IV. Conclusions

All of the fuels tested in this program changed in
octane rating as-the pressure of &e altitude chamber
was decreased, In general, the fuels that were the
most sensitive to altitude changes were ‘those with
the highest sensitivity to engine severity, as defined
by the differences between t%neir Motor Method and
Research Method ratings. This is to be expected,
as the higher compression ratios used at lower cham-
ber pressures increase the engine severity by raising
the compression temperatures.

It has been shown that decreased inlet temperature
and decreased speed shift altitude ratings by the
Motor Method toward their sea-level values, but at
different rates for various fuels, Although the effects
of spark advance on this method were not investi-
gated, a change in this factor might prove ad-
vantageous. Larger carburetor venturis have proved
useful, and permit ratings to be maintained at about
their sea-level values up to altitudes to 3,000 to 4,000
ft. 1t is possible that the Motor Method ratings are
capable of beiﬂf equalized throughout the altitude
range by use of a suitable combination of changed
conditions.

The Research Method, on the other hand, does
not lend itself well to modifications of this type.
The spark advance is already nearly the optimum,
inlet temperature is at about the minimum that will
assure adequate vaporization of the fuel, the volu-
metric efficiency is improved very little by use of a
{m'ger venturi, and the engine speed is already very
ow.

It appears, therefore, that the surest way of making
the engine severity equal to that at sea level, regard-
lese of the altitude, 18 to supercharge the inlet and
throttle the exhaust, thereby simulating sea-level
conditions. For this purpose, a small single-stage
centrifugal compressor would probably suffice. The

air would enter the blower through a staridard
humidity-controlling ice tower, and thence through
the standard air heater to & pressurized carburetor.
1t is possible that an after-cooler may also be neces-
sary to keep the inlet temperature below 125° F in
the Research Method at the lower chamber pressures.

This investigation was carried out in cooperation
with the Octane Correlation Advisory Committee of
the Division of Refining of the American Petroleam
Institute. Members of this committee are: Bruno
R. Siegel, chairman, Frank C. Burk, Carl E. Haber-
mann, J. E. Taylor; associate members are Harold
M. Trimble, H. R. Stacey, John M, Snell, Afton D.
Puckett, and Hudson W. Kellogg. Appreciation is
expressed to the committee members for planning
the scope of the work and their expert advice in
carrying it out. Credit is also due the following for
their work in operating the engines and altitude
equipment;: W. C. Lacey, Myron C. Wolfe, James
Q. Chase, H. B, Dickerson, J. M., Mealing, L. J.
Wilson, H. 8. Simmons, Fred W. Ramin, George d.
Miner, Edwin H. Rich, Richard M. David, James
A, Walker, Milford Barnes, Thomas W. Mears, and
Mrs, Cecil 5, Dussinger,
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Creep of High-Purity Copper

By William D. Jenkins and Thomas G. Digges

Creep tests were made at 110°, 250°, and 300° T on annealed oxygen-free high-ean-

ductivity copper.

of plastic extension and thereby affected the creep behavior,

The rate of loading to the ultimate had a significant effect on the amount

The strain rate during the

so-called second stage of approximately constant rate was not constant but varied in a eyclie

manner.

stages.

other tests this stage was initiated without the presence of such cracks.

A less-pronounced cyelie varistion was also evident in both the first and third
The beginning of the third stage was often accompanied by mierocracking, but in

The parent graing

were fragmented during creep, and strain markings were observed in all specimens carried

to complete fracture,

I. Introduction

Creep tests in tension were made on annealed
oxygen-free high-conductivity copper as a part of a
continuing investigation at this Bureau on the creep

of metals and alloys. Additional tests at elevated
and subzero temperatures on this copper and other
materials are in progress. In g previous paper [1]' it
was shown that tﬁe flow, ultimate and fracture

1 Figures in bracketa indieate tha literatare references at the end of this paper.
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stresses, and ductility increased with a decrease in
test temperature and with an increase in strain rate
of another lot of oxygen-free high-conductivity
copper initially cold-rolled 75-percent reduction
i &grea.

Parker and Riisness [2] reported that the creep
strength at 200° C of annealed oxygen-free high-
conduckivity copper was independent of the grain
size. Parker [3] also determined the stress-rupture
properties at 200° C of this type of copper initially in
the conditions as {1) annealed, (2) eooled in atr, and
(3) quenched in water from 850° C. The strength
and duectility of the quenched specimens were
appreciably lower than those of the specimens as
annealed or as cooled in air. A linear relafion was
shown m a log-log plot of the experimental values
of the stress versus the time to rupture for both the
annealed and air-cooled conditions, but theres were
points at which changes occurred in the slope of the
curve for the initially quenched specimens. Some
recrystallization occurred in specimens, which were
cold-rolled from 1.0 to 0.1 in. in thickness, after
heating at 200° C for 20 hr. :

. Davis [4} made a study of the ereep and relaxation

{constant deformation) at temperatures up to 235° C
of oxygen-free copper initially extended 8 percent in
tension, and he attempted to correlate the resuits
of the two different types of tests by using various
theories of plastic deformation. At 235° C, the creep
(extension-time) curves tended to become straight
after about 400 hr, but at 165° C they did not
become straight until after about 1,200 hr; at 30° C,
the curves had not reached a constant slope after
3,500 hr., The stresses used in these creep tests
ranged from 12,000 to 16,000 psi at 30° C, 4,000 to
10,000 psi at 165° C, and 2,500 to 7,000 psi at
235° C. The logarithms of minimum creep rates for
all the tests, except those at 30° C, were plotted
against the stress, and straight lines were drawn to
fit these data (semilog plot). He concluded that the
hkyperbolic-sine ralation between the minimum creep
rate and stress fitted the test data very well. No
accurate theory existed by which the shape of the
relaxation curve could be predicted from data
observed in creep tests whon the temperatures were
within the range covered in these tests. The strain
rate In the latter stages of a relaxation test was
slower than the minimum creep rate for the cor-
responding stress.

