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- ABGIRACT

; The -  ztalligation of Armco S.ru;n vhon eold deformed
'b w’;. elongation in tension; and rblling, snd subse-
guently annealed, has been stucij.ad wich cure ?ul:gn to keep

'_ ables other thim the type of deformation a8 alike a3
8sible., IFrom the dats in esch case u recrystallization
diagras was constructed, It was found possible %o relate
'thc eriticel degree of deformation at any chosen mnnhul.t&s'
tmptr@ture for the thrtq different types of eold deforma-
tion by expresaing the degres of defovmation elther im :-,ern'a\
of specific shear or better (following Nadal), in terus of
octahedral stiear. UExperiments on the effeet of time of

anneal were also carried out.
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I NTRODUCTION 5

The study of the various factors which determine the
grain sizes and structures of metals which have been cold
worked and annealed started about ninety vears ago and con-
siderable sork has been done in the past twenty years.
come of this work has been done becsuse of the growing
selentific interest in single crystals of metals; some Lo
bacause of the industrial fmportance of aveoiding the A%
production of coarse corystalline products in the wvorking 5
and fabrication of metals; and some for sundry and sci-

entifie purposes. -
= . . _.5;'. |
The purpose of the present work ig a study of the s i
type of deformation in relation to the process of reerys- s
tallization on annealing after cold work. Ihree types of s

deformation were studied; shearing deforaation in &
twlsted bar, elongation in tension, and compression in

. relling, For each cese a "pecrystallization disgran® bl
was determined with the experimental conditions as nesar- -

ly alike as was feasible., In addition, various specisl s
experiments were carried out to galn an insight in the .

infiuence of several other factors which are opsraiive B
in the phenomena of recrystalliszation., The two chief e
factors vhich determine the grain size vhich results in e
& plece of metal when it 1s cold worked and subsequently i3
annealed are the degree of deformation and the tempera- L
ture of snnealing. It is quite obvious that in apite £ *
of the importance of these two factors there are other A
factora involved, such as the time of annealing, the :
kind of mechanical deformation, the temperature of de- s
formetion, the concentration and nature of impurities h'ce
in the metal, the grain size snd struetural peculisri- b
ties of the starting material, the previous history of £
the material, and so on. The nature sné mumber of these - e
factors almost discourages a comprehensive complate FEE

treataent of this subject even for a single metal but
at least something msy be accomplished by concentration
of experiments on particular factors.

The experimental work of this report was inttiated if E
by Doeter R. F, Mehl, former superintendent of the Physi- j 1
cal Metallurgy Division. The work originated in & aced &

to learn more about the procedure required in producing
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Ml test pleces possessing verious grain sizes to be
iR other experimental work such as internal frie-
B Studies and so forth., The dats given were obtained
Mg 1909 and 1930, but due to the demands of other

F;7 S studies 1t was not put in form for report or
Mication,

B I view of the ract that such reorystallization
PNSS8 may be of interest in comnection with other
Saurgical problems such as the plastic deformation
EESMReAling of irvon and mild steel sheet or the in-
@tlon and penetration of irem plate by projeetiles,
BESNEhOrs hive organized and correlated the axperi-
i data obtained,

the experimental work was éided by gifts of Armeo

for research from the Anerican Rolling Mill Company ,
#town, Ohio. Credit is also due to Mr. A. R,

s8N of this Laboratory for his assistance in pre-
the photographs shown in this report.

RﬂCR!EIaLLILATIQN_OE AFNCO IRON DEFORMED BY TORSION

NG BECHED el | £ 1

The materisal used in this work was l-inch round
#0 iron bar stock., Two lots were received having the
position given below:

kot ) kot 8
c 0.OL8% 3.001%
¥n - 3.OLE
® 0.008 G004
8 0.087 0.0¥8
Ca = 0.041
84 9,008 -

¥hile thess compositions ure practically the same,
Lot £ is probably of higher purity, for less inclusions
were noted in 1t,

The material was sawed into bars about il inches
in length whigh were turned smooth to & diameter of
15/16 inch, (See Pig, 4(a).) These were then packed
in asbestos, heated % hours at 930° C and cooled in
the furnace.
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Light reference iinas for subsequent measursment
of the amount of permanent torsion were engraved upon
the bars. The bars were then twisted various amounts
in a torsion testing mschine., The amount snd uniforsity
of the torsion in each case was detesrmined from measure-
ments en the engraved lines on the bers. The torsion
®as surprisingly uniform. 4 ber {(Epecimen B) from
Lot 1, representing s ranze of spacific shear, 0 -~ 0.1285,
equivalent to a range of elongationsg O - il.5%, wvas
Selected for further study. This bar, which furnished
the data of Table 1, was saved irto eylindrical samples
1/2 inch in height.

dnpealing Treatments

The eylindrical samples were annesled at the follow-
ing experimental temperatures: o800, 400, 500, 600, 700,
760, 780, 800, 8£5, 650, and 875° C, The time of annealing
¥as generally taken at 2 hours exeept where specified
otherwise in Table 1. To eliminate the effects of an-
nealing at temperatures other than the tempersture studied,
it was decided to carry out the heating eperation as
rapidly as possidble snd thus the sample wrapped in cop-
per foil (to minimize surface oxidstion) was drepped
intc a hole in a massive copper block helid in the fer- ;
Rice at the desired temperature. At the end of the an- !
nealing period the sample was quenched. |

