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INTROLUCTION.
The cold drewing of metels ig one of these encient

¢rte which 1g graduslly heing converted into sn exect
science brsed on firm theonretical &n@ experimentsl grounts.
This process is neturally slow &nd ve gre compellel to
£drit thet there heve heen nn epoch merking improverents

on the original ides of the tapered die conceifed 8t lesgt
600 fesrs §20 . Howevér; one nust rememher that ag the
orocess is, in esgsence, of fundementel simplicity, it is
Goubfful if it couldé he improved npon. The principle
#chievements of modern times heve heen the discovery of the
"patenting® procegs end onr ability to cold @rew successfully,
neterisl of irreguler crosg-gsection.

There hes heen & dlstinct tendency in recent yresrs
to employ bright drswn harg - sometimes celled "free cnutting”
when the phosphorus is high -« in plece of the blecl bers
formerly procured directly £rom the rolling mills. The
adventeges of guch metericl, ¢ ~awn accurstely to size ¢nd
free from scele, in ness production engineering,sre obhvious
¢nd need not he enlsrged nuuon here, In other comnodities
vhere # high tensile strength, accompsnied by sccurste
finighed dimensgions, is essentiel, cold drawing, cold rolling
ar o compinstion of hoth often nffers the most econoniceal
¢olution o2f the osrohlem.

Thet there s & "mess™ effect in cold dreving wag

* (1)

firgt recorded hy Goerens vho noted, &lthongh it hed no conhy
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been #pgreciafed hy meny generstionsg of wire drawers,
thet the larger the cross-sectional sres 0f & har, the
less it could he reduced in ares hy drewing &t & single
pass, Consequently it woul¢ seem thet the test dets
geccumuleated on wire of small dismeter cennot he directly
applied to problems related %0 the cold Arawing of wire
of reletively lsrge cross-gectionsl érea - guch metericl
for instance as is being used so lergely in sutomstic
lathes #t the present day.

It hes long been recognised thet internsl stresses
g~e get up in the r»0d hy the cold drawing operstion ané thet,
'while.they snpear to have no detrimental influence nn the
life of ordinsry wire,"sesson" cracking in condenser tuhes
is, by many competent suthorities, directly sttributed to
their presence. In view of the fect thet such lerge
quentities of cold drswn round steel harg are i1sed in
engineering to-dey, 1t seems opportune thet & resesrch he
conducted to investigete whether» these stresses sve, in
practice, detrimentel, &nd to study, in génervl, the effect
of colé drewingz on nmaterisl larger in 6iametev then ordine »y
wire. |

e steel investigsated in the experiments to ne
Gescrihed conformed to W3 Air Ministry Specificetion.
annesled steel to thls gpecificstion was received f£ron the

Grewers in the form of rouné harg ehont 12 feet long onf



3

renging in dismeter from sporoxzimstely 15/32 iach to 5/6 inch.

3

There were cgix sizes vhich differed hy rouzghly 1/52 inch

»

successively. The steel geve 2n snelysiss-
C. 0°49%

Mn. 0-200%

5i. 0"080-79

5. 0-028%

P. 0°018%
These hsrs sfter sulteble tresitment were cold drewn ¢t @
einzle pags to about G*45 ineh ¢irmeter.

The properties of thig col¢ drewn steel
when tested in tension «nd compression, its herdness, density,
&n¢ resistence to shock on sgeinz up to six months &fte~ drev -

ing heve heen determined. The effect of normelising &t

different temperstures up to 900°C on the Izod velue &nd

b

heardnegs hirs glso heen gtudied hut as there was inguflicient

-

meterisl the effect of the seme heat trestment up to &
nornelising tempereture of 800°C on the tensilelénﬁ conoregsive
prooerties hesg only heen investigeted in the case o the Zour
dlowes!® reCuctlons of sres in drawing. The verietion in fthe
internel stresses get up in the drswing operstion vith
nomslising tempersture for the sama féu" reductions oI ares
in drewing, hes #1so been determined. A microscopic

exsninstion of ¢11 heat trested gpecimens hes been mede.

I
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Breparstion of the Materisl for Drawing,

To ensure the initisl
condition of the materiel heing as uniform as possible
throuzhout all the tests, it wes decided to re~snneel
the bars under labbratory confitions. As it is egsentiel
to have no trace of scale on the hars hefore colé drawing,
they were, therefore, "pot" snnealed in a éast iron pipe
4 inch. internel dismefter filled with cast iron borings
to exclude or shsorh any oxidiging furnace gases. The
end wes stopped up vith & clay nlug, perforated to #llow
the escspe of sny encloged gss, The ennealing wes
performed in & gemi muffle gss Tired furnsce which wss
- meinteined at SZOIi 10°C for 1% hnurs, The wnifornity
Obtained hy this snnesl ig evideneed hy the consistency
0f the ultimate strength hetween nmembers nf the sgame geries
ss shown in Teble 2.

To mgsist the lubrication o7 the die during drswing,
on the sdvice of Dr, Brown, it was decided to deposit &
thin cost of metallic copper nn the hars, In order to
obtain sn adherent deposit, the hars were, first of 11,
picklec in @ 5% solution of hydrochloric seid for & few
minutesg snd then immersed in & hath containing goproxzinately
5% hydrochloric scid ené 0% Copper Sulphete. Tn & fev

-

minutes & felrly echerent £ilm wen Geposited end the hers

e

hep e shed in running cold vieter to renove excess



acid s&nd copjer gsulphate, To ensure further renovel

-

of scid the bsrs were "limed" sndé, lestly, nleced in the

furnsce end¢ sllowed to e08l with it from 200°C, This
last operetion is with & threefold ohject. Firstly,

to drive off sny acid which hy snme unforeseen circumst:nces
hes not been meutrelised; secondly, o dry repi@ly end
30 prevent rusting with its consequent pitting; end
thirdly, which is of paramount importsnce, to expel sny
occluded hydrogen which causes & decided brittleness in

(2) | |
the steel. ' :

All bars in esch geries of tests were snnesled snd
suhsequently tresated together s fir ss possible &and
80 it is throught thet & feirly uniform starting point hed

«

teen ohtsined.

Colé Drewing of Bars,

The drswing of the hars was performed on & Ten Ton
Buckton testing mechine fiftted with an sautogrsphic recorder.
This nechine wss helt driven from & line of shefting which
vas run &t full speed during &1L fhe drswing opereations.
Neturaelly it was desirahble %o heve this gpeed &3 nesrly congtent

'3 p0geible throushout the whole se~ies 0of exgeriments, but

ne

¢

since the drawing operutions heve extended over ftwo #nd ¢ hel

Iy

Jeers, this ves scercely atteinshle. Hoveve~, the veriction
in the spesd of trection sctuslly onteined (vide Teble L) is
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reckoned to constitute nn serious lack of unifornity.
41l other things heinz equel, the hest senersted in @reving,
or ne-h&ps, nmore strictly, the fterpersture attained hir the
drawn rod, is,Drobahly directly proportioned to the speed
of dr%wing. This heat hss & low tempersture snnesling
action in the materisl, sinile » in effects to sging.
With the comperatively low drawing spneeds necessarily
eriployed in these experiments, *this effect must have hecen
negligible &s the temperature of the har is estimated to
heve neve~ exceeded 40°C, and this maintsined for & fev
minutes only. The "modus operandi” wes to fix the die
in the lower crogshesad oFf the maschine snd grip the pointed
end 0f the har with wédge zrips in the ugpper one. The die
was‘now drewn down over the ~0d sné the time to drew & 12
inch length obgerved on & stop-watch (for speed see Tehle 1).
& load strein diegram was teken of the drswing opere:tion,
the load bteing noted ¢t intervsls and jotted down on the
diegrema The mesn pull for esch har was celculatel fron
these reedings. The meen of each series is given on
Tadle 1,

The method of lubricating the die wes to cost the

b

3

s with & filnm of ordinery white her sOep neréened hy ege.
This proceédure zives unifo=m lubricstion conditions and

&30roaches commencisl sractice. The hsrg were he&ad

strrightened imiedistely sfter dreving, helng stlll In & sone

PN
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plastic stste, but prohably mor~e uniform conditiong wonle
heve heen ohteined had a reeling nechine been employed.
However, ss &1l the herg required, s#psroxinstely, the seme
amount of gtreizhtening end were similerly trested, it is
thought thet the uniform conditions gimed st hed heen
mainteined.,

It wes observeébthat, after drawing,'the rod wes
always bent in the ssme @irection reletive to the die &nd
thig eliminetes the pogsihility of the hending béing due to
fadty slignement of the crogshesds ang showé it to be
dependent on the die itself, Perhsps tilting the die
sultebly would remedy this hending, hut the difficulty in
effeeting this hesg orevented it heing tried.

The meximum length of rod possible to obtein drswn

with this mechine is ehout 21 inches.,

Heat Treatment:.of Bods.

Thig wes performed in &n electric resigtanee furnsce
specislly wound wi th NisCr, wire, to ensure the centre
portion heing ss uniformly hested ss possible.

The normelising st 100°C. was)however, perforned hy
imersing the snecimens in hoilinzs weter. After gocking

for 30 nminutes &t the selected tempersture, the specimens vere

3

cxitrected snd sir cooled. The term "nornelising™ is epolied

(-

#Cvigedly *o this nrocess, "at strictly soe:king this ftern

shoulé only be used when the sosking tempereture is shove
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the woper criticsl point which is only stteined shove ehout
- 800°C, Low tempersture snnesling (L;T.A) or"blueing" is
usuelly «pplied to this process with temper~stures up to
500-800°C. snd so, in orde» %o evoid confusion of nomencleture
#11 the'graphs heve heen plotted to & hase of "Normelising
Temperature™,.