Bur%hoff and Blank [5] presented data on creep
at 300°, 400° and 500° F of four types of wrought
copper and several copper alloys i.nititSly as annealed
and as cold-drawn. Usually, their creep tests did
not progress beyond the first stage (that of decreas-
ing rate under constant load) within a period of
about 6,000 hr; the values reported for creep rate
were thoge obtained in the latter part of the test.
A linear relationship was shown in a log-log plot of

the experimental values of stress versus strain rate

for oxygen-free copper (99.98 percent copper) initialty
both as annealed (0.025-mm grain diameter) and as

cold-drawn 84 percent. The cold-drawn specimens
became about half recrystallized during the course
of the tests at 300° F and completely recrystallized
at 400° F shortly after the creep load was applied.

Schwope, Smith, and Jackson [6] recently investi-
gated the effect of cold work on the short-time creep
strength in tension and compression at 570° ¥ and
on the long-time creep strength in tension at lower
temperatures (200° to 300° F) of several types of
commercial copper, including the oxygen-free high-
conductivity grade. They reported that cold work
increases the creep strength of copper, but its bene-
ficial effect is lost at temperatures where recrystalli-
zation was rapid. The frends in the short-time creep
tests were also evident in the longer time creep tests.
A linear relation was shown in p%ots of stress versus
log of strain rate of the experimental values for both
the short- and long-time tests.

II. Material and Testing Procedures

All specimens were cut from a bright annealed
'%e-in. round bar of oxygen-free high-conductivity
copper (OFHC) containing 99.99+ percent of cop-
per as determined by chemical anslysis. The arc
spectrum of the copper was examined fgr the sensitive
lines of Ag, Al, B, Be, Co, Fe, In, Ir, Mg, Mo, Na,
Ni, Pb, Sb, 8i, Sn, Ti, V, and Zn. The lines for
Ag, Al, Mg, and Si were identified, and there was
some indication of the presence of Fe, Ni, and Pb.

Some properties at room temperature of the an-
negled copper were as follows:

Average grain diameter, mm__________ e~ 0.025
Average hardness, Rockwell F__________.._ 34
Tensile strength, 1,000 pei._.______________ 319
Yield strength, (0.2 percent offset) 1,000 psi. 12 2

Elongation in 2 in., percent at maximum load. 39
Elongation in 2 in., pereent at fracture______ 51
Reduetion of area, percent ot maximum load_ 28
Reduetion of area, percent af fraeture_.____

The creep tests were made on specimens having a
0.505-in. gage diameter and a gage length of 2 in.;
all specimens were prepared from the same bar. The
teats were carried out in a noncontrolled atmosphere
(air) at temperatures of 110°, 250°, and 300°'F.
The temperatures of the creep furnaces were con-
trolled within the range of about +1 deg F of the
desired temperature (temperature differences within
the gage length of the test specimen were less than
3 deg F), and the probable error of extension
messureinents was less than 0.00002 in, The speci-
mens were held for & minimum of 48 hr at tempera-
ture before loading, and the rate of loading of each -
specimen to the selected ultimate? stress was ac-
curately controlled. Each creep test was made at a
constant load, which was maintained for the com-
plete test. A rate of loading of 3,200 psi/hr (3,200
psi applied at 1-hr .intervals) was selected as a

1 The terms “ultimate streas dre used to deslgnate the selected stresy applied
to a specimen for testing in freep at § ronstant load. The value for nltimate
stress Is obiained by div;d___ the load by the original ares of the gpecimen,
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“standard,” and this rate was used in all tests
except those in which the rate of loading was varied
to determine its effect on croep behavior. When the
ultimate stress (nominal) * was not divisible by 3,200,
the remainder was added as the final step.

The equipment used for creep testing is essentially
the same as that used and described in previous
investigations [7]; some improvemenis have been
made, especially in temperature controllers, measur-
ing microscopes, and method of attaching the strips
to specimens for measuring the extension.

Rockwell F hardness (60-kg load, 1/16-in.-diameter

1 The nominal stress {8 defined as the stress obtalned by dividing the current
laad'b'y the original area of the specimen. ‘The true siress iz defined as the stress

obtained by dividing the current load by the current minimum area of the speci-
men.

ball) measurements were made on the bar as annealed
and on selected specimens after testing either in
creep or in normsl tension at room temperature,
Two flats 180° apart were prepared parallel to the
longitudinal axis of the specimens tested to fracture
in tension, and the Rockwell readings were made at
roomn temperature on various points along the center
line of these flats. The diameters of the specimens
at the points of indentation were accurately de-
termined by means of a messuring microscope.
Thus, the hardness values could be correlated with the
degree of plastic deformation.

sual procedures were followed in preparing
specimens by mechanical methods for metallography
and in carrying out the metallographic examinations,