Metallographic Etudies

In the initial part of this work each specimen was
éxamined both on sections through snd perpendicular to
the bar axis; but since it was found this way that the
Structures produced by the annealing treatment were equi-
Axed, only the normal sections were used in later studies.
Photomicrographs were taken on the prepared normal seetion
At different distances from the center both befors and
af'ter annealing. These served to determine the grain
8ize by the usual counting method. In those samples
where the largest grains were very large, the largeass
grain sizes were determined from grain counts between
Coneentric circles drawn upon & macrographic view af
the whole section,

A study of the effect of tha annealing time was made
by taking microviews of & Lot 1 section, prepared =f{ter
annealing for 20, 40, 90, and 170 minutes at 825°. Ko
&ppreciable differences in these vers noted, leading to
the conclusion that the chosen annealing period of 3 hours




was ample to insure full reerystallization. Later,
hovever, a specimen from Lot 2 annealed for 1P minutes
under these conditions falled te show a complete atructure,
80 15 minutes should not be looked upon &8s sufficlent,

The metallographiec dsta obtained have been summarized

in Table 1, and these data have been used to construct

the recrystallizstion diagram shown im Fig. 1. Fig. 2
shows typical microstructure observed in the torsion
l;osinqnl from Bar B, Lot 1, annealed at 780, 825, and

875° ¢, It must be mentioned here that the ecurves showmn
in Fig. 1 represent averages of the grain size data from
which single determinations of the grain size may differ
somewhat., This is especially true for the data cor-
responding to the lower annealing temperatures 780" C

and below. These show clearly how the eritical deforma-
tion decreases as the annealing temperature increases and
also how much more poorly defined the critical degree of
reduction becomes st lower annesling temperstures. It

may alse be noted om theze sections that thers are regions
shers the recrystellization did not take place, especislly
in the specimen annealed at 780° C. Although %hn ring of
largest grains is not very distinct, it appears at a fair-
ly definite position radius, This effect may be due %o

a non-uniform distribution of the impurities in the metal,
causing some regions to behave dirgarcntly from the rest,
but an annesling time study at 825" C showed that there
was very little change in the gshape and size of these
areas as the annealing time was increased from 20 minutes
to 5 hours,

In the diaggram of Fig. 1 the vertical portiomns of the
curves for 800° C and higher were located to show as close-
ly as possible the n*nilul shesr =t vhich large grains were
formed, For the 780° C curve this line could not be drawn
becanse the grein sizes tapered to a maximum over a gange
of radii. It should be noted that the curve for 760" shows
a very slight peak, corresponding to a specific shear
around 0,10,

8ince the point of main interest in this work wasz
always the effect of a particulsr annealing temperature
on a particular mechanical deformstion, no study of the
rate of heating was attempted. Olow heating of the speci-
men would have meant exposures for appreciable lengths
of time to annesling temperstures other than the particu-
lar one being studied. Although this does not preclude
the possibility that the rate of heating may influence
the results in this work, a uniform technique of rapid
heating was followed, .

-l
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Ihe effect of time of heating was at first studied
enly at 828¥ C and led t0 the conclusion that the results
would be about the same in the range 1/£ hour to Shours.
However, it might be suggested that annealing for lomg
periods of time at lower temperatures might bring sbout
effects not noticed in the initial wvork. This proved to
be so and some resulis obtained will be deseridbed and
discussed later in their proper comnnegtion.

A faetor that could not bhe studied or controlled
well in thiz vork was the initial grain size. Although
& much smaller initial grain size would have been welcome,
the initial grein size here was probably as small as could
be heped for after the necessary norsalizing treeatment te
remove effeects of previous history as far as possible.

To make sure that the dats given in Table 1 are truly
characteristic of the material, two torsion bars with dif-
ferent degrees of maximum shesr were prepared from Lot £
stock. GSamples from these were annealed as before at 780,
800, and 850° and the resulting structures chtained are
ghown in Fig. 5., The critical deformation givem by the
eritical radii in the two bars are in substantial agree-
ment with each other and also with that obtained {rom the
bar of Lot 1. This agreement will be illustrated again
later in connection with the correlation of critiecsl de-
grees of deformation in various types of cold work, as

may be seen in Table 4A,




Table 1

GRAIN SBIZE UATA FROM TORSION BaAR STUDY ¢

& Annealing Annealing Redii Ave.Gr.8ize Ave.Grain 8p.Bhear

4 Temp. time it bafore size al'ter .

) g hrs. r Anneal® Arineal T'xﬁg¢ r x 02088
3 500 3 g 3.5 7 U.088

J & 4.0 4.9 0.1886

400 & 4.7 4.1 G.000
-%.=3 - t}.‘f)'?l",
g - 0.1288

‘*-5 = ‘3-138

-~

- \’3;3 ':}'-! o

o mO
s

poss

1 '

h 500 & J 4.8 ’ - 23,9000
S - ‘ilﬁ '-}"341
o 4,0 - 0.083
& - G4 C.104
G ‘.8 - \).1.—5
(5 - ﬁiﬁ :H:B'?

) 10 4.6 - 0.208

2 il - 4.8 0.229

'. 800 23 498 %4 f":’ ‘;‘f. 0¢1

5.8 0.104
g |

ﬁ..‘) = kjcui.r'\E

MO oo
]
&
L ]
'S

3 0.167
& b 5.7 - 0.208
l 1 - 8 . ﬂ ’:’ - -f: F‘g

' 700 3 0.041

& G rJQl
3 s} 5.4 5.9 G.104
E 8 5.8 6.7 0,187
.. ll 6!9 7.3 C’orr
k . 5.8 2.041

5.3 - #}ol{-'é
- 8.4 0.158
e 8 T {}nl‘-@-?
9.8 0.198
hq ' b ':'.:;g

0.240

s
™

L

o
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# ALl the above data were obtained from Bar Specimen B, Lot 1.

