IV. Conclusions

All of the fuels tested in this program changed in
octane rating as the pressure of the 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 their 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. It is possible that the Motor Method ratings are
capable of being 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
larger venturi, and the engine speed is already very
low.

It appears, therefore, that the surest way of making
the engine severity equal to that at sea level, regard-
less of the altitude, is 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 standard
humidity-controlling ice tower, and thence through
the standard air heater to a pressurized carburetor.
It 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.
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the Division of Refining of the American Petroleum
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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
0. Chase, H. B. Dickerson, J. M. Mealing, L. J.
Wilson, H. S. Simmons, Fred W. Ramin, George J.
Miner, Edwin H. Rich, Richard M. David, James
A. Walker, Milford Barnes, Thomas W. Mears, and
Mrs. Cecil S. 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° F on annealed oxygen-free high-con-

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 cyelic

manner.
stages.

A less-pronounced cyclic variation was also evident in both the first and third
The beginning of the third stage was often accompanied by microcracking, but in
other tests this stage was initiated without the presence of such cracks.

The parent grains

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 a previous paper [1]' it
was shown that the flow, ultimate and fracture

I Figures in brackets indicate the literature 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
in area.

Parker and Riisness [2] reported that the creep
strength at 200° C of annecaled oxygen-free high-
conductivity 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) cooled in air, and
(3) quenched in water from 850° C. The strength
and ductility of the quenched specimens were
appreciably lower than those of the specimens as
annealed or as cooled in air. A linear relation was
shown in 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 there 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 creep 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 results
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
hyperbolic-sine relation 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 when 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.

Burghoft and Blank [5] presented data on creep
at 300°, 400°, and 500° F of four types of wrought
copper and several copper alloys initially 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 those 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) initially
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° F 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 trends in the short-time creep
tests were also evident in the longer time creep tests.
A linear relation was shown in plots 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 analysis. The arc
spectrum of the copper was examined for the sensitive
lines of Ag, Al, B, Be, Co, Fe, In, Ir, Mg, Mo, Na,
Ni, Pb, Sb, Si, 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-
nealed copper were as follows:

Average grain diameter, mm_______________ 0. 025
Average hardness, Rockwell F_____________ 34
Tensile strength, 1,000 psi_________________ 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., percent at fracture______ 51
Reduction of area, percent at maximum load_ 28
Reduction of area, percent at fracture_.____ 88

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
tests 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
measurements was less than 0.00002 in. The speci-
mens were held for a 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

2 The terms “‘ultimate stress’ are used to designate the selected stress applied
to a specimen for testing in creep at a constant load. The value for ultimate
stress is obtained by dividing the load by the original area of the specimen,
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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 creep 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 improvements 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

3 The nominal stress is defined as the stress obtained by dividing the current
load by the original area of the specimen. The true stress is 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 normal 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
room 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 measuring microscope.
Thus, the hardness values could be correlated with the
degree of plastic deformation.

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

Tasre 1. Summary of conditions used and results of creep and tension tests on high-purity copper initially as bright annealed
Beginning of third
stage End of test
. Tem-| Ulti- : +
Thermal mechanical o Loading Creep g Plastic
history It]grri Sr{’itsz schedule rate Time extension Plas- Plas- | Re- Remarks
Pime tic | True Time tic duc- | True
" | exten- | stress exten- | tion of| stress
sion sion area
1,000 | %l 1,000 % in | 1,000 % in 1,000
°F |W/in.2 [z hr % in 2 in. hr 2in. | Wb/in.2 hr 2in. % Ib/in.2
Initially as annealed - - 80 BLaPole e e 80,0006 =2 —ac ol i Al tat s e 0.7 39. 44.0 1.25 | 51.0 88 140.0 | Tested to frac-
ture.

15 [y el Se s SR SRS (3 COEIERON e i Rt (R B e (i B E0E 1L (e O Shmr o] [ SRSl S B i .7 38.5| 44.0 | 1.20 | 62.0 |78 80 Test stopped be-
bore complete
fracture.