Tanie 1. Summary of conditions used and resulls of creep and tension fesls on high-purily copper initially as bright annealed
Beginning of third
stige End of test
Tem-| Ulti-
Thermal mechanleal Loading Creep : Plastie
history ptﬁ?é' srll:frl?s% sehedule rate Time extension Plas- Plas- | Re- Remarks
Time tic | True ‘Mime e dac- | Trae
exten- | stress exten- | tion of| stress
sion slon | ares
1,600 Tod 1,000 %in | 1,000 % in 1,000
°F | Wins Ar hr Singin, | b | Rin. |Bfna| Ar | %in. | % |@fins
Inftially as annealed _._.| 80 3 U+ I U, 60,000 |____________ | __ 0.7 | 30 44.0 | 1.25{ 51.0 | BB 140.0 T%sted to frao.
re,
DOt 70| BB e e 60,000 |. |- 7| 35| #0| 120|620 |78 80 | Test stopped be-
bore compleds
racture.
R0 R P, 3 1 - 60,000 | ______ e ___ CTE B8 440 | oo femo |
Initially as annealed -._{ 110 | 25.6 | 3,200 psifhr..... 1.08 500 to 900 | 18.57 to 1920 |.___.__ I 16.0 | 30.5 | Test st&)p?:g.e in
S¢00Nd 8 -
Extended 9.5% at 250° | 110 | 25.6 | Load added in | 1.88 | 500to900 |28.65to24. 4 |____ .| . ____ 0.4 | 32.2 Do.
F. with ultlmate of ingrements
16,000 Esl Tempera of 1,600 or
angedtolll)" 3,200 psi
at 4,062 hr. I.mdlng time
at 110* F,,
1,076 hr.
Inltially as annesled....[ 110 | 288 | 3,200psi/hr. [ 165 | 24 5to 105 | 28.8to42.2 05 | 42.2| 40.9 123 | 825 | 90 278.6 Teslta ﬁcfﬂ'
ple ure.
Extended 0.5% at 250° [ 110 | 28.8 | Load added in | 2,100 | 1.2%03.03 | 37.7f041.9 | 3.08 | 419 | 40.7 5|68.5 |86.2 | 2086 Do,
F. with aoltimste of Increments
16,000 psi. Tempers- 1,800 or
inre changed to 110° 3,200 psi.
F. at 4,082 hr. tima
at 11 F.,
2,758 hr. .
Initially a8 annealed __..| 2560 | 16.¢ | 3,200 pslfhr.___ 0.44 1 1103 to 2472 | 8.3dto 8 ™4 [ ____ |- _ofceeooo 2,472 | 8.94| 818 | 17.4 | Test sdw]:;ﬂag in
secon:
Do e 250 | 16.0 Ap%)lled in- | .43 |1108to2472 | B4 to &0l | |oeofemem- 242 | 501 | B3| 1.5 Do.
ntana-~
ously.
14.3 2t0123 | 10.5t012.6
16 Tltol670 | 18.1t016.5
) o7 S 250 | 19.2 | 3,200 psifhr__.._ LEL| 700602200 | 140 %0 172 [+ b Test stil  in
1.43 [ 1670 to 2641 | 16.5to17.7 DIGETESE.
D 250 | 10.2 | 3,200 psly L7 | e tet0n | 1ot Test stopped in
O mmm e e . 200 paliwk_..[[ 177 | 877 16.7 'est stop
{1.55 1677 t0 2541 | 16.7 to 18,0 } --------------- ---e-| BB 180 163 | 227 T gneng siage
Extonded 8.94% 5t 250° | 260 | 19.2 | 3,200 psi ap- | L6G7 | 780 to 1679 |15. 05 to 16.64) . oo | neome|-ccoen 1,679 j 16.54 | 14.2 2.4 Do.
¥F. with pltimate of plied instsn-
}]sr,ooo psl for 2,472 taneously.
Egm:d%dsg%i!n tensile | 250 | 19.2 | 3,200 pal/hr.____ 1.15) 700to 2200 | 1.9t 126 [ o |-ceoaa |-oooon 2,700 [ 180 [ 1L5 2.7 Do,
2L A
Initially as aonealed... .| 260 | 22.4 | 3,200 psifhr.____ 10.1 3l2to 1248 | 25.51a B85 7 [ 1,248 | 3857 | 300 1,8 | 48.9 | 54.3 4.1 Tt% st?gglzedbg
3
fore complete
fraciure.
Extended 189" at 250° | 280 ] 22.4 | 3,200 psl added | 37.8 17 to 369 | 32.11089.6 569 | 886 | 3.4 483 | 47.3 | 0.5 a7.e Do.
F. in 3,381 br. with instantane-
ultimate 0[’ 19,200 pst. ¥.
Initially as anneale | 20| 24.0 | 8,200 psifhr._.._|130 31tol34 | 27.0t0 41,2 134 | 412 | 33.9 168 | 59.4 | 78.7 | 112.4 Te;lte{;d t_tu 1:ef\:om-
ete fractate.
Do ______________ 300 | 10.2 | 3,200 psifhr_....| 8.3 20010900 | 18.01t025.4 000 | 25,4 | 241 (1,4622) 365 | 33 28.8 Do.
Extended 16.5%; at 250 | 300 | 19.2 | Temperature | 8.3 010836 | 21210264 83% | 25,4 | 24.1(1,33336.5 |33 2.8 Do.
F. in 4,050 hr. with change c¢nly,
ultimates of 16,000 with load on
and 18,200 psi. specimon.
Inlt!allyssannealed_._. 00 20.9 | 3,200 psihro____ 38,4 80tp335 | 221to3l4 3351 3L4| 275 430 | 46 48.7 k1] Do.
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III. Results and Discussion

1, Influence of Temperature, Stress, and Rate of
éoud.ing on Plastic Extension in First Stage of
Teep

The experimental results are suinmarized in table
1 and figures 1 to 27. The influence of temperature
on the stress-strain relationship of the initially
annealed copper is shown by a comparison of the
relative positions of the curves in figure 1. FExeept
for the specimen extended at 80° F {room tempera-
ture) at a rate of 6310* percent/1,000 hr, each
specimen was loaded in increments of 3,200 psi
applied hourly (hereafter designated as “standard”
rate of loading}, and the values plotted for extension
_ are those obtained after the application of the loads
for a period of 1 hr. Obviously, the resistance to
flow decreased as the test temperature was increased.
The relatively high resistance to flow of the specimen
at 80° F was due partially to the higher strain rate
used; an increase n strain rate and decrease in test
temperature both tend to inecrease the rate of work
hardening.

Stresses of 3,200 and 6,400 psi produced only small
amounts of plastic extension in 1 hr in specimens at
110°, 250°, or 300° F. With the application of
higher stresses at each of these temperatures, how-
ever, the specimens continued to extend during the
1 hr they were subjected to the constant stress
(creep usually occurred at a decreasing rate), as is
illustrated by the typical curves given in figure 2
for a specimen tested at 300° F.

The stress-strain curvs, for a specimen initially
extended 9 percent in tension at room temperature
before heating at 250° I' for 48 hr and then loaded
at the standard rate to an ultimate of 19,200 psi, is
given in figure 3. The resistance to plastic deforma-
tion at 250° F was materially increased by the cold-
working at room temperature. Although the in-
crease In plastic extension at 250° F was less than
0.3 percent after the application of the stress of
19,200 psi for 1 hr, the shape of the curve shows
that relatively rapid inereases in extension occurred
with the application both of the initial and final
stresses. 'The rapid increase in deformation with the

application of only 3,200 psi indicates that the -

internal stress induced by cold-working was con-
siderably relieved during the period of heating at
250° F before applying this stress; the rapid increase
in extension with the applieation of a stress of
19,200 psi may be attributed to a change in grain
orientation.