®* Grain sizes given in sq.aicrons x 10~%, The loweat grain
size is around ASTE No. 5, the largest reported -Zreater
than No. 0.




Table 1 (cont'd)

w
g Annsaling Annealing Radii Ave.Gr.8ize Ave.Grain &p.5hear
Towp . time mm before size after -
' hrs. r anneal annesl ]’ﬁﬁ?» r x 02088

3 780 3 £ . £8.1 0.078
! 4.1 o 7.5 0.084
4,98 10.7 . 0.10%
5.8 . 48.0 Q.115
8.5 - 48.1 0.138
2B = 49,0 Q.156
&JQ ;f E’ ﬁ.i} - anél
.g."‘-', > 8.0 \)109\:!
5.8 & 753 0.111
% 4 o 284 0.113
’ iﬁ.? ot 254 ;;n 11:9
d ) 16.0 34 9.167
i 3.3 - l’? J.l“q
E 10.7 - 18 Q.23
Y 11 8& .} > Q' ?
1 885 . 1.7 = 17 0.0386
?.G 8.3 - 300‘1
Se® - & 0.087
i.5 s £1 0.004
5,0 7.0 1135 0.104
8.0 ~ 180 0,128
; 7.4 = 75 0.184
. 8.0 8.9 - 0.487
8.9 s 3% 0.185
10. - 50 G.208

11-J 80(} s G’ni"»-
1l.4 - A7 0.238
850 3 L o3 - 0.041
3.9 .0 - 0.081
4.2 £000 0.090

4.0
5.0
7.8

10 8

o®r et § I
L ]
o
I
o
L 3
-
S

O
1

3 v

B

o

.q

87% S 1.6 -
u-.o ll.f) -
"Jig - :‘:.D
4.4 ~ 1570 0.008
5.0 10.0 -




innealing aAnnealing Radii Ave.Or.Size iAve.Grain

Gp.Shear

Temp. tine mm baefore size after
sC hrs ko anneal annaal rs-_iﬁr- r x 02082
5.9 = 183 0.188
7.8 - 52 0.185
8.0 10 - Q0.167
9.8 - 0 0.182
10.5 - 1 0.219
11.5 - 21 0.240
Critical Radii of Hecrystallization -
Temp. °C - Below 760 760 780 800 8z5 880 876
}iodii, i3 9 - 10 ﬁ 4.5 ‘-l 4-\} ?-a

0.808 0.187 0,094 0,085 0,085 0.058




$II. RECRYSTALLIZATION OF ARKCO IRON DEFORMED IN TENSION
Haterial

The material was Lot £ Armeo iron. This was nachined
into nine bars of the dimensions shown in Fig. 4(b).

The bars were wrapped in copper foil snd an additional

Li;.Irtpptng of asbestos paper. Since the materisl im the stock

gondition showed an unsatisfactory grain structure, coarse
!rlin: being interspersed through the finer grained matrix,
t was heated back and forth through Az for about three-
& Quarters of an hour. This treatment produced a strueture
& ®hich was fairly unifora.

Reforsation

In order to measure the amount and also the unirormity
of elongation, scratches were spaced one-half inch apart on
the surfaces of the bsrs., This spacing was carried out by
§ W8ans of the dividing screw of a lathe. The bars were then
~ elongated in a tamsifa~testing machine to spproximately £,

L 4 5, 8, 8, 10, 16, and 20 per cent elongations., Them the
& iiungation and the uniformity of the ¢longation in the bars
£ Were measured by means of a comparator,

- Although the elengation was found to be unifors, the

b division of the material for heat treatuent was carried

WMt according to a system. Fig., 4(b) shows the manmer in

i Which the samples were lettered., BRach sauple (about 1/2"

. 4n length) was punch marked with the number of the ber snd
the letter indicating the position im the bar acoerdiag te
the above sketch. The marking preceded the division of

the bars into samples., The "G" samples from each bar were

reserved for the comparison of the cold vorked stages. The

:::or samples were heat-treated according to the table be-

:
Sample  Annealing Iemperaturs e U1

E (all dars 878° ¢ 1-1/8 hours
F (all bars 825° ¢ 2-1/2 hours
4 bars 780° ¢ £-1/2 hours
D (all bars 780° ¢ £-1/2 hours
I (all bars - 700° ¢ 2-1/% hours




¥leroscopic ¥ork and Photogranhy

The grain size was measured on the c¢ross-section of
each sample. Usually four measurements gpaced at about
equal intervals across the diameter were taken. In the
care of samples manifesting coarse grains, it was fre-
quently notiéed that many small grains were located in the
grain boundaries of the large grains, Making a grain count
gave a result which could give no hint of the size of the
large grains. Therefore in such cases grain counts were
also made in which the grains having a cross-section smalil
compared to that of the larger were ignored,

Aftsr the grain count work was completed, photo-
micrographs were taken of the erosa-sections of all the
annealed samplesz. The purpose of this work was not only
to get a series of representative views of typleal struc-
tures resulting from the annesling, but alse to study the
base effect which the superimposed deformation of punch
marking had upon the samples.




