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The Grain Growth o of Low Carhon Steel
and Its Relation to 'Ph_ysical
. , | ~ Properties.

By

TaET SUGIMURA.

I. Introduction.

Special attention has recently been paid by those who are concerned
-with the study or use of metal, especially in the United States, to many
‘kindred subjects like the one here dealt w1th In 1898 Dr. J. E. Stead!
made public his exhaustive work on the aystalhne structures of low
rarbon steel due to different heating, and on some of their physical
properties, particulaily on brittleness produced in iron and steel. Sub-
sequently Dr. H. Fay and Mr. 8. Badlam?’ in 1900, published ‘the.
results of their experiment on the annéaling effect upon tensils properties
of low carbon steel containing .07 per cent carbon (heated at different
‘temperatures up to 1247°C.) Since then extended study on various
features of grain growth phenomena, especially in connection  with
greater or less state of strain,  has been made by many workers, such
as Joisten®, Stead and Carpenter’, Sauveur’, Chappell®’, and others; and
‘rather recently by Prof. H. M. Howe,” Dr. Zay Jeffries®, Profs. Mathewson
and Plﬁllips,".-tMr. D. Hanson'® and others,.- Among them all Dr. Jeffries
especially has made successful endeavor in carrying out his work and
in summarizing all the results obtained by: previous workers. = He
arranged. them into a most comprehensive form, and drew out from them

.several imppl:tant underlying principles which have ‘vital concern. with

“1;}16_ gr‘fmin_ growth - phenomena. . - It . is- certain : that his endeavor has
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succeeded in throwing much light on the study of grain growth
phenomena.

With regard to effects of varying grain sizes to different physical
properties, however, it is the author’s view that much which is now
obscure and which should be made clear, appear still to be left untouched,
or if touched upon, remains inconclusive. It is not inappropriate to
say that study of grain growth phenomena is only made practically
important by it having been found that the effects of the phenomena
on the physical properties are not negligible. In other words, the
correlation of various physical properties with grain sizes is of vital
importance. This is the principal object of the present work and what

was suggested by Dr. Jeffries in his recent papers.

II. General Remarks on the Experiment.

(a) Samples employed :
In order to obtain distinet granular structures, and to make easy
the study on the present subject, and moreover to make the investiga-

e - shlsa o 1

Lo oo aatiaa ] o 3
tIONl a8 praclicable as  possivie, & 10w 0arovon cominerc al round steel

o
Sy RS S ELwi R Vs Vauatla OuTUOA

bar, three-quarters of an.inch in Jdiameter was used. Average result of

the chemical analysis of this bar is as follows:

C 011; Si 0.29; P 0.03;
Mn 0.47 ; S 0.04 in per cent.

In order to ascertain the quality of the steel three test pieces each
5-3/4 inches long were sawed from different parts of the bar: one from
the middle portion, and the others from each end of the bar; and then
from the end of each of these pieces, a piece one-half inch long was
cut and used for microscopic study and hardness test. The longer pieces
were put under tensile test. The results of these tests are represented in
Tables I and II, and Fig. 41. With regard to scleroscope hardness test,
precaution, an account of which will appear later (page 13) was taken.
From results of all these tests we may say that the original bar is not

abnormal, but rather homogeneous so far as these investigations (espeically
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tensile strength) show. Moreover, all thd examinations of microstructires-

‘made at different parts did not display- any abnormwhtws. Flg 2 is-

a represent%twe photograph of them.

Tasre I. HarpNess TestT FOR THE ORIGINAL STEEL Bar.

One end j 128) 127/ 125| 12.3| 12.0| 115| 11:8| 11.3| 121.5.06| 5.04| 5.05|'140

APogition |7 7 Sclerosenpe number. ’ "1 ~'Brinell number.*
of ; s : X
speclmen - i . i "
taken | . . , ~ ‘ t | I e Num-
lated.
3. K e : v ol N R U R

~Middle . | 105} 11.2}. 120} 12.3} 10.3| 10.9) 11.8] 10.8/| 111} 5.00] 5:00| :5.00|.143
- Other end| 12.2| 87| 108) 95] 9.8 10.7) 11.3| 122| 10.6] 5.00} 5.00] 5.00] 143

. Tolal Averago: Scleroscope no. 11.3; -
Brinell no., 142.

TaBLE II. TENSILE TEst FOR THE ORIGINAL STEEL BAr, .
TN CRAREEFE BN DAL I R S5 AS11 U N S SN (LI R R L LRI S IR L

- Position of LEIongaﬁon Position off| Contrac- | ~Yield [Modulus of ' Tensile’
n two Tnch
.. Specimen . auge facture |..Hon: of point, | elasticity, | strength,
" taken from ]genuglh inelur "~ area, | Tbs. per'~ 1bs, per | 1bs. per -
bar | per. »gcent _oceurred. _»per;,go'ex’;t_, . sqt‘m’ | sq in | s4q.in.
“Oneend .. U830 ] o2r | 602 | 4600 | 27sx100 | 70400
Caaaé | s | om. | Eas | anso |meswaoe | eso
: ‘Other end...x:| 350 | o045 | 612 | 48400 |S18x10¢| 70500
v Average ---:o-.| 388 | . | 61 | 47,600 |205x105.| 70,200

P

It shows a normal pélyhédra.l str;icture of about oné-ténﬁﬁ"‘,ﬁpg; cent -

,cg,rbon stee], pea,rlitic strueture séattered h,ere avndv there, shown by dark .

¥, Two dxameters, each pex:pendmulat t0. .the gther, were measured for the determina--
tlon of the lmpressxon magmtude of the Brmell ball

= ‘This column has' been” added ‘80 astd" make it’ poSmble‘ 4o get’ proper “judgment
ynth respect to the amount of relative elongatlon in per cent. .The position of fracture-
was measured from the nearest gauge mark, assumlng the whole elongated gauge length_
as umt ) i i : [P R A
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- fields in the photograpl.  For future reference ‘several heating and cooling
: curvesdﬁe to tirﬁe were recorded by the ILwseds: and Northrup:Trans-
~ formation Point Recorder for the present samples ‘as shown in Fig. 40
which is a representative one.

(b) Furnaces used and other items :

For hea_ﬁhg specimens, two kiﬁ@s vo_f eléctﬁc reeistance' furnaces

- were used; the one for low heats up to 1100°C., was an ordinary type

- using nichrome wire, and the other, for higher tempemtmes ‘above

- 1100°C., was a carbon tube type (Fig. 1). All heatings were made
“~under’ ordmary ‘conditions, ‘i.e., in the furnace under atmospheric
| iﬁﬁqenee,y taking due care’ fo avoid too much free access of air from
- outside,i by providing the furnace with a cover ‘made Sﬁiﬁciently -air-
tight by plugging the hols' carefully‘ with asbestos wherever a free
passage of air was noticed t6 occur, and-thus undue oxidation of the
: spacimen heated within was avoided. - On e’mﬂ%ﬁng the carbon tube
furnace for higher hea.tmg, SpGCla.l pleca.utlon was taken, because it was
- feared that aciuon of air on the tube at the h1gh tempemture might
~ form a gas (mostly CO or Coz as the case might be) and afiect. the

sample heated inside. To a,vo1d such a contamm‘a,tmg action of :the

. gas proauced, a refractory tube of smaller dmmeter smd longer than the -

ca.rbon tube itself (about six inches longer altogether) was inserted in
- it, so that each end of the refractory tube might project outward about
three inches from the carbon tube ends. (Fig. 1). . After the sample
~ had been placed at the middle position of the refractory tube, where
the temperature was highest and uniform, some refractory harmless stuff
was plugged into both ends” of the tube, so as to plevent undue

»*.OXId&th!l

To show one of the chamcterlstlcs of the furnaces used zmd to

nigke clear ‘the  rate of “the ‘furnace cooling’ of the specxmeu ‘heated

there, . eoohng curves: fo each furnace are represented as Flg 38.and

.,.,,eFlg 139, bemg condltloned by ‘l;‘he Toom ’cempara,ture (a,bout 60° F) _

- Whele the furna,oes are 1nstalled



The Grain Grouwth of Low Carban \Steel and Iis Relation, ete. 5.