The effect of variations in the rate of loading on
the plastic extension at 250° F is shown by the
results summarized in figure 4. The experimental
points as plotted in this figure are based on the ex-
tension produced after the different loads were
applied for a period of 1 hr and also at the end of the
period of creep when the specimens were allowed to
remain under constant loads for periods in excess of
1 hr. At a stress of 16,000 psi, the plastic extension
increased somewhat with change in rate of loading

’

from instantanecous* to inecrements of 3,200 psi/hr
(standard), but the elongation obtained witﬁ the
standard rate was the same as that of a specimen
loaded at a considerably slower rate in increments of
3,200 psi/week. However, the paths of the stress-
strain curves of the specimens loaded at the standard
(3,200 pst/hr) and slow rates (3,200 psi/week) were
not alike. In the early stages of loading, the curve
for the specimen loaded relatively slowly was at a
higher level (value for extension. after load was
applied for 1 hr) than that of the eurve of the speci-
mens loaded at the standard rate; the stress-strain
curves as reproduced for these two specimens either
coineide or cross at several points due to the change
in plastic extension with increase in time from 1 hr
to 1 week at & constant load. At a stress of 19,200
gl, the plastic extension (after 1 hr) of the specimen
oaded at the relatively slow rate was greater than
that of the specimens loaded at the standard rate,
and it was less than that of a specimen loaded at the
standard rate to 16,000 psi, allowed to creep at this
load for an appreciable time {2,472 hrs) before in-
creasing the stress to 19,200 psi. '

The stress-strain curve for a specimen at 110° F,
which was loaded at the standard rate, and the
curve for another speeimen at 250° F on which a
stress of 16,000 psi was applied instantaneously are
given in figure 5. The stress of 16,000 psi remained
on the specimen at 250° F for 4,062 hr {extension of
9.5 percent) before reducing the test temperature to
110° F (load not changed); the test was then con-
tinued for 236 hr at 110° F (less than 0.1-percent
inecrease in extension) before increasing the stress to
28,800 psi in increments of either 1,600 or 3,200 psi
and allowing to creep at each load for the time as
given on the curve. The latter curve falls appre-
ciably below the former curve, especially in the re-
%ion corresponding to the higher range in stress.

hus the rate of loading to the ultimate and the
thermal history had a marked effect on the amount
of plastic extension, and this in turn affected the
creep rates in the first, second, and third steges, the
duration of these stages, end ductility at fracture
(table 1). :

The results presented in a previous investigation
18] also showed that the creep behavior of initially
cold-drawn ingot iron was affected by the rate of
loading to the ultimate. The creep rate in the
second stage and elongation at fracture both de-
creased with a decrease in rate of loading in the first

stage.

2. Influence of Prior Thermal-Mechanical History
on Creep Behavior

A summary of the extension-time curves for the
various conditions investigated is given in figure 6,
and the influence of prior strain history on creep
behavior is shown by a comparison of these curves
and those reproduced in figures 7, 8, 9, and 10.

At an ultimate stress of 19,200 psi (fig. 7), the

i The term “instantanepns™ Is msed to designate the rate of loading in which
the load was applied gradually over a pertod of about 30 sec.

186



general trend was for the creep rate at 250° F to de-
crease as the rate of attaining the initial extension of
about 9 percent was increased. That is, for the
same time or strain interval (table 1), the slowest
average creep rate during the second stage occurred
in the specimen initially extended about 9 percent
af room temperature, intermediate in the specimen
loaded ai the standard rate and extended at 250°
F, and next fastest in the specimen allowed to creep
8.9 percent at 250° F (stress of 16,000 psi) before
applying a stress of 19,200 psi. The fastest creep
rate occurred in the specimen loaded 3,200 psifweek.
At 300° T, the average creep rates in the second
stage and the extensions both at the heginning of
the third stage and at complete fracturc were alike
for specimens either loaded slowly (allowed to creep
at 250° I before increasing the test temperature) or
at the standard rate, but the total time required to
reach the third stage and fracturc was greater for
the specimen loaded at the standard (faster) rate.

At an ultimate stress of 22,400 psi (fig. 8), the
average creep Tate in the second stage at 250° F of
the specimen loaded at the standard rate was only
about one-quarter of that of another specimen al-
lowed to extend approximately 18 percent at 250°
F before applying the ultimate load; the difference
in plastic extension at the start of the third stage in
the two specimens is partly due to the difference in
strain rates in the second stage.

At an ultimate stress of 25,600 psi (fig. 9), the
average creep rate in the second stage at 110° F of
the specimen loaded at the standard rate was con-
siderably slower than that of the specimen loaded
relatively slowly (extended about 9.5 percent in
4,062 hr at 250° F with load of 16,000 psi before
decreasing temperature to 110° F and then increasing
the load to 25,600 pst in 1,076 hr).

At an ultimate stress of 28,800 psi (fig. 10) the
average creep rate in the second stage at 110° F of
the specimen loaded at the standard rate (relatively
fast) was considerably less than that of another
specimen allowed to creep at 250° I and at 1106° F
with lower stresses before applying the ultimate.

The extension-time curve for & specimen tested at
250° F with an ultimate stress of 22,400 psi into the
third stage of creep is reproduced in figure 11, The
curve as plotted is typical of the idealized creep in
tension (constant load and temperature) in that it
conzists of an initial extension {about 15 percent) and
stages of primary, secondary, and tertiary creep,
respectively; the test was discontinued before com-
plete fracture. However, the strain rate during the
so-called second stage of approximately constant rate
was not constant but varied in a eyclic manner over
an appreciable range as is illustrated by the course of
the creep rate-time curve given in the upper part
of the &m‘e. Even in the primary {creep at a
decelerating rate) and tertiary stages (creep at
accelerating rate leading to fracture) the change in
strain rate with time did not always occur uniformly
(continuous decrease or increase, respectively) but
often varied in cycles or showed discontinuities in
each of these two stages.

Although some irregularities were observed in the
creep rate-time relation in each specimen of high-
purity copper as tested in temsion in creep, the test
conditions and prior mechanical history affected the
amplitude and frequency of the ¢ycles or discontinui-
ties. For example, the cycles arc quite prominent
in both the first and second stages for the test condi-
tions as given in figure 9. Cyecling is not evident in
the first stage in the creep rate-time curve for the
specimen tested at an average creep rate of 165 per-
cent per 1,000 hr (fig. 10}, or in the third stage of
another specimen testad at a creep rate of 2,100
percent, per 1,000 hr. The two specimens differed in
strain history, which affected the ecreep rates. It
should be pointed out that some cyecling or irregu-
larity did occur for each of these conditions, however,
the cycling trend is not manifestéd in the curves until
the time coordinate is expanded considerably over
that used in figure 10. The phenomenon as observed
in the first, second, and third stages is not a direct
result of the increase in true stress with increase in
plastic deformation during the course of the test as
is illustrated for the first and second stages in figure 9.