- In the czse of the Izod test pieces, however, the
heetiny wes cdone in & vacuum furnsce, kindly losned hy
EProf, Andrew of the Ro&al Technical College, Glasgow, in
order to ensure the minimum of oxidation, &s the specimens
hed to he formed hy notching only end had heen drawn to size -~

045 inch. dismeter,

Menner of Tegting,

A1l dismeters were measured with & micrometer guage,
fitted with & tensioning spring #nd resding to 0+001 inch
end to 0*0001 by estimation. Neck dismeters in the tensile
tests were mesgured with & point micrometer giving the sene
accuracy bpt were only determined to 0,001 inches, since this
Was reckonec¢ tn he the aceuracy with vhich the meah digneter

cou

-

(03]

¢ he determined owing to the fracture heing generelly

o}

glishtl

raszed.

&

C

All tensile tegts vwer~e carried out on ¢ Ten Ton Buclion
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testing machine snd were 2evformed on the unmechined her

jayy

except in the cese nf the hest treated specimens which

were generslly polished with emery najger to pemove the

superficiel layer of exide, hut ss *he diameter was never

reduced hy more then 0+002 inch. in this process, the

specimens esn he reckoned as substontiselly unmachined.
There sre thfee criteria for the Blastic Limit

;of g meterial, It mey bhe regarded ag:-

1. The highest stress to which the matericl
mey he subjected in order thet the losding
ané unlnading stress - strsin curves may
still coinecide.

2. The highest stress to which it may bhe
squected 80 thet on unloading there is

no permsnent sget.

(&N}
.

The stress at which Hooke's Law ceaées to

hold - B. B. S, 4. definition.

‘The stress represented hy (1) is usuelly very low as

moet meterisls exhibit slight elsstic hysteresis even

und e» very low 10&65, énd_consequently it is probahly
dependent on th#rate of unlosding. The stress given

hy (2) i nsuslly the hishest, hut is Llargely influenced

by the rete 0f unloscing, ea¢ hy the elestic "efter working®
270pe "ty 0f the neterisl.

The most convenient gtress tn teke as the Blestic

Linit ig thet ~enresented by (2}, the velue of vhich generelly
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lies thetween (1) ¢nd (2). In these experinents, it is
thisg v&lue.which hes reen Getermined snd to fvoid erhigulty
0f nomencleture, it ig slwsys referred to ¢s "Linit of
Progortionslity".
The Limit 0f Proportionslity was obteined hy s

Bwing extensometer rceadin> to 1/12,500 inch end to 1/2.25,000

inch by estimetion. The snuage length in the tensile tests
was 4 inches #ndé in the comoression tests 2 inches. The

minimum logd &t which oﬁservstions were telen was 400 Lbs,

The method of determining the sctusl value nof the
limit'ofvprOQOrtionylity was to plot the losd-strain curve
to & lerge scele ené then deternine Young's Modulus.
knowing this snd sssuminy Hooke's Lew to holéd, the theoreticel
Cgtrein et esch losd 8% which sn exfensometer resgding wes telen
W?S‘CSlCHISteG. The differences hetween the ohgerved end
celouleted velues &t @ach load were now plotted en¢ the Lloud
&t the point of divergence from the mesn, teken as the Logd
corresnonding to the Limit of pﬂbporfionality.

The Proof stress is geherally teken ss thet stress
vhich pnroduces 0+5% nermenent set. However, in colé vworkeé
méterisl this extension is ton grect &9 it mey indicete a
gtregs in ewcess nf the nltimete strength. To £void %his the
Al» Ministry recommend the nroof gtress of cold rolled strip
to he reckoned s thet stress groducing 0+1% pernenent set

hut in thess exjse~iments the nermanent set wes linited to C*05%.

Tuis velue ves finelly Gecided upon &= in the conpression %ests

- idl

(.
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with hizher values, buckling of the specimen would perhs os
occur hefore the p~onf stregs cmld he ettsined, The
tests sppeer t0 heve heen Ffeir~ly guccessful hut the ve lues
o0f the pro»f stress ohbteined in compression #re, in mogt
ceses, lowe~ then those ohteined in tension.

Young's Modulus wes csleculsted from the lurge scele

loed-strein disgrem used in the determinetion of the limit

tty

0 groportidnslity gné was suhseqently checked when the
differences hetween the ohserved sané taleculsted streine vere
plotted,

o The Iz0d tests were performed on the full drewn
Ciemeter afte~ milling. the ste:nfard Air Ministry Specificetion
notch. - Theee tests were generslly performéd en¢ the
avers e tsken,

e percentage elongation was r~eckoned on & guage

lengfh of 4 J.Area'of Section,. Four sets ﬂf‘guage'lines
we "e scbibed, eech slightly staggered &nd & smell puanch nerl
nede on esch of the lines. 11 meusurements were rede to
C'01 inch. ss this wss considered the sccurscy with which the
'bvoken endg coulé he, cenerslly, hutted together and the totel
extension nesszured.

The BPineil he rdness were determined using & 5 ..
Cleneter hell unée~ o750 kz, load, vhich ves neinteéined “or
1% seconds, These tests vere pe »formeé¢ on the 10 - Ton

Buclkton testing mechine. The sheape 0f the i1mpression
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weg geunerslly slichtly ovael and, the?efore,the gphericsl
sres wes celculated from the nesn of the two disneters
nutuelly et rizht engles. Preliminaﬂy experiments showed
that only‘one test neeé he masde, hut to obtsin consistent
readings it was found necegssry to polish the surfsce vwith
No, 0000 enery pajer.

Some difficulty was exper~ienced in the perfornsnce
of the compression tests. In this test accursete perellelisn
of the compression plstes i9 essentisl to ensure sxiul
¢nd uniform loeding of the test piece.

In this instence sny error would he greatly
intensified Yy the necessity of uging e comparstively glenfer
specimen. After & review 0of cognste litersture on this

/3)
subject, the N.P.L, type of epseratus was decided upon, & ad
menufactured to suit the nresent requirements. A draviing
of this Jig is shown in Fig.(2). © The épecimen used in
these tests was 3% inches long &nd shout 0°40 inch in éie¢neter.
In practice, this asppsrastusg proved quite successful, hut
degpite every nrecsution tsken in the mechining of the test
Dieces, the test results a-c not juite so0 regulsr &g those
Obtsined in the tensile tests.
The distribution nf the internsl stresses in the cold
(4.)
dr»ewn rods wes maloed ont hy Heyn's method. Four rets of
ausgze points equ: 11y speced roundé the circumference of the

Per 9n & 4 inch o6 e ']‘_enzth we 2o ep_]:)loyef'\_. Phe mnininun
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meter to which the zpecimen could e nmechined weg ehout

[

n

i
G*18 inch #s bhelow this velue hendinz of the bsr in “he lithe
neanrred, The smctuel smount turned off ¢t & time vwes

such that & ressonsble extension of the bsr resulted.

~RESULIS OF TESTS.

GANZRSL
Table 1 glves mesn values of the
dismeters of the different grouns of bers used in the

exps~iments kefore and afte~ drgwing, peréentage reduction

[

07 area in drawing,.load reguired to pul’ the bar throuzh
theldie, nominel stress on reducel areg of the ber ¢nd the
o~k Cdone per cuble inch of meterisl.

Figure 3 ghows typicel eutogfspbié
records 2f the cold draving opeﬁéfion o egch reduction
Of ¢res 1in Grawving, The verticel nortions 0f the di¢ zrens
¢t either end heve no definite significsnce. The sloge ¢t
the bepinning is probsvly dependent on some complex fanction

272 fthe shepe of the point of the bear, the taper~ of the die o nf

the reduction of vres in @revwing, while thet &t the end ¢ 2pe:
to ne 20vernel to some extent 4wy the length of the persllel

he ohgerved from Figure 3 thet

20 tion 27 the Ffie. Liowilh

comnenceient o8 the colc rrving

(0]
o

ia most graes the lo:d &t th
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oper«tion is slightly grester then ¢t eny other position.
Thig static effect might he sccounted for by the meteriel
pilinz itself up slightly in the tepered portion of the
Gie 8t the beginning of fthe operstion.

Figure 4 shﬂws thet within the scose
of the present experiments the ~eletionship hetween the
gross work oger cnubic inch of meteriel and the recuction
0f wres in érawing is linesr, It will slso he Obsgerved
from the ssme éisgrem thet the mesn pull required to draw
the bar through the die slso conforms to & gtraight line
lew when plntted to a'hase of reduction of ares in drswing}
In these exoeriments no sttenpt hes heen mede to sepe rete
the frictionsl wo-k from thet necesssry ton deform the ber.
No mathemeticsl enalysis has so far heen deviged whereby
the theoreticsl work ésn he csleuleted s#lthough the potentiel
energy of colé workeé steel éan he determined from its
electro-potentis%S%nd thermo~chemical  properties. Further
complicetions #rise in these experinments since we are not
Ce¢linz with & single phsse system hut one vhich consists of ¢t
les st two components - ferrite and cementite. However,

»mine the Z. M, F. of ¢ gelveanic

(o]

£ attenpt wes made to det
cell, the tvo electrodesnf which consisted of ¢ cold ¢érewvn
¢l en ennerled snecimen, The electrolyte wes 8 dilute

solution of fer-ic chloride - &hont W/100 = hut the fests were
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unsuccessful as peregitic currents ceused ny loeel sctign
st tne electrodes mask=d e&ny difference in the electro-
potential of the two sgeoimené. The varistions due to
the snnesled electrode could, no doubt, he eliminsted hy
the substitution of & celomel electrode hut this hes
not been'tried.