«.t" Po dequite: the measurement  of - témperatures, an ordinsiy: 'pl&hnm
and platinnm-rhodium thermo-couple was employed throughthe: whole
range of varfous-heats. Thus, aceurste ! eomparatwe mea,snrep:fents are -
expected 1o be obtained.:! AV S SRS

- +All test pieces were: obtamed from the ‘same:one Mar, éach 5,~3/4- -

inches 'long except . magrietic. : specimens; - -Afterc their ‘rbspeetive - heat

treatient was completed, one:microscopic sample of ‘one-half inch Tengtly
was sawed from the end of the specimen. - This was also employed for-
hardness tests. The long pmtmn left was put under tensﬂe test after

machmmg into’ proper shape B

.... % 3

_For reveahng mlcrostructmes 10 per cent mtrrc a.cld /in aleohol:

was. used as -an- etchmg reagent.

To . measure the sizes. of - grams, Dr Jeﬁ'rles methodg(dsi Wwas ap--
plied. - ' '

On'"magnetic and other” speelal kmds of tests, remarks Wlll Fe made -

e s

o

at the tlme when they are needed

III Study on the Graln Growth due to Heating at
Dlﬁ‘erent Temf’eratures and Constant Period.

(a) Procedme of the: Bxperiment.

£

, For-the present resea,rch three kinds of” heat trea.tments were made -
at d1fferent tempera,tures rangzng fror 700°C to 1410°C. In the first

~ place, ea.eh three spemmens prepared as sta,ted above,: were heated at

the same time to different. assigned temperatures, keeping them there-

for one hour; aud then cooling them “in the air. - All thesstreatwents:.
were perfermed in exa,ctly the same way, for a,ll sa.mples of same heat.

After the eompletmn of thls performance, they wers divided into three

groups, designating A, B;and C respectively...Group A was submitted

to varicus physical tests: immediately without giving them any more -
treatment results of whl(,ﬁ are indicated in 'I‘a,ble 117, and their micro---
structures in Figs. 8-16. F01 Group. B, the seeond heatmg was made -

at.the same. tempera,ture as..its.- previous.. hea.tmg of .one. hour. fer.xeacht

Mlﬁ



6 s . Ihei Sugimura:. . . RN _1
';sa.mple, coolmg in - the furnace .the. sacond time as dlstmct from the ' el
_previous breatment L g il e -

Group C was also heated again, but in this case they were all:
.put in the furnace at the same time, and heated at 900° C. for one
hour, cooling-in the furnace down to the room temperature. This
. group consisted of'sa;mples;” heated up to 1100°C. inclusive, and heating:
was not y extended up o a,i higher - temperature than this as was -the.

~ease in the- other two ;grou‘p“s.

TABLE III AVFRAGE GRAIN—GROWTH DUE To HEATING AT
DIFFERENT TEMPERATURTS AND CONSTANT PERIOD.

’ : Temperature, Average ‘size of | Nomber of grains
. ' Group' . . gtaiﬂs, & . - i3
T e R °C. - : sq. mm., per sqg. mm.
Original, . | , S 00047 . 2130 —~
700. © oot | 1960 °
730 ; 00051 1960
800 s 00026 o0 - 4000 °
850 00022 | .. 4550
900 00014 C 50
A 950 - 00055 ' 1820 . _ -
1000 . | .00089 - 1120 S
1100 o012 837
1200 ’ ' 00.124 807 ) ; o -
1335 00.210 476 ;
1410 00383 -~ 261 -
700 e 00057 , 1750
o 70 0057 1750
BT g0 00039 * 2560
. om0 | 00086 .| oa780 }
T se - 1000 . o 0514'0’ ' 75 |
1100 | . - oo | 595 ‘
w00 | oomes | . 595
13% co2e | s | A\
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¢ (b) Results of the above heat treatment. - %

- Microscopic structures developed by _different heats for A a.nd B
groups are; represented in Figs.  3-26, and. the grain growth due to
various temperatures heated is shown, diagramatically in Fig. 42. Up-
to 730°C. no group seems to have undergone any noticeable change,
but at. 800° C. some grains seem to -have grown to a small extent,
while at the same time some disintegg}ations .of grains have occurred.
‘When we see Fig. 5 we find ‘many ‘small d1s1ntegmted grains inter-
mingled between Jarger original grains. They are more distinctly
shown in Fig. 6 which has greater magnification than the former.
This, the author thinks, although a state of growth hag :arrived among
grains a.t this temperature, recrystallization has also. taken place in
some grains which -were .previously over-strained on- account of rolling
action or other eauses. Thus, some rate of growth and g -certain
amount of disintegration have occurred at the same time, rendering ‘the
contrast of size of grains cons1derable and the average size of grains -
sma,ller., Moreover, cementite dissolved. by f»exrnfed during the: ;heat,‘ on
cooling‘. through the ‘oransforma.tion_ra.jnge‘ (See the transformation curve
of Fig. 40) with fairly quick speed (especially when air cooled) ~might
have tended to another aisintegration, of grains.  This decrease in the
mean size of grains was a little more 'prono@fncegi at 850°C, for air
cooled samples (Fig. 7) owing to some increase of recrysta.lliza.tiqn of
grains which had been strained in the less degree than those already.
recrystallized at the lower temperature. At 900° C.“,,,thé steel having
already entered into gamma state, new austenitic crystalline arrange~
ment ought to have occurred, and the old non-gamma grains were
entirely effaced. During the. heat above this tempéra.ture, grain growth
manifests itself as austenitic growth, and generally.- t.he higher the
temperature or the longer, the ‘duration of heating, the laxger is this
austenitic grain growth.  As. to. the grain size of , iron;obtained by
cooling down from : austenitic state, however, two different .opinion

prevail @ 4%:  whether the. grain size ‘be. inherited -from austenites
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grains, or non-inherited front-them, but' naturally® sprung up at the
- transformation ‘point, and sizes of ‘& iron grains ‘depend mostly upon:

the mannér of cooling from “4his' new starting point: * As the author’s

‘research has 1ot extended ‘far ‘encugh to enable him' to criticize thése
two views and give a decision; he will not verturs to ‘sa;yf'ari:ytlﬁng
“more with respect to this mattér.. Notwithstanding this, - there seems to
be no question that if the rate of cooling is' just the s'ame, the largér

the austenitic grain, i e., the Jonger the heatlng ot the' “higher the

tempemture of - identical sa,mples in most cases the Iarger will b6 o

grains. Evidences of this fact are 5o abundant that no special references:
are needed. - My experirient, ‘of "¢otrse; is" concordant with- this proposi-
© tion. The*'gi-'*a'ins ‘in ‘the ‘air ‘cooléd ~sample” heated at 950°C. have
grown about three tinties Litgér thiih in the cne at 900° €. “aﬁd:aﬁcooo c.
about’ 6.5 times," ‘at 1100°C; ab()ut 9 tlmes, ete. (Flg 42) For the
furtiace cosled samples, in every correspondmg heat to the air cooled
© ones, gmm ‘$izés ‘are larger than' fn the" la.‘ctel - This is certamly not
because the former ‘have been - heated ‘twice while ‘the latfer only once,.
bt mamly ‘because the former’ weré cooled: gradua,lly in ‘the farnacé,

