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THE STRUCTURE AND PHYSICAL PROPERTIES 

OF CREEP TESTED 

ALUMINUM CONDUCTOR WIRE 

DurIng the autumn of 1956, a program was Initiated 

for the purpose of determining the creep properties of 

aluminum alloy conductor wires at Oregon State College. 

Subsequently, a generous amount of creep data has bee 

establt8hed for these materials; however, this thvesttga- 

tion has up to this time been confined only to creep data 

determination and predictions. There has been no attempt 

to investigate structural ohange accompanying creep or 

to determine what effect creep exposure has on the room 

temperature physical properties of this alloy. This Is 

the basis for the topic of investigation for this paper. 
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OBJECTIVES 

There are two primary objectives in this inveatia- 
tion. The first is to determine by the means on hand what 

structural changes have occurred in the conductors as the 

result of the roregoing creep testing. The second objec- 

tive Is to determine what effect prolonged creep exposure 
has on the yield strength and ultimate tensile strength of 

the material at room temperature conditton. A secondary 

objective Is to determine, 1f possible, what the hardening 

or precipitating phase is and at what condition it appears. 



SCOPE 

The scope of thts study was to uttlize the most 

powerful methods available to determine the preceding 

objectives. Standard metailographic examinations wore 

conducted in order to determine structural changes. 

X-ray examinations were also used in this study to de- 

tezinine changes in orientation and to identify secondary 

phases. Mechn1ca1 properties were determined from 

standard tension tests on the thdivtU specimens also. 
Due to equipment limitations, none ot the more refined 

methods could be used, such as the electron microscope 

or the gieger counter for X-ray studies. 



REVIEW OF BACKGROUND LITERATURE 

Creep and Structuxa1 Observations 

The creep of' metals is a phenomenon in which the metal 

undergoes permanent deforniatton when subjected to a constant 

or changing load which Is below the yield strength for a 

relatively long period of time. It is not an easy phenom- 

enon to explain and as a result, has been the basis of in- 

vestigation for many years. 

A vast quantity of work has been done in connection 

with creep in aluminum during the past two decades. Much 

of the work has been in the high temperature range or above 

o15 of the absolute melting temperature of alumInum. 

Moreover, most of the aluminum has been of the pure form 

(99.97 per cent) and not ot the alloyed types. Many inves- 

tigation$ found structural changes due to creep were pre- 

dominately of subgrain formation types. Their specimens 

were usually annealed to gain a convenient grain size for 

observation and creep tested at a temperature high enough 

for recrystallization to occur. 

Servi, Norton and Grant (28) found it was quite easy 

to detect noticeable changes. Specimens were of high 

quality aluminum which were annealed prior to creep test- 

ing to gain s coarse gratned material. Creep tests were 

conducted In the range of temperatures from 4OO F to 1200 F. 



Ualrig X-ray diffraction back-reflection methods, and atan- 
dard optical metallographic examinations, they conclusively 
showed that subgrains were formed during the creep process. 

The work of the above investigators was substantially 
verified by Auld, Garrod, and Thomson (2). Through X-ray 

diffraction methods, these investigators also found that 
the original spots in the X-ray patterns would form into 
short arcs, then into man $*aller spots, which is typical 

of subgratn formation. Th creep test temperature for this 
work was 1485 F. The specimens were high purity aluminum, 

annealed prior to creep testing. 
Harper and Dorn (16) conducted their studies a ong the 

same lIne and also found recrystallization and subgrain 
formation. Again annealed high purity aluminum samples were 

used and easily carrelatable results could be obtained using 
X-ray diffraction methods and standard metallographic 
techniques. 

McLean (22) went a little further in his investigation 
of subgrain formation and recrystallization. He again used 

annealed high purity aluminum tested in high temperature 

creep, but utilized the electron microscope in addition to 
X-ray diffraction and metallographic means of study. His 

findings revealed that there were very mtnute micro-slip 
systems in the wide slip bands a the result of creep. 



Guard and Hibbard (12) attempted to Investigate creep 

In cold worked, high purity alumtnum wire, annealed at 
various temperatures rrom ¿f85 i' to 845 F for a period of one 

hour. It Is well to note that since recrystallization was 

not nearly complete at 1485 p, no attempt was made to inves- 

tigate and correlate results wtth this temperature lot. 
They found few, if any, detectable changes through metal- 

lographtc and X-ray methods of examination. In the rest of 

the lots, the higher annealing temperatures resu.ted in 
complete recrystallization and structural cOrrelatt0n8 were 

easy to make. In addition, they conducted orientation 
studies and found that most grains still had retained their 
<111> orientation, but then fragmented during creep wtthout 

changing their orientation. Thus, they concluded that most 

of the creep occurred along the slip systems present due to 

the <111> orientation. Total elongation was nearly 30 per 

cent. 

Although much of the work has been conducted with high 

purity aluminum due to its relative simplicity, sorne work 

has been carried out with the alloys of aluminum which are 

of the age or precipitation hardening types. Servi, Norton 

and Grant (29) also investigated creep properties in the 

alpha solid solutions of the aluminum-copper system. These 

investigators found it was relatively simple to follow sub- 

grain formation by X-ray diffraction methods. However, it 
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was extx'emely difftcuit and tedious to detect any changes 

from inetallographic examinations even though the specimens 

were given an anneal before creep testing in order to gain 

a large uniform grain size. Creep testing was carried out 

at from 300 F ta 490 F. Their results indicated that each 

creep stress gave a unique set of grain substructures. 

They thus concluded that the substructures formed were in- 

dependent of temperature in this temperature range and de- 

pended only upon the creep stress. 
Another group of investigators to work with the alu- 

minuni-copper system was Pelloux, Chaudhuri, and Grant (25). 

They found metallographic evidence of subgrain formation in 

their investigation which correlated with their X-ray dif- 

fraction studtes. Again their specimens were annealed 

prior to creep testing, but the creep testing temperature 

range was from 500 F to 700 F with total elongation on the 

order of 85 per cent. In addition, they detected some pre- 

cipitation of CuAl2 along the grain boundaries due to over- 

aging, but none was detected in the grains since it was 

still too fine to identify. 
All of the investigations with age hardening aluminum 

alloys discussed up to this point have been in the hlgh 

temperature range. Souse low temperature creep work has been 

carried out, but no attempt to investigate structural 
changes has been done. In the work of Sherby and Dorn (30) 

in which creep tests in the temperature range from 90 F to 



490 F were conducted, only activation energies were deter- 

mined. Croeni (9), whose work was conducted at 176 F de- 

termined only physical creep properties, again no attempt 

was made to study structural changes by metallographic or 

X-ray dIffraction methods. 

Effect or Creep on Physical Properties 

Recently there has been increased Interest In deter- 

mIning the effects of prior creep on the physical properties 

of materials. This problem becomes quite acute in certain 

applications such as that which would lead to creep expo- 

sure, unloading and cooling and then subsequent reloading 

again either at room temperature or at the creep exposure 

temperature again. This was the basis of some work sponsor 

ed by the United States Air Force (li) in which the physical 

properties of 2024-T8 aluminum alloy were determined after 
creep exposure with various loads, times and temperatures. 

The test specimens were taken from rolled sheet, cold worked 

5.5 per cent and then solution heat treated and aged at 

370-380 P for ten hours. Creep testing temperatures ranged 

from 350 F to 500 F for exposures of ten, fifty, and one 

hundred hours. The loads varied up to that which produced 

3 per cent total elongation. The results of this investi- 

gation showed that the most important factors were the 

creep exposure temperature and the length of exposure. The 

effects of different loads did not appreciably change the 



physical properties if the time and temperature were con- 

stant. The trends which were established were as follows: 

(1) room temperature properties would decrease with an in- 

crease in creep exposure temperature for a constant exposure 

time, (2) a similar decrease would result from an increase 

in creep exposure time at constant temperature, (3) cree p 

loads had no significant effects since there were no def i- 

nite trends established, that is, an increase in loading 

would result in a decrease in physical properties in one 

case, while the same increase would result in an increase 

in properties at another condition of time or temperature. 