Figure 5 showg the Maximwi Stress
one hour after d-uwing end Nominal Stress on Reduced Ares
plotted to & hage of Reduction of Ares in Drawing,
Nezlecting sny secondary stress effects, the maximum
recduction of gres in drswing is #ttzined ¢t the point
corregponding to the inter~section o the &hove grephs,
Only a slight convergence nf the grephs is ohserved and
Jet some difficulty wes éﬂpeﬂienceﬁ in drawing the memnbhers
0f se-ies U, In seversl instences +the bar fractured vith
& ne~fect cup snd cone &t the tasered portion of the rdd
wnen en sttempt wes made to drew it. This feilure wes
orobahly due to the orientetion nf fthe lemeller per~lite

q

¢t this oe~ticuler point being unfevourable to the dreving
Operetion end since Figure 5 tekes no cognisence of the
lnternel structure of the gteel, netnrelly these feilures
cennot be precicted. It will e evident thet eny portion
27 the be~ in which the slternate lanellse of cenentite &nC

forrite ¢ e serpendicular %o the direction of dreving,

“ithstsnd such drestic ~ednctions of eree in Creving

(@]

ennot



g8 other pe~ts where the nerrlite is nerellel to the

axis 0F the bker,. The forme~ dlsposition of the he ¢
cementite results in smell loce? erees in the her vhich
greatly resist the rsdisl pressure of the die snd‘éo ceuse
excessive flow of the neighbouring ferrite with its con-
sequent rapture. In the casé 0f mild steel, & distinct
convergence hss heen ohse ~ved nhut this is undoubtedly due

to the excess soft and plegtic ferrite,

TESTS ON ANNEALED MATZRIAL,

| Tahles 2 - 5 zive the results of tests
perfdrmed on snnesled test pieces selected from esch of the
9ix groups of bhars. The three figures given represent

the maximum, mesn end minimum velues £18 ere tahulated fron

eithe» three or four indenendent fests,

The regnults of the tensile tests ziven

in Tuble 2 call for no particuler comient except thet the

ductility fiagures for series U &re rsther low, The elestic
tests in comoression . of Table 3 revesl & =lightly higher

linit o7 sroportions ity ané stretch modnlus then ohmserved in
tension. From Tehle 4 it will he ohserved thet the Izod
inpset fiesure for geries U is low, Thig¢ test wes repe: tec

2 »

€06 the ssme result ezedin obteined, A chemicel snelysis o
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of thig groun of hirs revesled no shnornelities hut «
microscopic exeminstion of & snecimen etched in sodium
plorete showed slisht traces of cerientite ~ound the griin
bounderies which might sceount for the poor impsct velne.
The results of tests perormed on hest treeted ﬁembers ne
this gerieg revesled no Qawticular irregularities showing
thet the defect was not permahent. The Brinell Herdness
Number (H, 5/750) given in Tehle 5 prove sevies U to be +%he

he »degt,

Tehle 6 gives the results of tensile
tests gerformed on cold drawn rods which hed heen sgeé for
¢ifferent periods up. to six mohths after draving. Teble
7 zives the corresponding set of results when the meteriel
is tested in conpregsion. Pigures 10«15 show the tensile
results gf&phic?lly ané Figures 16-18 deplct the correspont -
ing ~esults in compression.

The hysteresisg loops obteined with series
W ere shown in Figure 6 for the tensile tests end shown in
Fisure 7 for the compression tests. Figures 8 enc 9 show
ures 6 £nd 7 rggoectively plotted in such

selections froa @i

[
¢ way thet the rhbscissse repnresent the excess 0of the observed

~

Over the csrlculsted extensions s fegeribed in the rethod Zor

02T inia~ the 1linit of proportion: 11t 7. To etch ret nf
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curves tihe corresponding hysteresis loop 0f en snneeled
her 13 e#dled £0~ the sske of comorrison. It will he

-

> the cold @drswn he~ regeing its

»}

Ohgerved thet on egein

G

elasticity, the resovery heing mnstly due %o the
streishntening of the loecing line. At the end of six
mmonths the hysteresis 1lnops ohteineé in tension sand
compression eve very 3imile~ t0o corresponding ones ohtein-
ed with the annesled meteriel.

Figure 10 shows thet the Ultinate Strength generslly
increrses with reduction of sres in érewing. The bars of
serieg U were stronger then those of series V irmedi: tely
¢ fte~ drewing hut the tensile strength of the former increesed

-

vso little on egeing thet when tested 28 days efter dreving
it geoved to be inferior %0 thet of series V which in the
intervel Hed zeined about 2 tons ner gquare.inch, The
Ultimete Strenzth incresses on sgeing up to sbout one nonth
¢fter drewing bhut efte~ this intervel the gein is extrenely
smell end mey be reckoned to lie within the normel flnctnetion
0f the meaterisl. The s#versge gein wag abouﬁ two tons per
Sque e inch which wes most noticahle in the intermgéiete
~eductions of gres in drewing.

Tt is interesting %o note thet this gein

| (6),

is not g0 l:rpe g8 thet observed hy Dr. Brovn, "hub

thie ig sttributed to the incressged carhon content oF the

steel invesgtigtted ~hich cnnseuently cecreesed the s0tel free
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ferrite - the »rinciple eneing conponent. One m' _ht

¢lso prefict thet & steel heving ¢ cerhon content in ewcess
0f the eutectoid convogition wonld show very 1ittle cuelng
effect :nd thet steels conteining the seme percentage of
carhon ¢nd verying pe~centsges of the deoxydiser

mengene se (op eny other element which decreages the ne~-
centege of caryon &t the eufectoid composition, e.g. Nickel)
will show en sgeinz effect pronnrtionsl to the mengsnese
content beceuse the smount of free ferrite will be decressed
D0 rete.

Figure 11 shows th:*t the tensile limit
0f proportionslity rises respidly &t first on ageing, hut
after~ shout & month's rest the 7e i3 only & reletively slight
zein, The seme phenomenon is ohse~ved in Figure 16
which showe the corresponding results for the compression
tests plotted. In this series, however, & rether curious
fe1l in the limit of srogortionslity is ohgerved on testing
#fter voeing for seven days. The tengile limits of
propn~tionslity sre generally hisher than the corresnonding
figures in compregsion which #re no doubt low owing to
feults in the methoé nf determinstion.

The values ohteined for Young's hiodnlus

0n ¢ aeinns s7e shown fo~ the tensile tests in Figure 12

—
¢

#nd for the comgresaive tests in Figure 17. In hnth

lartences the velus ohteined shortly ¢ fter ¢rewing is low
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hut seven deys generslly suffice for its ~ecovery to &
steady value; There soneers t0 he no definite veristion
in the stretch modulus with the reduction of sres in
drawing hut cold dreswing certeinly aepnears to lower it
slightly. The vslue @btained in conmpression is generelly
grevter than the Eorresponﬁing one observed-in tengion.
Figure 12 gives the percentage ~cfnctions
07 area 8% fracture'obtaineﬁ in the tensgile tests plotted
{« . »
t0 & bese 0f Intervesl between Drewing snd Testing. The
corresponding percentage elongations «re plotted in Figsure
14, In Teble 6 the elongetions corresponding to the her
of series % aged one hour snd the her of geries X sged 27
6eys ¢re omitted since the frescture wes close up to the
welge 2rips of the testing nechine. It vill he ohserved
thet the corresponding percentsge reductions of sres sre
.
high. In gene”yl,the ductility is decresiged by ogeing
cend with reduction of area in {draving. The gener:l
elonpstion is rmostly effected,
The hrsceresis is very grest immedictely

after drawing s cen he ~eadily appreciated from Figure 15
vhich ~ep-esents the effect of sgeinz on this property in %he

tensile ftests «nd from Fisure 18 which shows the corresponding

veristions ‘n the compression tests. Figureg 15 ené¢ 18 e«re
ant, howevce, strictly comps-enle., In the tengile tests

the test sisce wes Losed up to the mesn Linit of prooo-tion: Lity

9X the snnesled mete~isl corrcespondin

to the group 0F hars

[
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from which the coléd drswn ~od wss derived, When ¢nneeled
na7s gecected f£rom the different arouns of ~odsg & "e stresged
up to the mesn limit of progo-~tionslity of the co~responding
group, the velues of the hysteresis so ohtsined do not
differ widely hut wheh the cold ﬁwawn‘"od% on the othe~ hend
sre stressed up *o the corresponding group limit of
nroportionslity of the ennesled materisl the hysteresis

is found %o 5@ divectly proportional to the totel los¢ on
the specimen. Fo~ ingtence, Ser~ies W geve the highest
limit of progo~tionslity in the snnesled stste hut when the
colé drevn test pieces of thig series were subjected *o

this stress they geve exceptionslly hizh velues for the
hysteresis = will he seen in Figu"e‘lﬁ. In the conmpregrive
fests, on the othe~ hend, in o-der %o iavestigste *the effect
0f reduction of zv»es in érawing on the hysteresis, ¢11 the
cold drewn test nieces ware 1lopded up %o the ssme stress,
nemely the ever~cge conjpressive linit of proportionslity of
the tnneeled meterisl. As wiill he seen from Figuré 18

the severity of the ness appeers tn heve no definite effect
on the hrsteresis, Although ho strict compz~ison cen he
nede hetween the two sets of results it is evident thet the
hrsteresiz ohtrined in the comores-ion tests is grester then