Whereas the “latter were cooled ‘rathor qumLIy in the air; ‘Spec'iﬂnéﬁs

?‘l . AT O
"1

Hetitod twicé at' a' temperatire lower “than 966°C. muy havé gained a.

little' more - incréase in ginin size than the résult ~obtairied By slow

cooling effect oiily” by ‘the secorid additional heating, but o above ‘that
temperatiite; ‘previous conditions, ' whatever they ' might be, so far ‘as
thisy ‘are fiot abhormal, do hot throw any light upon  h6 struchurés of
setnples thus “ohtained Ma;ny pxewous wo1kers ‘heve’ ‘ah’ea,dy give&
| emdenee ‘of this statement. = = o e suad of Bl oy
L+ Ta groisp O bf my experiment i Which the’ specimens ‘were heated
am?&raﬁoiis&emﬁemtﬁres ‘the first time, “and bhen” heated {ogether to the.

gdtne “tenipsraturd, 900°C., the Same  structire Wa.s obtained in" all siges

With’ Ho ‘signs - of dxiferenée of ‘previous conditions.’ - This, ‘tio doubt, will
serve s anevidence for cthe abidve shboniont, anid- the larget growthi of
gralns “of the “furnacs™ dovled satiiples {group ' Biyin ‘distinction - the:
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air ‘booled oges’ (g*%ouis ‘A can f'bé%sﬁa:awiéh:—*féeﬁaeﬁfy- ;‘tc;fﬂioef 1c'1a§eﬂy'faﬁé
tééloWer coohng cosfoes o S el oe cpew suhag sitiasbarn an

g Gmm growthidoes riot seenr to dosur batweeti: 1100° ¢, ‘and” 1200%€:
either ' in “thecase “of “ait or furnfite’ cooling, Wwhile' at’ 13357 € botl
showed marked ‘growth: But ‘this’ markedly srown’ structure was not
ettendéd to the whole ares, but' rafher ‘eonfiried withiri the' region of
the outer ring -of the tound etched surface -6f the ‘spésimen, the width
of thie’ ring being about thrde-sixteenths of aninch in both ¢ases of ‘air
and furnace “cooling. The - ifiner: ‘pitt “showed ‘entitoly different “banded
sttueture, * Fig. ' 13 représents’ the- region ~whére the banded structure
and ‘polyhedral  grains - juxtapose for* the air cooled samplé. TFig. 12
sheivy outer granular: structure for thé‘"‘»sa;mevs}s;mplé-' "Banded structure
i9" indicated in' Fig: 14" with~ higher - magnification.  Fig: 25 is ‘a
répresentative ‘photograph of the granular structure of the furnaes: cooled
sample. Meastrements of grain’ sizes were made in the’ granular fegion
in both. cases. In'the 'samples lieated at 1410°C. banded' structure
was extended over almost the entire region: ofthé surfacs; as shown it
Figs. 15, 16 and 26; only for the “&ir cooled spécithen’ the outer thin
shell being left as granular structire. Thus for the air éooled Specimenss
the “grain§ were measired in such portions as éhoWé&gréz’ﬁula?r shructiire;
and’the results’ of these measurenisnts - were tentatively addéd, adzeati
be-‘seen'in thediagram,” Fig. 42. In “the’ vvfu-rna,ee‘v'eooledu:sge@lmena»:}1'6
such portion was found. With regard o tho genesis ‘of bandéd stre:
tars; ' the:atthor “thinks that it 'hascome’ from the sime  diuse as
Widmanstittet strdofure®, although it -fs not o perfectly forméd as the
latter structure. TFig. 14 and Fig. 26 show élose ¥esemblance ‘to-this strucs
ture. It is quite certain that it is nop what Dr. Stead called columnar
structusé, bécaiss  the &rrangemeht of banded. fémte is "by no.means
normal to e 6%1%1‘ x%urroundmg’ surtaces.  Tn - consequenee, we may
conclude ‘ohat gt ig.not owing to.gas .escaping -from inside the body, but
to some other canse, Whlch T.ascribe. to Widmanstitten’s, phenomenon,

¥ Saveur's « The Mefaliograpkiy and Heat Treatment of Tron ‘hnd Steel """
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Such & high temperature heating as.above 1335°C is quite enough to
make austenitic grains grow so large that on coolmg them down through
the transformation range, i.e., from gamma to non-gamma - state, great
resistance is encountered to the rejection of certain .cementite dissolved
in the large grains outside so as to render it' possible to form large
non-gamma - grains; but makes its appearance between the cleayage
planes of the small octahedra composing each graih, + Lecause . the
necessary time was denied. for . this dissolved ‘cementite;, to;.;;:;_eac]i the
boundaries of the grains. = The reason that -the ‘Quﬁe,rf -shell - of the
specimen shows granular structure can be explained in this way. Though
care was taken, oxidation of the specimen could not be avoided, and in one
case scale of about one-sixteenth of an inch was formed on the: sﬁrfa.ceﬂ
Thus the decarbomza.tmn of the nuter shell of the specimen could not
be avoided and there is mo doubt tha,t some -part was made almost
free from .carbon.  Almost carbon- free portion is nob  subjected kto.
Widmanstétten’s phenomenon, because there.is .no need to reject any

such excess constituent during transformation.

With regard to group C nothing particular needs be S&ld As was.
said in simple words about the specimens ‘before. (page ,8),; by the

second treatment all samples previously differently heat treated, showed
no sign of- pa.rticula.r variatlon in microscopic strueture nor in- strength
test.A,.r,.'WQ may conclude therefore, as is well known, that for identical
materials’ any previous conditions, whatever they - may ha.vébeen, S0

far as they are not abnormal, e.g., internally oxidized structure caused

by over- hégting,v etc., will be enti”rely effaced and become all. alike in

structure: and. physieal properties.

~IV. Study on the Grain Growth due to Heating at
Constant Temperature-and Different. Periods. . -
To find out the ‘effect of time 'with respeeb t6' gram growth at

constant temperature, the author made elghteen specimens, sawing them
from the. original bar, each pnefhalf inch long. 'l‘wo, of these were

N\




The Grain Growth of Low Carbon Steel and Its Relation, ele. 1L

~-mged for each. heating, .the temperature being kept at 950°C. all the

~time, and the duration-of = heating varied from one to sixty-four hours.