Averagersis s e sl B RS R TS N 60,0005 8 S e LRt ey i H T30 B T Lo e MR [ 0 W
Initially as annealed....| 110 | 25.6 | 3,200 psi/hr_____| 1.08 | 500 to 900 | 18.57 t019.0 |- _|-_... R TR 043 | 19.0 | 16.0 | 30.5 | Test st&)pped in
second stage.
Extended 9.5% at 250° | 110 | 25.6 | Load added in | 1.88 800:£0:0007| 23.65 10244 |- i nloai lu]cac el 1,680 | 25.6 | 20.4 32.2 Do.
F. with ultimate of increments
16,000 psi. Tempera- of 1,600 or
ture changed to 110° 3,200 psi
F. at 4,062 hr. Loading time
at- 110° ' F,
1,076 hr.
Initially as annealed-...| 110 | 28.8 | 3,200 psi/hr.__.| 165 | 24.5t0 105 | 28.8 to 42.2 105 | 42.2 | 40.9 123 | 62.5 | 90 278.6 Tesltcd 1_to com-
plete fracture.
Extended 9.5% at 250° 110 28.8 | Load added in | 2,100 | 1.2t03.03 | 37.7t041.9 | 3.03 41.9 40.7 5| 685 86. 2 208. 6 Do.
F. with ultimate of increments
16,000 psi. Tempera- of 1,600 or
ture changed to 110° 3,200 . psi.
F. at 4,062 hr. Loading time
g S 0
2,756 hr.
Initially as annealed.__.| 250 16.0 | 3,200 psi/hr_____| 0.44 | 1103 to 2472 | 8.34 to 8.94 2,472 | 8.94 | 8.19 17.4 | Test sdtopped in
second stage.
15 [0 I e S 250 16.0 | Applied in- 0.43 | 1103 to 2472 | 8.43 t0 9.01 2,472 | 9.01 8.34 17.5 Do.
stantane-
ously.
14.3 23 to 123 | 10.9 to 12.6
1.6 791 to 1679 | 15.1 to 16.5
1 Do N L G 250 | 19.2 | 3,200 psi/hr_____ N Gl e O RSV Dt N [Nl IR Comayd Bl tic 3 s et “Cahwaton] PR Lt Test still in
1.43 | 1679 to 2541 progress.
D 9.2 | 3,200 psijwk 197 |74 to 3607 Test stopped
DL IERIC o s el 250 | 19. ,200 psi/wk____|f 1. ' 774 to 1677 Test stopped in
{ 1.55 | 1677 to 2541 2 B L0 2 s on i thes,
Extended 8.94% at 250° | 250 | 19.2 | 3,200 psi ap- | 1.67 | 789 to 1679 1,679 | 16.54 | 14.2 22.4 Do.
F. with ultimate of plied instan-
%16,000 psi for 2472 taneously.
o3
Extended 9;70 I§n tensile | 250 | 19.2 | 3,200 psi/hr.____ 716817 00550:2200% 1058 oI 20BN { BT SRSy 7 P e ins 2 700816 DR ETHED 21T Do.
test at 80° F.
Initially as annealed..__| 250 | 22.4 | 3,200 psi/hr_.____| 10.1 312t01248 | 25.5t035.7 | 1,248 | 35.7 | 30.0 | 1,824 | 48.9 | 34.3 34.1 Te;‘t stgppedbin
stage be-
fore complete
fracture.
Extended 189, at 250° | 250 | 22.4 | 3,200 psiadded | 37.8 170 to 369 | 32.1 to 39.6 369 | 39.6 | 31.4 483 | 47.3 | 40.5 37.6 Do.
F. in 3,381 hr. with instantane-
ultimate of 19,200 psi. ously.
Initially as annealed.___| 250 | 24.0 | 3,200 psi/hr.____{130 31to134 | 27.9 to41.2 134 | 41.2 | 33.9 168 | 59.4 | 78.7 | 112.4 'I‘es]tetd fto tcom-
plete fracture.