Takle £

SUNMARY OF GRAIN COUNT DATA, TENSION STRAINED

P 2 - e
AND ANNEALED ARMCO IRON

Anneal- % Elongation
ing y
Py ; 3,48 4. 78 G.14 7.85 8,65 15.93 19.90
T00°C 4,42 5,80 8.51 5.3 6.5 4,19 B.08 @6.2%0 ¢
780°C 5.58 BH.50 4,95 5.54 10,13 8,91 4.8 5.80
7% *{};jc‘* - - - - :'»I'J.OO b ,.7‘047 e -

780°C 2.37 5.83

& * 3‘3

8us°ce . -
875%° 3.72 4.76
B75°C* . -

# All grain sizes

.50 5,18 6.96

- }-Qn;.'i g “:7&9 - -

4&.04 54,58 ‘67;';35 l&cﬁf ‘.10 ?\.‘13
:.a‘. P i;ﬁ)ai‘ - "55.71 - -

— -— - = e -

. : B
given in square microns x 107" .

#* Orain counts nmade neglecting the relatively small grains.

Critical Reductions** Corresponding

t0 the Amnnealing
Temperature,

Annealing Temperature

875 ¢ 826 1

cr

Cri

icali Reduction

1 4 : &

##* These values except the one for 780%Y were taken as the

mean of the two lovest
which there is a marked change
780° was chosen as the smallery
value a noticeable increass in

percentages of reduction bhetween
in grain size. That for
value because at this

grain size was obrerved.

=




The data obtained have been plotted in a reerystal-
lization diagram shown in Fig. 5 for comparison to the
disgrams cbtained from the other experiments, The dif-
ficulty of making 2 satisfactery grain count on the speci-
mens because of the presence of numerous lfine grains in
the grain boundaries made necessary, &s mentioned bdefore,
& separate grain count in which the grains of comparative-
ly small cross-section were not counted, For the samples
annealed at 875° C this procedure was not required but
for those annealad st lower temperatures it was guite
necessary in order to show what the size of the largest
grains produced by the mechanico-thermal trestment re&lly
is. The curves corresponding to each annealing tempers-
ture except 875° C have been modified and the modified
form of the curve used te plot the space diagram.

Fig. 6 shows a set of macro-views fgr series B
tension-strained samples annealed at 875 C for 1.5 hours,
An inspection of the photo-macrographs will show that the
above arbitrary procedure was quite justified im order to
get a true picture of the size of grﬁins that will result
in any particular treatment. These pictures also show
the effect that punch marking the 5gdL1ﬂﬂﬂ$ had upon the
recrystallization structure. This effect seems %o vary
from sample to sample.

: In the diagram constructed, the eritical values were
more or less arbitrarily chosen as mean values of two de-~
formations bhetween which there ocourred & marked chsnge in
the grain size. Therefore an inspection was earried out
of all the photo-micrographs taken in this work to note
the degrees of deformation between which the structure
passes from the vorked %o the non-worked state for any
particular annealing temperature.

The results of the above inspection regarding the
eritical strain corresponding to each annsaling temperu-
ture have been summarized in the table nmlow and camﬁarad

with aatimatas wade from the grain si lata and from an
“'r1‘ pection of the photo-micrographs of Lhe completbe
sections. The agreement 1s cloge ¢ here alws

i the possibility that the value: from an
Inspection of the photo-micrographs cre r Low hign
because of a misinterpretation of the sppear: i sections.




T @w- ‘ iudgeg from ap-

pera- Judged by grein Judged from photo- pearance of macro-

Sure __slze data  _ micregranhs . shotosraphs

a7s® B.48 - 4,72 S48 ~ 4,72 B3.48 -~ 4,72
825° .48 - 4,72 B.46 - 4,72 .48 - 4.72
780° 8.14 8.14 ~ 7.83 about 7.8
760° 7.85 -'s.az about 7.8% sbout 7.88
700° 19.9 (7) = e 104

That is, what may seem to be a ¢old work structure may in
reality be an initial grain decomposition preceding raerys-
tallization., In the above inspection this difficulty was
kept in mind but the strueture accepted as completely re-
erystallized were those in which no trace of either cold
work or inecipient grain decomposition could be seen.

IV. RECRYSTALLIZATION OF ROLLED ARNMCO IRON

Round bar stock (Lot II) of one inch dismeter wag
machined into square bars 5/8" x 5/8" x 18", These were
wrapped in several thicknesses of copper foll amd & layer
of ashbestos, The material VRS i trogucad into an electric
muffle furnace at about 1600° ¥ ?870 C) anéd was heated and
cooled several times through Az as in nrvvisus work. The
upper temperature attained was 1695° C (928° C) and the
lower temperature 1004° F (922° C). After heating between
these limits several times during l-1/2 hours the material
¥as finally furnace-cooled down to 1870° F (908° C).

This treatment did not produce satisfsotery cendi-
tions in the materisl. Therefore another trgntnant ¥as
given in which the material was kept at 1895° F (923° ¢)
for two hours, the idea being to cause growth of the fine
grains caused by the transformation and thus equalize out
the grain size contrast., This treatment caused excessive
grain growth in spots. The materiesl was thersfore gglin
heated 1695° ¥ (923° C) and allowed to cool to 1840° F
(8988 C). This was repeated about three times, The pre-
sulting material showed on examination & structure which
although not entirely uniform was acceptable.

