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ABSTRACT

Isothermal grain-growth data have been developed 
for alpha brasses containing 30%, 2 0 %, ,1 0 % and 5% zinc . 
and also for high-purity copper* Annealing temperatures 
used were 500°C, 600oC, and 700oCo Prom these data, 
values for the activation energies for grain growth have 
been determined as a function of composition to show that 
activation energy decreases with increasing zinc content* 
The data also indicate a time-temperature-composition de
pendence for secondary recrystallization, showing that, 
for. the times and temperatures used in this work, a min
imum zinc content of about 2 0 % is required to prevent 
secondary recrystallization * Also, secondary recrystal
lization occurs at shorter annealing times as the anneal
ing temperature is increased*

These results have been correlated with the more 
generally accepted theories of grain growth*



lo INTRODUCTION AND OBJECTIVES

The importance of grain-size control in metals is 
reflected by the numerous studies'which have been made on 
the grain-growth process in a variety of metals and alloys. 
One of the earliest of these studies’*" was reported in 1881 
when coId-worked zinc was observed to change in "molecular 
structure” when heated. The explanation of grain growth 
at that time was that cold working destroyed the crystal- 
linity of the metal and that the metal could recrystallize 
upon being heated. Since this early work there have been, 
numerous papers published presenting additional data and 
modifying previous grain-growth theories. Even today the 
exact mechanisms and processes are not completely known? 
but enough experimental data are available for a general 
agreement as to the nature of the process.

It has been shown that grain growth can be de-
2scribed by an equation of the general form:

D = ktn
where D is the average grain diameter after an annealing 
time t? and k and n are parameters which are constant dur
ing isothermal grain growth but vary with temperature.
This general form applies, in many cases, not only to pure 
metals but to certain solid solution alloys as well. The
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effects of alloy composition on the parameters k and n have 
been studied specifically in a few experiments ?2 ?3 9 4  

little information is available on the effect of progres
sive addition of alloying element over a complete solid- 
solubility rangeG Therefore, the object of the work pre
sented here was to study the effect of alloy content on

,

grain growth in a solid-solution alloy over a complete
range of solid solubility* Alpha brasses were chosen for
test material since zinc shows a wide range of solubility

5 6in copper and since several studies ’ had previously been 
performed on 70-30 brass indicating that it exhibits con
tinuous grain growth (uniform increase in grain size) and 
follows the general growth equation *

Also of interest was the affect of composition on 
"secondary recrystallization" or "discontinuous growth" as 
it is sometimes called* This form of growth is character
ized by a few grains in the matrix growing rapidly at the 
expense of neighboring grains and occurs sometime after 
primary recrystallization of a cold-worked material* High- 
purity copper has been observed to exhibit discontinuous 
growth, while 70-30 brass, as indicated above, Shows only 
continuous growth* Therefore, a second objective of this 
work was to determine the composition, in the range between 
0  and 30% zinc, at which the change from continuous to dis
continuous growth could be observed, .
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A third objective was to determine, from isothermal 

grain-growth data, the activation energies for grain growth 
as a function of composition»



2o THEORY OF GRAIN GROWTH

201 Mechanisms of Driving Force
Two different mechanisms have been proposed for the

1 3driving force for grain growth, 9 The first suggests that 
a certain amount of strain energy remains in recrystallized 
grains and that this residual energy differs from grain to 
grain, thus allowing the grains of low strain energy to 
grow at the expense of higher energy grains in order to 
decrease the total strain energy. It has been found that 
grain growth slows down as annealing time increases, as 
might be expected from a decrease in energy. The second 
mechanism is based on the suggestion that the primary driv
ing force is the interfacial energy of the grain boundaries. 
Thus, an increase in grain size results in a decrease in 
boundary area per unit volume and hence a decrease in 
energy.

Although many observations noted during grain 
growth may be explained by the residual strain-energy 
theory, it is now generally agreed that this is not the 
dominant mechanism. Experimental results most responsible 
for refuting the strain-energy theory are those that indi
cate that grain boundary melting stops grain growth,^ if 
the driving force was a difference in energy between
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adjacent grains, the liquid layer (grain boundary) would 
still permit grain growth to occur by the solution of the 
more-strained grains in the liquid and the redeposition of 
material from the liquid on the less-strained grains. It 
has, however, been suggested that partial melting might 
permit the release of strain near the crystal surface and 
thus stop growth. The effect of grain-boundary melting on 
grain growth can be explained by the surface-tension theory 
as follows: The driving force for grain growth due to
surface tension will be

where is the surface tension, V the atomic volume, and

which matter is transferred. For the case of solid grain 
boundaries:

and thus:

If melting occurs at the grain boundaries, r1 is not neces
sarily equal to -T2 and, in fact, r^ and ?2 maY have the
same sign resulting in

r^ and r^ are the radii of curvature of the grains between

Thus, the rate of growth can be greatly reduced.