DYoL Bl Hes e e 300 | 19.2 | 3,200 psi/hr.____| 8.3 | 200 to 990 | 18.9 to 25.4 990 [ 25.4 | 24.1 (1,522 |36.5 |33 28.8 Do.

Extended 16.5%, at 250° 300 19.2 | Temperature 8.3 330 to 835 | 21.2to 25.4 835 25.4 24.1 | 1,332 | 36.5 33 28.8 Do.
F. in 4,050 hr. with change only,
ultimates of 16,000 with load on
and 19,200 psi. specimen.

Initially as annealed__._| 300 | 20.8 | 3,200 psi/hr..___| 36.4 8010335 | 22.1t031.4 335 | 31.4| 27.5 439 | 46 46.7 39 Do.

)




III. Results and Discussion

1. Influence of Temperature, Stress, and Rate of
Loading on Plastic Extension in First Stage of
Creep

The experimental results are summarized 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. Except
for the specimen extended at 80° F (room tempera-
ture) at a rate of 6X10* 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° I was due partially to the higher strain rate
used; an increase in strain rate and decrease in test
temperature both tend to increase 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 curve, for a specimen initially
extended 9 percent in tension at room temperature
before heating at 250° F 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 increases 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 application 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 instantaneous* to increments of 3,200 psi/hr
(standard), but the elongation obtained with 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 psi/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 curve of the speci-
mens loaded at the standard rate; the stress-strain
curves as reproduced for these two specimens either
coincide or cross at several points due to the change
in plastic extension with increase in time from 1 hr
to 1 week at a constant load. At a stress of 19,200
psi, the plastic extension (after 1 hr) of the specimen
loaded 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 specimen 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° K (load not changed); the test was then con-
tinued for 236 hr at 110° F (less than 0.1-percent
increase 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-
gion corresponding to the higher range in stress.
Thus 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 stages, the
duration of these stages, and ductility at fracture
(table 1).

The results presented in a previous investigation
[8] 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

¢ The term ‘‘instantaneous’” is used to designate the rate of loading in which
the load was applied gradually over a period of about 30 sec.
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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
at room temperature, intermediate in the specimen
loaded at 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
-ate occurred in the specimen loaded 3,200 psi/week.
At 300° F, the average creep rates in the second
stage and the extensions both at the beginning of
the third stage and at complete fracture were alike
for specimens either loaded slowly (allowed to creep
at 250° F before increasing the test temperature) or
at the standard rate, but the total time required to
reach the third stage and fracture was greater for
the specimen loaded at the standard (faster) rate.

At an ultimate stress of 22,400 psi (fig. 8), the
average creep rate 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° K and then mereasing
the load to 25,600 psiin 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° F and at 110° F
with lower stresses before applying the ultimate.

The extension-time curve for a 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
consists 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 cyclic manner over
an appreciable range as is illustrated by the course of
the creep rate-time curve given in the upper part
of the figure. KEven 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 tension in creep, the test
conditions and prior mechanical history affected the
amplitude and frequency of the cycles or discontinui-
ties. For example, the cycles are quite prominent
in both the first and second stages for the test condi-
tions as given in figure 9. Cycling 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 tested at a creep rate of 2,100
percent per 1,000 hr. The two specimens differed in
strain history, which affected the creep rates. It
should be pointed out that some cycling or irregu-
larity did occur for each of these conditions, however,
the eycling 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
1s 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 creep 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 mecrease in both stress and temperature.

As is illustrated in figure 13, the observed trend
was for the amplitude of the creep rate-plastic
extension cycles in the second stage to decrease with
an increase in both the strain rate (constant tem-
perature) and the temperature (constant strain rate).
A significant feature is that at a constant tempera-
ture, the beginning of this prominent cycling effect
was shifted to lower strain values as 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 cycling 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 creep
in tension must account for this variation in strain
rate with time or plastic extension.