«13~




The above operations caused enough oxidation of the
surfaces of the bars to make necessary a light regrinding
of twe parallel surfaces in order to make sn accurate de-
termination of the percentage reduction in rolling.
Reformation

The samples were all colé rolled by several passes
through rolls of about 1f in. dismeter. The work was
started with the smallest required reduction and subse-
quent pileces were rolled on their first pass to the final
required thickness of the previous semple and were finished
by two to six more passes through the rells. The samples
requiring the greater reductions were thus rolled dowm in
muach severer steps. Higromster roadings of the thickness
of the sauples were taken before and after relling at
several points along the bar, and thedr aversges were used
to compute the actual percent reduction of the dars. The
thickness of all of the bars before rolling was very close
to 0,585 in, In the rolling it was attempted to obtain

certain percentages reduction. These are listed below
along with the percentages obtained.

Percentage Redugtion of the Jamples

Expected ¥ 2 1 b 2 4 8 5% » M =»

Obtained ¥ 310,70 1.74 2,08 4,15 5.99 8.00 10.06 14,71 29.82

Fingl Beak Treatment
After rolling, the bars were cut uy according to the

plan shown in Fig. 4(e¢) by meansz of a slow hand saw, the
spevimen being kept cool during the sawing by an air blast.

The samples were heat treated according to the table
belowt

«lé-
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Sample alin e tur Iime

A {all bﬁrs; 8785 3 hrs.
B (all bars 850 & hrs.
C (all bars; 88 3 hres,
D (all bars ; 800 3 hrs.
E (all bars) 780 3 hrs,
F (all bnrsa 7680 4 hrs.
4 (all bars) - Not snnealed. ——

The samples were wrapped in copper foil and introduced
into the furnace at the required temperature. 4 plece of
plate copper, 1/4 ineh thick, formed the floor of the fur-
nace., At the end of three hours the samples were removed
from the furnace and cooled in air, Each sample waz cut
across the direction of the bar at a position hali-way
between the original cut ends of the sample, This cud sur-
face was used for microscoplie examination,

To minimize laber and expense, photomicrographs were
not taken 30 extemsively as they vere in the sxperiments
on Armco iron deformed in temsion. Photomicrographs were
taken of esch of the worked samples (Series J) and used ia
determining grain size of these samples but for sll other
semples grain size counts were made on the ground glass of |
the metallographic camera, However, each sample was care- {
fully examined over its whole section to note peculiar !
festures. In some of the samples large grains sppeared in !
isolated places on the sample or in groups in certain regions
of the section.

To measure the sizes of these large grains they were
traced on the camera back and thelr areas cobtained by means
of a planimeter. As in the work on tension strained Arasco
iron it was noted that fine grains often coexistad with very
large grains. The planimetric tracings did not take these
into account and thus gave a measure of the aizes of the
largest grains formed., Graln size measurements were made
as exactly as possible on each specimen, in the center of
the section and slightly to each side of ths center. The
grain size and structure data for these experinents is
somevhat more invelved than in the experiments omn pieces
strained in torsion and elongation, The data are srranged
below in Table & to give not only the exact grain size
values determined at the centers of the sections but also
structural peculiarities and sizes of large grains. Fig.7
shows the recrystallization dlagram constructed from the
data. Here the planimetrically determined grain sizes are
understeod, :

. 19
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| Table 3
: GRAIN SIZE DiTA OBTAINED FRON ROLLED AND ANHEALED ARMCO IRON SANPLES

innesl- mz:- £ise Sises of
a
ing Percentage tz ter hrgm nrﬁna
a7s° 0470 19.76 Uncreorystellised.
. 174 A.54 Unrecrystaliised,
¥ 2,98 17.64 Large greins appesr near surface.
L ‘.1’ M ] L L ] & ]
b 5.99 .57 806 Large greins in surfaces Center
still wmrecrystallised,
" 8,02 37,20 303 Large grains fora in oenter,
1 . 10,05 .57 1% Large greins form in center,
. Corners remsin unrearystallized,
1472 23,16 Structure uniform.
. 29,81 15.92 Fine grain,
." 850° 0,70 18,57 Onrecrystallised,
| . L.74 .26 , Uuresrystallised,
» 2498 18,96 68 Lerge grains appesr nesr surfuee,
. Ae15 19.31 134 Lorge grains on surface and
. 5.99 18,11 ' Lerge grains on surfece and
sldes.
. 8402 40,31 107 Large greins form in cemter,
v 10,08 35.28 140 Uniforn recrystallizstion
structure.
. 14.70 .38 Fuirly uniforse
. 29,81 12,76 Fine grein,
825° 0.70 21,09 Unrearystallized.
® 174 25.75 Unrecrystallised.
. 298 27.3 Unreorystalli sed,
v 4el5 22,56 Unrearystallised,
. 599 25,38 Large grains sppear om
surfsoe and sldea,
" 8,02 83.80 428 Large greinz on whole eestion
except in corners,
" 10,05 49.07 140 Lerge greing om whols segtiom
exgept in Qoruers.
. U7 24,08 Oomplete reerystallisstion,
" 29.ﬂ 13,01 Fine m
800° 0,70 23.82 Unrecrystalll sed,
. L7 - 19.26 "
. 298 25653 . . 38
’ 4ol 17,64 o ;
” 5.99 23,09 ; . :
. 8,02 23.41 Slightly larger grains in ourface
® 10,05 33.93 110 Large and sssll formed
exeevt in sectdon,