A difficulty with this explanation, however, is that 
it is unlikely that the small amount of liquid present could 
result in all grains having convex surfaces as would be re
quired. Another interpretation which has been suggested"*"^ 
is that the liquid-solid interfaces produced have a mobili
ty much less than that of solid grain boundaries due to an 
absorbed layer.

2.2 Derivation of Growth Equation
Additional support for the interface-energy hypo

thesis is found in the observation^ that the equilibrium 
shapes of metal grains are identical with the shapes of 
cells in soap foam, thus indicating that surface tension in 
a soap foam can lead to cell growth that closely simulates 
grain growth in metals. It is possible to derive an ex
pression relating the size of the average cell in a soap 
froth to growth time by assuming that the rate of cell

12growth is proportional to the curvature of the cell walls. 
This assumption is valid since the boundaries move as a re
sult of gaseous diffusion caused by a pressure difference 
between the two sides of the soap film. This pressure dif
ference is proportional to the curvature of the boundary. 
Therefore,

3T  = KC

Where D is the mean cell diameter, C is the curvature of 
the cell walls, t is the time, and K is a proportionality
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constant. Assuming that the curvature of the average-sized
cell is inversely proportional to its diameter gives:

dD = K 
dt D

Integrating this equation:
2D = Kt + constant

If the average size, Dq , of the cell at time t = 0 is known,
then the constant of integration can be evaluated to give:

2 2 D -D0  = Kt

Further, if it is assumed that the initial grain size, Dq , 
is small compared to D , then

D 2  = Kt
or,

iD = kt.2

Although a number of assumptions have been made in the above
derivation, the results agree quite well with observed data.

The growth of grains in metals is closely analogous
to bubble growth in soap froth. However, the mechanism of
atom migration across metal grain boundaries is not as well
understood as the diffusion of gas molecules through the

13soap film walls. A generally-accepted theory is that 
atoms on a concave side of a crystal are more completely 
surrounded by neighboring atoms of their own crystal than 
are atoms on the convex side. Thus, the atoms are more 
stable on the concave side and when thermal energy causes



atom movement there will be a net flow of atoms to the more 
stable (concave) side. This flow, as for the soap cells, 
will be dependent upon the boundary curvature, and the net 
result will be a movement of the boundary towards its cen
ter of curvature.

Therefore, if metallic grain growth is assumed to 
be a result of surface energy and atom diffusion, a grain- 
growth law of a form similar to that for soap froth should 
be observed as:

D = kt?
Many of the experimental observations of isothermal grain 
growth support this relationship. The exponent n is, how
ever, in most cases, smaller than one-half as previously 
derived. It has further been shown that, in general, n is
not constant but is temperature dependent for a given metal

14or alloy. Recent work has shown that the small value of 
n may be due primarily to impurities and that growth in 
materials of very high purity approaches that derived for 
for the theoretical case.

Since atom diffusion is a simple activated process, 
it has been shown that the constant k should be given by

- q/rt
k = K eo

where Q is the heat of activation for the process, T is 
the absolute temperature, and R is the gas constant.
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Thus, the grain-growth law can be expressed as a function of 
both temperature and time by the following expression:

D2 -D0 2  = K 0te Q/rT

Much of the available isothermal grain-growth data does not 
support the above relationship since generally the rate of 
grain growth is temperature dependent and thus a constant 
value for Q is not indicated. However, it has been shown^ 
that 70-30 brass exhibits a continuous type of grain growth 
whose rate is independent of temperature for a temperature 
range of 450°C to 700°C.

Thus, from isothermal grain-growth data it is pos
sible to determine the effects of composition on the rates 
of grain growth and on the heats of activation for grain 
growth in substitional solid solutions.