Thet ahsenved in tension #n@ s2ein this mey perheps he Cue

t0 the necessity fFo~ employing comperetively slenfer speciens
1a the 20 me~- tents,
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Tehle 8 sives the effec! of sgeing on
the Iz0d velue 2F cold

(O]

rewn steel «nd Figure 19 shows

quite distinctly thst *he iapec

fells on wzeing., It will &7s0 be obgserved thet series

W snd V zive the highest velues. This eritlcsl

refuction of sres which sives the hest impect velues hes

oreviousgly been observed to occur et

)

ehout the sune

reductions of sre# in drawingz. In series U rsther =
neculie~ fracture was ohaerved., I+t took the form 07 &
vec-zroove exteading for ahont sn eighth of en inch dovn

into the portion held in the vice &nd wes consistently

ohtrined,  In gome instences in scories V there ¢y

to te & tendency to &dopt this type of fracture hut it v

aever garticularly well developed.

Tahle 9 gives the effect of sgeing on

the Brinell Hse ~8nesn

g of gold drawn steel. Thege results

¢re platted in Fizure 20 which show clesrly the herdening

which occurs on egeing. The hendnegs &lso increegges

P20 rsts with the reduction of &7esr in drawing.

Phe Brfect 0f ettt Trestment,

The Qt"ea«—strain disgrems of bers
celongin: to zzries X when tested in tension gfter nornelicd
C GLPfe ~ont

terpe ~s tures e zhown in Fizure 21. A

¢t velue of ¢old drawn steel
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correspondéing set for “he sams seriles vhen tested in
compregsion is shown in Figure 22. In generel, the ~e
is & sli:ht streightening of the losfing line on hest

eetment up %0 & normslising tempersture of 400°C nhut
thig 1s not very sons7ent from these curves ss the scele
iz too smell. The occurence »f the yield point & fter

nor~aelising &t 600°C sna ahove is ceaused by
recrystallisation of fthe Ffer~»ite somewhere hetween 500°C
and 600°C., It will he ohservel thet normelising et 700°C
3ives the lowest yield point #nd thet the meterisl yields
more sharply in tension then in comp—~egsion,

Tahle 10 gives the effect of hest trest-
ment on the tensile »n~operties o7 cold drawn rods belonging
to series 42, Y, X, snd W. Tahle 11 gives the corresponding
compressive properties. The results of Table 10 &« *e seen
plotted in Fipures 23-28 &and those of Tabhle 11 apper - in
Figures 30-32, |

Figure 23 shows thet the Ultimete Sfrength
incresrses on heet trestment up to & normelising tempere ture
02 200°C or 400°C. The nett gein is usually ehout tro
tons ne~ squsre inch which aives & fotal sein of ghout fonr
tons pe~ sque e inch.on sgeing and hest treetment-equivzlent
to ¢ %tot:l incresse of 7—10%. Wornellising at 500°C fec et se:s
th s1i:htly hut shove fthig ftemper: ture the fell

e e pid ug to 700°C., Since 800°9C is= ehove tlie usper
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| ad

07 the steel mormelising % this tenpe ¢ tnre

ol

criticel poin

ceused & recnrystellisstion sné refinenent of the astrastwre
resultine in & me~ked ~:in in th: tensile strenth, he
reme rkably lovw velue ohtsined afte~ normeli=ing &t 700°C

1s due to the pertial globularisstion of the cementite ¢t

(7)

this tempereture, It is usuelly sccepted thet cold

1

w0tk sccelerstes the formation of granulsr pesrlite ¢n¢ this

-

act is taken advesntags of hy the wiﬂe’d?aweﬂ to fecilitete
the drawing of refractory wire in which after & light p&ss
the cementite is readily slohuleriged byvsuit&ble hest

trectnent snd the wire mede smenahle o further r~ednctions,

As & netter 0Ff curiosity it ves decicded
to check these ohgervetions with thisg meterisl.,  ith +hig
end in view, £n snnesled ~od Hf ge-ies Y wes goeked Ffor 70
minutes ot 700°C snd air cooled. On ftesting the maxinun
gtress wes found to hes Z1+0 tons per gquere inch which is
lover then thet ohteined for rny nf the cold drswn test
pleces «#fte~ & simils» hest treetment, This proves thet
cold dreving is not elwsys confucive to ready glohulsrisstion
02 the cementite. The resson fo~ this is not f&~ %o seel.
It 132 well known thet *the effects 17 cnld work &re ~enoved
in iron saf steel by rnac:ling hetwe:sn 500°C &nc 600 °C.

The sectusrl temgersture 0f the recrystellisstion of the Zerrive
Cedends on *tne chemicel compaesgition, the rete of heesting

¢1¢ fhe :rount of pleastic deforme fion,suffered vy the gteel,
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Hence, ftest results ohteined #fte~ nommalising st 800 7C
¢nd 700°C will depend on the hehsviour of the steel
during the recrystellisstion »~ncese, If ne-~ked

arowth of the fer~ite greing nccurg there will be a
corresponding tendency for the nesrlitic aress to coslesce
en@ 0 the globularisstion nf the cementite will he sidec.
In this steel, however, no growth of the ferrite occurs
but ectuslly ¢ refinement of the grains is ohserved. The
nett result 1=, therefore, thet ‘he crystelline gt ~ucture
0f the ¢0l¢ drewn steel normeliged ¢t 600°C &nd 700°C
shows no me vked differencé, excent fo» the elongsted
sesrlite, from that of the rnnesled stete, ¢nd, conseguently,
the fornetion of grenuler éea*lite in eéch condition will

follow the ssme physicel laws.

L

The »roof stress generslly exhihits

& nezinum velue efter no- msalising et 400°C, Thet this
holds gnod for bot™ tensile &né comnressive tests cen be
seen from Pigures 24 and 25 respectively. .On normalising
£t 600°C snd above = vield noint epnears which is usnelly
very sharply defined snd the »roo?f stress corresponding to.
0+05% cerpanent set wes generslly ohsenved to coineide vith

zreeter then the compresgive

it. The tensiles wss usuelly

2°00f stress #nc “oth incrersged vith refuction of eres in

The 1imit o2 »n-~030~%tionelity shovis ¢



& tenldency to mise in sympethy with the nroof stres: on
heet tre:trent hut owing 0 the frir~ly delicete method
of 1ts dezerminetion, scceifente L varistions often nealed
sach effects. If & less sccocurste methné of nlotting
the lre¢-strein curves had heen s#doptel perfect unison

yr00f stress would

&

0f the limit of proportionslity end
h#ve been ohgerved snd proheh y fhe former would &l.sgo
gopesn to rise with the severity of the vnass, Ag 1t is,
no me~ked veristion in the lim't of proportionality vith
refuction of sres in érawing is nhge~ved. The tensile
linits of proportionality s-e plotted in ?igure 25 anc¢ those
in compression gopee~ in Figﬁ"e 20 .

-

Figure 26 shows the effect 07 he:rt treet-

nent on the reduction f eres &t the frecture 1im tensile

teat. Phere is & slight fell in the recduction of sree up
" s a 0 s
U & nornelising tenpersture of 4007°C. Nommgalising &t

500°C. ceuses & slicht orin hat shove this the rise is repid
to 700°¢, Normalising at 800°C. cruges a,shakp drop Cue
19 refinenent o7 structure., - Figure 27 shows thet, on the
the percentege elongation shows & tendency to
*lse slowly with nommslising tempersture up %0 400°¢ ¢ né
then anre » nidly un to n00°C, or 800°C, ~ This is nnst
o500 "ent ia ger~ies Z, X, end W. The gslight rise in the

elingetion up to & normelisiny tenmperature of 400°¢, is

X}

2700y genged hr oen iLactesse ia the geneml elonge tion of

o . - o 5

)

Th: test slece,
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Figure 28 shows the v:rietions in Yonng's
Mofnlus ia the tensile %tests sné Fi_ure 3L showg the
corresponding veristions ohserved in the compression tests.
Both in tension en¢ compregsion theve is & slighﬁ zoin
rouszhly nrono~tionel to0 the ~ise in normalising tempers ture.
The velue in compression ig generslly hizhe~ then the
corresponting f£igure in tension.

In or8er t0o determine fhe hysteresis in
both tension snd compression sll test pieces werse loefed to
"& stress of 11°3 tons per squere inch - the meen tensile
limit of proportionality of the snnegled meterial. Ag
in only three instences eny bermanent ret was observed in

the tensile tests no curcves have been plotted for this

se~iea of experiments, Fo~ the conmpression tests, how-
ever, the results ¢~ shown in Figure 32. It will he

seen thet he hysteresis £alls %o o minimua st ebout 400°C,
no~malising temgerature sné then rises.