Teble 3 (eomtid)

longsle &r&ni: Size Sises of
Perommtage st Semter Largest Grains
800° 14471 18,20 Fairly wifora strusturs,
3 29,41 53 Small gredn sise,
: 780° 2.70 22,10 Unrecrystalllsed,
’ L.74 1749 Unreerystalliszad,
" 2,98 24452 Unrearystalldsed,
. ‘lls 19.62 mat&lliﬂdo
» 599 22,04 Inregrystallised,
. 8,02 20,82 Unrecrystalllsed,
. 10,05 2243 Slightly larger gredin sisze.
¢ 1471 15.64
» 29.81 8.61
760° 0470 - :
* 1.74 20.37 Unrecrystallised,
. 2498 19.46 Unreorystallised,
” 4+15 -
" 5«99 19,28
j . 8,02 -
i ¢ 10,05 17.09 Possibly s slight grein
slse inervase,
_ . 14071 -
E » 29,81 637
Criticel Percemtages of Deformation
as Juiged from the Freceding Dets
Annsaling Critical Reduction for Gritical Reduction for
Zssperature .. Surfage Gvalua —iibier of Ssction
L 2,98 5099 - 8,02
850 2498 _ 5499 - 8,02
825 4el5 = 5.99 5:99 - 8,02
800 8,02 8,02 - 10,03
780 10,05 10,05

L.




2iscussion of Fepults

In this work the same sort of &ifficulty in grain sisze
determination appesared that was found in the work on tension
strained Araco iron., As before, there was also noted non-
uniformity of the recrystallizstion structure for the smaller
degrees of deformation, It was found that rether small re-
ductions of 35 and 4 percent were sufficient to cause the ap-
pearance of verg large grains just below the rolling surfeace
of the piece. hen as the percentage reduction was inereased,
the large grains began to be formed on the sides of the sec-
tion as well as just under the surface. On incrsasing the
deformation, there appears an inversion of the structure.
Large grains appear at the center of the section while the
borders are relatively small grained. As the deformation
is still further increased, the structure becomes more and
more uniform over the vhnia section, This series of transi-
tions Is illustrated in Fig. 8 by a seriess of macrographs
for the samples of series A, :

The observed phenomena are essily attributed to non-
uniformity of deformation in the rolling process., In spite
of this non-uniform strueture it is possible to follow the
practice of past workers on recrystallization and limit con-
siderastion to the center region of the cross-section., The
’rlin size curvea accompanying this report have been obtained

rom the graln size values obtained for the center of the
segtion, It was found that, as wss found in the work on
tension strained material, iho relatively large grains formed
for a eritical percent reduction were often accompanied by
minute grains in the grain boundaries which, when an acourate
grain count was taken, would bring the grain asize down to a
value giving no hint of the size of the largest grains pro-
duoed. Accordingly, at those deformations at which rela-
tively large grains appeared, the values of the sizes of the
largest gralans, determined from planimetry of tracings, were
used to modify the grain size curve., In plotting the space
diagram these modified grain size curves were usad, to con-
form with the practice adopted in plotting the results of

the tension-stralning and annealing work.

The eritical percentages of reduction necessary for the
formation of large grains at the center of the section and
also near the surface of the specimen have been tabulated,

Of course these cannot be stated exactly because the eritical
reduction generally would occur between two values used in
the experiment. These limiting values are therefore used in
the table. It will be noted in this table that the eritical
deformations corresponding to the metal near the surface are
much less in value and more sharply defined than those cor-
responding to the cemnter of the section., Those for the center
of the section are considerably higher than the values re-
rted in the work on both tension and torsion strained Armeo
rods A very similar result was obtained, however, in some
~18~ " if
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;:porillnta on the recrystallization of hammered Armco
ron,

Vs« HEVIEF OF RESULTS

The primery interest of this report iz not in the
grain sizes that appear in the regrystalligation but rather
the relationship between the amounts snd kxinds of cold de-
formation required to produce recrystallization. The graim
size is dependent not only upon tho deformation but also
upon such other factors as impurdtiecs, initial grain size,
etes The resder may gain an inaight into these various
factors fron some of the references given at the end of
this report. :

dost of the data of this report have bean suamarized
in Fig. 1, 5, and 7 shich are the recrystsllization diagraus
obtained when the kind of deformation was torsion, elonga-
tion and roliing, respectively. Fig. 2, 8, and 8 give
macro-photographs which illustrate the genersl features of
each case. These recrystallization dlagrams, 1t must be
repeated, are valid only for conditiona wunder which the
experiments were performed, One of these is thal the time
of annealing was shown of moderate length so that the sub-
sequent effects of grain growth vere minimized. The ef-
foct of time of annesling will be menticned again.

In the diagrams of Fig. 1, 5, and 7, there may be seen

a curve in the base plane of the diagram which gives ep-
proximately the eritical deformation or that minisus degree
of deformation regquired to bring about recrystalliszation .
at any given annealing tempersture. In general these
curves show that the higher the degree of deforaation, the
lower the temperature required to produce reervstallization,
It must be mentioned, however, that toward the lower an-
nealing temperatures, these eritical deformations are more
and more poorly defined, so that only st the higher tem-
peratures can we look upon the critical deformation as o
gquantity eapable of being determined even roughly. It
would be more correct to regard the eritical deformation
versus temperature curve here discussed as the center of

ravity of a zone or renge of deformations vhich narrows
o as the temperature in question is inereased.