The effect of temperature exposure alone was not reported. 

It would be expected that at temperatures, 

which are equal to or greater than the artificial aging 

temperatures, the high creep exposure temperatures would 

have a significant effect on the physical properties as well 

as the structure. Examination of specimens exposed at 350 F 

showed some grain growth. Yield and ultimate tensile 

strength decreased as much as 50 per cent after exposure at 

500 F for one hundred hours. 

Sherby, Goldberg and Dorn (31) worked with another con- 

cept in mind. They utilized annealed high purity aluminum 

which was creep tested at 300 F to ¡490 F. They attempted 

to show the improvement in room temperature propertIes due 

to subgrath formation. From their results, they concluded 



that the room temperature yield strengths and ultimate 

tensile strengths increased over that of the annealed spec- 

Imens by an amount equal to the creep stress that was im- 

posed. This improvement was the direct result of subgrath 

formation. The subgratn formation was verified by X-ray 

diffraction and metallographic methods. 

Tapsell (33) found that previous exposure to creep at 
575 F resulted in improved yield and ultimate tensile 

strengths in carbon steels. 

Precipitation Hardening 

Since the early concepts of precipitation hardening 

were proposed, shortly after the turn of the century, 

several new theories or modifications have been suggested. 

This is a very important phenomena since most metals are 

susceptable to precipitation hardening to some degree. it 

is really the treatment that has given the aluminum maten- 

ala the desirable properties that have resulted in their 

present widespread applications. While the effects of the 

hardening process are well known and utilized to the fullest 

extent, the complex theory is not yet completely understood 

at this time; however, the following theory is generally 

accepted as being essentially correct. 



One requirement for en a13.07 to be suscepttble to 
precipitation hardening i that there exist a decrea$thg 
solubility of the solute in the solvent with a decrease 
i_fl temperature. In the heat treating of the alloy, the 

solution heat treatment Will allow the solute, either a 

metal or n,etallic compound, to dissolve to a greater extent 
due to the high temperature than that which will occur at 
equilibrium at room temperature. Now by quenching the alloy 

in this temperature range, the solute atoms will be retain-. 
ed in a supersaturated state. This results in an unstable 
sItuation in which the solute attempts to reach equilibrium 
by precipitating out ot the solid solution. If this occurs 

at room temperature, it will be termed a natural aging alloy. 

If a higher temperature is needed for preipttation, it is 
termed an artificial aging alloy. The most desirable alu- 

minum alloys rail into this second class. t certath opti- 

mum times and temperatures or aging, the alloys will obtain 
their peak properties. Aging for longer times and tempera- 

tures than these conditions will result in softening and is 
called overaging, Merica (2k) and his coworkers, Waltenberg 

and Scotti were the first to propose an explanation for this 
hardening phenomena in 1>19. Their concept was based upon 

the simple theory that the precipitate would key the slip 
syateins in such a way that hardening would take effect, 
in a manner analogous to spreading sand over tee to prevent 
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sliding. Although tht wa a 8tep in the right direction, 

several diacrepancies were diecovered that Indicated that 

thi8 explanation was over-simplified. Further studies in- 

dicated that maximum hardness could be obtained without de- 

tecting any precipitating phase. Moreover, the electrical 

re8istivity would increase with aging, which was in contrast 

to the fact that solid solutiona should have a decreasing 

resistivity with a decrease in concentration which should 

result from simple precipitation. 

Thus, the original theories have been modified to the 

present concept of hardening by coherent precipitation, in 

this concept, the solute atoms segregate on certain cyrstal- 

lographic In time, a new lattice of 

the precipitating phase forms, probably in the form of thin 

plates in relatively thin layers from two to fifty atoms 

thick. Moreover, this lattice is coherent with the matrix, 

that is, it Is thought to be aligned with the matrix. Since 

the precipitating phase possesses a slightly different atom 

size, the entire lattice network becomes highly stressed. 

This is the contributing factor for hardening. This condi.- 

tion is the stage of peak hardening. If the aging contin- 

ues, the coherency ceases and the material becomes soft arid 

overaged. 

This theory i also in accord with the concepts of 

thermodynamic nucleation as reviewed by Cottreli (8). 



it Is to be remembered that the precipitation Is a time 

dependent reaction and not all the material is In the 

same stage of aging. The solution heat treatment does not 

result in a supersaturated solution of the precipitate in a 

size large enough for hardening, but only nucleI for the 

formation of embryos for nucleation are present. The 

ohereney theory satisfactorily explains this method of 

nucleatIon from the embryos. 

Nucleation will follow a process described by the 

following relation: 
-w 

n=N 

where 

nnumber of nuclei present in system, 

Nnumber of sites at which nclet can form in the 
system, 

w work required to form one rucleus of a apecf io 
type, 

k Boltzmann's Constant, 

T absolute temperature. 

When the work required to form one nucleus (w) is small 

such as at grain boundaries and at dislocation sites, pre- 

terential nucleation will occur which ta referred to as 

heterogeneous nucleation. Heterogeneous nucleatIon is the 

type of nucleation which ta important in most liquid-to- 

solid freezing operattone such as casting, but also plays 

an important part in solid solution preolpttation since it 
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accounts ror the increase in precipitation at grain boun- 

darles and slip linea. Now there are several factors that 

determine the work quired to form one nucleus (w). For 

convenience let F denote w and 

where 

let F LFv - AP8 - APe 

AP = total free energy change, 

AF, = bulk or chemical rree energy term, 

AP5 : change in free energy due to interface 
between nucleus and parent phase, 

APe change tu free energy due to elastic energy. 

Por solid solution nucleation, AFv will vary as the 

cube of the embryo size and AP5 will VSZ9 as th square of 

the embryo size. Since ta negative because the solu- 

tton is cooled below its equilibrium cooling point, the 

size factor enters into the picture of nucleation; that is, 

assuming that AP5 would be insignificant, such as would be 

the case if the material could not support large stresses. 

A? must be negative for spontaneous nucleation to occur. 

Now when becomes sufficiently negative, then AP will 

be negative and spontaneous nucleation will occur. 

Experimental observations of the hardening processes 

have led to the conclusion that there is, at first, a 

clustering of solute atoms tu the solvent lattice before 

breaking away to form particles with their own characterla- 

tic crystal structure. From previous considerations recall 



that the surface energy term (SF8) pxedomtnates when there 

is a discontinuity In the atomic structure and a critical 

size embryo is needed for nucleation. Now at such low tern- 

peratures at whtøh preetpitation takes place for maximum 

hardening, this process would be very slow and an alloy 

would try to seek a faster method of precipitation in order 

to avoid this nucleation process. When the degree of under- 

cooling ox' supersaturation is high, the initial solution 

has enough surplus free energy to form nuclei of metastable 

structures which have higher tree energies than the equi- 

librium structure, but with smaller interface energies and, 

hence, smaller critical sizes. 

It is not possible to have a small surface energy if 

the precipitated particle Is joined by an incoherent inter- 

tace; therefore, a coherent lattice must result. Thue, the 

precipitate will strain its lattice to some extent and the 

free energy of the precipitate will be increased slightly 

and the size factor which is so dependent upon will no 

longer be significant 

Due to the coherency theory proposed, it is believed 

that the second phase particles that are precipitated act 

as barriers to dislocation movement. If the precipitate is 

too finely aispersed, the internal stresses acting on the 

dislocation ere small and they seem to cancel each other out 

with no effect on dislocation movement. On the other hand, 



when the particles are in a dispersion which is too coarse, 

there aro regions of clean matrix in which the dislocations 

can also pass unhindered. 

Al--Si Hardening AI 

In this system the age hardening constituent is the 

Several investigators have attempted to correlate 

the effects of the 28i with the mechanical properties. 