3. Influence of Prior 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
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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 a specimen
tested at 250° F with an ultimate stress of 16,000 psi
is given in figure 14. After the specimen 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 changed), 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
stress was momentarily increased (position D) on
curve); thereafter the specimen continued to creep
under the original load. Although the specimen
contracted plastically about 0.07 percent during the
cycle of unloading and reloading, and extended
plastically about 0.06 percent as a result of the
momentary 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
ficure 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 stress. 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 contracted 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° F 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 ranged 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
straight 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 creep
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 specimens 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 tested 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
on Room Temperature Tensile and Hardness
Values

The effect of plastic extension in creep 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 total deformation)
for 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
in 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° F is not manifested in the
shape of the flow curves in this range of stress. The
true stress-strain 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 creep 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 creep 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 ereep.
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 initially annealed specimens (R,=34) increased
markedly with inerease in plastic deformation to the
third stage of creep (20 to 30 percent reduction of
area, tablo 1); thereafter the induced hardness varied
w1th the amount of deformation, temperature of
deformation, and strain rate. Of the two specimens
tested at 300° I, 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 value 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 a 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 creep
at 300° F. In 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 decrease 1n temperature.
At sufficiently high strain rates and low temperatures,
considerable necking occurred (fig. 21, A, B, and ()
and the fractures were essentially transcrystalline
(fig. 22, B, C, and D), but with relatively slow strain
rates and high temperatures no appreciable necking
occurred (fig. 21, D, E, and F) and the fractures were
predominantly mtm(lvsmllmo (fig. 22, E and F).
In the specimens that fractured in a transmystalhne
manner (fie. 22, B and (), cracking was confined
principally to the region of ('omplctg fracture, whereas
in the specimens that fractured in an inter mystalhne
manner (fig. 22, /£ and F) numerous cracks (general
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 frac-
ture appeared to be partly intercrystalline but pre-
dominantly transerystalline (fig. 22, D).

The tendency for a specimen to disintegrate as

plastic deformation by creep proceeds to 1ntercrystal-
line rupture is illustrated by a 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.  Similar conditions were observed
in another specimen 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 b(\glnnmg of the third stage of creep was
detected 10 two other specimens tested at a lower
temperature (250° F) and different strain rates (fig.
23, O and D). The creep tests of the latter two
specimens were terminated during the third stage
before complete fracture, but one specimen was sub-
sequently fractured at 80° F.

Ouly a few 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° K (fig. 23, D).
Although these cracks were located principally in the
interior of the specimen in the vicinity of its axis, a
few cracks were also located at the surface (fig. 23,
). The surface cracks (not detected at a magni-
fication of about 25 diameters) were invisible at the
end of the creep test. As previously shown (fig. 19),
the true stress-strain curve at 80° ¥ 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 cracks at the
termination of the creep test.

It is evident, therefore, 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 dimeansions are not a pre-
requisite for the initiation of the third stage of creep
in high-purity copper.

Baeyertz, Craig, and Bumps [10] reported the pres-
ence of discontinuous 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]
observed microcracks near the fracture of mild steel
plates. Jaffee and coauthors [11] were of the opinion
that brittle transgranular fracture of polycrystalline
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
microcracks that link up subsequently.

In some cases, cracking leading eventually to com-
plete fracture was initiated at the axis of specimens
tested in tension, whereas in other specimens cracking
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 cracks
(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, E). In such fail-
ures, appreciable necking occurs and the ‘“so-called
breaking or fracture stress” is usually considerably
higher than the true-fracture stress (fig. 19) due to the
“rim effect.”

Microcracking was confined to the immediate
vicinity of complete fracture of another specimen,
which was extended 9 percent in tension at 80° F
prior to testing into the second stage of creep at 250°
F (additional extension of 7%) and finally fracturing
at 80° F (fig. 23, F). As considerable necking with
its accompanying rim occurred and the fracture was
transcrystalline, it is believed that cracking was
initiated near the axis of the specimen and not at its
surface. Thatis, 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, C, D; 25, C, D, E), but evidently cracking sub-
sequently commenced in the interior (fig. 25, F); the
numerous small cracks observed 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 occurs, and the path of the fracture is predomi-
nantly intercrystalline.

