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SULLIARY

This paper presents the results of long-time creep
tests conducted on non-ferrous alloys of the copper-zinc,
copper-zinc-tin, and nickel-copner series; 2t temperatures
both above and below thelr lowest recrystallization tempera-
ture. Certain of the mate:rlals investigated were of identical
chemical composition, but varised in gruin size.

The results nresented indicate the creep character-
istics to be greatly influenced by the recerystallization tem-
perature and by the grain size. It is shown that not only is
there a sharp decrease in a metal's ability to resist creep
as the recrystallization temperature is passed, but also there
i1s a change in the nature of the creep churacteristies. At
temperatures below this temperature, metals are able to resist
stresses of appreciable magnitude without measurable continuous
~creep, while at temperatures above, aporecisble continuous
creep occurs under the stresses used with a probability that
continuous creep would occur at any stress.

Grain size and recrystallization tauperature have
been found to be so related that at temneratures below the
lowest recrystallization temperature, fine-grained materials
offer the greater crecp resistance, while st temperatures above,
the coaerse-grained material is supgrior. These findings support
the hypotheses previously advanced by the authorsl regarding

the effect of grain size on a metal's ‘ich-temperature stability.

1. C. L. Clark and A. I, “"hite "The Stability of “etals at Ileve
ated Temperatures" “ngineering Research Bulletin No. 11,
Dept. “ng. Research, University of '“ichigan, Yov. 1928,
ppo 68"720



INFLUENCE OF RECEYSTALLIZATICN TELTPERATURE
LND GRAIN ZIZE ON 1HE CREET CHARACTERISTICS

OF NON-FERROUS ALLOYS

During the vest severcl years considerable time
‘and effort have been expended by meny investigetors, both
in this country end abroad, in the determine tion of the
creep éharacteristics of meny metels end alloys et eleveted
temperatures.,

A lerge shere of this work, however, has consisted
meinly in theiprocurement of numericel creqp'data on reany
nmetallic meteriels et various temveratures. ihile a great
need still exists for additional informetion of this type,
it is felt that more gttention should now be given to the
verious factors wﬁich influence the créep or flow of metals
and alloys at the higher temperetures. This is especially
necessary if the demands of industry &are td be met for alloys
of superior creep resistance at ever increasing temperatures.
It is true thet zlloys h:ve ;lready been develored which show
promise of outstending creep resistence, but the mejority éf
these have been produced by rore or less hephazard methods,
Refore alloys cen be develovred for this purpose on e truly
scientific bssis, more will have to be known of the influence

of the various factors which affect or influence creep.



While there are a large number of factors which
may influence the creep characteristics of metallic materials,
those which afe believed to be of the greatest importance are:
(1) chemical composition, (2) ’heat treatment, (3) recrystal-
lization temperature, (4) grain size, (5) method of manufac-
ture, (6) testing procedure. Many of the above factors are
overlapping and it is difficult to consider one without one
or more of the others. sspecially is this true of the re-
crystallization‘temperature and chemicel composition, and to
a somewhat lesser extent of grain size and heat treatment.
During the course of a general investigation as to
creep charactefistics of a number or‘selected non-ferrous
alloys, data were obtained bearing upon the effects of'recr&s-
'tallizétion temperature and grain size. This paper is accord-
ingly written for the purpose of setting forth the findings

of these two factors.

INFLUENCE OF RECRYSTALLIZATION TEMPERATURE

The authors are of the opinion that the recrystal-
lization temperature of a metal is one of the outstanding
factors in determining & metal's creep characteristics. Every
metéllurgist knows that every metal has a recrystallization
temperature and that usually the temperature of recrystallization
of a given metal is different from that of any other metal.

Also, in the same meteal, the recrystallization temperature is



affected by (1) the amount of deformation, (2) the size of
the greins prior to deformation, (3) the purity of the metal,
(4) the temperature at which the deformation was éffected, and
(5) the length of time at heat.