Collins (7) reasoned that the material has two components 

which contribute to the strength: The basic matrix in the 

annealed form and the hardening produced by precipitation. 

Using this assumption and the fact that the matrix will ap- 

proximate a slowly cooled solid aolution because the excess 

solute would exist in the form of nuclei of the precipi- 

tating phase, he measured the difference between the maten- 

al with and without Mg2St. In his conclusion he 

found a linear relationship between Mg251 content and yield 

and ultimate tensile strengths for compositions of Mg2Si up 

to 2.2 per cent. 

Chadwick, Muir, and Grainger (6) found that it iS ne- 

cessary to have an excess of silicon above the balanced 

compound for maximum hardening. In their work with 

0.7 per cent Mg and 1.0 per cent Si, they found that some 

Mg goes into solid solution with the aluminum which reduced 

the Mg2S1 solubility to some extent. They attribute the 
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fact that the excess St would enter into a complex inter- 

action to contribute to the added properties. Excess St 

also was found to react with iron wh,n 0.35 per cent iron 

was added. 

Harris and Vorley (17) found that small amounts of iron 

would reduce brittleness tu their alloys of 2 per cent Si 

and 2 per cent Mg. 



TEST SECI1NS 

Origin of Specimens 

"j 

The test specimens were the result of previous creep 

tests conducted by J. G. Croeni (9) and E. E. Rtesland (27). 

The nominal composition of the material is as follows: 

TABLE NO. I 

Copper 0.02 

Iron 0.25 % 

Silicon o.60 % 

Magnesium 0.70 % 

Fabrication of the specimen consisted of rolling to 

3/8 inch diameter rod and drawing to O.33 inch diameter. 

Then the material was solution heat treated and quenched, 

followed by another cold drawing process to the final dia- 

meter of 0.188 inch. The material was then artificially 

aged for Cive and one half hours at 350 F. 

The yield strength and ultimate tensile strength of 
the 

as received wire were determined prior to creep testing 
by 

tension tests and were found to be as follows: 

Yield Strength (0.2 per cent offset) k5,200 PS!, 

Ultimate Tensile Strength &9,l33 PSI. 
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The cross secttonal area of the wire was 0.0276 square 

Inches and the loads corresponding to the yield strength 

and ultimate tensile strength were 1250 pounds and 1361 

pounds respectively. 

The specimens were straightened before creep testing 

by straining them 0.5 per cent. Creep testing was conduct- 

ed at four temperatures: l44 F, 176 F, 206 F, and 260 F. 

Creep loads were from 15 to 75 per cent of the ultimate 

tensile strengths, while exposure times varied from 25 to 

2553 hours. The specimens had a ten inch gage length. Tern- 

perature control was accomplished by means of boiling 

liquid solutions. Creep extensions were determined by mi- 

crometer extensometers. The creep testing methods were 

fully described in the work by Croent (9). 

Specimen Préparation 

The test specimens were taken from the ten inch gage 

length as follows: One 1/2 inch section was cut 2 inches 

from one end of the sample and mounted for standard metal- 

lographic examination. The specimens were mounted so a 1cm- 

gitudinal section midway through the diameter could be exam- 

med. The remainder of the specimen was then chucked in a 

lathe and a section 1/2 inch long was turned down to a dia- 

meter of 0.0625 inch. This 1/2 inch section was then etched 

to 0.020 inch in diameter in an etchant of HC1, HF, and 



for transmission and powder methods of X-ray diffraction 

studies. The remainder of the ten inch section was saved 

for further use in the event more specimens were desIred. 

After the metallographic and X-ray diffraction studies 

were completed, the remaining portion was then used for 

mechanical properties determination. 
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TEST EQUIP?'NT AND TECHNI(UES 

Standard equipment and methods for metallurgical re- 

search were utilized in thts study. Por X-ray diffraction 

studies, a water-cooled X-ray diffraction machine manufac- 

tured by Philips Electronics $ used. It was equtppd with 

a copper target X-ray tube utilizing a nickel filter. The 

tube was operated at 18 ma and 35 kv at ail times. A stand- 

ard 11.6 mm powder camera was used for lattice parameter 

determination and to identify the precipitating phase. For 

lattice parameter determination, the exposure time was one 

hour with Kodak Medical X-ray-No Screen-Film, which was used 

for all X-ray work. The expore time was lengthened to 

three and one-half hours in order to identify the precipt- 

tate. Also all powder pattern films were corrected for film 

shrinkage. Transmission patterns were taken with exposure 

times of twenty minutes for a 3 cm specimen to film distance 

for pole figure determination. Exact rotation was facili- 

tated by using a gonIometer head for each rotation of 30 

degrees. Seven patterns were taken of each specimen for a 

total rotation of 180 degrees. 

Some prelimtnary patterns were taken with a back re- 

flectton camera, but sensitivity was poor. 

A binocular type of metallograph manufactured by Bausch 

and Lomb was used for metallographic studies. All metal- 

lographic pictures were taken at 100 diameters. Preitmi- 

nary examinations at up to 750 diameters and utilizing 



polarized light and anodic etching failed to give any better 

results. Film used for the metallographs was Kodak-Metal- 

lographic-Contrast Ortho, 

A Baldwin 60,000 pound capacity testing machine 

equipped with a direct recording ßtress-strain recorder was 

used for determining yield and ultimate tensile strengths. 

A two inch gage length was utilized for the stress-strain 

curves. No elongation data could be accumulated since most 

of' the specimens broke at the grips. 

Pole Figures 

A pole figure is a graphical representation of the 

crystal orientation of' a metallic sample. It consists of 

the results of a series of stereographic projections plotted 

on a single projection with appropriate rotations, in a 

manner similar to the two dimensional representations of the 

earth's globe. 

A detailed explanation may be found in any of the fine 

references on X-ray diffraction ()4, 10, 13), but the follow- 

ing is a brief description. The specimen to be studied is 

oriented with the wire axis perpendicular to the X-ray beam. 

The first position of the wire would be called O degrees. 

Now a series of patterns must be taken with the specimen 

rotated about its wire axis until the specimen has rotated 

180 degrees or any arbitrary rotation. Increments of rota- 

tion are arbitrary, but the smaller the increments, the 



more complete will be the ensuing pole figures. 

A pole figure is usually plotted for each set of 

crystallographic planes such as the (Ui), or for a single 

tflffraction ring corresponding to thu piane on the trans- 

mission pattern. The pattern will result with the wire 

axis bisecting the pattern with a vertical axis. Now if 
the same areas of relative intensity with respect to this 

bisector, measured tri degrees are plotted on a stereo- 

graphie projection and rotated on a Wulff net, a series of 

contour lines may be drawn through the areas and a pole 

figure will result. Pig. i shows the relation between the 

stereographic projectton and the reflection plane and dif- 

fraction pattern. 

Areas of equal intensity were found with the use 0±' 

an electric photo-densitometer for the (ill) planes. 

Since the contrast was small, only three relative intensi- 

ties were plotted. 

Interpretation of Powder Patterns 

The powder camera used in X-ray diffraction is prob- 

ably the most useful and accurate tool employed in this 

work. In the powder method, the specimen is mounted in 

the center of a cylindrical film holder. Monochromatic 

wavelength X-raya are admitted through a collimator onto 

the rotating specimen which may be either a powder sample 
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Fig* _1 Relation between orystal plane,

dlffraoted beam, and stereographlo projeotlon.

Pole P, dlffraotBd spot S, and projeotlon P*

all lie In a plane, whloh also contains the

incident beam.



or a very thin wire. The X-rays are diffracted th a 

pattern that has Bragg angles of frotn O degree8 to 90 

degrees. The spots or unes approaching the 90 degree 

Bragg angle are very accurate and are used for lattice 

parameter determination. Accuracies of 0.01 Angstrom 

units are readily obtained using standard optical film in- 

clexing scales. 