Wilms and Wood [13] described a mechanism by
which metals deform at normal and elevated tem-
peratures. At normal 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”, can 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 creep at different temperatures are
shown 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, strain rate, and temper-
ature. Relatively high strain rates and low tem-
peratures both 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 is also evident by the presence of a sub-
structure that appears to be numerous ecrystals 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
merease with increase in test temperature and
decrease in strain rate.

In a study of the changes in microstructure of
single and polycrystalline aluminum plastically de-
formed at different temperatures and 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 polycrystalline specimens, the slip bands
without marked changes at the grain boundaries,
were observed when the specimens were strained at
relatively high rates and low temperature (ordinary
tension at 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 intererystalline without necking.

Strain markings were quite prominent in all of the
copper specimens carried to complete fracture, regard .
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 incipient
cracking, as is illustrated in figure 27, A, for a 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 various
temperatures and strain rates on initially bright
annealed oxygen-free high-conductivity (OFHC)
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.  Metallographic 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

160



of plastic deformation and creep 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 in a cyclic
manner. The trend was for the amplitude of these
cycles to decrease with increase in both stress and
temperature.

In some cases, 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 cracks were nucleated and
the course of their propagation were affected by the
test conditions. Cracking started at or near the
axis 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 numerous small cracks were 11%0 nucleated in
its interior, principally in the parent grain boundaries.
Complete luptuxo occurred in this specimen without
appreciable necking 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 fracture 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
making many of the measurements of creep.
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tensile properties at room temperature of initially annealed copper.

| RATE OF LOADING-3200 PSI PER HR
LI

L0G-L06

T
no° F

@
2
o
2
2
n
°
8
8
3 (e |
- T
: i
: 28
s semi-Los 1IH |
26 — =T
g ‘ [T \ ;
24 ] | |
I ]
22 L L ‘1
20 I d 309519 | |||
v = ar” H
18 §
If
16 4 | 11
ol 1 10 100 1000
CREEP RATE-PERCENT PER 1000 HR
Ficure 17. Relation between mnominal

stress and creep rate at different tempera-
tures.

The creep rate is the average value obtained during the
second stage.
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Ficure 18. Influence of creep rate on ductility at different
temperatures.

The creep rate is the average value obtained during the second stage.
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Fiaure 21.  Specimens after fracturing at different temperatures and rates; X 1.

| Test
| tion
Temper- | Strain in 2 in.

ature | rate f
|

Elonga- ‘ Reduc-

tion
of area

°F 911,000 hr} %

80| 60,000 51.0
110 165 | 625

250 | 130 59.4

167

Test
Elonga- | Redue-
tion tion
Temper- | Strain in 2in. of area
ature rate
°F |%]/1,000 hr %0 %

300 36. 4 46.0 47
300 8.3 36.5 29
300 8.3 36.5 29




Fraure 22. Grain size of annealed copper and structures at fracture of specimens
tested at different temperatures and rates.

Longitudinal sections etched in equal parts NH{OH and H:O

1 Test

| | Elonga- | Reduec-

| | tionin | tion of Remarks
SRR Strain | 2in. | area

Temperature rate, ;

s e

| s ) 000 hr % [ %

: B S et e | } |--eeo——_____| X75; as annealed; 0.025-mm
| | [ diam of average grain.
80 | 60,000 51.0 | 88 | X100.
110 ‘ 165 ‘ 62. 5 90 | X100.
250 | 130 | 59. 4 79 | X100.
300 36. 46.0 ‘ 47 | X100.
300 8.8 36.5 29 | X100.




Ficure 23.

Effect of temperature, rate, and plastic deformation on microcracking.

Longitudinal sections near axis of specimen, except as indicated. etched in equal parts of NHsOH and H03(3%). Original

magnification, X100 (reduced one-tenth in reproduction).