From the above factors producing a variastion in
temperature, it is readily aeppreciated that an expression
such as "recrystallization temperature” does not in itself
make possible one single temperature for any one metal. As
a matter of fact, it may be better to think of the recrystal-
lizetion tempereture es a temperature range, rather than as
a single temperature. In this paper the term will be used to
designate the lowest recrystallizetion tempersture which has
been,designated by Jeffries énd Archer as the equi-cohesive
temperature. _

Meny claim that a metal's ability to~recrystallize
is merely a function of time and, provided sufficient time is
allowed, complete recrystallization will occur at any tempera-
ture. Whether or not this cleim is correct, any statements the
authors mey make will appiy, even under this hypothesig, by
insertiﬁg the word rapparent" before "lowest recrystallization

temperature.”

Materials Employed.

Several non-ferrous alloys were employed for this

study, the compositions of which are given in lable 1.



The alloys belong to either the copper-zine, the
copper-zinc-tin, or the nickel-copper series. In the copper-
zinc alloys, the amount of copper varied from 85.00 to 60.21
per cent, while in the copper-zinc alloys, the amount of
this element varied from 77.28 to 58.79 per cent. Only one
alloy of the nickel-copper series was considered and that was
Monel metal.

All of these materials except two were examined in
the hot-rolled condition. The two exceptions were the 70-30
brass and the 70-29-1 Admiralty metal, both of which were
given a final cold draw of 1/8 of an inch on a final diameter
of 2/4 of an inch. |

The materials were all secured from commercial firms,

| the sources being given in Table 1.
Procedure.

The experimental work consisted in detérmining the
lowest temperature of recrystallization and in conducting
long~-time creep tests at temperatures both above and below the
lowest tempgrature of recrystallization. The short-time tensile
properties of these materials were also determined at elevated
temperatures but these results, as well as certain of the creep

- 2
results, have already been presented.

2. C. L. Clark end A. E, White: "Properties of Non-Ferrous
Alloys at Elevated Temperatures,” Fuels and Steam Power,
Trans., A.S.M.E., Vol. 52, No. 8, pp. 183-192, 1931.
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For the determinetion of the lowest temperature of
reorystallizetion, specimens of eech alloy were severely cold-
worked, after which they were subjected to tempering at
various tempereatures. They were meintained.at«temperature for
100 hours, hardness reudings being taken before and ufter the
heating operetion. The temperature et which a sherp decrease
in hardness wss obtained was designated e&s the lowest tempera-
ture of reérystailization. The location of this temperature
was also checked by metallographic means.

The apparatus used in the long-time creep tests has
already béen described in the 11ternture.3 The procedure
consists in apvlying a fixed load and‘maintaining it constant
until either the flow conmes fo a complete stop, at leest within
the sensitivity of the apparatus, or until it has assumed =
steady rate for at least 200 hours. The load is then either
increased or decreased, depending on the emount of flow pre-

viously obtained.

Lovest Temperature of Recrystallization.

The results of the tests to deterﬁine the temnerature
of recrystallization are given in Tables 2 eand ¥, and typicsl
photomicrographs showing the effect of annealing at 402, 530
and €00°F., for 100 hours on the structure of cold-worked

77-22-1 alloy are given in Photomicrographs 1 through ",

s

. AT, Bhite, C.L. Clerk, and L. Thomassen: "An Apparetus for
the Determination of Creep at Elevated Temperatures'", Fuels
end Steeam Power, Trens., A.3.N.E., Vol. 52, No. 27,

pn. B47-351, 1921. , '
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The Monel metal has the highest recrystallization
range of any of‘the alloys'considered,land those remaining
fall into two groups. Those containing 70 per cent or more
of copper have a range above 400 and under 600°F., while
those containing 60 per cent of copper or less have a range
between 300 and 400°F.

4 Creep Results.

The reéults of the long-time creep tests are given in
Figures 1 through 2. Rather than include the large number of
time-elongation curves which have been obtained as a result
of the creep tests, the method shown in the figures has been
resorted to. This method is based on previous work which has
shown that, if the logarithm of the rate of creep be plotted
against the logarithm of the stress producing that deformation,
a straight-line relationship results, at least under certain
conditions.

This method allows a large number of results to be
presented in a condensed form. It also simplifies the inter-
pretation of the findings. For example, either the rate of
deformation corresponding to a given stress or the stress
corresponding to a given rate of deformation may be readily
determined.