The effects of test temperature and stress on the
cycling of stra’n rate in the first stage of ereep of
initially annealed specimens are shown by a com-
parison of the curves in figure 12. The trend was for
the cycling in this stage to decrease in amplitude
with inerease in both stress and temperature.

As is illustrated in figure 13, the observed trend
was for the amplitude of the creep rate-plastic
extension cyeles in the second stage to decrease with
an increase in both the strain rate (constant tem-
perature) and the temperature (constant strain rate),
A smignificant feature iz that at a constant tempera-
ture, the beginning of this prominent eycling cffect
was shifted to lower strain values ss the ultimate
stress was decreased. Furthermore, the amount of
plastic extension at the beginning of the second stage
of creep decreased with a decrease in ultimate stress,

- Irregularities are also shown in the creep rate during

the first and third stages. However, these irregu-
larities were less prominent in the third than in the
first stage and considerably less prominent in both
than in the second stage of creep.

The described discontinuities and cyeling con-
ditions in the creep rate-time curves are believed to
be due to changes in the degrees of slip and the
accompanying work hardening and recovery.

Cycling in extension-time curves was also ob-
served and reported in a previous study of the creep
characteristics of cold-drawn ingot iron [8].

Any adequate physical theory of the mechanism
of the deformation of high-purity copper by ecreep
in tension must account for this variation in strain
rate with time or plastic extension.

3. Influence of Priox Strain History on Recovery
Characteristics

Carreker, Leschen, and Lubahn [9] investigated
the effect of changing stress on strain rate at room
temperature of annealed specimens of oxygen-free

151




high-conductivity copper and high-purity lead wires.
A discontinuous change in the strain rate followed
by a gradual approach to a steady state value was
produced in polycrystalline aggregates of each
material when the applied stress was suddenly
changed from one to another constant value.

Part of an extension-time curve for s specimen
tested at 250° F with an ultimate stress of 16,000 psi
is given in figure 14. After the specinen was
allowed to extend to about 9.0 percent, the load was
removed in increments of 3,200 psi/hr, and when
completely unloaded (temperature not cha,n%ed), it
was allowed to rest for 33 hr before starting reloading
at the standard rate to an ultimate of 16,000 psi.
The specimen was allowed to creep under this stress
for an additional period of about 600 hr when the
siress was momentarily inereased (position I) on
curve); thereafter the specinen econtmmued to creep
under the original load. Although the specimen
contracted plastically about 0.07 percent during the
cycle of unloading and reloading, and extonded
plastically about 0.06 percent as a result of the
mmomentary increase in stress, the average creep rate
in the second stage was not significantly affected by
these changes. However, as illustrated by the
course of the creep rate-time curve, the amplitude
of the cycles increased with these two changes in the
testing procedure.

The change in total extension (elastic and plastic)
with time as the above specimen was unloaded in
steps of 3,200 psi at an interval of 1 hr is shown in
figure 15. Although the frequency of the measure-
ments of extension was necessarily decreased in the
late stage of each period of 1 hr, the curves as con-
structed to represent the experimental values show
definite trends that are believed to be characteristic,
Cycling is evident in each curve except for the
condition of zero siress. These cycles are more
prominent in the early than in the latter part of the
periods after the application of stresses of 12,800 psi,
9,600 psi, or 3,200 psi, and their magnitude appears
to decrease with a decrease in stress, Although the
specimen contracted after the removal of the loads
to attain the stresses of 12,800, 9,600, and 6,400 psi,
a noteworthy feature is that the extension increased
(not decreased) immediately after the time required
to make the initial readings. However, no change
in extension was detected immediately after making
the initial reading on reducing the stress to 3,200 psi,
and at zero load the specimen eontracted rapidly for
about one-quarter hour, and thereafter, even for a
period of 33 hr, its extension was practically un-
changed.

The change in total extension ot the above speci-
men after 1 hr under each constant load during
unloading and reloading is shown in figure 16.
Similar curves are also reproduced for unloading two
other specimens at 250° I' at the same rate (3,200
psi/hr) from an ultimate of 19,200 psi. As is shown
by the difference in slope of the curves, the prior
strain history of the specimens affected the degree
of recovery at 250° F during unloading; the decrease
in total extension for the three specimens at zero

load ra,nged from about 0.2 percent for the specimen
unloaded from 16,000 psi to about 0.3 percent for
the two specimens unloaded from 19,200 psi.

4. Influence of Temperature and Stress on the
Average Creep Rate in the Second Stage

The relation between nominal stress and average
creep rate in the second stage of specimens tested
at different temperatures is shown in figure 17. At
250° F, the experimental values do not fall on a
gtraight line in either a semilog or log-log plot. The
course of the stress-strain rate curve was not defin-
itely established at 110° or 300° F as only two ereep
tests were made at each of these temperatures.
However, these results show that the resistance to
creep of the initially annealed copper increased with
a decrease in test temperature.

5. Variation of Ductility with Temperature and
Creep Rate

In the creep tests in which the gpecimens were
loaded at the standard rate the initial extension,
intercept, extension at the start of the third stage,
extension at fracture, and reduction of area at frac-
ture (fig. 18) each increased with an increase in
strain rate (constant, temperature) and tended to
decrease with an increase In temperature (constant
strain rate). It should be pointed out, however, the
extension at fracture of the specimen fested in creep
at 110° and 250° F was greater than that of the
specimens fractured at room temperature in the
ordinary tension test (table 1). 'The true stress at
complete fracture of the specimen tested at 110° F
(strain rate of 165 percent per 1,000 hr) was also
considerably greater than that of the specimens
fractured at room temperature. This Increase is
believed to be due in part to the higher strain rate
just prior to complete fracture of the specimen tested
in creep.

