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UCTION AND U OSE 

secondary r crystallization is a phenomenon by which large 

grain or crystals (these to terms will be used interchangeably thro gh­ 

out this the is) are developed in a specimen ~hat has been heat-treated 

above the recrysta liz tion te perature for a period of time. 

For the ost rt, t ese large grains are not desirable in co - 

ercial ract ce because oft e undesirable properties of large grains. 

Secondary recry ta 1 z tio st dies are used to explain the phenomenon 

of secondary recry a izat on and as an aid in studying primary re­ 

crystall z at ton 

The purpo o t s thesis is to study the conditions under which 

secondary r cry ta 1zat·on ill take place n copper. The variables 

considered were h t 

t e degre of cold 

to the eat treat nt 

any inv gat o 

and bra so e 10 t 

of ann aling, the temperature of annealing, and 

dergone by the specimen before it was subjected 

ave been carried out on copper, aluminum, 
(2, 6, 8, 10, 11) 

t gators have studied the 

or entations of th 

ec y ta 1·zat o 

ens both before and after secondary 
(3, 4) 

hav tudied econdary r - 

C y izat ,o fro ta 0 t' heat ~ ating time, heat treating 

t m eratu e, d gree of co 

the desired cod or 

ork, and the different r,1ethods of achieving 
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The reason that an orientation study was not made was that the 

previous invest gators have genera ly agreed on the orientations found 

in copper. 
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VIOU RK 

The riving force for s condary recrystallization has not been 

adequately exp a ed y any t eory advanced to date. At the present 

time there are to basic t ories; one is based on nucleation of the 

econdary grain in ah gh y defor ed area of the specimen, and the other 

theory is derived us g a combination of stacking fault energy, energy 

from grain bounda y is p earance, nd a ch nge in surface energy, as 

pr v ou nvest·gators found that over 90o/c reduction 

in th ckn ss wa nee 

any copper spec en. 

of what happens to h 

of reduct on n ces ary. 

about SOo/c reduct o 

o ientatio that i 

ece sary for th 

y for secondary recrystallization to occur in 

ce t s eduction is necessary, a description 

ater a t asses through different stages 

s description is as follows: Up to 

the c y t ls align themselves in the preferred 

b t e e ultant texture. The plastic deformation 

50% educ on ·s accomodated by the slipping of each 

ndividual crys a alo g and thi slip process brings 

early all e grai s into the referred orientation. After 50% re- 

duct on, t e gra n eg to b ea u nto blocks. A the degree of 

duct on become t of th resulting blocks becomes 

mall r. (6) Th oc n a cubically-aligned twinned struc- 

t 
(6) 

This e d b lived to be necessary for second- 

ar rec y ta zation 0 S condary recrystallization was ob erve 

n tw n- re cub ca y- gn d co per. 
(11) 
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After ee g o co per is deformed during cold working, it is 

easier to u d r tand t et eor s th t attempt to explain secondary 

recrystallization. 

One of th t eor·es o o secondary recrystallization comes about 

(3) 
as propos d by Bo le and Boas , and their theory is based on the 

secondary grain. 

d oas's theo~y is th t upon heating of a 

ry for secondary recrystallization, strain 

t everely deformed regions of the 

o. o xplain how the secondary grains grow, 

r n pr·m ry recrystallization, a redistri­ 

occ rs, and that the growing primary cry tals 

tat of internal stress or perhaps even 

am t·me, stresses in the unrecrystal- 

concept of nucleation of 

Th basf of Bo e 

s ecim n th r nge 

ree uclei are 

y tru nuc 

Bowles and 0 ay 

b t on of nter al 

re therefore p t nto 

pla tically d for ed. 

1 zed materi a e d , o e extent by this redistribution and 

al o by recov ry. Thu 

pee men thy do not 

ab l than 

alto gh he growing primary grains are 

r C n therefore the most stable parts of the 

ar ly remain so. hen they become less 

1 t nd to ro t t 

part of he deformed metal, the latter 

of the primary gr in, i.e., secondary 

ecry tal z t·o 

h r a on 

,(3 
0 Cr. 

fou d 

o u t ng thi theory ar a follows: (1) it 

ore tat on of th pr mary recrystallized 

xtur and t 0 0 or t e condary recrystallized texture 

x t d nth d fo pc en efore nnealing. (2) the orientat·on 
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found in th ost a ·1y deform d material was similar to the orientation 

of t e condary r cry ta 1.zed grain, and it was not similar to the 

orientation oft e pri ary grain. (3) this theory is independent of 
(3-518) 

any theory used to x ai primary recrystallization. 