When the fixed period of heating arrived, the specimens were drawn
~from -the ful;nageva,nd allowed to cool naturally in the air. In this way
_a grain growth and time curve (Fig. 42 aud also table) was obtained.
_Bepresenta.tive‘g»photogmphs for each heat are shown as Figs. 27-37.
As the curve represents, for the present low carbon steel aiter four
“hours heating it already appears to have reached to some grain size of
- fairly steady eq,mhbrlum, and up to 32 hours heating, the grain sizes
-do not seem to have made any material development, while at the
~periods of 48 hpurs and 64 hours, they have grown to some extent.

In this trea,tment “rather remarkable structure which could: not be
found in other treatments was noticed. Fig. 35 indicates clearly this
structure which .consisted of graing including one or two, sometimes,
more, smaller ones entirely within. This peculiarity of structure appears
-mostly to be due to the method of cooling. To assure this, the author
- made a test with a few other ‘pieces which had been treated just like
the ‘specimens they were to be compared with, but in this case furnace
-cooled ms'fead of air cooled. Fig. 37 represents one of these experiments,
the stracture of which is normal, in which all such peculiarity of grains
- disappeared and, in this case, grains were grown 1.6 times larger than
“those cooled in the air. Thus we may conclude with certainty that it
is the manner of cooling Whlch contributes mainly to the production of

»such peculiarity.

~¥. Does the Size of Ongmal Specxmen aﬂ'ect
the Rate of Grain Growth ?

To answer thls questlon the author made two comca.l czpeclmens; as
shown in FIO‘ 43 from the ongmal bar. They were each machined
ega.ctly,ahke and put in the furnace s;de by side some distancs apart
-with their respective ends reversed, in order to eliminate the . effect. due
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to temperature difference fithe firnace. They were heated at 1000° i

for one hour and then cooled in the furnace. - Specimens obtairied ‘in

this way were examined carefully ‘with the microscope and' practically

no variation in grain growth was found at any part, iie., at the smaller-

or larger end or at any inside section. 'Thus within the tange’ covered
by the ‘results of this test, we may conclude “that’ the size' of the-

' speelmen does not &ﬂ’ect the rate of gmln grow th.

Fig. 48::—Conical specimen for the grain growth ‘study. '

- VL Physmal Tests

As to the phyxlcdl tests for dlfferent _grain sve% ’chree kinds of"
tests- were made : (a) Hmdness Teat (b) 8¢ rength Test a,nd (0) M&gne—-
tic Test.
() 'Hardness Test. ‘ o v

The most ordinary method of -mak king thlb test is to use tbe;
seleroscope or the Brinell hardness tester. In’ th1s case both of them
Were employed. In spite of the careful measurement mlde, no specmli
difference of hardness number in either kind due to grain size was.
detected, although differences ‘were found yet they were irregular and.
did not seem to bear any special relation to gmin sizes ; moreover the-
degree of d1ﬁ’elence is so sm&ll that it can Well be assumea to he Wlthm,
ment, Thus so far as the hardness of metal 1s medsured by these“
mstruments, we can say- that the g‘mm size does not wﬁ‘ect 1ts hardnessy

number w1th1n the limits of thls expenment There was hov»ever, &
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«decided difference of hardness between air and furnace cooled speci-

mens, the former invariably indicating higher value than the latter,

but always less than original non-treated sample. As for example,
results of heating at 1000°C. are shown in Table IV.  Before leaving
thig -subject some remarks will be -of interest concerning: some charac-
teristics of the scleroscope test, which were noticed by the author
during the test. - . i

TaprLe IV. HArDNEss TEST ¥OoR DIFFERENTLY COOLED SAMPLES.

It is a well known fact that the scleroscops hardness “varies with

the' condition of the SUrfa,ce of the ;pecimen to be tested, i.e., roughness

.or smoothness affects its hardness a greafydeal, and therefore the tost is

mostly made’ on & smooth and ‘wniform suiface. But there arises a

question. ‘Which 4§ the ‘most adequate somoothness of surface on which - .
to apply this test ? If We polish the surface as we do when p1epa,r1ngw

& surface for mlcroscopw examination Wlth the 1dea of acqmrmg the
utmost’ smoothness, a more or less amorphous hye1, which is harder
thin crystalhne metal is formed on the pohshod surface and the result
of & test on such & surface ev1dent1y dlf"'ers from orlgmal crysfalhne
ha,se of the metal to be tested, althOUgh the numbe1 of difference

is “often’ S0, ‘small that the careless tester might easﬂy overlook it. But'

for preclso mvestlgatlon the author ’ohmks, due attention should be pald
o thls polnt Flvo $pecimens, each one-half inch Tong “were ‘sawed from_

moen

> # S@m&&;n(&r}ﬂs as Table 1 are applied here also. : ;.

TRARR R PR Lo LS S S S B ks iy . e
3 3

"No. of| Tem- | Man- o Scleroscope humber. Brinell number.*
speci. | Pera- ner of L
PO~ ture, | cool- [T T , ' I Number
.men. | °C. |-ing. | 1|2} 3| 4| 5] 6| 7| 8 |Mean| 1| 2|Mean/| calou-
, . 1 o lated.
16 | 1000 |24 911 99| 88) 93] 9.0/ 9.0, 92| 9.0| 91 |5.085.08 503 | 141
o lntwel ' | I
~ 15 | 1000-| fur- | 8:2) 7.8/ 82| 82) 7.8) 83| 81| 82| 81 [5:20/520 520 | 131
S | nace a - : : : )
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- the same bar which had been heated at 900°C- for-

one hour and cooled in the air. These specimens-
~were.ground and polished as in'‘preparation for mi-

- croscopic examination, and then half of eaéh polished.

surface was etched with 109 nitrie acid"in ia.lcol'iolf,

for various periods and tested for hatrdness by -the- A

scleroscope at each corresponding position of etched:.- -
Fig. 44. and non-etched surfaces, as shown by Flg 44
'lhe results of this test are tabulated in Table V G A

Tasre V. ..
' COMPARATIVE SOLLROSCOPE HARDNESS FOR ETCHED AND
NON-ETGHED SURFAGES

No. | Duration of | Etched portion. Non-etcheci _portion,
of etehing in | e A
piece. | seconds. 11 2 '3 | 4 |{Mean| 1 2 |3 4 ‘| Mean, -
A 15 90 | 87 | 87| 87| 88| 95 | 9.0 | 92 | 92.} 92
B 20 88 | 86 | 87| 87| 87 | 90| 92| 91| 90 | 9.1
- 30. | 87| 89 | 85| 87| 92 9290 04 0n
D s | 88| 86| 87| 85 87| 90| 92| 90.| 87| 90
E 60 95 | 96 | 9.7 | 98 | 9.7 | 90 { 90 | 924 90 | 91 . |

By ghncmg at this table we can see that untll dura,tlon of etchmg

¢

is up to 45 seconds, the hardness numbers of an etched portlon are~
etchmg the ;result is en’cn'ely ’ohe reverse. Although these number% @f : o
dlﬂ'emnces are_so small that they could easily be overleoked by a-
ca,reless observer yeot the author never fa,ﬂed in detecting them, promded
o due care was taken, e.g., a,lwa.ys sebtlng the specimen tight betweenm
the holder and the anvil of the“ scleroscope so as not. to ,admlt‘_an‘y) |
looseness of contach upon the anvil, the éuiding tube of the dropping: : \

hammer being secured in a ‘vertical position, the whole instrument .
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placed on ‘& "firm snpporb-which is as “freeas possible from any source
of v1bra.t10ns, or dlsturbmg action, etc. ) ﬁ

" Thé fact: that the non-otched portion shows harder numbers than
the etched one ‘can ‘be~-’~expla1ned ag follows: the former-is covered with
amforphous metal™  which is hard ‘and 'entirelydifferent from the
fetal in its normal’crystalline state, whereas it thé latter this abnormal
retal has been dissolved and ‘the real crystalline stucktireof the metal
to be tested, which is softer than thé above amorphous phase; has been
revealed. If etching be continued toolong, however, as-in the case of
60 seconds, Table V, the writer imagines that the #vell’ distributed, fine
péirlitic ’fstrﬁéﬁmesrsta,nd in bold relief'on the' surface, and when the
hammer:of the scleroscope strikes the: surfaceito’ be tested, the greater
patt of ‘the energy of the falling hammer:is absorbed by -these pearhtle

_areas which :are harder than the sunken’ferrite structiire.