It should be noted that all of the above results 
are derived with certain assumptions:^

1. The grain boundary mobility and interfacial 
free energy are constant throughout the grain-growth pro
cess.

2. Inclusions are absent or have no influence on 
boundary migration.

3. No driving force other than grain-boundary free 
energy is present.



10
In applying the results to actual grain-growth data, 

these limiting assumptions should be kept in mind and may 
explain departures from predicted results«

2e3 Secondary Recrystallization
All of the previous discussion has been confined to 

continuous grain growth where the grain size increases uni
formly after primary recrystallization0 Under some condi
tions, however, "secondary recrystallization" may occur in 
which, after primary recrystallization and a certain incu
bation period during grain growth, some grains begin to 
grow rapidly at the expense of neighboring grains giving a 
non-uniform grain-size distribution» The driving force 
appears to be grain-boundary surface tension as in ordinary 
grain growth, and kinetics of the reaction are similar to 
those for primary recrystallization» A necessary condition 
for secondary recrystallization is the inhibition of growth 
of primary grains during an incubation period and the sub
sequent release of certain grain boundaries after this per
iod e Two mechanisms for such an inhibition have been 
proposed:^ (1 ) effect of inclusions and ( 2 1  effect of
preferred orientation„

Depending on size and distribution, inclusions can 
result in only a slight slowing down of growth or, in some 
cases, a complete stoppage of growth indicating that ther
mal agitation is not sufficient to release boundaries under
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*1certain conditions0 Several investigations .have shown ' 

that discontinuous growth (secondary recrystallizatibn) 
occurs when growth-inhibiting inclusions are present, and 
that this growth occurs only at a temperature at which 
much of the second phase (inclusions) may go into solution 
and thus release boundaries«, Below this temperature little 
grain growth was observed.

Evidence'*"® is also available that indicates discon
tinuous growth is favored and occurs most rapidly when a
pronounced preferred crystal orientation exists. It has 

■ 10 •been suggested that the observed slow growth of recrystal-
lized grains in copper is due to the difficulty of migration
of grain boundaries between grains of nearly the same ori-

15entation. Data are available which show that the rela
tive grain-boundary tension increases as the misorientation 
between crystals increases, thus indicating that, for cer
tain annealing conditions, a minimum degree of misorienta
tion may be required to result in boundary migration„ It 
is therefore possible that, due to a certain degree of pre
ferred orientation, only a relatively small number of 
boundary sites have sufficient energy and can migrate.
This condition could result in the preferential growth of 
a few grains„

7Another theory proposes that the secondary grains 
are nucleated at the surface where atoms have the greatest 
freedom of motion, If the surface tension is lowered by a
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change in orientation which alters the distribution of sur
face atoms, then the corresponding decrease in energy could 
contribute to the driving force for nucleation* Such a . 
conversion occurs if twin boundaries are present, indicat
ing that the energies associated with the stacking faults 
existing at the twin boundaries are probably involved in 
the activation energy„ This theory then proposes that the 
most favored site for nucleation would be the intersection 
of a grain boundary, a twin boundary, and the surface*
Thus, imperfections would be discharged at the surface and 
the grain boundary region would disappear* Experimental 
observations show that the twin boundary remains but is 
reoriented*

The incubation period observed for isothermal re- 
.crystallization might therefore be explained as a reflec
tion of the improbability of the nucleation event occuring* 
Accordingly, few nuclei would form and large grains would 
consequently be developed. The observation that grain size 
decreases with increased heating rate can be interpreted as 
follows* The probability that a nucleus will form at any . 
given temperature depends on the time the sample is held 
at that temperature* On slow heating one nucleus might 
form at a relatively low temperature and the resulting 
grain grow quite large before other grains could be formed* 
On rapid heating there would not be as great a probability.
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for nucleation to occur at so low a temperature and also not 
so much growth time available prior to the formation of 
additional grains.

Consideration of this second theory leads to the 
implication that secondary recrystallization could be more 
easily achieved in a material of high rather than low 
stacking-fault energy. Thus, discontinuous growth would be 
predicted to occur more readily in copper and in brasses of 
low zinc content than in those of higher zinc content since 
stacking-fault energy decreases with increasing zinc con
tent. Support of this prediction can be found from obser
vations on aluminum which has a very high stacking-fault 
energy. Exaggerated growth occurs to such an extent that
single crystals of aluminum have been produced by this

7secondary recrystallization process.