Although th t eory is pla ibl, there is an assumption made in 

the derivatio tat ay or ay not be true. This assumption is that 

ucleation oft e econdary crystals dos occur in the severely deformed 
(3-517) 

etal. t as ot b n proved conclu ively whether nucleation 

does or doe not occ r 

Anoth rt eor t·c 

was advanced by 

a etal under the conditions of the theory. 

_x an tion of secondary recrystallization 

nd on after an extensive study of secondary 

r crystallizat on co er. T ba of this theory is that a few 

tructur 1 chan s n t lower the free energy of the metal, and 

t s low ring of free nergy act a the dr tvf ng force for secondary 

recrysta 1 zat on. 

h first co c 

condary ecry t 

ann a ng or hou 

ta Kronberg and ilson arrived at was that 

on d d not occur in twin-free sample after 

t a 

et wa suff cient o cu 

n-b ar ng s p o 

mperatur of 050° C. This heat treat- 

com ete , condary recrystallization in all 

(11) 
r duction. From th s experiment, 

ronb rg and 

tac g f ul 

r v ng fore 

co cud d en rgy a sociated with the 

X t g 

and act atio 

t t 

Anot r, and o 

cry tal izat o 

t boundary i probably involv din the 
(11) 

nergy for econd ry recrystallization. 

ob be dr v ng force for econdary re- 

acco d g o t theory, is the disappearance of grain 



6 

. boundaries which lo er t e free energy of the·specimen, thus promoting 

econdary recrysta liz t'on. (l) 

A th.rd pos ib e dr ving force arises from the fact that there 

is a change in orientat on a tering the geometric distribution of atoms 

at th surface of the sp c men, and if this lowers the surface tension, 

the corresponding decrease in free nergy would contribute to the driving 

force for secondary cry ta ization. (ll) • 

stil urther pos ·be contribution to the driving force came 

to ·ght hen the inve t·gators found that secondary recrystallization 

n tiated at th 

en, the atoms 

urfac of th specimen. At the urface of the spec1- 

t amount of movement and are correspond- 

ngly more ene getic. 

assoc ated 

force. ( l) 

t t e rfac 

fact was interpreted to mean that the energy 

to s robably contributed to the driving 

ince no adequat exp anat on of the phenomenon of secondary re­ 

cry tallizat on has been advanced to date, either of the two preceding 

theorie or any other propos d th ory could b partially or wholly 

correct. ly further esearch i prove which, if any, is the correct 

e planation for econdary ec ystall zation 
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TU 

Since no suitable fr ace for heat treatment in a controlled 

atmosphere existed int e labor tory, it was necessary to construct such 

a furnace so that the sec ens would not oxidize during the heat treat­ 

ent. Also, since the peci ens used were thin (about 0.02 in.), it was 

ecessary to set up an ectro olishing apparatus to obtain specimens 

with a scratch-free surf ce sot at the specimens could be examined by 

icroscopic tee n·que 

F gure 1 is a photogra of the controlled atmosphere furnace and 

its accessories. h furnace t elf consists of a ceramic tube 14 in. 

ong and 2 n. nside d ameter. round this tube are wound three 

separate and equal ize o s of anthal wire. Insulation for the fur- 

nae is provided by 9 4.5 

surround the ceramic tube. 