/0

Test
Remarks
Temper- Ntrai g
atira Strain rate
S %%/1,000 hr
300 8.3 | Structure 0.05 in. from complete fracture. Structure at fracture is shown in fig.
300 8.3 Sanfe specimen as above, structure at deformation corresponding to the beginning
of third stage.
250 { 1. 5(a) | (a) 19,200 psi for 2,540 hr; (b) 22,400 psi for 483 hr; stopped in third stage; structure
3 37.8(b) at deformation corresponding to the beginning of third stage.
250 10.1 | Stopped in third stage; fractured at room temperature; structure at deformation
corresponding to the beginning of third stage.
250 10.1 | Same specimen as above; structure at surface 0.05 in. from complete fracture.
250 1.15

Extended 9% at room temperature; 19,200 psi at 250° F for 2,700 hr; stopped in
second stage and then fractured at room temperature; structure at complete
fracture.
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Fraure 24. Photographs and radiograph of specimens after testing at different temperatures and rates.

Test |
i Remarks
Tempera- :

e Strain rate i
°F %/1,000 hr

80 60,000 | Photograph, X1.

80 60,000 | Radiograph of above specimen, indicating the presence of a crack in the necked section.

1.5 (a)
250

37.8 (b) }(a) 19,200 psi for 2,540 hr; (b) 22,400 psi for 483 hr; photograph X1.

1.5 | Photograph, X10 of above specimen showing the presence of a crack at the surface of the necked
37.8 section.
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Ficure 25.

Effect of testing conditions on the initiation of microcracks.

Longitudinal sections, A, B, E, and F etched in equal parts NH;OH and H:0: (3%), C and D unetched. Original magnification,

X100 (reduced one-tenth in reproduction).

Test
Remarks
Tempera- Strain
ture rate
°F %/1,000 hr
80 60,000 | Structure at the axis of necked section of specimen shown in fig. 24, A and B.
80 60,000 | Structure at the surface of the necked section of above specimen.
5
250 { 3.},,2 }Structuro at the surface of necked section of specimen shown in fig. 24, Cand D.
250 { 3.1,g }Same as C, except that the surfaces are diametrically opposite.
250 { 3%:3 }Same section as C, after etching.
250 { 3;2 }Same section as C, structure at the axis of the specimen.
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Ficure 26. Effect of testing conditions on the structure of copper initially as

e

annealed.

Longitudinal sections etched in 3.5 parts glacial acetic acid, 4.5 parts nitric acid (cone.), and 2 parts absolute alcohol, X750.

Test |

Remarks
Tempera- Strain
ture rate

As annealed.
SLruIc)ture near axis of specimen (.10 in. from position of complete fracture.
0.

Do.
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Longitudinal sections etched in 3.5 parts glacial acetic acid and 4.5 parts nitric acid (conc.), and 2 parts absolute alcohol, X750.

Test J
T i Remarks
Tempera- Strain
ture rate

K %/1,000 hr
)

300 36.4 | Structure near axis of specimen 0.10 in. from position of complete fracture.
300 8.3 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 describes the purification and determination of freezing points and purity
of the following 29 hydrocarbons of the API-Standard and API-NBS series: 2,2,4,6,6-
pentamethylheptane; 1,1,2-trimethyleyclopropane; cis-2-hexene; cis-3-hexene; 2-methyl-1-
pentene; 4-methyl-1-pentene; 3-methyl-trans-2-pentene; 4-methyl-cis-2-pentene; 4-methyl
trans-2-pentene; 4,4-dimethyl-1-pentene; 4,4-dimethyl-trans-2-pentene; 2,3,3-trimethyl-1-
butene; trans-4-octene; l-nonene; l-decene; l-undecene; 1,3-butadiene;l,2-pentadiene;
1,cis-3-pentadiene; 1,trans-3-pentadiene; 1,4-pentadiene; 2,3-pentadiene; 2-methyl-1,3-buta-
diene (isoprene); 1,5-hexadiene; 2,3-dimethyi-1,3-butadiene; 4-ethenyl-1-cyclohexene-
(4-vinyl-1-cvclohexene) ; cis-decahydronaphthalene; trans-decahydronaphthalene; 2,3-dihy-
droindene (indan).
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