SOINT

' A§ 487 tabulated,’ the' hatdness number of the etcbed‘féuiéfasee‘ does
niok vary thirotigh' réther wide range of etching':periods, ‘from " 15: to 46
s'e’oéﬁas* Nowif we:prepare the surface to be'tested by grinding with

emei‘y papér, as is frequently done;, wefind numerots scratches on - the )

surfaos ‘mads by the emery particles. < These scratches are the cause of
ﬁlie“ dqﬁ'erent ‘Values of hardnuéss. - For inktance, the athot prepared

L twoswfaces, ‘employing specimens A’ and /C kalréa,dy{ used, by grinding

WLi;hNo 000 emery .paper, and tested them under:the scleroscope, and
fotnd jthat a. wider ‘range of vaiiations had -taken: place than in ‘the

above-: tests, e.g., in A sam‘ple, -variations were: ﬁ@m 9.0 to 11 2and in

¢ iSample from 9.0. to 11: 5, whilein- prevmus tests: (Ta.ble V) vamatlons .

were ‘all in less. range.

- From:the résults, ‘the’ zmi;hor is inclined to believe that in order fo

6t the most appropriate” restlt of hardness test from the use of ‘s
scléroscope, ‘adequate prepa,m.twﬁ of ‘he smfa.ce is of vital iniportance;

and:'this'stirface is best acquived by polishing, “just: as “in the case 'of

~prepa.rmg 2 “microscopié Furfade, ‘and’ then etched m the- degree just

diibagh” to dissolve the amorphious layer *formed ‘o the ‘surface And
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reveal the real ‘plane. structure of the metal 1tself takmg due care . not
to over-etch. B
I have-to beg your- 1ndulgence for straymg SO far away fm:m the

subject here dealb with to discuss minute differences which are diseover

ed by careful test and to propose a standard surface: to be; prepared for
scleroscope test, for which the author himself is quite. aware that much
has been argued. upon. the fundamental -principle of the -instrument
among authorities and. its results are often underrated, in spite. of: its
being bandy _aﬁd siniple._ T

. (b) -:Tensile; Test.. - . .. . o e

In reference to: t}ns test, Wlﬂl the hqpe of ﬁndlng out any. mmute

relative - differences - which. may exist due to.variations of grain- size,

great care has been paid, ‘especially ‘to ‘acquiré modulus of elasticity,
elastic limit if obtainable; yield ‘point; contraction of; fractured portion
and maximum strength. Up to the fyield-,poi'nt,u load. was. applied with
hand power as uniformly as .possible, and at ;escch” successive -definite
load amount of extension was' measured by @, mllcrome,ter».exteﬁs@;netgra

of one-ten thousandths graduation. - Afte passing over themﬁidp@mt;
* mechanical - power was applied. with slow -speed up to the bresking
point of the specimen. In this way results as shown in Tables. V1. and

kS

VII. ‘were obtained. ~ Pig. 45 is the diagram plotted- for. contraction;

yield point and maximum tensile strength against varying téﬁap@fﬂﬁié‘s‘i
and Fig. 46 is the same against different grain: sizes, bub here forihe
pieces heated at higher than 1335°C. in »bo_;th cases of air and: furnace

cooling, ‘vesults.are not: plotted’ because ‘the partial or entire appearance

of banded structure, rendered the determmatmn of grain -size . 1mp053lb1@

or meaningless. For: each spacimen, a load-strain diagram was plotted

adjacent - to ' the yield  point, ‘and was carefully stud1ed ‘with, respect -to
the. positions. of the elastic limitiand yield point. = With regard. fo,the
former, however, as was expectod, tl}é pregision of - the appratus used
was not great enough. to defect the distinet point of Aimproportionality,,
and moreover .the . inhomogeneity of the - original sample, was largf’
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-enough to conceal small variations due to different heat treatments, .
'Whereas the yield point was rather exactly determined. Therefore as to -
‘the elastic limit, nothing can be said here. As is shown by Tables IL,

VI and VII. the change of the modulus of elasticity due to different
heat treatments is well within the inhomogeneity of the original pieces, .
e'g.; “the original pieces give the values of from 27.8x10°to 31.2x 105,
while the results of diffsrent heat treatments give the values from
278><1‘)6 to 81.0x 10°

which lie obviously within the irregularity of the-
original material itsel. o

TaBLE VI—TENSILE TEST FoR GROUP A.

All samples were heated up to their assigned temperatures

respectively for one hour and cooled in the air.
pe y

No. Temf gf;iig f:i?x: gi?]- ﬂi(;}tic%n’ Cox(:)tfrac— Yigld Mog}fﬂus Tensile
: sp(;ii_lpe;atu'rg, stfu(:.re tv;?mlgn:h fractare| area, 1%; ?lggr, e]]g:ticity, ﬁg:ljgg;
men | o | mil | gl | e pe | B | e per’ | e pe
_ | Teter, | per cent:
3| 700 | 1960 320 | 049 | 642 | 42400 | 28.0x10° | 67,200
x| 730 | 1960 | smo 044 | 667 | 42700 | 27.9x105 | 70500
8 | ‘'so0 | 4000 345 | 041 | 638 | 46000 | 283x10s 70,200
5] ?900 7150 3.0 | 049 | 643 | 45,000 | 28.8x106 | 70,000
16 | jo,oo« 1120 325 | 045 | 6LO | 44,100 | 288x10° | 69.400
18 | 1100 807. 33.0 045 | 60.7 | 45800 | 985x10¢ 74,500
C24A| 100 | 807 325 | 045 | B9 | 45300 | 29.7x10¢ | 69500.
’23‘ | 1200 | sor 325 047 | 562 45,30‘0' 285x10¢ | 69,300
2 1335 265 | 030 511: 33200 | 237x10¢ | 70700
2 ?!11?10 300 | 038 | 517 | 34500 | 281x10¢ | 70500

R Same remarks as Table II. are applied herev.v

qu What can be said for other properties, i.e., for maximum.

qg‘nsﬂe strengfh for yxeld point, for contraction, ete. ?