3. TEST PROCEDURE

3 o1 Material
Material used for this investigation was from a 

series of special heats of high-purity alpha brasses and 
pure copper supplied by the Bridgeport Brass Company,, The 
material was in the form of strip 0*063 inches thick by 
two inches wide and was in the annealed condition» Table I 
summarizes, the chemical compositions of the as-received 
material*

3*2 Specimen Preparation
Samples of each composition were cold rolled to a

30 percent reduction in thickness? thus giving a final
thickness of about 0*044 inch, and were then cut into
specimens approximately one inch square* A series of
specimens of each composition was annealed at each of
three temperatures - 500°C, 600°C, and 700°C - to give, in
each case, isothermal grain-growth data extending from a
one-minute to a 625-minute anneal * All annealing was
carried out in salt pots with electrically-controlled
heaters which maintained the desired temperature to 

o±5 F* All specimens were water quenched immediately upon, 
removal from the salt bath*

14



303 Metallography
Bach annealed specimen was then sectioned, mounted, 

and polished so that areas both transverse and longitudinal 
to the final rolling direction could be examined micro
scopically. Prior to polishing, all longitudinal sections 
were ground down to almost the midpoint of the strip so 
that examination would be carried out in areas which were 
not affected by the surface condition of the specimen. The 
samples were then etched using a standard ammonium hydroxide 
hydrogen peroxide etchant, and average, grain sizes were 
determined by an intercept method which consisted of tra
versing sections of the specimen with a Pilar eyepiece at 
a suitable magnification and counting the number of grains 
passing under the cross hairs for a given distance trav
eled. Specimens-were traversed in two directions 90° to 
each othero A minimum of 2 0 0  grains was measured for each 
specimen by this method and the mean grain diameter was 
determined by division of the total distance traveled by 
the total number of grains crossed during the traverse„ 
Although this is not the most precise method of grain size 
determination, it is relatively rapid and was considered 
suitable in view of the large number of specimens to be 
examined. Also, the evaluation of the data does not de
pend as much on the accuracy of determining exact grain 
diametdrs as it does on the precision^df measurements since
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grain sizes are compared to each other rather than to a 
standard value, A check on precision, was made by duplica
ting the grain size determination on several specimens. 
Results showed that the second values determined differed 
from the.first by about 1 0 % at the most.



4o EXPERIMENTAL RESULTS

4.1 70-30 Brass
The isothermal grain-growth data determined for 

70-30 brass are presented in Fig, 1, The straight lines 
obtained when plotting log D against log t (as shown in 
Fig, 1 ) indicate that the data follow the growth equation

D = let11
since

log D = log k + n log t 
which is the straight-line equation for a plot of log D 
vs, log t with a slope equal to n. As can be seen from, 
the figuref the slopes of the lines (indicating growth 
rates) are essentially independent of temperature9 with 
n being equal to 0,250, 0,242, and 0,216 for annealing 
temperatures of 500°C, 600oC, and 7Q0°C, respectively,

4.2 80—20 Brass
Duplication of the annealing studies on 80-20 

brass gave the data presented in Fig, 2, Again, the data 
appear to follow the D = ktn relationship. The n values 
(slopes) for these lines are 0,146, 0,216, and 0,207,
respectively for annealing temperatures of 500°C, 600°C,

'

and 700 C, indicating that for annealing temperatures of

17
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600°C and 7-00°C the rate of grain growth was almost identi
cal for 70-30 and 80-20 brasse Howevers the grain-growth 
rate was somewhat inhibited during the 500°G anneal*

4.3 90-10 Brass
A further decrease in the zinc content of 1 0 %

(90-10 brass) resulted in the isothermal data presented 
in Pig. 3. These plots indicate that the D = ktn relation
ship is still valid, but n is no longer independent of tem
perature since it varies from 0.065 to 0.200 to 0.257 as 
the temperature is increased from 500°C to 600°C to 700oG. 
Also, a discontinuity appears in the data for the 700°C 
anneals indicating that, after a certain incubation time 
(about 30 minutes), secondary recrystallization occurred 
and discontinuous growth resulted in the apparent rapid 
increase in grain size. When conditions for normal growth 
were again reached (about 125 minutes), the growth rate 
appears to return to the rate previously indicated prior 
to secondary recrystallization.