Tahle 12 gives the effect of hest trestnent
on the Izo0é velue for <eries 4, ¥, X, W, V, #nd V. Figure
<3 shows thst thewe is & digtinet foll in the Izod velue
on nommelising et tempsratures up Lo 400°C, The ninirnun
velue lies somewhere hetwean 200°C, &né &§00°C. hut its

dtecisge locetion hees nnt heen deftermined oving to insufficient

de te, Likewise &ny ¢igplscenent 0f the mininun Cue 0
Phe zevsoity o7 thae reduchion of sre: ia Creving cennot he
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ju@ged. Fizure 24 shows fth:t while sftef norn&lising

st 100°C, series Y, X, sné W, @doeer to give the hes

Izod fizures, normelising et 200, 300, ¢nd 400°C. hrings
8#ll the bars to soproximately the sseme state of hrittleness.
The maximum ohserved Izod velue occurs in series % ¢né Y
when the normslising tempefature is 800°C. while &1l the
0the~s geve s maximun &4 700°¢G. Ylhethe~ this ig @
function of ~eduction of ares in ¢rawing cennot he Cefinite-
ly decided &t Hresent hut it andears likely. It will be
Obser~ved thet the Izod velue oFf har of geries Z nornelised
gt 700°C. is atnormelly low, This test has vecn repesated
snd aeve the sane ?esﬁlt.ahd 80 we nay take it, thst this

is in some menne~ due to the Low reduction of ares in éreving.

Nomalising ¢t 800°C and 900°C zenerelly caused &, lovering

2
0f the iapset velue due %o r~efinement of structure cenusing
&€ more uniform digtribution of the csrbon. | The vee~
groove type of frecture ohserved in.the ageing experinents
&ppés"eﬁ in series V on heat trestment hut diseopeared on
nom:lising et 400°C, &nd shove,end in series U this sene

- 0 .
type of frecture digsnneered on normelising &t 600°C «nd

e

Table 13 gives the effect of hest trest-

L&

5

[

I

-

t
O

¥

k.

ths B7inell H:rdness for geries &, Y, X, W, V, ¢n¢ U,
Flizures 35 sné 76 show thet the~e ig et first & distinct

9% tha ¢old @& awn mete~ial on heet trestnent
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followed by & rapid f=11, Affer pssiiny throush the
‘upgeﬂ criticel point howeve~, there is &n incresse in
'hafdness. An initiel tempeﬂatuwe‘effecgggﬁobably causes.
the gpecimens nomalised at 900°C to he herder then *those
heat trested &t 800°C, The Brinell Hsrdness is renerk-
ahly constent in sll hars afte~ normelising st 900°C, es

ls seen in Figure 36, The naximun herdness occursg after
normelising st 400°G and ths mininun is generslly obscrved

s e 0
afte~ normelising et 700°C,

Y

The Bffect of Hest Trestment pn the Distribution £nd

Mernitude o7 the Internsl Stresses,

With réference o *the nomenolature adopted, %2 0
represents & har of ge~ies % aged et ordinery stmospheric
tempe »s ture 508 #t lesgt three months hefore testing; 21, %2,
etc., &@re hars of geries Z normelised ot 100°C, 200°C¢, etec.

| The "Internal Stress”™ i1s the metn stress in &
concentric ring of the unmechined cold dr-awn har whose in-
side disneter zooesrs opposite the tahuleted stiress snd Vhose
dutgide diermete~ i~ the one imiedisnftely srececding. The
correzponding "Skin Stress™ is the mesn stress vhich eristed

i

in the sene snnulus just prior 0 its renovel teibe—emesed

1
[nd

°J wechining,



0.
The internel stresses ere shown as o~dinstes slotted

o

to & hsse of sress corresponding *to the diesmeters

at which the stresses ¢ -e Getermined, o0 that, for

equilibeium, the totel positive sres should he equal

to the totsl negative sres, Only one helf of the har

is shown in the grasphical reoresentstion of the internsl

¢#nd gkin stresses ss the distrihution is symmetricel.
Tebles 14-22 aive the internsal snd skin stresses

[

exigting

in harg 420-8. Fismres 37 and 38 show the
internsl stress results »lotted from which it will he seen
thet no me 2ked reéuction in the intérnal stresses occurs
untii normslising at 600°C. No-nslising at 606°C, 7000C
¢nd 80000, couses practieélly complete rmelease 0f stregs.
fhe =lizht chenges in the length of the hars cauged hy the
gojsrent ~elesige 0Ff these stresses nmizht in genersl lie
within the errors of obhservation, It will &lso he ohse ~ved
thet the meximum infernsl tensile gtress only exists et the
surfacg of the har sfter normslicing &t 700°C, The skin
Stresses for bhars Z20-5 zre shown in Figﬁrev42.

Tehles 23-28 zive the stregsses existing in hers

Y0-5., The internsl stresses ¢-e plotted in Figure 29 «nc
the skin stresses in Figure 43, It is ohgerved thet the

nezimum inte~nsl tensile stress oJccurs ¢t the surfece of

+

»

12 her s e~ nommelisinz &t 00°C #né shove. There is &

£lioht rcecduction of internsl stresses ¢ fter nornelising

)
[



3L

gt 300°C ¢né 400°C, Normeli=ing et 500°C, hovever,
produces & decided relesse nf internsl stresgses. Heet
trestment hes pre@isely the =sme effect on the skin streasses
83 1t hes on the internal stresses.

In Tehles 29-34 sre given the stresses in hars

X0-5, The internal stresses are shown graphicslly in
Figure 40 en¢ the skin shresses in Figure 44, The resulte

g7e very simile » to those ohteined with series Y except
thet there eppesrs to he & more uniform reduction in the
stresses with increese of normslising tempersasture.

| Tehkles 35-43 ~ive internel end skin stresses For
bars VI0-8, The internsal gtresses r harg WO-5 gre

plotted in Figure 41 ¢né the corresponding skin stresses

#7e geen 1in Figure 45, The gtresses in harg W6, 7 &né 8
#re not plotted ss they are reletively stress free, Tie

results csll for no psrticuler comment and are similer to
those ohteined in series Y ené X.

Figure 46 summeriseg the rerults by showing the
Mexinun internsl tensile stresses forﬁeach geries nlntted
0 & bege normelizing tempersture, 1t ig generslly found
thet nowpme lizingy ot tempeﬂgtufeﬁ up to 300°C ceuses no

€h27eciabhle reduction ia the internel sfresses. Normeliming

¢t 400°C so0meti ez induces & slight reduction hut normelising

et 5OOOC nsne Llv egsuses ¢ decided fall, NOF"I’.’]E'liS:Lng £t GOOO’J
13te LS g6
VOOOJ, ¢ 8JCG°C in the cese of seriesg 4 :nd Vi ceused conplete




relerse 07 stresses vhich presusnly vould ¢ lso ocew: vitl
“az inftecnedlete refuctions of srers in draving, On

the g2ef heng 0~ those nornslised et 100°C end 200°¢

[0}

the mexinum inter nsl ténsile st resg ves never ébéervef et
the surface of the hars, This may he due to s skin effect
0f the Grewing operstion or pogsihly %o the streightening
02 the ber gfter cold drawing csusing & resd justment of the

the curious effect

9]

stressesy N10méli@ing at 300°C he
the meximum internal tensile stress to the
surface of the bhsar, This would &@ppeer to shov thet heat
treetnent et this temperature ceused complete elastic
"2covery of the sufﬁacs layers ené so0 enabled the stresces
to very uniformly acrogs the her, The maximum internal
stresses #re found in geries Y which is, no doubt, in sone
menner due to this perticulsr reduction of srvea in drawving.
It is evident from Figure 46 thet the regults of
tests ¢ »e hot ve~y uniform, = The results sre prohahly
correct to withinZ® 1 ton per gqusre inch or the stresses
2lven ere correct to 10%. This sccuracy is not very
high for ¢ gcientific investigstion hut it is doubtful if
1t 27018 re excéeded with the methods employed. Ag it is,
tbé fistrihutions o2 stress in fourteen different snecinens,
"edresenting shout thres moath's work, were deternmined end
1leid s3ide &3 orac-icelly worthless,bhefore the present

inveetisstion wes uafentrken showing th: %t the scecurscey feoends
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lergely on the pe~gonsl element.
Heet treatment heas bvecisély the seme effect on
the zkin stresgses #s it heg on the inte nsl stresses &a¢
80 requires no seperate digcussion, In the inst&noes(///ﬂ> ‘

where the meximum internsl tensile stresses do not exist

&t the surfeace nf the har it ig gensrelly found thet the
meximum skin stresses #-e grester then the corresponding ¢
internsl stresses. The regult 02 this is that on turning %4
down guch & ber we nneover meterial vhich is mofe hishly
stressed then the surface leyers which leesds us to the -af -
conclusion thet in such cases it would be more important ’LC '
to determine the skin stresses than the sctusl megnitude

¢né distribution of the internal stresses exlsting in the

unimechined rod.,

Genersl Discugsion snd BExnlsnation of Results,

The effects 0f sgeing end hesat trestment
on some of the projnerties of cold drawn steel have &alresdy
heen degscribed and digcugsed from the point of view of the

Ve ttleyls» rezultes ohteinec, T+ is novw intended to {iscuss

U

—

these results from ¢ more genersl stendpoint end to erplein

1f pogsible %the verious phenomens ohsgerved,

An endegvrour will Ffirst of ¢11 te necle

To exnylein the he~dening of metals Ry GOLé work, Phe



3.