Figure 1 gives the results of the creep tests on the
copper-zinc alioys using logarithmic plotting. It will be
observed that the points in all cases fallvon practically
straight lines and that these lines may be classified into

two groups with all the lines in any one group approximately
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parallel to each other. The 70-30 and 85-15 brass at 400°F.
and the 60-40 brass at 300°F. fall into one group, while the
other is composed of the 70-30 and 85-15 brass at 600°F. and
the 60-40 brass at 400°F, Referring to Table &, it 1s seen
that the lines with the smaller slope represent results
obtained at temperatures below the lowest recrystallization
témpefature, while the lines with the greater slope were
obtained at temperatures above the lowest:recrystallization
temperature.

In order to verify these findings, specimens of the
70-30 brass were subjected to metallographic examination in
the "as received™ condition and after heving been subjected
to the creep tests at‘460, 600, and 800°F. The results are
shown in Photomicrographs 8 through 1l1. From these it is
evident that no apparent structural change has ocourred during
the creep test at 400°F., even though this test lasted for
over 2000 hours, while at 600°F., considerable recrystallization
has occurred, and at 800°F. the recrystallization was not only
complete but some grain growth had occurred.

Figure 2 gives the corresponding creep test results
on the copper-zinc-tin alloys. Agein the points fall on
approximetely straight lines, and the lines may be divided
into two groupé depending on their slope. The lines with the
least slope give the results from the 70-29-1 and 77-22-1 alloys
at 400°F. and of the 59-40-1 alloy at 300°F., while the lines
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with the greater slope express the results obtained from

the 70-29-1 alloy at 600°F, and 800°F,, the 77-22-1 alloy
at 600°F,.,, and the 59-40-1 alloy at 400°F., From Table 3,
it 1s seen that, as before, this division is closely con-
nected with the recrystallization temperature.

The metallographic structures of the 70-29-1 alloy
"in the "as received" condition and after the creep tests,
shown in Photomicrographs 12 through 15, may, as in the case
of fhe 70-30 brass, be used to verify the above conclusions.
It is observed that the structure of the specimen subjected
to the creep test at 400°F, for over 2000 hours is essentielly
the same as that of the "as received" material, while the
specimens subjected tb the creep tests at 600 and 800°F, have
undergone recrystallization.

Figure 3 gives the results obtained from Monel metal
at the various temperatures. The same general conditions are
seen to exist as before. That is, the points fall on approxi-
mately straight lines, and the slope of the lines vary, depend-
ing on whether the temperature c;nsidered is above or below
the lowest recrystallization temperature.

The data given in theSe three figures are presented
in Table 4. Attention is directed to the sharp chamge ih the
slope of the line expressing the logarithmic relationship
between the stress and the rate of creep produced Ey that stress

as the recrystallization temperature is passed. Above
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this tempereture range, the slope of the line is very much
greater than it is below this temperature reange.

The authors are aware of a statement previously
made to the effect that logarithmic plotting of the tyﬁe
herein used produced parallel lines for a large number of
materials over a wide range of temperastures. The results
now given appear to indicate that such may not always be the
case, and it is believed the above statement wes based large-
ly on results from materials which were all tested either
above or below their lowest recrystallization temperature.

In féct, the results included'here lend further support to
this latter supposition, for the logarithmic lineé express-
ing the results from all the materials, that is, the Monel
metal, the copper-zinc, and the copper-zinc-tin alloys, at
temperatures below their lowest recrystgllizat;on tempera-

" ture, were approximately parailel. For temperetures above the
lowest recrystallizetion temperature, a similar parallelism
does not exist with the different materials, While the

lines for the copper-zinc and Monel metal are approximately
parallel, those for certain of the copper-zinc-tin alloys have
é decidedly smaller slope. This may be accounted for by the
fact that the temperatures at which these latter alloys were
tested were not so far above the lowest recrystallization

temperature as was true for the other two classes of materials.
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Again, were the creep-stress lines for the metals
herein considered which were tested at temperatures above
the equicbhesive temperature extrapolated to any considerable
amount they would cross the extrapolated cresp-stress lines
for the same metals when tested at temperatures below the
equicohesive temperature. This would produce an apparent
parodox in that it would reverse ail of the present day ac-
cepted metallurgical facts to the effect that, for a given |
metal, under a given stress the rate of creep is the higher
the higher the temperature. One, however, is not Justified
in extrapolating too far for two radicelly different types
of phenomena are taking place.