For lattice parameter determination of the creep teat- 

ed samp1es the diffraction line of the (1422) plane was 

used. Ths diffraction ithe corresponds to a Bragg dif- 

fract tori angle of about 82 degrees, which gives very 

accurate results. 

In order to identify any other phases present tu the 

powder pattern, it becomes necessary to use a trial arid 

error procedure. Usually some of the pattern linea may be 

identified from a previous knowledge of the material. The 

unknown lines are then used to attempt to correlate a fit 

on the Hull Davey diffraction charts. A tentative identi- 

ficatton of space group is made; then the indexed lines are 

used to determine lattice parameters. Reference is then 

made to the lattice parameter publication by the A.S.T.MS 

(1). From this reference the index cards of all compounds 

corresponding to this parameter are compared to the pattern 

with respect to line intensities. Most common compounds 

are easily tdenttfied with very ltttle doubt se to their 

correctness using this method. 
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RESULTS 

Phot omic rographs 

The metaliographic tilustrattons are all shown at a 

magnification ofiDO dtameters TMs particular magntftca 

tion was chosen only after attempts to use both higher arid 

lower magnifications were found to either give non-typical 

illustrations or ptctures of' poor resolution. At the high- 

er magnifications, up to 750 diameter8, the field of 

vision was so amall that variations in the different parts 

of the sample were quite evident. In contrast, the 50 dia- 

meter pictures did not show many o± the smaller details, 

such as the slip lines in the grains. Polarized lighting 

and anodic etching did riot improve the resolution, in fact 

i_n some instances there was a decidedly poorer picture. 

The anodic etching resulted in non-uniform etching and ir- 

regular areas appeared in the specimen with the result that 

it was very difficult to focus the metallograph properly for 

good pictures. Immersion etching also resulted in some ir- 

regular fields. Initially, all specimens were polished and 

thon etched for a spectfied time since it was thought that 

a more uniform etch would result. However, again due to 

sample variations, some of the specimens were overetched 

and some were riot etched enough. Finally each specimen was 

polished arid etched until an optical comparison revealed a 

similarly etched field for all specimens. 
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Fig. 2 Is the photomicrograph of the sample as lt was 

received and straightened. ThIs le a section that was taken 

longitudinally along the wire whtch accounts for the e1on 

gated gralns Very fine slip bands are also detectable tu 

the sample. These slip lines are across the grains and 

with a direction that is about ¿5 degrees from the grain 

direction. The impurities which are visible are identified 

ac unconsolidated allicon and possibly an Al:Fe:St compound. 

The working operations have broken up the impurities arid 

aligned them tri the direction of drawing. This la in con- 

trast to the impurities in the annealed specimen of Fig. 3. 

Here the grains are no longer elongated and the impuritlea 

have consolidated to some extent. As would be expected, 

the slip lines are also no longer visible. 

The a3mple that was broken in the tensIon test for 

comparison is shown in Fig. 1. There are no differences 

that are detectable in this structure from that of the as 

received sample if a close examinatIon is made. In Fig. 5, 

the necked and broken area of a srnple tested in creep un- 

til fracture at 206 F ta shown. Evidence of the necking 

is clearly visible as is also the fracture which is the 

cause of the voids which appear as large dark holes. 

Further discussion of one or two specimens from each 

creep exposure temperature Will be sufficient to show that 



there are no detestable changes tri the micro-structure duS 

to creet exposure. Pig. 6, which le a specimen exposed at 

114i i, doea not differ from the as receIved mp1e The 

slip lines are evident and the gr,ths are of the same sen- 

eral size and shape. The same impurities are also visible 

and in the same relative amounts, as would be e%pected, 

ifl Fig. 10, a specimen exposed to creep at 176 F, the 

same results are evident. The slip lines were more diffi- 

cult to resolve, probably due to the fact that the sample 

la slightly overetched. Again the same general grain size 

and shape prevail. Now examine Fig. 12, a sample also ex- 

posed at 176 F. This is an example of a slightly under 

etched apeelmen. Thre re myriade of slip lines visible, 

but the grain boundaries are hard to distinguish. 

Pig. 1L, a specimen exposed to creep at 206 F, shows 

a very suiall number of slip lines, again probably due to 

the variations in etching. The degree of etching has been 

such that there are textures visible in the grains. As 

with the other specimens, there are no nottoeable changes 

in the grain size or shape from the original sample. 

Pig. 18 and Pig. 19 are photomicrographe of specimens ex- 

posed at 260 F. Slip lines are clearly visible and again 

there are no sIgnificant changes in the structure that 

could be attributed to creep exposure. Gratn sizes and 

impurities are very similar to Pig. 2, the as received 

sample. 



Fig. 2 As received, 0.5 

per cent elongation due 

to straightening, 

HF, lid, liNO3 etch, 100 

diameters. 

Fig. 3 Annealed 1 hour at 

930 F, furnace cooled, 

HF, lidi, liNO3 etch, 

100 diameters. 
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Fig. 4 As recetved, broken in 

tenston test, 22 per cent 

elongation, H?, MCi, HNO3 

etch, loo diameters. 

Fi.5 206 P, 75 per cent ultimate 

tensile strength, 25 hours, 1.76 

per cent elongation before frac- 

ture, note voids at fracture, HF, 

MCi, liNO3 etch, 100 diameters. 



Ptg. 6 i4 P, 15 er cent of ulti- 

mate tensile strength, 773 

hours, 0.027 per cent elon.ga- 

tion, HF, HC1, HNO3 etch, 100 

diameters. 
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Fig. 7 W F, 25 per cent, ultimate 

tensile strength, 674 hours, 

0.052 per cent elongation, 

HF, HC1, HNO3 etch, 100 dia- 

meters. 
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Fie. 8 14 F, 35 per cent ultimate 

tensile strength, 773 hours, 

0.057 per cent elongation, 

HF, HC1, HNO3 etch, 100 dia- 

meters. 

1i4Z1 F, 50 per cent ultimate 

tensile strength, 773 hours, 

0.177 per cent elongation, HF, 

HC1, HNO3 etch, 100 diameters. 



Fig. 10 176 F, 25 per cent ultimate 

tensile strength, 798 hours, 

0.069 per cent elongation, 

HP, HC1, lINO3 etch, loo dia- 

meters. 

Fig. 11 176 F, 25 per cent ultimate 

tensile strength, 2553 hours, 

0.062 per cent elongation, 

HF, HC1, HNO3 etch, 100 dia- 

meters. 
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Fig. 12 

Fig. 13 

176 P, 65 per cent ultimate 

tensile strength, 744 hours, 

0.0615 per cent elongation, 

HF, HCI, liNO3 etch, 100 dia- 

meters, 

L' ' 

206 F, 25 per cent ultimate 

tensile strength, 1587 hours, 

0,10 per cent elongation, HF, 

HC1, FINO3 etch, 100 diameters. 

- 
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Fig. 1L 2)6 p, 65 per cent ultimate 

tensile strength, 1587 hours, 

1.73 per cent elongation, HF, 

MCI, UNO3 etch, 130 diameters. 

e'i! 

- 

206 F, 75 per cent ultimate 

tensile strength, 25 hours 

to fracture, 1.76 per cent 

elongation before fracture, HF, 

HCI, UNO3 etch, 100 diameters. 
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Pig. 16 260 P, 15 

tensile s 

0.103 per 

HC1, HNO3 

per cent ultimate 

rength, 957 hours, 

cent elongation, HF, 

etch., 100 diameters. 

:_- ;' 

Fig. 17 260 F, 25 per cent ultimate 

tensile strength, 957 hours, 

0.26 per cent elongation, , 

IW1, HNO3 etch, 100 diameters. 



Fig. 18 260 F, 35 per cent ultimate 

tensile strength, 44 hours, 

0,11 per cent elongation until 

fracture at grip, HF, HC1, 

HNO3 etch, 100 diameters. 