results oFf the goresent exne~ients cennot he reconciled
vith #ny of the current theories nf herdening by cold vork
£ne none 97 them pu-~port o explein the edéitional
herdening o~ softening induced hy szeing or mild hest
trestment. The following theory exslains the various
phenomens observed and‘ﬁgpears ner~fectly feaslble in the

1izht of recent resesrch.

|t

Since 1t is principelly by the yielding

0f the free ferrite thet lovr and medium co~hon steelsy c:n he
deformed in the cold stete we shall confine ourgelves ¢t the

present to its deformstion only, Ferrite ~e - iron -~

(10)

crystallises in the hody centred cuhic lettice &nd »le stic

deformution results in slip of the crystal alofg th; 2elal.
I1y12.
trepezohedral plene - the icocitetrehedrel feoce. It is

bniverselly admitted thst it is the hwoundsry condition of

the cleavege planes after slipping that in some nmenner irn

(13, 4,)

the csuse oFf the herdness. The Beilhy-Rosenhsin tneory

postulstes the existence of emorphous metel &t the cleavege

(18 |
g but Temuen Yelieves thet the cerystsl is merely

'O
[
5

(0]

fresinented,

Tnen fer~ite is subjected to &n increening

-+

will fi-~st of £1L deform elasticelly

1oa¢ the spsce lzttic

(9

Put there comes & p0int when this ie no longe~ possible end
2lestic defrrmation follows, Just before plestic yielding,

therefore, the sosce lsttice is distorted enc the~e 1ls no

’



onvious reeson for supposing thet efter yielding it

reverts to the ungtressec conéition,. Déspite the plestic
defoemstion the whole of the crystel ~et:ins the s:oc
orientstion unless fwinning occurs ené the stoms on either
gide of the cleavege planes orobshly no longer register

to form & uniform gpsce lettice and consequently @ ce - tein
emmount of distortion results. It is suggested thet this
distortion of the gvsce lsttice in the neighbourhood of the
clesvege plsnes is the cause of the incresse in hardness hy
colé work, it ig shown in Appendix 2 thet cold ¢éreving
ceuses & decreasge in the density of steel which cen on'y he
exgléined hy the éugposition 0f & Gistortel lettice hecesuse
12 onl  freguentetion of the crystel occurred there is 1o
teeson tO suppose, since fhe crrstelline stete gives the
cloregt gecking o7 the gtoms, thkt eny merked chenge in
density would resulst, No donht the GenSity chenge cen

ce expleined by the smowphous cement hrypothesis bqt nnéern
regesrch doeg not countensnce the existence of such metnriei.
The ides 0of the distorted 1stticé heing the ceguse 0of hercness
1z 097 nev one #né is given hy McCsncelgs the explesnetion

0f the herdening of steel "y quenching &nd is mentionec hy

(17)

Whin £e fer heck b 19X, - The herdéness of en gr0°pious

:ubstince is due %o *the ehsence of cerrystellline pleneg of
vesknesgs in i+t ¢nd einmile~ly hy (istorting the spece e “tice

nce with the Pree rliocing

o]

¢ conreuently crusing interfer



i
3
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X the erystels cold work gene  1ly he ~Gens metels,

Ve }

The effest nf sgeinj is wnre ¢ifTicult
to explsin hut it is helnful %0 consider it ¢lso in “he
light of the density determinstiong, Appendix 2 shows
thet the density of cold arswn ste=l incresses on :seing
¢nd the inference is thet fthe meta-stahle cold workel steel
tenfs to revert to the crystelline condition, A
co~7esyonfing softéniﬁg mizht he preﬁicfeﬁ hut thi~ ¢oes
not necesserily occur. The distorted lattice ﬁ?y revert
tn +the gtable cerystelline condition £nd if, in conse juence,
s1ell new crystels were Zormed nf ¢ different o?ientation

from the perent grein they would grestly hinder hy

v

furthe~ glip interference *the plsgiic deformetion o the
metel &3 & whole. This theory is in =ome respects
sinile ~ to thet ziven %o ewplein the sgeing of certein

¢luminium &#1loys which postulsftes that the increese in

e 2dnese ig ce&used hy the aradusl precipitetion of Mg.gSi.
petel Cu.dl, in & very fine stute of division(.ls') It is
oresmmed thet the 1loss of herdness due %0 the relesse of

ztresses in the space lettice ig more then counterhelenced

+
S
+

b7 the zein due 0 the efditionsl slip interference of the

nev crystels.,

Milé hset %restrient hy ene-~gising *he

t
N

¢toms )"0fuces *the seme effects 9 sgelny £~ meny nonths

(19)

s Loordia vy stmozoneric Kemnoreture, The distorted letfice

PP Wi
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isg, however, znever enti-ely rejleced hy distinct crystels

-

G this instebllity is removed hy & complete recrystell-

ne

isstion of the fewrite whish occurs from ehout 400°C %o
600°C,

| It s intere=ting to note thet cold
wok doe: not slways ceuse &n incresse in the hsrdness
0f metels #nd & further inoreése on ‘emeing is not s WE TS

(2,29

obgerved. Lesd £né tin spnes~ £0 he snomelous in this
regpect, but this is dne *to the fact thet whet is called
col? working in the csse nf iron is really hot working in
Their perticular case, in 0 dinery conmercisl cold Crevn

e often not ohgerved as

l.l-

iron #n¢ steel oroducts egeing
the commercisl speeds'ﬁf traction ¢re generslly so high
thet woprecisble hesting of the nefte-~isl oceurs in the dle
end the mild hest trestment thus ~eceived is equivelent %o
#geing for meny months.

The shove theory is in genersl sgreenent
¥ith the wnrk on tungstén crystals‘by Goudhe:ggnd onithell

(22) o1

Rookshy enc¢ Pitkin. nece tungsten elso crystellises in

the nody centred cubic lattice their resnlts shounld he .
he

Girectly #onnlicshle t0 exslein % nlagtic deforme tion of

ferrite, The gene~el effectes NP ¢dX Jrewlng enc tre

teheviour on soeing snd hest trestiient of colé drevn steel

£3pev~ £0 ha regsonshly expleined hy the sugzested thenrys

-

fan the me ,epmedins hat to oonsider in grester fetell one 07



8.

In colé ﬁ?swn end heet tre:ted ct~hon
#nd £1loy steels Young's Modulns is rseticelly constent
¢nd orezwastly hesrg gome reiefionship t0 the snece
lattice ofe¢~iron, The excentionelly low velue onhfeined
innedietely afte~ dnawing is Do»hens more @pperent then
ngel becsuse 1f & more delicete evtensomete~ had heen
employed the 1imif 0f proportionslity wonld undeuhﬁedly
heve heen lowe~ snd the mod ulns éﬁbhahly‘correspondingly
hizhe~, The =lisht incresseé in the stretch modulus with
terpe~rture nf hest trestment has heen jreviously ohscerved
vy Brof, Goodmaguﬁith steel tn thisg same specificetion
h h in the sorhitic stete.

Thet the imnsct figure of iron :nd gteel
is reduced by cold work &nd still furthe~ reduced hy Llov

(2L%29)

tenjersture hest trestment ies well known. Investigetions

heve +1lgo heen mede into the effect of deformstion &t these

1o fenperstures f£ollowed hy tests ¢t etmogpheric tempercture

¢ad ¢ gtill zreeter rednction in the impsct figure hasm heen

. (27) ) 8) .
NDlgarved, Gresves oné Jones Found thet the elagtic
recovery of cold stretched gteel cesulted in & further

29)
*ednction in the impset Fisure. In & leter pszpe~ *r the

S¢ie suthors on tests condusted &t eleveteld temperstures

91 ¢0ld ~21led nild steel rh-y show tha%Aresistance t0 shock

i1# 2r~0p0~tionetel; ~educed &s the recduction in eree "5 ~0liing

i« iner

)

£36C rnd thet the miniaum velne atteined ig lover
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gnC occurs ¢t ¢ progregsively lower tempersture sg the

revarlty 0f the 9ess ig increesed, The letter resnlts

g2, 0F courze, not stroictly comnerahle with those nhteined
in the presont teghts in which the 1206 velue was deternined
at satmosoheric tempersture, The present experinents

gre not, however, in agreement with Gresves' and Jones'
generel conelugion thet cold work lowers the impact value

in oroportion to the deformstion susteined since the highest
velues ohserved ¢~e ohteined with the intermediste
reductions of sres in ¢ ~awing.