~As the number-
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TABLE VIL. ——TENSILE TE%T FOR GROUP B

All samples we1e hea.ted tw1ce up to thelr assxgned temperatures
respectively for one hour, zmd for the first he%t _cgoled- in- the

au' and for the second cooled in, the furnace

<

Mo | Tem- ing. fHlongation P"i‘g“?? Contrac)  Yield M°g;‘1“s. " Tensile
spoefc.i- perature, SqI:f;re :m({h gfﬁlge fracture| area, fllg.m;%r lglastlclty. ?g;nlg)g’*
e P e o g | R |t e | 0

4 | 700 | 1750 00 | 045 | 675 | 41200 | 27.8x108 | 63,400
12 | 780 | 1750 380 | 040 | 680 | 40,000 | 29.3x105 | 62,900
o | so | 60 | 570 | 049 | e43 | app00 | 20.4x10° | 66300
6 | 900 | 280 | 450 | o0sL | ‘643 | 41000 | 302x10° | 65900
15 | 1000 | 7i5 325 | 048 | 616 | 39,100 | 29.3x10° | 65,700
19 | 100 | 595 | 350 | 046 | 610 | 36100 | 2M8x10° | 65, 500

98 | 1100 | 595 | 830 045 | 598 |- 39,600 | 282x100 | 65, 700
92 | 1200 | 595 | sa5 | 049 | 607 40,400 | 28.3x10¢ | 66,300
99 | 1200 | 595 | 20 049 | 598 | 40200 999 x 10¢ 67,400

95 | 1835 35.0 | 043 | 612 | 42,600 | 30.1x10¢| 72,200
30 | 1385 1 se0 | 025 | 605 | 36700 | 20.9x1007| 64700
o7 | 1410 | 525 | o043 | 605 | 30400 | 31.0x106°| 63,200
31 | 1400 360 | o039 | 598 | 85300 | 289x10¢ | 64,800

* Same remarks as Table II. are applied here.

cof pieces tested was not large enough and aléo a,s the rmge of
'vanatlons of gram s1zes was not w. de enough a.nd moreover a,s tbe

ateual used in this test was not homocenous enonugh beca.use 1t Was
- commerclal b&r end not pcwtlculaaly prepared steel although the test
made at the three portions of the original bar shows it rather to be
“homogenous (see Table IL), yet regarding other portions in between, we
-can not be sure-of the non-existence of accidental abnormalities; small

dlffelenees which may be expected to- exist in the same ma.terla.l due to
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varying' grain sizes have not been conclusively decided by these - tests,
"The greatest defect of the strength test lies in the fact that it iﬁva.riably :
represents the results of the weakest point in the whole portion of the
‘test - piece. Therefore we may state that as far as irregularity of
.samples is greater than the differences which  are caused by varying
heat treatments or different grain sizes or unlike structures, effects due
to the latter causes are in most cases entirely concealed by the former
irregularities: In this way, the ultimate tensile strength of the weakest
point, as is clearly shown in Fig. 45 and Fig. 46, is very irregular,
:and there does not appear to exist any special variations due to different
.grain sizes and heat treatments, except that -air cooled samples are
invariably stronger, about 5,000 Ibs. per sq. in.,, than furnace cooled
-ones. We may therefore conclude that the grain size does not affect
the tensile .strength within the limits of the test.  If the amorphous

-cement theory"® of the grain boundary is true, it is natural to

~-presume that  the larger number of grains is stronger than the

smaller, assuming either the material or size of the specimen: to be
jdentical ; because the former contains a larger amount of amorphous
metal than the latter and, as is well known, amorphons state is harder
and stronger than crystalline structure.”” - Thus the author’s statement
made above, at first sight appears to be ~contradictory to the amorphous
'theory just men‘moned but he thinks it is not necessanly so. The
inference is that difference of strength between coarse and fine grains is

80 small tha,t ‘the mhomogenelty of material conceals it entlrely

- Banded structure does not seem to aﬂ'ect tensile strength to: any
extent .

-~ With respect to yleld pvmt due to.- dlﬁ'erent heatmg, as is represent—
ed -by Fig. 45, a marked descent is noticed: at higher temperatures
than 1335°C., while at lower temperatures no “special variations are
found; except that air cooled specimens mvamably show hxgher yield
pomt than furnace cooled ones. . - o o n Ly

If we put the yleld pomt ‘however, a,ga,mst ‘number “of - grains per
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square millimeter, as is shown in Fig. 46, although points thus
p_iobted are not situated with exact regularity due to grain sizes,
" yet not so much extent of irregularity was noticed as when tensile
strength was measured, we find that yield point increases slightly for
the furnace cooled specimens and very alightly for the air cooled “ones
with the decrease of grain size, i.e., the finer the grain the higher
is the yield point to a small extent. '

As to the percentage of contracted area after fracture, differences
due to varying temperatures and grain sizes are a little more marked
than in the other cases. Pieces heated at higher temperature than
1000° C. seem to decrease their percentages of contractions ab a greater
rate in the air cooled ones than in the furnace cooled.  This fact is
quite opposite to that in the other cases, where air eooled pieces mostly
showed higher values than furnace cooled ones. TFrom the diagram
represented in Fig. 46 we may state that the percentage of contraction
increases with fineness of the grain within the limits of the experiment

made, and the manner of cooling does not appear to affect the amount

of contraction so much as in the other cases. Banded structure obtained
by high temperature heating, at least in the present test, gives the

smallest percentage of contraction.

As is well known, local elongation is greatest at the proximity of
the fractured portion, whence in both directions along the piece, it
diminishes’ with increasing distance.  Position of fracture therefore
affects the amount of elongation in per cent to a great extent and
maximum percentage of elongation is obtained only when fracture has
taken place exactly at the centre betwesn the prefixed gange marks of
the specimen. Actually, however, it is seldom that fracture occurs just
at this central position, but ordinarily more or less distant from it, and
it is by no means infrequent to have breakage occur in the vicinity of
the gauge marks. Thus, elongation can never be constant within
reasonable range, even in the same material, mainly because of the

occurrence of fracture at varying positions. This is the reason why the
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author has not taken elongation into consideration for the study of
physical properties which are not expected to affect grain size to any

considerable extent.
(¢) Magnetic Test.

For this purpose the Koepsel permeameter was used. The author
is aware that it is not suitable for acquiring absolutely accurate results
and yét' he adopted it on account of its simplicity in many points,
expecting that for a relative test such as the present one, by adequate

care being taken, relative differences due to grain sizes would not be

- difficult to obtain. In this way two kinds of magnetic properties with

regard to different heat treatments and grain sizes were studied: the -
first is magnetic induction due to varying magnetizing force to plot
normal induction curves (B-H Curves), the second is hysteresis property
of different samples. As the samples to be employed were exhausted,
the number of pieces used for the present magnetic test were only
four in all. They were heated at 730°C., 850°C., 950°C. and 1100°C.
respectively for one hour, and cooled in the air just alike, and then
machined into the exact shapes, 5 millimeters square and 8} inches
long, so as to fit the permeameter, special care being taken when
machining not to put any abnormal stress on the specimens. To get
most reasonable relatively accurate results and to eliminate any source
of errors as far as possible, great care was taken in preparing specimens
and perf;)rming tests For the first, however, among different speci-
mens, variation of magnetic induction B in reference to the same ma-
gnetizing force H was so small and irregula;r, that no particular relation
appears to exist with regard to the grain size, etc. Thus the author
is led to conclude that within the limits covered by the present test,
different heat treatments, or varying grain sizes practically do not affect

| permeability.