In the case of the alloys tested above the equi-
cohesive temperature flow taking place in the metal is large-
ly plestic in character. 1In time, therefore, thé creep-stress
line would flatten out because of the reduction of cross sec-
tion of the metal and approach one of the stress lines as an
asymptote. In the case of the alloys tested below the equi-
cohesive temperature much elastic as well as possibly some
plastic deformation is occurrins. This elastic deformation
results in the strain hardening of the metal. This in time
would tend to decreese the rate of creep. The slopes of the
crecp~stress lines therefore would not tend to become less

until a marked reduction of area had occurred.
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In no case would it seem advisable to extrapolats
to a value in which the rate of cre=p for 1000 hours exceeded
ten (10) per cent, because by so doing the amount of reduc-
tion which the metals would suffer would be sufficient to
change the conditions. Up to some such value, however, the
data presented and the resultaﬁt.findings seemed apparently
to hold.

Another change, in addition to the change of slopev
of the logarithmic lines, occurs as the lowest tempsrature
of recrystallization is passed, that is, a change in the
creep characteristics themselves,

'The authors have always believed that as long as
a metal was subjected to stresses below a certain fixed max-
imum at temperaturss below their lowest température of re-
crystallization sufficient strain hardening would occur to
gtqp ahy measurable creep, or continuous deformation, and,
likéwise, if the temperature consideréd was above the lowest
recrystéllization temperature, then continuous measurable
deformation would occur under éractically any stress, regard-
less of its magnitude.

The results obtained support this hypothesis.. Re-
ferring to Table 5, it is seén that with the 70-30, the 70-29-1,
the 85-1%5, and the 77-22-1 alloys appreciable stresses were
withstood at 400°F. with no continuous measurable flow; at

least within the sensitivity of the apparatus employed, while>
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at 600°F., continuous flow was obtained with each of these
alloys with the smallest stresses employed.

Likewise, with the 60-40 and the 59-40-1 alloys
continuous measurable flow was not obtained at 300°F. with
certain of the stresses used, but was obtained in all cases
for all of the stresses used at 400°F,

%ith the Monel metal, continuous measurable flow
was not obtained with all the stresses until a temperature
of 800°F. had been passed.

If the limiting temoeratures for each alloy, below
which a definite stress is required to produce continuous
creep and above which continuous ecreep is obtained with the
smallest stresées emnloyed, be compared with the respective
lowest recrystallization temperatures as given in Table 3,
good agreement will be seen to exist.

These results, therefore, do lend support to the

hypothesis that continuous flow occurs under any stress, what-

soever, 2t temperatures above the lowest-recrystallization tem-

perature, while at those below, stressses of definite magnitude

are required to produce continuous measurable CIreep.

Some may question whether flow actually comes to a
stop or whether it is occurrine st such a small rate that the
measuring apparatus is not sufficiently sensitive to detect it.

Such a question 1s, of course, difficult, if not impossible,
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to answer. Our present measuring system is sensitive to
2.3 millionths of an inch, and even if it were canable of
reading to one-hundredth or even one-thousandth of this
value, a similar question could still be raised. On the
basis of the results obtained, and from theoretical consid-
erations, however, it 1s felt that the above conclusions
regarding the influence of lowestlrecrystallization temper-
ature on creep characteristics are valid.

It 1s interesting to consider further the stress
necessary to produce continuous defomation at temperatures
Just below the lowest recrystallizétion temperature. Again
referring to Table 5, it is observed that in every case ex-
cept one this stress is related to the carefully de termined
proportiohal~lim1t value at the corresponding temperature.