4.4 95-5 Brass
Grain growth curves for 95-5 brass are given in 

Pig. 4. The 500°C anneal resulted in only a very small 
increase in grain size even at the longest annealing times. 
At 600°C the rate of grain growth was equal to that at 
500°C until an -annealing time of 125 minutes was reached
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at which time the data depart from the log-log straight-

oline relationship* In a similar manner, the 700 C curve 
departs from linearity, though at an earlier time (5 min
utes), and appears to return to linearity at a time of 
about 123 minutes* The departures of the lines from the 
d = kt relationship again are attributed to discontinuous 
grain growth which occurs over a specific time range fol
lowed by resumption of normal growth, as indicated by the

o700 C curvey The temperature dependence of the time for
initiation of abnormal growth is indicated by the relative

o otimes of departures for the 600 C and 700 C curves*

4=5 Copper
Figure 5 presents growth data for pure copper*

Again a region of abnormal growth is indicated but occurs,
in the time range studied, only during the 700°C anneal*

Maximum grain sizes achieved in all cases were
such that the specimen size should not have affected the

17growth rate* It has been shown that grain size is 
limited to approximately the thickness of the specimen 
used* In the work reported here, none of the grains 
approached the specimen thickness and, therefore, should 
not have been affected*

Calculations of isotherm slopes for 70-30,. 80-20, 
and 90-10 brasses are based on least-squares plots of the 
data*



5o DISCUSSION OF RESULTS

5o1 Growth Rates
Figure 6 indicates the effect of temperature on 

the exponent n (which is an indication of growth rate} for 
alloys containing .30%, 20%, and 10% zinc* The data for 
the 5% zinc alloy and for pure copper were not included in 
this analysis■since it appears that growth in these materi
als has been extensively inhibited. This inhibition of 
growth has been observed previously in copper and has been 
attributed to inclusions preventing boundary migration„
The figure shows that the grain growth rate in 70-30 brass
is independent of temperature in the range from 500°C to 

o700 Co However, the growth rate for 80-20 brass appears 
to be temperature dependent below about 600°C but independ
ent of temperature .above 600°Co For 90-10 brass the figure 
shows a temperature dependence throughout the range of test 
temperatures. These data indicate that the grain boundary
energy is sufficiently high in 70-30 brass that even at

othe lowest temperature (500 C) the driving force for grain 
growth is such that a ’’maximum" growth rate is obtained.
In the 80-20 brass this maximum driving energy is appar
ently not reached until a' temperature of about 600 C.
For the 90-10 alloy, a maximum growth rate is not indicated 
within the range of test temperatures.

20
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Figure 7 shows the effect of composition on the

exponent n0 With the exception of the one point for the
o10% zinc alloy annealed at 700 C 9 a trend of increasing 

composition dependence of n with decreasing temperature
is apparent* This again indicates that to achieve the 
apparent maximum growth rate less thermal energy is re
quired as the zinc content is increased* There is no 
apparent explanation for the one high n value at 10% zinc
other than experimental error* As can be seen from Fig* 3, 

othe 700 C isotherm is not linear throughout its length? 
and thus the initial slope must be based on only three 
data points*

5.2 Secondary Recrystallization
The data indicate a definite time-temperature- 

composition dependence for secondary recrystallization in
talpha brasses* Although additional data for longer anneal

ing times and additional annealing temperatures are re
quired for a more exact analysis of this dependence? the 
data presented here show that? in the time and temperature ~ 
ranges investigated? secondary recrystallization doesnnot 
occur in alloys in which the zinc content is 20% or greater. 
This phenomenon does appear to occur, however? in the 
alloys containing 10% zinc or less and appears at shorter 
annealing times (incubation times) as the zinc content is 
decreased* Also? a temperature dependence is indicated
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since for the 10% zinc alloy discontinuous growth appears

oonly for the 700C data while for the 5% alloy it appears
o oboth at 600 C and at 700 C though at a shorter time at

the higher temperature than for the lowere.
As was previously indicated,it is generally be

lieved that the driving energy for secondary recrystalliza
tion is, as for grain growth, the surface energy rather 
than strain energy? The mechanisms for the initiation of 
this process, however, are not well understood and are 
considered to be similar to those for primary recrystalliza- 
tion? Some experimental evidence indicates that the incu
bation period for secondary recrystallization is associated 
with the partial solution of foreign bodies, at the grain 
boundarieso This solution process, which is time and tem-x 
perature dependent, results in a density of inclusions on 
certain boundaries which, is insufficient to retard growth? 
Thus, certain grain boundaries are released and grow at 
the expense of neighboring grains? An explanation of the 
composition dependence may follow from the fact that, as 
will be shown later, activation energies for grain growth 
are lower for the alloys with higher zinc contents? There
fore, the increase in boundary energy due to solute addi
tion may be sufficient at about- 20% zinc to provide enough 
driving force to overshadow the inhibiting effect of inclu
sions?