In the imnact tegts the fracture is
generg ly inter-granular while in the tensile tests it is
asuelly intre-grenular, By the theory put forwerd to
exdlein the herdening of cold d~swn steel on sgeing end
lov tempereture hest frestment the occurrence of nev crystel
hounderies is sugsested e&nd since with reference to the
inmpeet test they may he rege~fed as & source of weskness
the explenstion of the "hlue hrittleness™ phenomenon in
cold arévn steel logically follows:

A arest desl nf regeerch work hes heen
ce~ried ont to determine the influence of internel stresrces

(30 .
i the "serson®cereckin: of conlense~ tubes., The effect nf
fect trestuent oa the celemge 07 these stresses hes £ls0 hecl
€xiensively studied hut in the cese 2£ cold drewn 100n end

8Tte=zl the correrjonding Llitessture is very scenty enc reelly

(el
-
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- )
gpurt from Hegn's Coﬂt?lhﬂthﬁ)lt heg recelved very little

(s1)

sttention, Po~tevin, nowever, hes studied the feilure

n? aghell cezey unfe -~

ot

ke comhined inflnence of cor-ngion
¢#nd the internsl gtresses induced hy the shrinking

on the cop

o

er band &nd has quentitetively estimeted

the gstress

C
a
w

g0 produced. The raising of the elastic
pronentiesg 0f colé érawn steel hy "hlueing™ hes genere Ly
. . . (32)
teen rttributed to the relesse nf 1nte"n;l gtregses 2ut
g0t from the few flgures ziven hy Heyn fthere appe:r s %o
e no evidence in fevour nf this view, Admittedly the
explenetion ig & very nlausihle one hut unfortunstey
in the present investigation & lowering of the interntl
streszes wes not ohsgerved 1o coincide with *the reiging of
the 1imit of groportionslity o~ oroof stregs in tension nn
nild neet trestment.
The r~elesse oFf internel stresses on
he:t trestment sppesrs to be zove- ned hy ef lesst two Jectors,
1. If the creep‘stress 0f the msterial at & p: ~ticuler
tempersture is less than the maximum inte-nel

Stregs then heat trectment &t thet tempersture

2

mist csuge 8 suitahle reduction in the gtresres

o
-

3

Since the creep stregs is largely influenced h
the time fector sn the r~eduction in the aftrenses

due *n this ceause rust increrse 9ro rete vith the

n)

recryste Llige tion 7 the feformed rneteld teles



pl&ce then & reduction in the interns? stresscs

must occur propo~tiontl *to the zctuel sriount

0% ~ecryghellisetion, This recrygteilisttion

0f the metel o5 a whole nust not he confused

with the slight recryste llisation of the ceforned

msterialyﬁtAthe clesveze plenes of the crystels,

The reduction of the internel stresces

in the present experiments on hest ftreatment et terneretu-es
up to 500°C is probshly sccounted for hy & combinetion
of ressonsg (1) =nd (2). In the light nf recent resctrch
on the tensile nroperties 0f steel st eleveted tenmper:itures
tnd & cousiderstion 55 the rnode 0f recrystellisetion of the
ferrite lesc . to the conelusion the* the redustion due to

ceuse (2) incresses nore re 01ﬁ1v with temoersture then thet

due to ceuze (1). The connlete relesse of the infte nel
. On - . . oa ,
stresser 041 heetinz to 600 C &nd shove is Gue to ceume (2)

¢ @ i#ﬁo nfirmed by microscojpic exeminstion. (See Anpenéix 1).
No ¢ouht when higher internsl stresses
dceur then ohgerved in this investigetion mild heat treet-
ment ney ~eCuce them gpprecishly hut this does not necesserilry
p-0ve thet ¢s ¢ consequence e rise in the 1limit of
2ropn~tions lity vwiil he ohgerved. On the othe~ henc it

tpieery donhtful if sny incresse due to this cruse orull e

letected with the extensoneters usually enployed., In
the tenszile Sest the shress ¢t the surtfece 0f the tesh her



mit of proportions ity hut eoprecishile

’..h
ok

mey exceed the 1

plestic extension 1 prevented hwy the supporting cction
22 the meteriel nesrer the exig, This slignt plestic

Jielding ceuses & relesse and redigtribution of the

strezses which s~e prohaebly heins thus greduslly recuced

t

right up to the hreskingz losd s#néd st this point where the

Ge

plestic phese predominstes the internel stresses ¢ re

orscticelly zero, Thig e?fect ig &% opresent heiny invept-

<t

eted bty cetermining the megnitude of the internsl stresses

3
(Sl T

1

=
[
Q
(o]
‘,.l
oy
s
3
s

w#n berg ¢fter suhjecting them to verious ennnnts
0f colé stretching. Althongh #n ertensometer cennnt detect
the fivst‘sign 0f crystel slip end registe~ 1t &3 the clesfic
L , 33) ,
1init there £ 7 v:rious nther methods ¢nd wo~k is &t sresent
sress t0 Getermine the nominel stress #t which the
first =ign of plagtic yieldinz of the surface layers cen
ne detected, The #operatus consists of nineteen
@OQQeff constentsn thermo-counles in series which cen he
unifo~mly @c~rsnsed ~ound the ftest haer over & length of
¢ oout 1l inches,

In the lizht of this research 1t ¢oes
%%t yoges~ likely thet the internel stresses in the neferiel
lavestigeted c:n he reduced sa,reciahly hy heet trestnent
vithont destroyihg the nrogerties imperted to it hy cold
Grewing, hat 17 hisher stregses were prment & slight

tednustion mi~ht he effected without this occurring. The

-
—
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influence 57 these stresses prohehly cennot he detectec
with ths extensometers zener:1ly ennloyed, If no
erah~ittling o7 ths metsl nceurs Trom externsl influences
. _ B4 (35)
such ag the occlusion of hydrogen from zcid Or ceustic
liquors ané the metsl is remsonahly ductile the existence

of the internsl stresses even of congiderahle magnitude

will ke in no wsy deleterinug.

SUMMARY &nd CONCLUSION.,

The BEffect of Reduction of Ares in Drewing,

1. When the finsl sree is constent the grosgs work
necessesry to deform hers hy cold drawing st s

sinale pags is directly proportional to the severity
of the jass.

2. The tensile gtrength end hsrdnegs incresse pro rete
with ~eduction of sres in drsving.

. The ductility 4s sdversely sffected with the severity
Nf the nsss.

4. The hest Izoé results were ohtsined with the intermedicte

’

reé¢uctions of sres in drewing.

5, No ¢efinite reletionship snneers o exist between

the limit o7 proportionelity, ¥Young's modulus ¢nd the

seve-ity of the pass,
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6. From & consicderstion of regnlts on heet trested

specimens the proof stress incresses vith rednction

. . - ] B Y ~
gree in Grewing,

0

Ty

7 The maximun inte=ns) stresseg occurred in bars
recuced 1Se44% in eres hy cold drawing et & single

PEEED

Testy on Ased Bars,

1. Cold drewn steel is in & somewhst plastic stete
&5 it emerges from the die. A nonth's rest’
Jenerslly safficeg for its elagtic recovery. 1In
this process it gsing ehout < tons ner gquere inch

in tensile strength vith ¢ corregponding loss in

2 The hs rdness incresses in sympathy with the gein
in tensile st~ength.

3. The impsict velue decresses on #3zeing.

4. Young's nmodulus is 1ow immediertely sfter drawing
0t 7 Gege generslly suffice for its recovery %o

¢ gteedy velue,

3

e3ts on He:t Trested Bers. : .

1. e eliatic aronerhi n® 93¢ Crevn steel in tension
Llie catic groperties

<
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¢nc compression &re 9%ill further enhesnced hy
sulteble hest trestient, Normelising et
Temneretures us to 400°¢ cenmes ¢ rlge 1n the
tensile strength, (s#hout 2 tons ne~ squere inch)
he 1imit of proportionslity, the nroof stress
¢n¢ tThe herdness. The ve~istions in these
oronerties on nornelising ahove this tempersture
depend on the s-~0cess Nf recrystellisetion of the
deformec¢ ferrite.
2. The duetility endé the Izod value sre sffected in
the opposite direction %o %the ahove properties

on hest trectment.

Ze 7oung's modulus shows s sl oht inceresse roughly
oroportional to the norsmelising tempersture.
whe Bffect of Hest Tre:tment on *he Internsl Stresses.

1. TNormslising et temgeretures up to 400°C ne s
senerelly little influence on the recductinn of
the gtresses.

2, The nezimumn internsl tenzile stress was generelly
oaly found ¢t the surfece 02 the har ¢ fter

norue Ligins st 200°C sna shove.
Z. No~m:ligins gt ¢né ehnve 009G geuses complete

the r~ecrystellisetion
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I

s
o
o
[
ay

instences Lt +)ses”s to he more inport:nt
to deternine the negnitude n? "hr slhiin stresses
then the setusl distribution 07 the interneld
‘étresses in the unmachined her,

Yilth the msterisl investigeted it does not anoesr
p0sgibtle to reduce the inter~nsl gftresses hy heet

trestment vithout destroying

«t

»

he nroperties

1

imperted to it hy cold work,

In hright drswn steel herg vwhich only suffer & light

pass in the colé drawing ope~etion the internsl
stresses #7e not heepful unless the meterisl is

enbrittled by externsl influences.
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1.