6. Influence of Prior Thermal Mechanical History
%n 1Hoom Temperature Tensile and Hardness
alues

The effect of plastic extensgion in ereep at 110° and
250° F on the flow characteristics at 80° F (room
temperature) is shown in figure 19. The true stress-
strain curves at 80° F (based on tfotal deformation)
ior the specimens initially as annealed or -extended
into the second stage of creep at rates of about 1.1
percent per 1,000 hr are nearly alike over the range
m true stress of 40,000 to 70,000 psi. That is, the
combined effect of creep, work-hardening, and re-
covery at 110° or 250° I is not manifested in the
ghape of tho flow curves in this range of stress. The
true stress-sirain curve at 80° F of the specimen
extends into the third stage of creep at 250° F (499,
extension at a rate of 109,/1,000 hr) falls appreciably
below the corresponding curve of the annealed
material. The lowering of the flow curve for this
specimen previously extended in ereep can be attrib-
uted to.its relatively high degree of recovery and
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possibly to the presence of cracks of submicroscopic
dimensions at the completion of the crcep test (fig.
23, D and E). .

In all cases, the values at maximum load for plastic
extension, reduction of area, and true stress were
less in the annealed specimen than the corresponding
values of the specimens previously extended in cresp,
However, the values for reduction of area and true
stress at both -the beginning of and at complete
fracture were less for each of the specimens previously
extended in creep at 250° F than those of the annealed
specimens or the specimens extended in creep at
110° F.

The change in hardness at room temperature with
plastic extension (reduction of area) of specimens
tested to complete fracture in creep at different
temperatures and rates, and in tension at room
temperature, is given in figure 20. The hardness of
the mitially annealed specimens (8,—=34) increased
markedly with increase in plastic deformation to the
third stage of creep (20 to 30 percent reduction of
area, table 1) ; thereafter the induced hardness varied
with the amount of deformation, temperature of
deformation, and strain rate. Of the two specimens
tested at 300° F, the induced hardness was somewhat
greater and the peak in the hardness-reduction of
area curve occurred at a greater amount of extension
in the specimen tested at the higher strain rate in the
second stage. In both specimens, the wvalue for
hardness in the vicinity of the fracture was less than
that at some lower value of extension. The curves
for the specimen tested in ordinary tension at 70°,
and in creep at 110° and 250° F, were quite similar
in that none showed & definite break or peak (that is,
the maximum hardness is in vicinity of fracture),
., and the maximum hardness value attained in each
was greater than that of the specimens tested in ereep
at 300° F. 1In the plastic range beyond the beginning
of the third stage, however, the curve for the speci-
men tested at 250° F is below the curves of the speci-
mens at 80° and 110° F.

7. Changes in Microstructure and Fracture Char-
acteristics as Affected by Temperature and
Strain Rate :

For the specimens tested to complete fracture in
creep, the propensity to necking (fig. 21} and to
transcrystalline fracture (fig, 22) increased with in-
crease 1n strain rate and Eecrease in temperature.
At sufficiently hiﬁh strain rates and low temperatures,
considerable necking occurred (fig. 21, 4, B, and C)
and the fractures were essentially transcrystalline
(fig. 22, B, €, and 1), but with relatively slow strain
rates and high temperatures no appreciable necking
oceurred (fig. 21, D, E, and F) and the fractures were
predominantly intererystalline (fig. 22, £ and F),
In the specimens that fractured in a transerystalline
manner (fig. 22, B and ), cracking was confined
principally to the region of complete fracture, whereas
in the specimens that fractured in an intercrystalline
manner (fig. 22, E and F) numerous cracks (genoral
disintegration) were observed in regions remote from
complete fracture; some cracks of microscopic dimen-

sions were observed about 0.05 in. from the position
of complete fracture of a specimen in which the frae-
ture appeared to be partly intercrystalline but pre-
dominantly transcrystalline (fig. 22, D).

The tendency for a specimen to disintegrate as
plastic deformation by creep proceeds to intercrystal-
line rupture is illustrated by & comparison of typical
photomicrographs of figures 22, F, and 23, A and B,
Appreciable cracking is evident even at a deformation
corresponding to the beginning of the third stage of
creep (fig. 23, B) in a specimen tested at 300° F to
complete rupture. . Simmlar conditions were observed
in another speeimen fractured in creep at the same
temperature (300° F) and strain rate (8.39/1,000
hr) but with an entirely different strain history.
Furthermore, cracking at deformations correspond-
ing to the beginning of the third stage of creep was
detected in two other specimens tested at a lower
temperature (250° F) and different strain rates (fig.
23, € and D). The creep tests of the latter two
specimens were terminated during the third stage
before complete fracture, but one specimen was sub-
se%lently Iractured at 80° F.

nly a fow cracks of microscopic size were observed
at a deformation corresponding to the beginning of
the third stage in the specimen extended in creep at
250° F and finally fractured at 80° F (fig. 23, D).
Although these cracks were located principally in the
interior of the specimen in the vieinity of its axis, a
few eracks were also located at the surface {fig. 23,
K). The surface cracks (not detected at a magni-
fication of about 25 diameters) were invigible at the
end of the creep test, As previously shown (fig, 19),
the true stress-strain curve at 80° Fy of this specimen
was materially lowered by extending in creep, and
this decrease in resistance to flow might be partly
due to the presence of submicroscopic eracks at the
termination of the creep test.

It i1s evident, thersfore, that under certain condi-
tions the third stage of creep can be accompanied by
cracking, but other evidence (fig. 22, () shows that
cracks of microscopic dimensions are not a pre-
uisite for the initiation of the third stage of creep
igh-purity copper.

Baeyertz, Craig, and Bumps [10] reported the pres-
ence of discontinnous cracks in steel fractured by
impact, and Jaffee, Reed, and Mann [11] also found
discontinuous cracks adjacent to the path of final
brittle failure in both fatigue and impact specimens
made from steel forgings and castings. Tipper [12]
obeerved microcracks near the fracture of mild steel
plates, Jaffee and coauthors [11] were of the opinion
that brittle transgranular fracture of polyerystalline
metal does not originate at one point and propagate
continuously across the material, but rather nucleate
at numerous related points, leading to a series of
mierocracks that link up subsequently.