For the second hysteresis property, however, some regular relation

- was found due to different heat treatments and grain sizes. In Table

VIII. each relative 'hysterésis area for different heats and number of
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grains per cubic mm. are shown, and in Fig. 48 a curve of relative

hysteresis areas against number of grains per unit volume is plotted.

Here, relative hysteresis area means the number acquired by dividing

a certain given hysteresis area with the smallest one, provided, of

course, each hysteres1s curve is plotted with the same scale. As a

typmal example, a hyeteres1s curve of the specimen heated at 1100° C.

is shown in Fig. 47, which represents the smallest area of hysteresis.

loop in all of the specimens tested. The sha.pe of the curve of the

other three specimens is almost identical, merely showing small differ ences.

of loop aTeas.

Tasre VIII.

GRAIN S1ZE AND MAGNETIC HYSTERESIS.

e - Temperature, Number of grains Relative ares of
NO Of Specimen. °C. per cubic millimeter. hysteresis loop.
M1 730 f 86,800 1.078
M2 Co8s0 306,900 1.162
M3 950 ' ' 77,700 1.020
M4 1100 ~ 22,900 1.000

. .
Intograting the areas enclosed by these loops with the aid

planimeter, and denoting them with a unit of the smallest area obtained -
by the 1100°C. specimen, and then plotting them ,aga,mst number. of:
grains’ per cubic unit of volume, we acquire a diagram as represented_
by Fig. 48. By looking over the curve thus obtained we are able to

consider that magnetic hysteresis changes in the same direction as.

number of grains per unit volume. For the comparatively high value

of- magnetic hysteresis of specimen M1 due to:its grain number, the-

author infers that it is not under normal condition, bubt is strained to-

a certain extent and has not been released from that state of strain,.

-even though .it was heated up to 730° C. (page 7), as is well known,

strained iron gives higher magnetic loss per cycle than the same iron.

in normal state® %%, In the same way, speciman M2 which was heated

-
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at 850°C., for one hour still seems to possess some amount of stress.

vgained during previous working. Thus if the author were permitted at

this moment to theorize regarding the above relation, he would say that
magnetic hysteresis loss per cycle is proportional to number of grains
per unit volume. He is quite aware that it is not at all scientific to

form such a conclusion based on such scanty results as indicated by

the above tests.

VIL Summary.

Before entering upon the discussion of the results obtained above,.
it will be more convenient to give a summary of them at the present

time.

(a) On the Grain Growth.

1. For .the present sample (commercial low carbon steel bar),.
recrystallization of structure seems to start in the vicinity of 800° C.
and increases in amount with the rising temperature to somewhere near- -
the. transformation point of 900°C., providing in all cases heating was.
continued fof one hour; while at the same time growth of certain
grains is more pronounced with increasing temperature, evéntually\'
causing grain size contrast more and niore marked up to near 900°C.

2. On reaching 900°C., previous structure is entirely destroyed
and very minute austenitic grains spring up, growing larger and larger:
with prolonged heating or with increasing temperature. Both duration
and intensity of heat are vitally concerned with ‘austenitic'gra:in growth.

3. Though it is not ascertained whether these grown austenitic-
grains are inherited just as they are or entirely different grains should
spring out on cooling down from the transformation point, ‘it seems to-
he certain that within limits the large austenitic grains yield larger-
alpha grains. This is frue at least up to 1200° C. heating for one. hour..

4. Above 1300° C. some banded structure which is entirely different
from’ others appears.. - | L et |
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5. Manner of cooling affects grain size and structure; slower
~cooling yields larger and well defined polygonal structured grains. (See
“micro-photographs).

6. When air cooled, different periods of heating (from 4 to 32
~hours) at 950°C. do not seem to affoct average size of grains. Heating

for 4 hours increases average size about one-half more than heating for
-one hour, and heating for 64 hours increases about two-fifths than for
32 hours heating.

7. In pieces heated longer than 4 hours and air cooled, a peculiar
- structure with grains which wholly' include within them one or two,
~and sometimes more, smaller grains was found. ‘But when the pieces

were cooled in the furnace, most of this peculiarity disappoeared and
normal structure was restored.

8. The size of the original specimen does not affect the grain
- growth within the limits of the experiment.

(b) On Physical Properties (due to Grain Size).

1. Scleroscope hardness test should be applied on properly etched
-surface of the specimen (not deeply etched). A ground surface gives ir-
~regularity of hardness number, and a polished surface displays the
“hardness of the different state of the metal to be investigated.

2. Careful investigation of both kinds of hardness'tests, scleroscopa
~and Brinell, shows scarcely any difference due to grain size. Practical-
1y, hardness does not scem to ‘be affected by grain sizes within the
Jlimits covered by the test (grain ‘sizes from 600 to 7,000 per square
millimeter). »

3. Within the test limits maximum tensile strength is practically
~independent of varying‘ grain sizes. Air cooled steel is invé.ria.bly
~stronger than furnace cooled. Therefore grain size alone does not tell
its strength correctly, even in identical metal, unless the previous treat-
~men} is known.

4. Within limits, yield point increases very slightly with nubmer
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-of grains per square unit of area. Air cooled steel alwa,ys/ shows higher
_yield point than furnace cooled. | |

5. Contraction of area after fracture changes in the same direction
-as number of grains per unit area, i.e., increases with fineness of grains.
.Furnace cooled steel contracts more than air cooled.

6. Banded structure acquired-vby heating above 1300°C. does not
:seem to contribute to temsile strength except in the marked dropping
-down of yield point.

7. With regard to magnetic properties, permeability does not seem
-to change with any regularity in the present test due to varying grain
-gizes, but hysteresis loss per cycle slightly increases as grains become

-finer.

VIII. Notes on the Correlation of the Grain Size
with Physical Properties. |

The importance of such information needs no discussion, the only
-question is to investigate in what way the grain size affects various
physical properties. Before going into the discussion of low carbon

steel upon which the present work has been made, we will just con-

~.sider it with another metal, such as brass, of which Profs. Mathewson

and Phillips’ made a great deal of study. In Fig. 49 is represented

.a curve which has been drawn by the author of this paper from

-data given in Tables V (a) and V (B) and a diagram of Fig. 4 by

-them.

From this curve we understand that tensile strength and scleroscope
“hardness increase with number of grains per sqnare unit of area, and
.88 to contraction of area the same statement can be applied up to 1,000

.grains per square millimeter, and according to their statement the grain

~ .size is not the only factor which determines the value of any given

- property. Elongation was disregarded in the diagram of Fig. 49 from

their data owmg to the same reason which was described in page 20.

- "With regard to the gra,m size and tensﬂe strengl:h they say, by showmg
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' results represented in Table IX, that with due allowance for errors in -

counting, measurement of grain size is more sensitive in detecting

variations in strength properties than tensile tests themselves. .

Tasre IX.

SUMMARY OF PROPERTIES AFTER HALF-HOUR ANNEAL AT 550° C—
Brass CONTAINING 66.56 PER CENE. CopPER, (.26 PER CENT.
Lieap, 0.08 PER CENT. IRON.