- 

i.;. 
- -... '-- :. 

260 F, 35 per cent ultimate 

tensile strength, 883 hours, 

0.88 per cent elongation, HF, 

HC1, HNO3 etch, 100 diameters. 
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Pole Figures 

Por the representation of the orientation of the spect-- 

mens, the pole figures of the (111) planee were plotted. 

Essentially the pole f1ure is the representation of the 

concentration of the poles of the sets of planes for which 

a pole figure is plotted. Since a pole is the perpendtc*lar 

to the plane of the set referred to, it will only appear as 

a dot in the stereographic projection as pointed out in 

Pig. 1. However, for a cubic system such as aluminum, the 

(ill) planes will not be perfectly oriented in a drawn fiber 

Bince each set of planee will try to altgn itself with the 

axis of the wire. Since there are four sets of (iii) planes 

that will attempt to align with the wire axis, the pole 

figure will not be a straight line appearing on the equator, 

but will appear as a band as shown on the globe of Fig. 19-& 

Fig. 19-a is an attempt to show how these poles intersect a 

globe, or a reference sphere. There are two intensity re- 

gions outlined on the globe which correspond to the two 

areas on the two dimensional representation of this three 

dimensional figure, the pole f igure 

Fig. 19-b t a pole figure chart constructed for the 

seven position diffraction patterns of the specimens for 

pole figure plotting. The positions are shown for each of 

the 30 degrees rotation. The use of this chart ft the con 

struction of a pole figure ls shown in Fig. 19-c. 
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Wire Axis

Reference Sphere

Equator

(111) Poles intersecting
Surface of sphere

111) Planes

Region of maximum
Intensity of intersec
tion of (111) poles

Region of less Intense
Intersection of (111) poles

Fig. 19-a Relation of (111) Planes in drawn

aluminum wire to the (111) pole Inter

sections on the reference sphere.



(111) Base Circle

Vlre axis

Constant Latitude
Lines

Base Circle

Pig. 19-b Pole Figure Chart for

aluminum (111) planes, seven

positions.

40
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For the base or reference point diffraction pattern, there 
are very heavy concentrations as those shown at area 1. 

These high intensity areas are accompanied by lighter In- 

terisity areas such as at 2, at a dIfferent 3atltude. Now 

the second diffraction pattern will be one that Is rotated 
30 degrees from this pattern. There will appear high In- 
tenslty spots which have rotated to position 3. The light- 
er intensity areas will also rotate, to a position at 4. 

ith the continued plotting of each succeeding dIffraction 
pattern, a cycle of 10 degrees of revolution will be corn- 

pleted. Since these spots have been revolved about an 

axis, it te posaible to complete the figure by drawing In 
the limits of each of the respective intensities as contour 
lines and then shading the figure. 

An analysis of some of the Individual pole figures will 
serve to illustrate the fact that there is essentially no 

noticeable variation in orientation due to creep exposure. 

Fig. 20-a is a pole figure of the as received specimen. 

Notice that the high Intensity region is fairly uniform and 

free from Jogs and irregular bends. However, the less in- 
tense areas, which appear as the lIght shading, do not have 

as uniform boundaries. This is possibly due to the lack 
of sensitivity of the photodensitorneter which was used to 
measure the relative intensIty of the diffraction patterns. 
Now consider Fig. 20-b, the pole figure of the specimen 



wire axis

Pig. 19-c Method of using Pole Figure

Chart. (Sample Is exposed at 144 P

for 773 hours, 50 per cent ultimate

tensile strength)
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broken in the tension teste Recall the fact that the 

fractured specimens were oriented with respect to the 

X-ray beam so that the patterns werte taken of the most 

distorted, fractured area. Even with this extreme sped- 

men, there were only e1tt tsrsgulartttes tri the high 

intensity area borders. The lighter areas are also some- 

what different trom the previous sample. These slight 

differences are of little significance since they can re- 

suit from the initial random selection of the reference 

setting for rotation. 
Examination of a specimen from each of the respective 

creep exposure temperatures will also result in similar 

correlations. Notice the slight jog in the lower high in- 

tensity field of 1'ig. 20-c. This is simtiar to the ir- 
regularity of the upper high intensity area of Fig. 20-b. 

One must dtscount the fact that this is the resùlt of the 

distortion due to creep since the total elongation of this 

sample is only 0.027 per cent. Therefore it must be con- 

eluded that this variation is the result of a specimen ir- 

regularity. Fig. 20-g, a pole figure of a specimen ex- 

posed to creep at 176 F has an apparently wider band of 

high intensity poles in the upper left hand region. Re- 

ferring back to Fig. 20-c, there is also a wider region in 

the high intensity belt. However, note on the pole figure 

construction chart that the lines of constant latitude are 



divergent from the wire axis. If this particular sample 

was originally oriented in another position, the wide area 

previously discussed could possibly lie in a region of 

narrow latitude lines and the variation would not be as pro- 

nounced. 

Pig. 20-k, the pole figure of a specimen exposed at 
206 F, is self evident. It is almost the same as the pole 

figure of the as received sample except for the less in- 

tense areas and these are areas of little consequence as 

pointed out previously. It is also of interest to point out 

that the elongation of this sample is relatively large, 1.73 

per cent, yet there are still no significant changes in the 

pole figure from the as received sample. It would be inter- 

estirig to also include another specimen from this exposure 

temperature, Fig. 20-l. This sample fractured during the 

creep testing. Again there are no detectable changes from 

the foregoing pole figure. It is even more uniform than the 

specimen illustrated in Fig. 20-g, a specimen which had not 

broken. 
Pig. 20-mi a spectmn exposed to a 260 P creep temper- 

ature, has more variations in the pole figure than any of 

the others in this experiment. The fluctuations in the 

widths of the respective areas would not seem to be indica- 

tive of any condition which could be attributed to the et- 
fects of creep exposure if the foregoing discussions of 

specimen orientation, sample irregularities, arid 1ac of 

sensitivity of the photo-densitometer are considered. 



wire axis

^g' 20-a (HI) Pole Figure, aa

received. 0.5 per oent elonga

tion due to straightening.

Fig* 20-b (HI) Pole Figure, aa

received. Broken in tension,

22 per cent elongation.
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wire axia

Fig* 20-0 (111) pole Figure, li^ F,

1$ per cent ultimate tensile

strength, 773 hours, 0.027 per

oent elongation.

Fig. 20-d (111) Pole Figure, lljij. Ff

25 per cent ultimate tensile

strength, 67I]. hours, 0.052 per

oent elongation.
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wire axis

Flfii. 20-e (111) Pole Figure, ll^F,

35 per oent ultimate tensile

strength, 773 hours, 0.057 per

oent elongation.

Hai20-f (111) Pole Figure, ll^F,

50 per cent ultimate tensile

strength, 773' hours, O.I77 per

oent elongation.

-'•'(



wire axis

Fig* 20-g (111) pole Figure, 176 P,

25 per oent ultimate tensile

strength, 798 hours, O.069 per

oent elongation.

Fig, 20-h (111) Pole Figure, 176 P,

25 per oent ultimate tensile

strength, 2553 hours, 0.062 per

cent elongation.

48



wire axia

Fig* 20-1 (HI) Pole Figure, 176 Ft

65 per oent ultimate tensile

strength, 7l]4 hours, 0.06l5 per

oent elongation.

Fig. 20-J (111) pole Figure, 206 P,

25 per cent ultimate tensile

strength, 1587 hours, 0.10 per

cent elongation.
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wire axis

Fig 20-k (111) Pole Figure. 206 P

65 per cent ultimate tensile

strength, 1587 hours, I.73 per

oent elongation.

Fig. 20-1 (111) Pole Figure. 206 F

75 por cent ultimate tensile

strength, 25 hours to fracture,

I.76 per cent elongation.
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wire axis

Fig. 20-m (111) Pole Figure, 260 P,

15 per cent ultimate tensile strength,

957 hours, 0.103 per cent elongation.