23
1A second theory has been proposed which suggests 

that secondary recrystailization is due to texture inhibi
tion of grain growth. This theory assumes that the inter- 
facial energy between adjacent grains is dependent upon 
their relative orientation. Thus, secondary recrystailiza
tion may be due to the resulting greater tendency for
growth at points in the matrix where interfacial energy is

\ ,> 

greatest. If this mechanism is correct, an explanation of
the composition dependence would involve the relative
amount of preferred orientation produced in the different
alloys by cold working and annealing. It has been shown 
that a certain incubation period is required for secondary
recrystailization, but the mechanism for the formation of
the initial secondary recrystailization sites is not
clearly understood.

As outlined previously in section 2.3, it has been 
, 7suggested that nuclei for secondary recrystailization may 

form initially at twins and that the energy required for 
their formation is dependent, among other factors, upon 
the stacking-fault energy of fhe alloy. Thus the data 
presented here support the prediction previously made that 
secondary recrystailization would be most easily accom
plished in the alloys of lower zinc content which have 
stacking-fault energies greater than those for the high 
zinc alloys (20% to 30% zinc). In addition, a very recent
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18work has shown that twinning frequencies decrease with

increasing zinc content, thus it is possible that there may 
be appreciably fewer suitable sites for nuclei initiation 
in the higher zinc alloys.

5.3 Activation Energies
The grain-growth equation

D2-D 2 = K te ^ RT o o
derived in section 2.2 can be rearranged as follows:

o
t

Taking logarithms of both sides gives

Log 27§r t + loS K0 •
V //2 2x

Thus, the quantity logfD J should

vary directly with ~ giving a line whose slope is equal
to *~S-- . Therefore, knowing the slope, the activation z . oR
energy can be calculated since R is a constant. Figure 8 
is a plot of this type for the grain-growth data from 
70/30, 80/20, and 90/10 brass.

A comparison of the activation energies for the 
three brasses is given in Figure 9. As indicated by the 
previous discussion, the activation energy for grain growth 
decreases as the zinc content is increased. If boundary
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motion is assumed to result from atoms transferring from 
one grain to an adjoining grain? the transfer of each atom 
would move the boundary by a certain amount* The free 
energy ^ P  available per atom for such a migration de
creases the activation energy for migration from Q to 
Q-AFe Thus? the data presented here indicate that an 
increase in the number of zinc atoms results in a higher 
/\ F per atom at the boundary and thus a lowering of the 
activation energy for graip growth*



60 CONCLUSIONS

The following conclusions have been drawn from this
work:

1. The activation energy required for grain growth 
decreases as the zinc content in alpha brasses is increased*

2= Alpha brasses with zinc contents greater than 
about 10% exhibit continuous grain growth while those with 
10% or less show discontinuous growth for the higher tem
peratures and possibly for all growth temperatures„

3* The regions of discontinuous growth appear to 
have a def inite time-temperature-composition dependence *

4© The grain growth rate for alpha brasses con
taining 30% zinc is independent of annealing temperature 
in the range from 500°C to 700§Co For a 20% zinc content 
the growth rate becomes dependent on temperature below 
about 600°Co Below 20% zinc the growth rate appears to be 
.temperature dependent throughout the range of temperatures 
tested*

5* For alloys containing more than 10% zinc the 
grain-growth rate at 700°C is independent of zinc content* 
At the lower annealing temperatures the rate becomes more 
composition dependent*

' 26
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60 The free energy available per atom for migration 

to an adjoining grain, increases as zinc content is increased 
and at about 20% zinc this free energy apparently becomes 
sufficient to overshadow inhibiting effects which result in 
secondary recrystallization =,



7, SUGGESTIONS nFOR FUTURE WORK:

The above data indicate several areas which would be 
suitable for further investigation<=

10 An extension of the annealing time for all 
alloys, especially at 500°C and 600°C (or lower tempera
tures) , would be of interest to determine if discontinuous 
growth would appear after a longer incubation time at these 
lower temperatureso These data would be required for a 
better understanding of the time-temperature-composition 
dependence of the discontinuous portion of the growth 
curveo

2«, A determination of growth curves for 70-30 and 
80-20 brasses at higher and lowef temperatures than those 
studied here would allow an evaluation of the temperatures 
at which the growth rates are no longer constant (equal 
slopes of growth curves)s

3e Evaluation of the relative effect of inclusion 
content (or impurity content) on the growth rates for the 
various alloys would allow a check on the predicted result 
that inclusions would have less effect on the alloys of 
greater zinc content,.