2.5 i. insulating bricks which completely 

urther insulation is provided by 3/8 in. 

asbestos heet that co etely sur ounds the bricks. A variac is used 

to control the current into t 

control. 

f rnace thus permitting temperature 

To in ert t e g 

hoe wer cut e a b 

c nt r of the c r C t e. 

n ide d am ter o 

seal d n t and ov de a 

b sown in F gure 1 into the furnace, 

to nd the brick at the same level as the 

s a tube ·s 3 ft. long and has an 

nace. Thi atmo 

Anot er u for 

d 

t nd of the tube has a thermocouple 

t for the atmosphere used in the fur­ 

end of the tube. 

o t et end L chargiPg the furnace. 
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At o ph e 

r y r 

y 1 
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he er 

1ve arts . t og 

g ed ecau of e 

th ydr 

t of t e or exes 

co e 0 

r 

ry 

t 

1 

t n , d t 

and a cot o o 

a g hrough t 

C C m C or ry r, a d 

ft t e as t 

a ou let end. u on 

at r t ap. rom h tra , 

t in 

0 

ore 

e oft 

c ar 0 C 

d 

t r ce s·a gas composed of ap- 

e p rt hydro en. This mixture of 

c properties of hydrogen and because 

less dangerous and reducing the 

ed per runo Each of the gas s 

as pass through a 250 ml 

u uric cid which acts as a 

of gas entering the system. 

ac ga pa se through a 

ix and nter the system. 

b 

0 

, thy leave the system 

tem, t e gases pass through a 

to wa.er trough and enter 

because it gives n 

t r ositive pressure 

C 

oval of gases, i the 

ed nto the furn ce when 

by movin th rubb r topper 

o th d sire oc t on 

on wa a so m de or 

pa ing through it. 

h th rubb r stopper 

h furn ce reach s th 
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des re te perat r, the r shed into th~ furnace the required 

istance and the ec1 en is int e desired position provided the 

speci en was attached to the e before it was heated up. 

Before the nitrogen-hydrogen at osphere was put into use, a 

vacuum y em as tried. The on y changes in this system and the system 

sown n igure 1 were that t e vac um pump was attached to the gas in- 

1 t and a rani gage as plac d at the outlet to measure the vacuum. 

he bet vacuum obtai ed n system was 26 microns, but this vacuum 

a ·nsuff cient to prevent o idation of the copper. 

ecau e oft e th nne oft e specimens (about 0.02 in. thick) 

s din the tests, the normal eta lographic techniques could not be 

u ed to prepare th -pee en. In tead, a ethod of polishing called 

e ct o ol1sh1ng as u ed to pre are the specimens. In electropolishing, 

the current removes the etal f o the igh points on the surface of 

he speci en (t e node) and d posts tis metal at the cathode. Te 

e ectrolyt u ed fore ctropo s g co per is made up of 453 gms of 

osphoric ac·d pr er of a r. T current and voltage across 

t e c 1 fo efficien 

ho ur 2, 

ar g·ven on page 901 in the Metals 

c cut s d o obtai the des rd voltage and current 

C e ak do ~o 4/0 

ny e ctropoli hing i done, the 

r nth usual manner. 
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5 

gu e 2. tc o tn ctropol · shins; C · cu· t. 

- o t Batt ry 

2 b I tats 

5. 0 t 
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s 

e re ults of t 

st uctu e i 

as rep red s 

re 

e t 

beled alph 

ev co dary recryst llized 

on page 13. ach sample tat 

ere o itt d fro the t be beca 

ome of the earlier s ecimen 

they were oxidized in earlier tests 

u g e vac um y t m n t f r ce , Ot er spec·mens were omitted 

ro t e b becau e t y e sed ch cks or were used to test 

f r nt po g nd tch 11 sp cimens designated 

a ng d fro th or g al et cam f om a thin copper sheet 

as t r t believed to h e been co d- orked a sufficient amou t 

d ry r cry t z t 0 • The actual degree of cold work 

0 t no ot r speci en came from a commercially- 

u e r rod /2 d. eter. 1 specimen were 1 x 0.75 in. 

de ar 1 e to t e 0 ng direction. Since the rolling 

ec 0 t 0 g _a t defin·t ly nown , a directio 

s m 0 t 0 d ct o f 0 the cratche on the sheet, 

nd hi nt y. 

0 1 eet, be des the a sump- 

C e t y t he was not 

y 0 reduction of ov r 90¾ 

C d y. To obtai t e 

C rom th copp r rod ab ut 

0 co -0 n 00,000-pound machine to 

0 y 7 .5% reduct on), and then a ed 

t of 0 n t- 0 thod, nt 1 the d sir d 

0 
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0 hout T l I, 

s e L, 1S given in 

d y erric 

C • unl ss other i e 

0 b 1 to e 

zatio h C d. 

