40
0.48
0.81

2,175

0.5

0.25
0.25
0.50

0.40
0.40
0.44
0.55

0.40
0.425
0.55
0.30
0.475
0.375
0.20

C5

C¢. 50

G20
0.25
025

Pemerks

Interrupted
sfter 96 hrs.

Interrupted
efter 500 hrs.

Interrupted
after 12 hrs.

Interrupted
efter 8.2 hrs.

Estimested vslues
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TARLE VI

Creep Test Results for 25 Aluminum

Test Temp.
No. © F

204 ~~ 500
205
202

206
201

208

2073
D7

219 700
216

209
211

210

&lt;3
215
R30
212 900

231
217

218

207

221

2172
224 1100

228

R32
225

235
226

Stress
Psi

MCigh R. T.
Hr

Total
Flong.
Inches

True
Elong.
Inches

gros
6050
5580
5010
4550
1175
3400
2540

2 0,11

1.09 0.233

0.167 1.47 0.’
0.093 2.67 0.53
0.0285 10.28 0.57
0.0125 18 0.45
0.002 101.5 0.325

~v0,C001 -

n =~

C

Q

0."

 Cc °°

2575 5,25 0,12 1.10

2515 hell 0,089 0.64
2060 1.53 0.45 0.91
1825 0.235 1.27 0.52
1550 0.059 3.93 0.40
1255 0.0215 20.6 0.49
1095 0.0046 42.6 0.46

890 0.00065 224 0.22
1335 22.5 0.02 0.64
1260 8,0 0.057 0.70
1160 2.45 0.175 0.62
975 0.493 0.25 0.55
670 0.04 18.41 0.86
500 0.0125 41.5 0.59
380 0.00535 81.5 0.64
800 21.2 0.0236 0.78

650 4.75 0.12 0.84
560 2.6 0.145 C.46
460 0.54 0.93 0.62
320 0.12 3.66 0.60 C.20
260 0.09 13 1.00 0.17

Type of
Fracture

Ductile

ermealate

Brittle

[ne

Ductile

Intermedizte

Ductile

Brittle

Ductile

Intermedicete

Brittle
hA

Micet:le

Brittle

Remarks

Interrupted
sfter 1000 hrs.
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TABLE VIT

Creep Test Results for 3S Aluminum

Test Temp.
"No. °F

301 90C

303
304
307

302

306
305

Stress
Pei.

&gt;~

2°
1¢-0
1790
1590
1290
970

YMCRad] E

- —-

C.CN3G

0.0007 -

Total
Elong.
Incaes

0.%-

0.4
C. 78

C "1

C.”°

0.11

0.12

True
Elong.
[nehes

~
~

5 - -

I'yce of
Fracture

Ductile

Tvtermedicste

“ttle

Femerks