In some cases, eracking leading eventually to com-
plete fracture was initiated at the axis of specimens
tested in tension, whereas in other specimens eracking
was initiated at the surface. As is illustrated in
figure 24 and 25, the position (interior or exterior of
the specimen) where cracking was initiated and the
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course of the propagation of these cracks depended
upon the test conditions, such as strain rate and
temperature. In a specimen extended in' ordinary
tension at 80° F until the true stress-strain curve
indicated the beginning of fracture (fig. 24, A),
cracking started at or near the axis of the necked
section (fig. 24, B), and had the specimen been car-
ried to complete rupture these discontinuous eracks
(fig. 25, A) would have linked up as they propagated
transcrystallinely outward to the surface (fig. 22, B);
no cracking was visible at the surface of the neck
section of this specimen {(fig. 25, B). In such fail-
ures, apprecizble necking occurs and the ‘“‘so-called
breaking or fracture stress” is usually considerably
higher then the true-fracture stress (fig. 19} due to the
“rim eflect.”

Microcracking was confined to the immediate
vieinity of complete fracture of another specimen,
which was extended 9 percent in tension at 80° F

rior to testing into the second stage of creep at 250°
E‘ (additional extension of 7%} and finally fracturin
at 80° F (fig. 23, F). As considerable necking wi
its accompanying rim occuwrred and the fracture was
transcrystalline, it is believed that cracking was
initiated near the axis of the specimen and not at its
surface. That is, the creep test was carried out under
conditions that did not nucleate at the surface a
crack that subsequently propagated across the entire
specimen, However, in a specimen extended at
250° F at creep rates of about 1.5 and 37.8 percent
per 1,000 hr (to extension of 18 and 479, respec-
tively), cracking was initiated at the surface (figs.
24, 5, D; 25, C, D, E), but evidently cracking sub-
sequently commenced in the interior (fig. 25, #); the
numerous small cracks obgerved in the interior after
a light etch (not clearly shown in fig. 25, F} appear
to have originated principally at the grain bound-
aries. In such failures, only a small amount of neck-
ing ocecurs, and the path of the fracture is predomi-
nantly intererystalline.

Wilms and Wood [13] described 2 mechanism by
which metals deform at normal and elevated tem-
peratures. At normel temperatures, deformation
occurs mainly by the mechanism of slip and the
break-down of the grains to crystallites of submicro-
scopic size. As the temperature is raised and the
rate of deformation is diminished, this mechanism
is increasingly replaced by one in which the grains
dissociate into comparatively coarse units and permit
flow by the relative movement of these units within
the parent grain. The units, which are termed
““cells’”, ean be observed and measured. They are
considered to be responsible for the continuous
deformation under stress, which characterizes the
phenomenon of creep.

Some changes in structural features accompanying
plastic deformation of high-purity copper in ordinary
tension and in ereep at different temperatures are
gshown in figures 26 and 27. A lineage structure is
evident in the equiaxed grains in the initially an-
nealed specimen (fig. 26, A). These grains were
elongated in the direction of the applied stress during
the process of deforming in tension, and the degree

of distortion in this direction depended upon the
amount of plastic extension, sirain rate, and temper-
ature, Relatively high strain rates and low tem-
peratures hoth favored this condition, and the elon-
gation of the grains usually attained a maximum at
or in the vicinity of complete fracture. The break-
down of the original grains as plastic deformation
proceeds iz also evident by the presence of a sub-
structure that appears fo be numerous crystals of
microscopic dimensions within certain of the parent
grains. Although the number and size of these sub-
crystals appear to be affected by the amount of
plastic extension and test conditions, they were
observed in specimens tested under a wide range of
conditions (compare fig. 26, B, and fig. 27, B). The
general trend was for the size of the suberystals to
increase with increase in test temperature and
decrease in strain rate.

In e study of the changes in microstructure of
gingle and polycrystalline aluminum plastically de-
formed at different temperatures a,m{) strain rates,
Hanson and Wheeler [14] observed slip bands (speci-
men polished prior to deforming) on the surface of
single crystals at all temperatures and strain rates
used. With polyerystalline specimens, the slip bands
without marked changes at the gram boundaries,
were ohserved when the specimens were strained at
telatively high rates and Iow temperature (ordinary
tension &t room temperature) but were not visible in
the specimens tested in creep at relatively slow rates
and high temperature. In the latter specimens that
did not exhibit slip bands, marked localized deforma-
tion occurred at or near the grain boundaries, and
fracture was intercrystalline without necking.

Strain markings were quite prominent in all of the
copper specimens carried to complete fracture, Tegard .
less of the testing conditions used (figs. 26 and 27).
The markings in some of the parent grains have the
appearance of twins, even in the vicinity of ineipient
cracking, as is illustrated in figure 27, A, for & speci-
men extended at the highest temperature used
(300° F) with a strain rate of only 36.4 percent per
1,000 hr.

IV. Summary

Creep tests in tension were made at wvarious
temperatures and strain rates on initially bright
annealed oxygen-free high-conductivity (OFIFC)
copper. The testing program included a study of
the influence of thermal and strain history, rate of
loading to the ultimate, sudden change in stress
from one to another constant value, and change in
test temperature on creep behavior and plastic
deformation, Maetallographic examinations and
hardness measurements were carried out at room
temperature on specimens representative of the
copper before and after testing in creep. In addition,
tensile tests provided data on true-stress-strain
relations at room temperature on specimens as
annealed or as previously extended at elevated
temperatures into the second or third stage of creep.

The prior thermal! and strain history and rate of
loading to the ultimate affected markedly the amount
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of plastic deformation and ereep behavior, The
general trend was for the degree of plastic deforma-
tion and creep rate in the second stage to decrease as
"the rate of loading was increased.

The strain rate during the second stage of creep
was not constant but varied with time m a eyclic
manner. The trend was for the amplitude of these
cyeles to deeremse with increase in both stress and
temperature.

In some casdes, the beginning of the third stage of
creep was accompanied by cracks of microscopic
dimensions, but the presence of such cracks are not a
prerequisite for the initiation of the third stage of
creep In high-purity copper.

The positions at which eracks wore nucleated and
the course of their propagation were affected by the
test conditions. Cracking started at or near the
exis of the specimen tested in ordinary tension at
room temperature. These discontinuous cracks
united as they propagated transcrystallinely outward
toward the surface, and appreciable necking oc-
curred in the specimen before complete rupture.
Cracking started at the surface of a specimen tested
into the third stage of creep at 250° F, but at a later
stage numercus smsall cracks were also nuclested in
its interior, principally in the parent grain boundaries.
Complete rupture occurred in this specimen without
appreciable neckilﬁ and the fracture was predom-
inantly intercrystalline.