The one exeeption is the cold-worked 70-29-1 alloy. With
this latter alloy the proportionsl-limit value is considef-
ably above the apparent limiting creep value. This is prob-
ably due to the proﬁortional-limit velue having been increased
by the cold-working to which this material was initiaily sub-
Jected,

It therefore appears that at temperatures just below
the recrystallization temperature, carefully determined PIO~-
portional-limit values may be é measure of a metal's resist-
ance to continuous creep, if it is not in a cold-worked condi-

tion.
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GRAIN SIZE

Many conflicting statements have been made regard-
ing the effect of grain size upon a metal's high-temperature
strength characteristics, and very little experihental data
have been offered to support these statements.

Purely from a theoretical viewpoint, grain size
should play an important part in a metal's creep character-
istiés. Ip is well known that at room temperature, fracture
resulting from tension, and thus the greatest share of defor-
mation ocours through the grains.5 In other words, at these
temperatures the material surrounding the grains, or the
grain boundaries, 1is stronger and more able to withstand
deformation than the grains themselves, and therefore, a
fine-grained material will vnossess the greater strength be-
cauSa of the greatef relative amount of grain boundaries
present.

As the temperature is increased, however, the mat-
erial surrounding the grains, or the grain boundaries, weakens
at a more rapid rate than the cfystals, and a temperature is
soon reached at which fracture proceeds around, rather than
through, the grains.6 At these tanperafures, a coarse-grained
material will possess the greatest strength because of the pres-

ence of a larger amount of the stronger phase, the crystalline.

5. A.E. White and R. Schneidewind: "Fractures in Boiler Metal",
Fuels and Steam Power, Trans., A.S.M.E., Vol. 53, No. 8,
pp. 193-214, 1931. ’

6., W. Rosenhain: "The Plastic Deformation and Fracture of Metals",
The Engineer, Oct. 14, pp. 422-3, 1927.
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There is still considerable question as to the
location of this apparently critical temperature. .The
authors believe that this temperature is the lowest-tempera-
ture of recrfstallization, or the equicohesive temperature.
They also advance the suggestion that the following two
conditions exist, depending on what temperatures are under
consideration.

‘l. That at temperatures below the lowest tempera-
ture of recrystallization, a fine-grained material possesses
the greater creep resistance.

2., That at temperatures above the lowest recry-
stallization temperature, a coarse~-grained materiasl possesses

the éreater creep resistance.

Materials and Procedure.

Two non-ferrous alloys of the copper-zinc-tin series,
each of which had been treated to produce two different grain
sizes, were used for this investigation. Their chemical compo-
sition and grain size are given in Table 6. Their metallo-
graphic structures are also shown 1h~Photom1crographs 186
through 19.

The non-ferrous alloys were gsed because of the
ease with which it was possible to obtain a relatively great
variation in grain size. The results obtaimed, however, are

believed to be applicable to any metal or alloy.



2l.

G¥0°0 e3°0 3L° 8% 80°09
G30°0 38°0 2y 0% 84° 88
G%0°0 30°T1 LL° 12 ¥2°LL
020°0 81°1 19°12 92" Ld
- ug a7 no
8Z1< UTBIY uotr11sodmo) T8OTMAYD

T1-0%-63 ¥3-d
T-0%-6G -4
T1-33~4L4L 0g-%
1-32-4L4 2-d
T8130948% Jo odAl uolj8UBISa(g

' 92TS ursIn JuTLIsA Y3t sLOTTV Snolxef-uoN JO uorq Fsodmo) TBOTWOYD

9 oT1qslL



22.

The tests conducted on these materials were long-
time creep tests at temperatures both below and above their
lowest recrystallization temperature. The procedure used
in these tests 15 the same as that mentioned previouély in

this paper.

Resul ts.

The results of the creep tests are given in Figure
4. As before, the logarithmic system of plotting is used,
that is, the logarithm of the rate of creep is plotted against
the stress producing it.

At 400°F., the fine-grained 77-22-1 material is more
resistant to continuous creep than the coarse-grained material,
and at 600°F., the coarse-grained alloy offers the greater
resistance, Since the lowsst temperature of recrystalliza-
tion of this material has been found to be between 500 and
600°F., Table 3, the hypothesis just advanced apvears to be
supported.