Pig. 20-n (111) Pole Figure, 260 P,

25 per cent ultimate tensile

strength, 957 hours, 0.26 per

cent elongation.
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wire axis

Fig* 20-q (HI) Pole Figure. 260 F

35 per cent ultimate tensile strength

kk hours to fracture, 0.11 per cent

elongation until fracture at grip.

Fig. 20-p (HI) Pole Figure. 260 F

883 hours, 35 per cent ultimate ten

sile strength, 0.88 per oent elongation.
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Secondary Phases and Lattice Parameters 

For each of the individual specimens an X-ray powder 

pattern was taken morder to check the lattice parameter 

of the aluminum and to determine what secondary phases were 

present. The lattice parameter for all the specimens was 

4.03 angatroms, as shown in Table 2. This measured parameter 

is less than the accepted lattice constant for aluminum of 

¿4.O1 angetroms. There were corrections made for film 

shrinkage in the calculation so that it would appear that 

this parameter ta correct. Accepted standards are based 

upon a pure sample. Also it is generally accepted that 

alloying elements and impurities will change the lattice 
constant to some extent. This could account for the dif- 

ference in the foregoing specimens. 

Each powder pattern was examined for the presence of 

secondary phases. In none of the unannealed samples could 

enough lines be distinguished for this identification. How- 

ever, the annealed specimen exhibited enough lines for the 

identification of PeSi and NgSi as secondary phases. The 

lines on the powder pattern and their identification as the 
individual planes are shown on Table 3. Compare the "d" 

spacing on Table 3 wIth the "d A" spacing on Table , the 

tdetifteation card for FeSt. The spactngs for the (ill), 



(200), and (210) planes correspond very well with the spac- 

thgs on the identifteation chart as well as ehowing a simi- 

lar correspondence in relative line intensities, which 

appear as I/It the card. The calculated lattice parameter 

for the PeSI. phase varies from 4.3 angatroms to 4»48 eng- 

stroms as shown on Table 3, or comparison, the accepted 

parameter for PeSi is 1i.1i8 angatroms. 

In like manner it is evident that the spacings for the 

(220), (1400), and (422) planes for the Mg2Si phase have a 
corresponding td P spacing ori the identification card shown 

in Table 5. Notice that the three most intense linea, ex- 

eluding the first one, which did not appear on the pattern, 
with I/I values of 100, 20, and 4O are all identified in 

this pattern. These Identifications resulted in calculated 
lattice parameters of from 6.30 to 6.314 angatroms. For corn- 

parison, the accepted lattice parameter for Mg0SI. is 6.39 
angstroms. 

Although the lattice parameters do not agree with the 

accepted standards to the last decimal place, it must be 

remembered as in the case of the aluminum, that alloying 
may change these parameters to sorne extent. 



TABLE 2 

Mechanical Properties 

Lattice Parameter Measurements 

Temperature Per Cent Time Ultimate Yield .2 Lattice Yield 
Ultimate Hours Tensile Per Cent Constant Per Cent 
Tensile Strength Offset A Ultimate 
Strength Tensile 

... Strength 

lk14 ? 15 71T3 l35 lbs. 1325 .O3 98.5 
. 48,1490 PSI ¿7,7OO 

25 67k 1375 lbs. 1350 14.03 98.2 
19,6OO PSI 8,600 

35 773 1350 lbs. 1325 14,03 98.6 
148,600 PsI 147,700 

50 773 1260 lbs. 1250 14.03 99.1 
45,1400 PSI 45,050 

176 F 25 798 13140 lbs. 1310 h.03 97.8 
48,250 PSI 47,200 

25 2553 1365 lbs. 1320 14,03 96.7 
¿49,200 PSI 14,5o 

65 714k 1270 lbs. 1225 4.03 96.5 
145,750 PSI 414,200 

206 P 25 1587 1300 lbs. 1260 4.03 97.0 
46,800 PSI 45,1400 



TABLE 2 (cont.) 

Yield mperature Per Cent Time Ultimate Yield .2 Lattice 
. 

Ultimate Hours Tensile Per Cent Constant Per Cent 
'Pensile Strength Offset Ultimate 
Strength Tensile 

Strength 

65 1587 1225 lbs. 1175 k.03 96.0 
144,200 PSI ¿42,300 

75 24 1195 lbs. 1160 14.03 98.01 
143,050 PST 41,800 

260 P 15 957 1025 lbs. 975 14.03 95.0 
r- 

25 
jo,v rL 
1110 lbs. 

).LVU 
1065 4.03 96.1 

40,000 PSI 38,400 
35 1414 1270 lbs. 1250 14.03 98.5 

45,750 psi 145,200 

35 883 1065 lbs. 1000 l403 93.8 
38,1400 PSI 36,000 Average 97% 

Annealed 930 F - 1 hour Furnace 320 lbs. 14.03 
Cooled 11,510 PSI 

ia Received 1361 lbs. 1250 4.03 92.0 
¿49,133 PSI 45,200 



TABLE 3 

IdentificatIon of Secondary 

Phases In Annealed Sample 

Saple Préparation: Annsaled at 930 Zero Readings: 82.625 
for one hour, furnace cooled. 309 350 

2214.82 

226.725 0.992 

Intensity 

- 

Reading S 

- 

Corrected S 

- 

Stn Q 

- 

Sin2 G 

- - » 
- - 

» t 

- 

126.145 43.80 

-- --- 
143.50 

- 
0.2990 0.089 

D 131.140 48.78 148.37 0.3315 0.110 
L 133.35 50.73 50.140 0.314146 0.119 
D 139.20 56.58 56.15 0.3820 0.1146 

L 156.00 73.38 72.70 o.14.86o 0.236 
D 164.85 82.23 81.50 0.5388 0.291 
L 170.25 87.63 87.95 0.5750 0.331 
L i. 14.80 92.18 91.140 0.5956 0.359 
D ii.4o 98.72 98.00 0.63203 0.1400 

LD i86.6o 103.98 103.00 0.65869 0.4314 
LD 207.55 1214.92 123.90 0.7611 0.579 
LJ 223.80 lki.i8 i4o.6o 0.831k 0.6918 
LD 229.35 146.72 1145.45 0.81497 0.722 
L 242.15 159.52 158.20 0.8932 0.798 
D 255.90 173.28 172.00 0.9323 0.869 
D 289.85 207.12 205.50 0.9907 0.9805 



TABLE 3 (extended) 

S1n e d A]. PeSI 2SI 

. .....-. .- .. 

Idonti- Identi- Lattice Identi- Lattice 
tieation fication Parameter ficatton Parameter 
(hid) (bici) A (hid].) A 

0.089 2.5706 iii 
0.110 2.3189 111 
0.119 2.23014 200 4.5 220 6.30 

o.11t6 2.0120 
0.236 1.5816 rno 

0.291 1.14268 220 
0.331 1.333 311 

0.359 1.2905 L22 6.34 

0.400 1.2162 311 
O.1434 1.1670 222 
0.579 1.0100 ko0 
0.6918 0.92)46 331 
0.722 0.9047 420 
0.798 0.8606 511 4.46 

0.869 0.8245 p422 

0.9805 0.7759 511 

Accepted valves of lattice parameters: 

PeSi 4.148A, 14g2.Si 6.39Á 
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Transmission Patterns 

The transmission patterns shown in the following 

figures are representative of the patterns used for the 

plotting of the pole ligures. Notice the similarity for 

Fig. 20-q and Fig. 20-r, which are patterns of the as 

received sample and the creep tested specimen. The light 

arcs of the inner circles gradually fade out as the arcs 

lengthen. This is the basis for the two different in- 

tensittes that were shaded in the pole figure. 

Fig. 20-s is a pattern of a specimen that failed in 

creep. The arcs are broken and some distortion is evident. 