The degree of necking, ductility at the beginning
of the third stage and at complete rupture, and the
propensity to transcrystalline frecture of the speci-
mens tested in creep increased with an increase in
strain rate (temperature constant} and with a de-
crease in temperature {strain rate constant),

Metallographic examination showed the break-
down of the original grains of the copper that
occurred with plastic deformation under a wide
range of test conditions. Strain markings were also
observed in all specimens that were carried to com-
plete rupture. Some of these markings had the
appearance of twins,

.

The authors are indebted to J. H. Darr, C. R.
Johnson, and F. A. Wilkinson for assistance in
meaking many of the measurements of creep.
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Frovwe 21, Specimens after fracturing at diffevent temperatures and rates: < I,
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Graun size of annealed topper i nd structures at fracture of specimong
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Fravee 23.  Effeet of temperature, vate, and plastic deformation on microcracking.

Original

Longitudingl seetions pear axis of specimen, exéept o8 ndieated, etebed in oguol pacts of NHOH and HyOg
magnifieation, X100 (reducegd one-tenth in reproduoction).

Test

Remarks

Tempwr- T \
alure Slrain rate
|
1
| " 5100 hr
A i s34 (LG in. from eomplete fracture.  Strueture at fractury is shown in fg.
n KL 54 specimen as above, structure af deformoation eorresponding to the beginning
o third stage
P ang | 1. 6iad | (n) 19,200 psi fo 540 by (b)) 22,400 pai for 483 hir; ﬂl{lpilji'{] In third stage; strueture
i 47 8(b) at deformytion ¢ poniding to the beginning of third stage.
/] 250 | 10,1 | Stopped in third stage; fmetored at room temperature; straetare at deformation
corresponding to the beginning of third stage,
I 250 10,1 | Bame specimen s above; strocture ot face 0.08 in. from complete fraetuare,
F 260 L 16 | Extended 99 at room temperature; 19,200 psi ot 250° F for 2,700 hr; stopped in
vond sty and then fractursd at room fempernture; stroetare ol complete

neture.
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Fraune 24, Photographs and radiograph of specimens after testing al different temperatures and rates.

Hemarks

Photograph, x1.,
Radiograph of above specimen, indieating the presenoe of a erack in the necked seetion.

|}t‘:l} 19,200 psi for 2,640 hr; (b) 22,400 psi for 453 hre; photograph X1,

| Photograph, =10 of gboye speclmen showing the presence of & erack ot the surfaee of the necked
aoetion,
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Longitadinal seetions, A, B, E, and # etehed Inequal parts NILOL and HyOg (39), €
X100 {reduecd one-tenth in reproduction

Froune 25,

Tempera-
Lire

Btrain
il

GEL 000 hr
11, (M
1, LM
5
7.8

~

]
di. B

5
i

1
7
L&
7
|

Strueture ot the surfuee of the necked

Same as C, oxeept that the surfaces o

Saroe section as O, miter etehing.

Bame seclion as O, structure at the o

Eiffect of testing conditions on the intlialion of microcracks.

Cand D unetehed.  Original magnifieation,

Remarks

Btructurs at the axis of necked section of specimen shown in fig, 24, A and B,

| section of above speclmen,

'HI.r eture al, the surface of nocked section of speeimon shown in fig, M, Cand D,

re dismetrically opposite.

xis of the spoecimin,
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Fraovre 26, Effect of testing condilions on the structure of copper initially as annealed,

Longitudinal seetions etehed in 8.5 parts glactinl pectio pold, 4.5 parts nitele aeld (eone,), bnd 2 parts absolute aleohol, X760,

Test
Remarks
Temperi- | Strnin
| rure | rute
e.p AT R e

A. : As annenled.

I . s 60,000 | Structnres near axis of specimen 0,10 in. from position of complote fracture.
C 110 164 Do,

. 250 (R Do,
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Frovre 27,  Effect of testing conditions on structure of copper inilially as annealed.

Longitudinal sections etched in 8.6 parts glacig] acetie ackd and 4.5 parts nitrie acid (eane.), and 2 parts absolute aleohol, X750,

Test
e =
| [ Remarks
Tempera- Strain
Lure rate
o 1,000 hr
i ano | a6 4 | Strocture near axls of speelmen 0,10 in, from position of eomplele fractare,
By, . a0 B3 Do,
Journal of Research of the National Bureau of Standards Vol. 45, No. 2, August 1950 Research Paper 2122

Purification, Purity, and Freezing Points of Twenty-Nine
Hydrocarbons of the API-Standard and API-NBS Series’

By Anton J. Streiff,** Laurel F. Soule,” Charlotte M. Kennedy,* M. Elizabeth Janes,** Vincent
A. Sedlak,” Charles B. Willingham,* and Frederick D. Rossini*

This report deseribes the purification and determination of freezing points and purity
of the following 29 hydrocarbons of the API-Standard and API-NBS series: 2,2.4,6,(-
pentamethylheptane; 1,1,2-trimethyleyelopropane; eis-2-hexene; eds-3-hexene; 2-methyl-1-
pentene; 4-methyl-l1-pentene; 3-methyl-trans-2-pentene; 4=methyl-cis-2-pentene; 4=methyl
trang-2-pentene; 4 4-dimethyl-1-pentene; 4,4-dimethyl-frans-2-pentene; 2,3, 3-trimethiyl-1-
butene; trans-4-octene; l-nonene; l-decene; l-undecene; 1 3-butadiene;l,2-pentadiene;
1,eis-d-pentadiene; 1 trans-3-pentadiene; 1,4-pentadiene; 2,3-pentadiene; 2-methyl-1,3-buta-
diene (isoprene); 1A-hexadiene; 2,3-dimethyi-1,3-butadiene; 4-ethenyl-1-eyelohexene-
(4-vinyl-1-gvelohexene) ; eis-decahydronaphthalene; trans-decahydronaphthalene; 2,3-dihy-
droindene (indan).

1 This Investigation was performed at the Natlonal Bureau of Standards us part of the work of the Ameriean Petroleum Institute Research Project 6 on the Anal-
ysis, Puritication, and Properties of Hydrocar ]
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