Initial redue- | - Elongation Reduction [Tensil strength,)  Sclero- Grains per
tion, in 1 in, of area, lbs. per 8q. in. at
per cent. per cent. per cent. sq. in. seope. 85 diameters.
20 72 * 59.5 46,739 10 55.5
50 73 62.0 47,100 10 ~ 67.2

Quite recently Messrs. 'W. H. Bassett and O. H. Davis* also
reported on the results of Brinell hardness tests of cartridge brass tha.t
the fineness of the grain size increases Brinell hardness. Thus for bra.ss
there is no doubt that important relations exist ‘between varying grain,

size and statical strength test and hardness properties.

For low carbon steel, however, it does not appear that the grain
size has any vital important relation upen cither statical strength or -

 hardness properties, according to the present investigation. There is no -

doubt that fine grain structure should be stronger than coarse grain

mainly because more grain boundaries, which consist of amorphus-
state of metal, are found in the former state than in the latter. And .
the difference of statical strength is mostly dependent upon' the difference -
of the amount of amorphous metal existing in the metals to .be"‘,

compared with. This difference, however, is not great, ‘in fact it is-

practically negligible, even though the existing amount of amorphous state

at least in case, of low ca,rbon‘ steel, such as the one heré ‘dealt ‘with.

This statement is also justifiable in ecase of very low,“carbon steel, as-

indicaled -by Dr.;Stead." When sub]ected to strength test, una.vo1dablei~;
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failure of test pieces occurring at the weakest portion of the whole
body, so long as absolutely homo;geneous metal is not practically
obtainable canceals and covers all the differences due to varying grain
 sizes, especially in a more pronounced dégree in case of commercial -
steel. Consequently the grain size is not important so far as above
kinds of properties and metals are concerned. With respec’ to dynamic
properties, however, such as repeated or alternating stresses, or impact
resistance, it is an entirely different proposition. For the resistance
against these kinds of forces, Stead, Beilby and Rosenhain explained
fully and clearly, and what is described in Rosenhain’s ¢ Introduction
to ]éhysical Metallurgy,” 1915, will serve to make them clear :—

' “On the other hand, under both shock and fatigue tests a
coarse structure, even in a simple metal, gives unsatisfactory results.
‘The reason is easily understood, for. the crystal boundaries act
as a species of strengthéning ‘ske’leton; at each boundary a crystal
is supported by its neighbors, since a slip-band, for example, must
change its direction—often in two planes—where it passes from
one crystal to another, and if the stresses at work are such as to

. favour slipping in one of these directions, they will not be so
, favqurable for slip in the other, so that the weakness of one
erystal will be balanced by the strength of another. Where the
crystals are large, single surfaces. of slip or cleav‘agé extend un-
broken. -through - relatively - large areas, and fracture—particularly
~under shock or fatigne—may be -brought about under conditions
which a finer grained s'ructure would have resisted.”- = (pp. 274-275).
_As to some . probable relation ' regarding = corrosion ' problems,

-Jeﬁ'ness("’ summarized the results of previous workers ‘as follows: other

condltlons-:remammg the same, it would seem that the greater the

quantity -of amorphous material- presen‘o the greater would be the rate
~ of corrosion. :

- The- author -made experlments concerning relative etching speeds of
fine and. coarse grains on the ‘same ‘samplés employed in' the present
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work when etched by 109 nitric acid in alcohol, and invariably found
that for the equal area of the etching surfaces the former loses its
weight more quickly than the latter. As for example, one set of results

obtained is shown as follows:

No. of specimen .............. e 12 19
Temperature heated............. feees 730°C. 1100°C.
No. of grains persq. mm. ............ 1750 595

Weight of specimen after etching 20
- seconds and completely dissolved. . ..
Amorphous layer formed on the surface ' .
by previous polishing ............ in grams 28.83085 29.0904
Weight of specimens after etching the |

onnal a ares aof tha S“Tfacé 2“ annnnda

T Uil cu Ol e v DUCU.IJ.\LB

s R T TR TR in grams 28.8293 29.0892
~ Loss in weight of specimens du to same '
period of etching................ in grams .00155 .0012

Rosenhain"®™ studied on relative volatilization of fine and coarse
grained structures of pure metals to verify his hypothesis regarding the
amorphous cement theory of grain boundary, and showed us thap at

high temperature fine grain structure volatilizes more readily than
coarse. P

In Jeffries’ paper Mr. F. C. Thomson mentioned his brief summary
of the results obtained after studying for some time the relation of
grain size and physical properties, which he had not yet completed ab
that t1me, as the following :

“The material I used for the purpose was an extremely pure
crucible steel containing 0.049 per cent. of carbon and 99.84 per
cent. of iron. For this material (a) the electrical resistance is a
linear function of the number of crystals per unit length; (b) the
magnetic permeability decreases and the ceercive force and hysteresis
loss per cycle increase as the grain size becomes finer. The maximum
induction and the remanence are unaffected by the crystalline size’;
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(¢) the maximum stress is increased, but the elastic limit is
approximately proportional to the cube root of the number of
crystals per unit length. (In the case of a mild acid open-hearth
steel containing 0.26 per cent. of carbon and about 0.5 per cent.
of manganese, the elastic limit is more nearly proportional tb the
actual number of crystals per unit length. Here, of course, two
factors are involved, both affecting the elastic limit in the same
direction ; the actual size of the individual grains of pearlite, and
also at least equally, the degree of fineness of the carbide plates

" within those grains).”’ '
* The present work is really a part of Mr.  Thomson’s endeavor, the
complete results of which, with their data, do not appear to have been
published and which the author, believing they would render the subject

conclusive, desires to see done at an early time.
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. GROUP A.—COOLED IN THE AfR: (FIG. 2—FIG. 6.) ,
~Heated:upl6 Diffezent: Temperatuiés for: OneHoir.

' Fig 1.—Electric carbon tube furnace, and heat
measuring apparatus.

e Fig. 2.—Original sample. T %800,

Fig. '6.—800°C.
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GROUP A.—COOLED IN THE AIR.
- Heated up to Different. Temn

x 200.

X 200.

% 200,

Fig. 9.—1000°C.

%x100.

Fig. 12.—1335°C.

Fig; 41.—1200°C."




GROUP A.—COOLED IN THE AIR.
‘ Heated up to Different Temperatures for One Hour.

‘ . - .

Fig. 15.—1410°C. ’ x 100. Fig. 16.—1410°C.  40.
GROUP B.—COOLED IN THE FURNACE.
Heated up to Different Temperatures.

Fig. 17.—700°C. | %200, Fig, 18-730°C. x 200.




* "GROUP B.-~COOLED IN THE FURNACE." ‘
: Heated up to Different Temperatures. C -




" “GROUP B.-—~COOLED IN THE FURNACE.
Heated up to Different Temperatures,

% 100. Fig, 26.—1410°C..

THE. GRAIN-GROWTH DUE TO HEATING AT CONSTANT
TEMPERATURE AND DIFFERENT PERIODS.
Temperature 950°C.




THE GRAIN-GROWTH DUE TO HEATING AT CONSTANT
TEMPERATURE AND DIFFERENT PERIODS.
Temperature 950°C,

Fig. 31,—16 hours, %200, Fig. 32—24 hours.

Fig. 33.—32 hours, x 200. Fig. 34.—48 hours. % 200. :

Fig. 35-—~64 hours. v %200, Fig. 36.—24 hours, air_cooling. - x100.

Py , Fig. 37.—24 houzs, furnace cooling. ..  »100,