The curves in the base of Fig. 5 and 7 are rough
curves wvhich are intended to show the precticsl deforma-
tion which must be exceeded in any case to bring about =&
large grain structure throughout the section in the case
of tensile elongation and rolling. These curvaes do not .
indicate the degree of deformation at which large erystals
may start to grow here and there in the section. This must
be mentioned to aveld misunderstanding in the following
discusgsion which centers about the eritical deformation
required to initiate the reerystallizstion process in any '
given case, ™




Therefore Table 4 below has besn compiied which L185%s
for each of the three types of deformation studied and for
sach annealing temperature used, that degree of deformation
which is just great emough %o initiate reerystallisation.
In the case of torsion strain, this {s taken as the eritical
specific shear corresponding to that radius in the cylinder
bar vhere a sone of recrystallized grain s=tarts. It might
be argued that a slightly greater radius corresponding to
the mean centers of the first ring of grains would be the
more iikely starting point, but &s gsald ‘before, we are here
interested in determining the least soseible degree of de-
fgrnntion st which recrystallization has taken place,

In the ceses of temsion and rolling, the eritical de-
formation cannot be stated more closely than the intervals
in the steps by which successive specimens were deforued.
Therefore, in the table the eritical values for temsiom
are indicated by the ranges in which the eritical deformstion
is judged to lle, while in rolling, the least reduction at
wvhich recrystallization took place was chosen because here
the intervels were smaller, thus allowing better Judgment.

It being the object of this paper to relate the re-
erystallization behavior of Armeco iron deformed in various
ways, it is necessary Lo express the degree of deformation
in any case in terms of & more universal uait, This desired
relationship between different types of plastic strain has
also been sought for in connection vith strain -- hardeaning
brought about when metals are cold -- deformed im different
ways., Sachs® has considered this subjleet and conciuded
that the hardening in any type ol deformation was determined
by the magnitude of the deformation measurad in the direction
of the greatest smount of deformstion and furthermore that
if q 1s the greatest specific elongation or reduction,
it is related to the specific shear vy by the relation:

g=1l-e rie

when v 18 small ( £ 0.1), this is approximated by g = r /8.

The values of r corresponding te 4 have basn computed
in the case of elongation and rolling and entered in Table 4.
If the averages of these are plotted against the corresponding
annealing temperature as is done in Fig. (b)), it will be
seen that there is fair agreement in the case of temsion and
elongation but the poigtl for rolling are definitely out
at temperatures of 825" and less.

# Mdechanische Technologle der Matalle, Leipzig, 1925, pp.d4-68,
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CORRELATION OF DIFFERENT KINDE OF CHITICAL DEFORMATION
IN TERME OF BPECIFIC AND OCTAHEDRAL SHBAR
A, DEFORMATION BY TORSION

Ann.temp.°C

4
~3
N

61 780 800 815 880 878
1
1

"R

Speshear 0.208 Q.
b O.

2l 0.004 0,088 0.0684 0.584
88 +14l 080
+«A51 061
Qet.shear
r J«d69 0.107 «078 088 +0d8 « 047
0.138 114 041
.l”‘ : » Oba
rn medn .Ulag ‘Unll 'Jsluz- .0'3? 10“«613 ‘34'?
Whers more than one determination is listed for a tempera-'

ture, the results are from samples from different bars.
SBars from both lots I snd II are represented here.

A | re,
- (%) sz*?”““T"

3

i _B. DEFORMATION BY KJONGATION IN TENSION
3 - 760 . 780 85 875

é}—'ﬁ 30,1598 0.,0782 0.0814 0.0348 0.0848

Y 50,3420 .160 Y. L0704 L0704
4 bn (1 "3)) 178 +180 L0065 0965

¥n > 0.820 104 0820  .0470  .0470
.115 0115 90""40 &0'-_-"&

n (mean) > 0.210 «110 .098 058 +058
= f21n (1 + q

&

-
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(2l
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vy

e DEFORMATION BY ROLLING
Tn 760 780 800 8 860 75

& xﬁ%h)a.1¢o 0,100 0,080 0.,0599 0,0808 0.0808
o
0.£10 0.200 0.187 0.124 0.080  0.080

Yh > 0,138 0.138 0.108 C.0883 0.,0417 0.041%7

(G*) 0478 072 0.136 0.101 0.040  0.048

/
(Yh') = _i'%)/zln (1 - @) Cagze of pure shear sz in rolling
@ wide plate,

Nadal®* has set up & mathematical theory of plastic
Strain by which plastic strains of finite nagnitude may be
SxXpressed solely in terms of & pure shear termed the octa-
hedral shear. He has given formulae by which the scta-
hedral shear may be computed from the specific shesr on
the principal specific extensions or contractions. The
formula for each case is givem in Table 4, together with
the values of the octahedral shear Yh ecomputed from the
Gata, When the mean cctahedral shear values are plotsed
8gainst thelr corresponding annealing temperatures we ob-
tain the graph of FPig. 3(45 which 1s more satisfying than
the one of Fig. 2(b) obtained by using the specific shear
&8 the abscissae unit. .

in Table 4, part C, may be noted some values of octa-
hedral shear (fh* ) which are obtained from the formuls

for the case of pure shear which is about the state of str
found vhen rolling wide sheets., As may bé expected, these
values do not agree with the other data because in this
work the rolling was carried out in narrow bars in which

the deformation 1s more like a simple vompression.

When it is considered that the agreement of pointa
plotted in Fig. 9(a) 14 good at the higher temperatures
vhere the critical degree of deformation can be determinsd
more definitely and still join at the lower Ltemperature
The correlation between the results obtained from the three

ifferent types of cold work is satisfuctory.

% N i ui " i » 'iplll. 1 t-‘-\!._‘ :‘( -‘--‘11,--_ ",19 v O: J‘i'“i t 4 l in the ; : ’-:'{ﬂin
dardening Range," I, J. Applied Physics
Vol. 8, Mar,19%7, pp. 205-217.