Likewise, with the 59-40-1 alloy, the fine-grained
material is the more resistant at 300°F., while the course-
grained material is superior at 400°F. Again, from Table 3,
this change 1s closely related to the lowest temperature of
recrystallization.

On the basis of the results obtained from both of

these alloys, it may be sald that at temperatures below the
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lowest temperature of recrystallization, fine-grained mat-
erials possess the greater creep resistance, while ot tem-
peoratures above, the coarse-grained material has the greatsr

recsistance to creep.

CONCLUSIONS

Crecp tests conducted on alloys of the copper-zine,
copver-zine-tin, and nickel-copper series at”temperatures bcth
agbove and below their lowest temperature of recrystallization;
and in certain cases in which a considerable variation in
grain size existed, 2llow the following genercl conclusions:

1. At temperatures helow the lowest temperature of
recrystallization, metals are capable of withstanding stresses
of appreciable magnitude without continuous deformation or creep;
at least within the sensitivity of the apparctus employed; and -
for those temperatures in the immediate neighborhood of the
lowest temperature of recrystallization, the limiting stress
below which continuous creep is not obtained, may in the case
of metels which have a stable structure under the given test-
iﬁg conditions, be the carefully determined proportional-lirit
value at the corresponding temperature.

2., At temperatures above the lowest temperature of
recrystallization, continuous creep appears to be obtained with
any stress, regardless of its magnitude,

. At temperatures below the lowest temperature, of

recrystallization, a fine-grained material possesses the greater
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crecp resistance, while at temperatures above, the coarse-
grained material offers the greater resistance to creep.

4, A change in the slbpe of the lines, resulting
from the logarithmic plotting of stress versus rate of creepn
produced by that stress, appears to occur as the lowest tem-
perature of recrystallization is passed. For the metals
tested all the lines expressing results obtained below this
temperature are approximﬁtely parallel, but their slope 1is
not as great as that of the lines obtained above the lowest
recrystallization temperature. 4t temperatures above this
apparently critical temperature, the corresponding lines are

not necessarily parallel.
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No. 1 77-22-1 Alloy No. 2 77-22-1 Alloy

Severely Cold- Severely Cold-
Worked. worked.

X75D 2.500D

o‘i-,.
No. & 77-22-1 #lloy

No. 4 77-22-1 Alloy

Severely Cold-
Worked. Drawn

100 hours =t 400°F,
Y78D

No Recrvstallization

Severely Cold-
Norked. Drawn

100 hours et 400°F.
X500D

No Recrystallization



" No.

5

79-22-1 Alloy

Severely Cold-

Worked. Drawn
100 hours at S5C0O°F.
X75D :

No Recrystallization.

77-22-1 Alloy
Severely Cold-
Wworked. Drawn

100 hours at 500°F.

X500D
No Recrystallization

No. 7

Worked.
100 hours at 600°F.

X755 D

77-.2-1 Alloy
Severely Cold-

Drawn

Recrystallization
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No. 8 70-30 Alloy No. 9
As Received
Condition
X78D

No. 10 70-30 Alloy No. 11
Creep specimen
et 600°F. Tested
for 1600 hours.
X75D

70-30 Alloy

Creep specimen

et 400°F. Tested
for 2000 hours.
X" 8D

70-30 tlloy

Creep specimen
et B00°F, Tested
for 500 hours.
X78D



No. 12 70-29-1 Alloy No,
As Received
Condition.

13

70-29-1 Alloy
Creep specimen

et 400°F, Tested
for 2000 hcurs.
X7 3D

No. 14 70-2¢-1 Alloy No.
Creep specimen
at 600°F, Tested
for 1600 hours.
X75D

70-29-1 Alloy
Creep specimen

et B800°F. Tested
for 1600 hours.
X75D



77-22-1 Alloy

As Received Con-
dition. Coerse
greined.

X7%D

59-40-1 Alloy
As Received Con-

dition. Coarse
greined.

X75D

RN

77-22-1 Alloy

As Received Con-
dition.
greined.,

X78D

e .
B
5¢-40-1 2lloy

As Received Con-

Fine

p. =

dition.
grained.
X75D

Fine
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