The Bffect of Cold Drswing on- the Micro-structure of Steel

#nd the Chsnges Produced in it hy Heat Treatment. .
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Fnoto-mie o2 enhs L-6 snhov the eflect
02 ceduction of ¢ res in Creving on the structure 7 the
3teel investigsted, The different sice of cryst:ls

in the v:»ious grongs 0f herg unfortqnetely soneties
nesks the efféct 0% the incressing severity of the jpeas
but the genersl effect of elnngeting the greins in cle: ~1r
ghown,
Recent resee~ch work hes shown *het

¢fte~ cold drewing o~ »0lling the crystsrls tend to fele
un ¢ fefinite orientetion with reference %o the fdirection

| (36) | (22.
0f deformstion, In the cese nf tnnssten nd oK -iron
the or~ienftation iz =zuch thet & L,L.0, nlene lies in the
diréction of ¢rewing end & 1.0,0. plene lies persllel to
the surfece of the wire, The other peir of N0 plenes
» e symmetricslly disposed, meking en sngle of 45° with
the sxia, In the 1lizht nf the recent work of Snithells

Yl

Rookshy :nd Pitkin it vonld snoee~ thet with the relstive-

3

1y 1lisht ossses edopted in this iavestigeti thig e’fect
wonld not he mevkeld £nl¢ consemently hr no gtretch 7 the
imegine tion cen the hr 2deniny hy colé work he gttributed
0 the ~otetion of the cryatelsg,

Ehnto-nicrographs 7-10 ghow thet ¢t ¢
low meanificetion there is 10 11 ~ked chenze in the cryratel

N 5wt . e 0
strazture of cold drevn stheel on nomelising up to 7GGTC,

b

Fhoto-iicronreohs 1W-17 shov in =e-ies 4, VW ¢ac U %the

[




recrystie Llig: fion 0of the ferrite vhich occurs :né the

tenfency for thz cenentite o Zlomlerise, In ze-ies

4 there ¢ poeers t0 he & rore conplete zlahul: risetion

o

07 the cementite ~ut this ig only snperent os the hers
0Ff thnis series oaly recelved & Llizht drsught end

k)

conse quently the pe:rlitic eress we're not so0 grestly
elongzeted &s vith ths hisher r~eductions. Photo-
microgranh 14 =hows the granular pearlite &t & high
ngznification. The trensition from the lemmelar to
the granuler pegs~lite ig clesrly geen, The direction
Of the originel lsmmeler nes»lite in *the nicrogresh wes
¢pproximetely no~th-esat end somith-vest.

Ehoto-ninrogrenh LE shows the
crystelline st ~ucture ohtained " no-melising &t 900°¢,
Grains of sorbite sur~nunded hyry free ferrite sre nhgerved,

-

Slight grein growth is evidenced hy & few le~ge sorhite

1

crystsls. This progensity is telen edventege 07 in the

.

"yetenting™ process vhen if a lons fibre wire is dGesire

~

o

hiz end ce&n he etfeined hy pursogely overhesting the gtee

[¥7]
e

&nd =0 ceuging excessive sorhite grein growth,
All ohoto-microgzrenhs shown ere 02
specimens etched in & 1% solution of nicric zcid in ethyl

¢1cohol.
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APP3 NII X,

2.

The Effect of Gold Drawing on the Density of Steel and

the Change Produced in it by Ageing.

000
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The effect of cold work on the density
58

of iron and steel has previously been studied but the
effect of ageing on the density has not -eceived much
attention. Le§39t')ppea ~3 to have been about 'the first
to conduct a scientific investigation into this ngtter.

Densities can be determined with
considerable accuracy but the slight difference in
composition of the va'"ious groupg of bars might render
strict comparison of the densities of the cold drawn btrs
invalid. To reduce this effect to a minimum an annealed
bar of series V was cut into convenient lengths and the
different portions machined to the diameters of bg-rs of
series Z, Y, X and: ti. Portions were ttiken from either
end of the chosen length aiid the average density of these
specimens taken as the density of the annealed material.

The ba”s were cold drawn at a single
pass to 0*45 inch diameter and thei" densities determined
afte" egeing for different periods. The method employed
to determine the densities is that described by Andrew and.
Hone yman” capt that the stand *-rd specimen was weighed
before and after each weighing 0- the cold drawn specimens
in paraffin.

The results of the investigation are
given in Table 44 and a'"e plotted in Figure 47.

It will be observed th; t the decrease in



54.

density is proportional to the reduction in area in
drawing, and a slight ~hse is evident on ageing.

These results are similar to those obtained by Lea .
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33ID3Y,G.T.
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"The Influence of Cole Working and
Annealing on the Properties of Steel"
I rpn and Steel Inst. Ga”n. Schol.
Men. 1911.

"The Physico-Chemical Properties of
Steel" 1920 .

"Mechanical Testing" Vol.l. 1922,

"Internal Stra ins in Gold W-ought Metals
and some Troubles Ga*usec Thereby".
Journ of Inst, of Met. 1914 Ho. 2.

"potential Energy of Gold VfOfked S-teel"
Jon.’n. of Iron and Steel Inst. 1923 Ho.l.

"An Investigation into the Effects of
Gold Drawing on some Properties of
Steel and Iron". P~oc, Inst. Eng.
end Shipbuilders in Scot. 1924-25.

"Wire Drawing and the Gold Working of
Steel" 1925.

"The Recrystallisation of Deformed Ij’on"
Journ. of Iron and Steel Inst. 1914 Ho.l.

"The Effect of Initial Temperature
upon the Physical Properties of Steel”
Journ, of Iron and Steel Inst. 1920 Ho.l.

"X-Ray Studies on the Crysta-1 Structure
of Steel", Part I,Journ. of Iron arnd
Steel Inst. 1922, Ho. 1. Pa>rt 2
ibid. 1924 Ho.l.

"Metallography of Steel and Cast Iron".
"The Deformation of Iron, with Pa rticula”
Reference to Single Crystals". Iron

and Steel Inst. Garn. Schol, Men. 1926.

For complete summary see "Aggregation
and. Flow of Solids".
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GOUGHER.
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"Physica | Heta-llurgy" condenses many
scientific papers.

"Views summarised in "A Test Bool, of
Metallography" English Trans.
Hew York 1925.

"A Contribution to the Theory of
na rcening” journ. of I'son and Bteel
Inst. 1914 Ho.l.

"The Varff tion in the Acooustic
properties of Steel with Changes of
Temperature". I"on and Steel Inst.
Garn. Schol. Mem. 1911.

"The Hardening of Steel". Journ. of
["On and Steel Inst. 1924 Ho.2.

"On the Recovery of Iron from Oversti’adn'
Phil, Trans. Roy.Soc. Se*. A. Vol 195
1900.

"Ha rdness amd its Rela tion to the Gold
forking anid Machining properties of
Meta.ls". Pa-rt 1 Iron and Steel Inst.
Garn. 3chol. Mem. 1926.

Phil. 1924 (V1) 229.
" " 1924 (XI) 800.
n " 1926 (V1) 289.

"The Deformation of Tungsten C'yatals"
Journ. Inst. Met. 1926 Ho, 2.

"Report on the Materials of Construction

UudL in Aircraft amd Aircraft Engines" 1920 .

FETTWEISS.F.

JEFFRIES AHD nRGHER.

MAURER AHD ivL&IIAHDER.

"Tiber die Blaubruchigkeit und des Altern
des Eisens". Staihl Eisin 1919
Vol. 39.

"The Science of Meta Is" 1924.

"Zur Fra'-ge der Blausprodigkeit"
Sta’hl u. Eisen. 1925. Vol. XLV.



27. kORBER aHD DREYER.

28. JoH S AND GREAVES.

29. GRBaVES AND JONES.

50.SC.HATFIELD AND TRIRIUDI

b.MOORE AND BEGKINSAIE.

c.VAUDRAY AND BALLARD.

d.PINKERTON AKD TAIT.

31. 20RT3VIN,A.M.

32. AITGHISON D.

33a.HAND FORD

b.DE FORREST.

07.¢

"Tiber Blaubruchigkeit une! Altern
des Eisen", Mittei lungen aus den
kaiser - Wilhelm - Institute fur
Eisenforschung, 1921.

"The Effect of Overstrain on the
Inpaict Figure of Steel". Proc.
Inst. Civ. Eng. 1921.

"The Effect of Teiapera-tu;’e on the

Behaviour of I”on and Steel in the
Notched~Ba:r Impamt Test". Journ.
of I"on and Steel Inst. 1925. Iio.2.

"Seaison Gracking" . Journ of Inst,
of Met. 1919 No.2.

"The Removal of Internal Stresses in
"'0:50 Brass by Dow Tempe rature Annea
mg'. Journ. of Inst, of Het.
1920 No. 1.

"Inte rnail Stresses in Brass Tubes" .
Trams. Fairad. Soe. 1921.

"S'eamon Cracking in ArsenicaO. Copper
Tube s". Journ, of Inst, of liet.
1926. No.2.

The above papers are representative
of recent work on this subject.

"The Corrosion Cracking of Steel under
the Influence of Internal Stresses".

Jnurn. of Iron and Stael Inst. 1923

No. 2.

"The Dow Apparent Elastic Limit of
Quenched o.r Work-Hardened Steels".
Iron and. Steel Inst. Garn. Schol.
Men. 1923,

"A Yvire Method for Detecting Minute
Slipping of Crystals”. Phil Mag. (VI)
1924.

"Magnetic Determination of Elastic
gta;te ". Trans. Ame-. Soc. of Steel
Treating! 1924.
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IANDON,J.W.

0'NEID,H.

IEA AND THOMAS.

ANDREW AND HONEYMAN

"Pickling; o” the action of Acid
Solution on Milo Steel and the
Diffusion of the Hydrogen through
the Metal." Journ. of I"on and
Steel Inst. 1924. No.2.

"Embrittling of I-on by Caustic
bocp Farad. Soc.1914.

Z. Physika-1 Ghem. 1921. p332.
Stahl u. Eisen, 1925. p.221.

The above pa;pe tre representative
of the work done on this subject
in Germany.

"The Ghamge in Density of I "on Due
to Overstrain", Journ of Iron
and Steel Inst. 1923 No.l,

"The Effect of Gold Work on the
Density of Crystals ofc\, -Iron".
Journ. of Iron and Steel Inst.
1924 No.l.

"Change in Density of Mild Steel
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the Yield Point'* Enginee ring
Vol. G. 1915.
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Iron and Steel Inst. Cam.
Gchol. Men. 1024.
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