Furthermore, it must be remembered that the eritical

degree of deformation is not only related to the tempers-

' ture of annesl but also to such other variables as time 4
of anneal, chemical constitution, ete. In fact, the eritt- |
cal degree of deformation is so decidedly dependent on the

time of anneal that if {t were not for the faet that in |
this work the annealing times used at the differeat tempera- |
tures were always shout the same, the above correlations ‘
might not have been effected at all, i

To determine just how important the time factor is, a ;
fow experiments were carried out, the results of which are j
illustrated in Fig. 10 and 11, e former shows the effact !
of changing the snnealing time at 875° from 15 minutes to
3 hours, One n:i note an apprecisble change in the eriti-
cal radius and also & decided effect on the size of the
grains themselves., It must be mentioned, howevar, that a
previous experiment was made in which two annealing times
were 1/: hour and 3 hours snd much less difference in re-
sults was noted so that 1t is likely that the 15-minute
anneal created only a partial recrystallization; that is,
as Ahrell has pointed out, the time fuctor is very important
at the begianing of the recrystallizstion process.

However, this does not mean that the time fsctor
Vanishes as the time of anneal is increased indefinitely.
Fig. 11 shows the effect of increasing the time of anneal
from 1 hour %o four days at 2 different annealing tempera-
tures, all of which had iittle or no affect vhen used for
only 5 hours,

Fhile at first 4t may be very disconcerting Lo learn
how decidedly the critxea{ degree of deforuation depends
on the length of annesling time, this is what might be ex-
pected to hold from kinetic theory. Van Liempt has msde
&n gttempt to deduce the tempersture of reerystallization
theoretically by considerations similar to those used by
Lindemann in his theory of melting. He derived an ex-
pression for the reerystallization temperature

LR . T

where K 4s constant or & function depandent on factors
Other than time, such as degree of deformution; etc., r
the characteristic frequency, and t the time of annesl.
This equation besrs out the experimental observation that
either the eritical degree of deformation or the recrys-
tali:;utian temperature will depend upon the time of

ann . -
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In this connection it is necsssary to point ocut the
need for more precise use of the term recrystallization
temperature. At present it 1s being used indiscriminate-
ly for a number of purposes, For example, by it some
authors mean the temperature at which a work hardened
metal will regain its original hardness, irrespective
of whether or not a change in grain structure has taken
piace} others again use 4t in pleace of a tempersture
nae arglists call the equi-eohesive temperature; while
still others look upon 1t as fundamental charscteristie
temperature of the metal., This last impression arises
from the fact that at higher degrees of deformation the
recrystallization temperature changes but little with
inereasing deformation.

It was the hope of early workers on recrystallize-
tion to relate the structural changes in reerystalliza-
tion to the changes in hardness brought about, but in
genersl it was found that those changes in the micro-
structure characterizing recrystallization usually oe~ .
curred st temperatures quite above the highest annealing
temperature required to remova the effects of work harden-
ing. The hoped for relation between hardening and re-
erystallisation received an additional set-back by the
novel aexperiment of Beck and Polyani® who showed that an
Al single crystal when bent inereased in hardness and
when straightened gained still more in hardness, but showed
less tendency to recrystallize on annealing as compared to
& plece that had only been bent. Similar effects were ob-
served in polyerystalline A] by van Arkel and van Bruggen®#,
In the present work on Armeco iron attempts were nade to
relate the changes in hardness te the changes in structure
produced by recrystallization. 8Since no obvious relation-
ship could be found these results have been omitted from
this paper,

Fig. 12 shows plotted on a single sheet the avail-
able data in the literature on the relation of eritical
degree of deformation to annealing or reerystalliization
temperature for pure iron and mild steels, The consid-
erable variation in these curves obtained by different
workers indicates the importance of the effect of im~
purities on the recrystallization process. That all of
the data could be grouped about a mean curve suggssts
that there 1is a fundamental relsationship betveen critical
degree of deformation and annealing temperature character-
istic of the metal itself. To compare the results ob~
tained in this work with these data, points from this
work are included in the figure. It may be noted that

®* HNoture 19 (1831) pp. 505-6.
#% Z.Physik 80 (193%) pp. 763-791,
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these agree somewhat with values taken from data by

B J. McAdam for Americen ingot iron and also gquite
0ddly with values determined by Banemann 4in hot de-
formation (deformation carried out at snneal tempers-
ture) for mild steels. In general, the recrystalliza-
tion temperature of Armeco iron and mild steels i3
definitely higher than for electrolytic {ron.

In conclusion, it must be ropeated that the phenomena
of recrystallization are complex and that much experimental
work directed at particular fectors, keeping other factas
&8 alike as possible, must yet be carried out to get our
knowledge of these phenomens on a more rational basis.

VI. SUMMARY

1. The reerystallisation of Armeo iron when cold
deformed and annealsd has been studied for the cases in
Which the cold deformation consisted in torsion, elonga-
tion in tension, and rolling. The results have been sum-
marized in reerystallization diagrans.

2, By expressing the degree of deformation in sach
type of cold work im terms of the corresponding octashedral
shear, the ecritical degree of deformation so expressed 1is
the same for the three kinds of cold work studied. Thers-
fore, by means of recrystallization studies in torsionally-
strained bars, it is possible to estatiisy tih cors im-
portant part of the recrystallization disgram {small de-
formations - high temperature) with attendant simpliri-
cation of technique.

S« Btudies on the effect of annealing time have shown
that as has been anticipated by theory, the critical degree
of reduction decreases as the length of annealing time is

ineressed.
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two torsion-streined bar
at 875°.

Maerogrephs of
samples annealed
(b) 18 min. -

Pig. 10.
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