( 1 ) 
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t 1C t t e spec ens fro the original sh et 

dry C y z tion u der any conditions of 

t ly he specimens would exhibit 

a Y co dary ec y tal d for a gre ter length of time 

bout 
0 (3, 8, 11) 

890 . b C U ve t ator found that 

co d ry r C y t co p bout one hour at tempera- 

C u ff Lc Le t enough to give 

cond y t h et did not undergo a 

gr a duct o n or no twins re formed or a 

co bot f t on the ost probable one be- 

t C d th highly-worked speci- 

r d brittl when severely cold- 

or d, t hen 1 a indication of the degree of 

r t duct·1 cop er, has undergone. Also, 

0 d specimens, from the 

0 e t f d eat treated. 

ca n of es Y and Zin Table I, 

eco d y e temperature for a slight 

C 0 explanations for this 

r nd th ck of twins n 

ot from t am iec of copper 

b duct on wa achi ved, and the 

p b due C n SS of sampl z. After th 

t nt 0 ctur vi ible n Y, while one 

d t ot an that twins w re not 
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t C fin that i would av 

y nt , t ust e 

cc rred in ut not in Y 

ti.on for the two pl s. 

p s ible t have twin 

a s cim n cut 

t dicates the be- 

nt m y 

, i u t b ssu d th t 

0 0 r C U d t in to form 

z 

t 
n 
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0 co C y za io hown in 5 

C1 y, 1.t was tc ed i the SU 1 

C a mi t r of onium hy- 

ctu 1 size of the in 

th r 1 i th photo r p . 
d i t -of- 

cod ry cry iz tio 
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6. 0 pl z ho ng h 
fication 150 

r 6. hi ple 

ft eco d ry e- 

i1 on found in their ex- 

ot r, but 

1 'z tio occur 
(11) 

y cry 
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0 CL S DATION 

cry 

t 

S co a y 

tre tm 

t tr nt 0 u 

o, ho fo 

co r t r 90% red ction a a 

00 d ch d , 0 co 

ft r ct o t 

t nd C rd d a 

r d ct on(G) co 

d t ch 

of 8 o rs 

occu red in copper reduced 98.2% 

t 890° ., but did not occur with 

o of 97io. This result is in con­ 

e y talliz tion to occur in 

0 (8) 
eratu e of 1832 F. and with 

ry r crystallization to occur 

ent of one hour at 1832° F., 

method to achieve their 

e for 
. . (8) 

s specimens. The 

a co nat on of 

y co 

d Boa a a 

duct o 

condary r cry t Z t 0 

y co 

OU 

ec s ary for samples Y and Z 

and st aight-roll reductions. 

ed ere of specimens was tested 

of 860° • for one hour, and they 

son-rolling was necessary 

(3) 
d. ince it was impossible 

011·ng or straight-rolling 

. (3, 6, 8) 
ve at ions must 

to b made. 

7 • 5% 

, ·t can only b 

din the preparat·on 

0 z, per c nt reduction neces- 

cond ry 

CO C on 

C y 

t 

0 U o 98.2%. To confirm 

d av been un under th same 
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con to os used i th test of s ples Y and z, but furnace 

constructio lim1.ted t t st. he rea on that the furnace was a 

the gla s t be softened at about 0 ng f ctor s t at 1720 F., 

nd t as el ss a ter t e 890° est was complete. 

t can 881. y be e n fro the preceding paragraph that further 

or co db carried o ton t s ubJect of secondary recrystallization. 

is or J th g ss t b in the furnace could be replaced by 

uartz tube h1.c ould er t a 1.gher operating temperature than 

720° Ten tes could be run o samples that had undergone dif- 

ere t degrees o compre 1.on ro ing before traight rolling was begun. 

0 eac fferen c mpre s on-ro led spec men, samples ranging from 

93 to 99% eductio should r ared. fit were possible, a series 

0 cop y compress on-rol d ample and a ser·es of completely 

r g -rol ed am les ould be reared. Then, a more complete 

er to t feet o p rt· co ress1.o - olling on secondary re- 

C y t zati n cou d be ob a d. 
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