However, notice that there is no change in the respective 

positions of these arca, which shows that there has been 

no change tn orientation. 
Pig. 20-t is a pattern for a specimen broken in the 

tension test without exposure to creep. It has the dis. 
tortion of the previous pattern, but in addition, another 

phase is present. This phase has been identified as the 

impurity PeSi. This is one of two fractured specimens in 

which the impurity phase was visible in the transmission 

pattern. The other specimen fractured during creep. 

Possibly the concentrations of impurities as revealed in 

this figure may have caused the fracture to occur at this 
point since these two specimens failed in the gage lengths. 



r'11 

This is in contrast to the najor1ty of the samples which 

failed In the grips due to the stress concentrations 

present. However, two other specimens failed within the 

gage lengths during the tenston test and did not exhibit 

this impurity, thus no valid conclusions can be drawn. 

Fig. 20-u is the pattern of the annealed specimen. 

It shows the contrast between the random orientation 

that is the result of the annealing to the preferred 

orientation of the previous drawn specimens. 
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Fig. 2O-q As received. Copper radiation; 

Nickel filter. Irinsr ring is (lii), 

outer ring is (ROO). 

Fig, 20-r Creep tested. Typical of all 

patterns. Interior specimens (not 

fractured). Copper radiation; 

Nickel filter. 
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Fig. 20-s Specimen fractured In creep, pattern

taken at extreme fibers of fracture. Note

distortion in (ill) planes, typical of

most tension test specimens at fractures.

Copper radiation; Nickel filter.

Pig. 20-»t Non-typical fracture. One of two

samples showing PeSi phase present, also

distorted planes (111) and (200). Copper

radiation; Nickel filter. Inner ring is

PeSi, (111); next is Al, (111); third is

PeSi, (200); and fourth is Al, (200).



Ftg. 20-u Annealed at 930 P for i hour 

furnace cooled. Random orientation 

contrasts with foregoing patterns 

of preferred orientations, due to 

cold drawing. Copper radiation; 

Nickel filter. 



Mochantoal Propertiea 

The mechanical properties of the creep te$ted apect- 

mens are shown in Fig. 21-a, Fig. 21-b and Table 2. In 

Table 2, notice the increase In the ratio of the yield 

strength to the ultimate tensile strength. The average 

of all specimens Is 97 per cent while the uncrept sanples 

is 92 per cent. This ta the result of the Bauschinger 

effect in which a permanent deformation in tenton will 

lead to a resultthgly higher yield strength in tension 

during a later test. 

Pig. 21-a shows that there is a decrease in mechant- 

cal properties with an increase in exposure temperature. 

This ta attributed to the effects of overaging. This is 

in agreement with the work of Gluck (li). Also in agree- 

ment with his work is the fact that the effect of creep 

stress cannot be correlated with the mechanical proper- 

ties of the material. This is shown in Fig. 21-b. There 

are two theories that might explain the peaks in the 

curves for the 1)4k F and 260 P exposure temperatures how- 

ever. It would seem that there is some secondary aging 

effect. According to Cottreu (8), a reaction of this 

type would result when the initial precipitate was in a 

aemi-metastable condition due to the initial aging. With 

furthe,r exposure to an aging temperature, either complete 



equtltbrium or another metastabie condition would be 

establl8hed. Increasing the creep stress could possibly 

result in an increase in the strain energy and further 
precipitation to a peak value might result. The second 

explanation and probably the most realistic approach 

would be the fact that the specimens were too few in 
number. This would then make the curves appear as they 

do due to the random distribution of the data points. 

Averaging these curves results in the smooth curve of 

Pig. 21-a. 

Again on Table 2, notice the value for the ultimate 
tensile strength of the annealed specimen. It is only 

11, 510 PSI. This would indicate that the overaging in 
the creep specimens is not nearly complete even In the 

most extreme case since the ultimate tensile strength ta 
still three times as much at 36,950 PSI. 
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DISCUSSION 

Metallographic examination showed that there was no 

noticeable change In the mtcro-.struoture with respect to 

grain size. Slip lines were noted in some of the aped- 

mens, but these were attributed to the cold drawing proc 

esa, No evtdenoe was detected of overaging through metal- 

lographic examination of any of the samples except the 

fully annealed one. 

X-ray diffraction methods did not show any evidence 

of changes in orientation due to creep in the (ill) planes 
and the lattice parameter remained constant at .O3 

Angatroma. 

The hardening phase of Mg2Si was identified after 
the full anneal. Another phase, the impurity FeSi was al- 
so detected through analysis ot the powder pattern. None 

of these phases were detected without annealing the aped.- 

men except for two transmission patterns, one of an uncrept 

sample tested in tension and a fractured creep specimen. 

In these two samples, the PeSi impurity was detected. 

The creep tested specimens showed several changes in 

mechanical properties. In general the higher the exposure 

temperature, the lower would be the room temperature ulti- 

mate tensile strength. There was a proportionate increase 

in yield strength with respect to the ultimate tenstle 

strength in all creep tested specimens. For the *3 
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received sample, the yield strength was 92 per cent of the 

ultimate using the 0.2 per cent offset method. For ali the 

creep testee specimens, the average yield strength was 97 

per cent of the ultimate. There is not any genera? trend 

which thdlcatee that an increase in creep 1oadtn also de- 

creases the room temperature properties for the same ex- 

posure temperature and time. Also there were not suffi- 

oient specimens to a8certath the effects of increasing ex- 

posure times on the mechanical properttee. 

In addition to correlating with the results of Gluck 

as menttoned in the previous section, the results of this 

investigation would seem to correlate wtth some of the 

other investigators also. Rachthger (26) found that the 

deformation of his specimens of coarse grathed aluminum 

showed no changes even after 50 per cent elongation had 

occurred when a section in the middle of the sample was 

examined. Eta work showed definite changes only in the 

first few gratn thicknesses along the surface of the earn- 

pie. This corresponds to a thickness of about 0.010 inch 

in depth. This thin layer is not indicative of the whole 

specimen, so he dtseount*d any changes visible along the 

surface as instgniftasnt. 

Another similar tnvø$ttgatton as this one was done by 

Knudson, Moreland and Geiler (21). These people worked 
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with a titanium carbide type cermet containing 50 per cent 

nickel as the binder. This material was creep tested in 

the temperature range from 1200 F to 1800F. Metallographic 

examination failed to show any micro structure changes even 

though many of the specimens were stressed so highly that 

they fractured during test. 
In summation, with the methods used in this experiment, 

there wwre no detectable structural changes due to the 

effects of creep. This would seem to contrast with the work 

of all but a few of the other creep investigators who were 

able to quite easily correlate and detect structural 

changes in their work. However it would be well to review 

the facts that are associated with this program. 

As pointed out earlier, the work of the majority of 

the investigators was conducted with samples of aluminum 

which wore annealed to a coarse grain size, were of high 

purity, and were usually tested in creep at high tempera-S 

tures with large overall elongations. in addition, the 

surface was usually examined and not the interior. In this 

program, the specimens were subjected to conditions that 

would be encountered In actual engineering applications. 

The work conducted with the coarse grained material which 

were exposed to creep at temperatures approaching the melt- 

ing potnt is fine for theorettoal considerations, but these 



matertals would never actually be ued under these test 

condtt1ons How many actual applications would be uti- 

lized for aluminum at 1200 F with elongations on the 

order of 85 per cent? Probably no application of this 

type would be used 



CONCLUSIONS 

The results of this experiment resulted in the 

following conclusions: 

1. There were no detectable changes in the micro- 

structure due to the effects of creep. 

2. The orientation of the specimens was not changed 

due to creep exposure. 

3. Creep did not change the lattice parameter of 

the materials to any extent which could be 

detected within the accuracy of the test equip- 

ment. 

k. There was a proportionate increase in yield 

strength with respect to the ultimate tensile 

strength of the creep tested specimens. 