28
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40 A correlation, for various alloys and pure 

metals, of stacking-fault energies and secondary recrystal
lization would permit an evaluation of the effect of twins 
on the formation of secondary nuclei.
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FIG. 1. Grain-growth isotherms for 70-30 brass.
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FIG. 2. Grain-growth isotherms for 80-20 brass.
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FIG. 3. Grain-growth isotherms for 90-10 brass.
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FIG. 4. Grain-growth isotherms for 95-5 brass.
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FIG. 5. Grain-growth isotherms for copper.
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FIG. 6. Effect of annealing temperature on the 
slopes of the grain-growth isotherms of 
Figs. 1-3.
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TABLE I

Analyses of Test Material 
Weight Percent

Cu 95-5 90-10 80-20 70-30
Copper 99.998 94.870 90.590 80.260 69.900
Lead 0.000 0.004 0.002 0.002 - 0-. 012
Iron 0.002 0.010 0.010 0.015 0.003
Nickel 0.000 0.000 0.000 0.010 0.000
Silver 0.000 0.000 0.000 0.010 0.000
Zinc 0.000 5.116 9.398 19.703 30.085

Notes: (1) All analyses performed by Bridgeport Brass
Companyo

(2) No Sn, Al? As, Mn, Sb, Bi, P, Cd or Si were 
detected.

(3) Zinc percent is by difference»
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TABLE II 
Grain Size Summary

ANNEALING CONDITIONS MEAN GRAIN DIAMETER
MATERIAL TEMP. C d  TIME (Min,) ' (mm) "
Copper 500 1 0*022

5 .0*026
25 0*025
125 0*031
625 0*032

600 1 ©*032
2 , 0*025

25 0*026
125 0*031
300 0*038
625 0*035

700 1 0*026
5 0*026

25 0*027
125 0*045
300 0*068
625 0*386

95-5 Brass 500 1 0*015
5 - 0*014

25 0*016
125 0*018
625 0*019

600 1 0*015
5 0*016

25 0*017
125 0*020
300 0*026
625 0*065

700 1 0*018
5 0*021

25 0*060
125 0*116
300 0*110
625 0*126

90-10 Brass 500 1 0*015
5 0*017

25 0*017
125 0*020
625 0*023



MATERIAL

90-10 Brass

80-20 Brass

70-30 Brass

40b
Grain Size Summary (Continued)

ANNEALING CONDITIONS MEAN GRAIN DIAMETER
TEMP. (^C) TIME (Min.) (mil

600 1 0*017
5 0*023

25 0*027
125 '0*040
625 0*066

7 0 0  ; 1 0*023
5 0*031

25 0*053
125 0*164
300 0*193
625 0*245

500 1 0*009
5
25

0*011
0*014

125 0*017
625 0*023

600 1 0*018
5 0*022

25 0*045
125 0*069
300 0,079
625 0*080

700 1 0*070
5 0*063

25 0*088
125 0*109
300 0*129
625 0*209

500 1 0*010
5 0*014

25 0.021
125 0*032
625 0*055

600 1 0*017
5 0*044

25 0*059
125 0*071
625 0*089

700 1 00*68
5 0*088

25 0*129
125 0.187
625 0*260

)



TABLE III 

Summary of Results

EXPONENT n : q.
INITIAL POINT OF 

DISCONTINUOUS GROWTH 
. (Min*3

600°C
E cal

500°CMATERIAL 500°C 700°C g-atom. 600°C 1700°C

70-30 0*250 0*242 0*216 24*8 - - —
80-20 0*146 0*216 0*207 32*3 . - -
90-10 0*065 0*200 0*257 ' 33*6 - - 25
95-5 ; 0*062 0*062 - "125 5
Copper 0*062. 0*062. 0 *062 .. — — ........— .25. .. ....
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