5. There was a decrease in mechanical properties 

due to overagthg. 

6. The overaging was still far from complete and 

could not be detected as a precipitate. 

7. Two secondary phases were present in the alloy, 

and PeSi. 



EEC OMMENDATI ONS 

The following recommendations should be urdertaken 

if another study of this type is to be determined. The 

electron mtcroscope should be used in an attempt to de- 

teat precipitation particlea In the early stages of 

aging. This should be supplemented by further X-ray 

diffraction studies using the more sensitive gieger counter 

methods. Another method to detect aging of the alloys 

would be through the measuring of electrical resistivity 

along with creep rate. 

More tests should be conducted in order to more 

closely correlate after effects of creep with mechanical 

properties by conducting a series of tests at correspond- 

ing times and loads for each temperature. Also some speci- 

mens should be exposed to creep exposure temperatures with- 

out loading. 



BThLI XRAPHY 



BIB LI OGRAPHY 

1. American Society For ¶resting Mateta1s. Alphabetical 
and grouped numerical index of x-ray diffraction 
data. Philadelphia, 1950. Ui p. 

2. Auld, J. H., R. I. Garrod, and T. R. Thomson. Re- 
crystallization during creep of prestrained alumi- 
num. Acta Metallurgica 5: y4l-746. 1957. 

3. Barker. L. J. Revealing the grain structure of common 
aluminum alloy metallographic specimens. Trans- 
actions of the American Society for Metals 2: 
37-356. 1950. 

4. Barrett, Charles S. Structure of metals. 2d ed. 
New York, McGraw-Hill, 1952. 661 p. 

5.. Brick, R. M. and Arthur Phillips. Structure and pro- 
perties of alloys. 2d ed. New York, McGraw-Hill, 
1949. 48 p. 

6. Chadwick, R., M. B. Muir, and H. B. Grainger. The 
effect of iron, manganese, and chromium on the pro- 
perties in sheet form of aluminum alloys containing 
0.7% magnesium and 1.0% silicon. Journal of the 
Institute of Metals 82: 75-80. 1953-1954. 

7. Collins, D. L. W. Constitutional factors affecting 
the tensile properties of wrought aluminum-magnesi- 
urn-silicon-copper alloys. Journal of the Institute 
of Metals 86: 325-336. 1957-1958. 

8. Cottreil, A. H. Theoretical structural metallurgy. 
New York, St. Martin's, 1957. 251 p. 

9. Croeni, Jack George. Creep tests on single strand 
aluminum alloy conductor wire. Master's thesis. 
Corvallis, Oregon State College, 1957. 8 numb. 
leaves. 

lO. Cullity, B. D. Elements of x-ray diffraction. 
Reading, Massachusetts, Addison-Wesley, 1956. 
514 p. 



76 

11. Gluck, Jeremy V., Howard Voorhees, and James W. 

Freeman. Effect of prtoi' creep on mechanical 
pzoperties of aircraft structural metals. 
Springfield, Carpenter, March 1958. 106 p. 
(1right Air Development Center, Technical Report 
57-150, Part I.) 

12. Guard, R. W. and W. R. Hibbard, Jr. Tensile creep 
of high purity aluminum. Transactions of the 
American Institute of Mining, Metallurgical, and 
Petroleum Engineers 206: 195-199. 1956. 

13. Guinier, Andre. X-ray crystallographic technology, 
London, Huger and Watts, 1952. 330 p. 

14. Hanson, D. and M. L. V. Gaylor. The constitution 
and age-hardening of the alloys of aluminum with 
magnesium and silicon. Journal of the Institute 
of Metals 26: 321-355. 1921. 

15. Hardy, H. K. and T. J. Hart. Report on precipita- 
tian. In: Progress in metal physic8, vol. 5. 

New York, Pergamon, 1954. p. 1k3-278. 

16. Harper, J. and j. E. Dorn. Viscous creep of alunit- 
num near its melting temperature. Acta Meta1lurgi- 
ca 5: 6-665. 1957. 

17. Harris, I. R. and D. C. Varley. Factors influencing 
brittleness in aluminum-magnesium-silicon alloys. 
Journal of the Institute of Metals 82: 379-393. 
1953-1951. 

18. Henry, Norman F. M. and Kathleen Lonadale (ed.) 

International tables for X-ray crystallography. 
vol. 1. Birmingham, Kynock, 1952. 558 p. 

19. Keller, F'. Metallography of aluminum alloys. In: 
Physical metallurgy of aluminum alloys. Cleveland, 
American Society for Metals, 19149. p. 93-128. 

20. Kittel, J. Howard. Table of interplanar spacings 
for crystal-structure determinations by x-ray dif- 
fraction with molybdenum, copper, cobalt, iron, and 
chromium radiations. Washington, October 1911.5. 

62 p. (United States National Advisory Committee 
for Aeronautics. Technical Note No. 1000) 



77 

21. Icnudaen, F. D., R. E. Moreland, and R. F. Geiler. 
Physical characteristics of titanium carbide type 
cernets at elevated temperatures. Journal of the 
American Ceramics Society 38: 312-323. 1955 

22. McLean, D. Creep processes in coarse-gratned alumi- 
awn. Journal of the Institute of Metals 80: 
507-519. 1951-1952. 

23. Mehl, Robert F., C. S. Barrett, and Fredrick N. 
Rhines. Studies upon the Widmanstatten structure, 
Part 3 - The aluminum-rich alloys of aluminum with 
copper, and of aluminum wlth magnesium and silicon. 
Transactions of the American Institute of Mining 
and Metallurgical Engineers 99: 203-233. 1932. 

214. Merica, Paul D. The age hardening of metals. Trans- 
actions of the American Institute of Mining and 
Metallurgical Engineers 99: 13-514. 1932. 

25. Pelloux, R. M. N., A. R. Chaudhuri, and N. J. Grant. 
Creep deformation of aluminum-copper two-phase 
alloys. Transactions of the Metallurgical Society 

Institute ot Mining, Metallurgical, 
and Petroleum Engineers 215: 2014209. 1959. 

26. Rachinger, W. A. The effect cf grain size on the 
structural changea produced in aluminum by slow 
deformation. Journal of Institute of Metals 80: 
1415-418. 1951-1952. 

27. Riesland, Edward E. Unpublished research on creep 
properties of aluminum conductor wire. Corvallis, 
Oregon. Engineering Experiment Station, Department 
of Mechanical Engineering, 1958. 

28. Servi, Italo S., John T. Norton, and Nicholas J. 
Grant. Some observations of sub-grain formation 
during creep in high purity aluminum. Transactions 
of the American Institute of Mining, Metallurgical, 
and Petroleum Engineers 19k: 965-971. 1952. 

29. ------ ---- ---------- Some observations on correlations 
between the creep behavior and resulting structures 
in alpha solid solutions. Transactions of the 
American Institute of Mining, Metallurgical, and 
Petroleum Engineers 197: 3214-330. 1953. 



30. Sherby, O1e D. and John E. Dorn. Creep and Correla- 

tioris i.n alpha solid solutions of alumtnurn. Trans- 

actions of the American Institute of Mining, Metal- 

lurgical, and Petroleum Engineers l94: 959-964, 

1952. 

31. Sherby, Oleg D., Alfred Ooldber, and John E. Dorn. 
Effect of prestrain histories ori the creep and 

tensile properties of aluminum. Transaottons of 

the American Society for Metals 46: 681-700. 

1954. 

32. Sully, A. H. Recent advances in knowledge concerning 

the process of creep in metals. In: Progress in 

MetaiPhysics, vol. 6. New York, Pergamon, 1956. 

p. 135-180. 

33. Tapsell, H. J. Creep of metals. London. Humphrey 

Milford. 1931. 285 p. 

34. Trotter, J. Electron-microscopic studies of slip in 
aluminum during creep. Journal of the Institute of 
Metals 80: 521- 527. 1951-1952. 


