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AIlSTJUC'l' 

Annco iron nonnnlly shows n. 8h(l.1'11 yiold point in oonsion n.t atmosphorio 
temperaturo nnd pressure. TILil'! yield is oithor absont or substantially 
reduced in specimons subjoctod to ltydrosLa~ic pressuros of 103-10' atmosphores 
prior to test. Removal of tho yield point indicntcs thnt freo d islocations are 
created during preBBurization, apparontly at elnstic inhomogeneities such as 
inclusions. Evidence is presented to support this view, o.g. the fact that high­
purity iron is not greatly nffoctcd by pTf'BBUro. Tho observations aro dis· 
cussed in terms of recent theories of the influence of froo dislocations on 
yielding. 

§ 1. IN'T'R0lJTJCTION 

LAROE hydrostatic pressures applied to crystallille sol ids can induce phase 
transformations, modify defect mobilit i('R and hence cli ffll aion phenomena, 
and enable otherwise brittle materials to be deformed (Bundy et al. 1961, 
Bridgman 1949). It is now shown that pl'esf)urization at 10LIO" atmos­
pheres can influence the mechanical properties of metals tested sub­
sequently at room pressu1·e. In th is a.nd a companion paper (Bullen 
et al. 1964), the marked change'S produced by pressurization on the 
yielding of iron and the brittleness of chromium arc reported. 

Evidence to be presented suggests Rtro ngly that free dislocations are 
created during pressurization. It is therefore appropriate at this point 
to consider the theory of yielding, particularly yielding in the presence of 
free dislocations. 

§ 2. THEORY OF YIELDING 

The sharp yield point in iron is ch iC to the' locking' of dislocations by 
solute atoms (Cottrell and Bilby I D4D) . Yielding in metals in which 
virtually all dislocations are locked has been extensively studied and is 
reasonably well understood (e.g."Cottrdl 1%3). Recently, quantitative 
theoretical treatments of yielding in the presence of small densities of 
free dislocations have become possible (Hahn 1962, Cottrell 1963) because 
of the availability of empirical data on the stresses required to drive dis­
locations at different velocities (e.g. Johnston and Gilman 1959, Stein 
and Low 1960) and on the rate of multiplication of dislocations with 
strain (e.g. Hahn 1962). 

• 
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Basically, thesc trca.tnH'nl;.: pl'0jlmic that., c1ll1'ing yielding, the free dis­
locations in the specimC'1l 11111 ;':1, ll10ve \\' iLh slllTi cicnt; velocity to match the 
applied strain rate. The Nt ITSS (u) n'Cjui l'ed to pl'ou lice this velocity (v) 
varies according to the cmpirical ('({nation: 

1'= (:)", 
where (To is the stress for 111liL c1iNloea,('ion veloeit.y uncl n is a constant 
(for the usuul l'l1nge of Vt'I()('itiPN). 1n iron n~:35, so that (T increases 
rapidJy with v. As long as the llumber of free c1iRloca,tions remains small, 
large stresses arc neecssar.v to prod ll ce a Rign ificant strain rate; as 
the dislocations multiply, the ftvcrage velocity required is less and (T 

decreases. The stress/st.r<lin )'('lntionship at yield is therefore a complex 
function of the initial dem;iLy or free di -locutions, t heir rate of multipli­
cation, the particular value of n und the rate of hardening with increasing 
dislocation density. 

§ 3. EXPEHl ;\rE"XTAL DETAILS 

Most of the experiments were done on fine-graincd, recrystallized Armco 
iron wires (3000 grains/mm 2) in whi ch lut'ge yield points can be 
developed. Subsidiary tCS(R "'c'rf' mack on coal'se-graincd Armco iron and 
on both coarse-grained a,nd finc-grained high-purity ironto The main 
impurities (in wt.-%) in the two irons were: 

Armco 
High purity 

C 

0·03 
0·0068 

Si 

0·005 
0·002 

o·oa 
0·005 

p 

0·007 
0·001 

1\Tn 

0·08 
O'O OOD 

Ni 

0·03 
0·0024 0·003 

Wires were preparE!d by swaging and drawing to 0·048 in. diameter 
with intermediate anncu,Jing trea,tmcnts. The grain size, which was 
measured by an A.S.T.1\'[. graticule attachment, was varied by changing 
the stage of the penultimate ftnncal. Specimens were finally recrystal­
lized over a short central kngt,h in V{( CIlO at 700°c . 'Centre-annealing' 
eliminates the effect of strcs::; concentrations at grips and enables both 
upper and lower yield stressrs (-0 be deterlllined accurately (Hutchiso'n 
1D57, 10(3). Both irons contained nOll-metallic inclusions (fig. 1); but 
the density was considerably gn'a tel.' in Arlllco iron. No preferred orienta­
tion could be deteeted by x-ray examination. 

Specimens to be pressurizecl were held freely in either kerosene or 
petroleum ether in a steel container; load was applied slowly through a 
plunger, maintained for 5 min, and slowly released. Pressures up to 104 

atmospheres could be appl~ed. 
Pressurized specimens were either tested in tension immediately or 

stored in solid CO2 until tested. Tensile tests were done in an Instron 
machine at a cross-head movement of 0·2 in. jmin; load and elongation 
were recorded autographically. 

t Kindly supplied by the British Iron and Steel Research Association as 
sample AJLl6. 

0·001 
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Meoha.nioa.lly polished surfacos of (n) Armco and (b) high-purity irons. 
Unotohed x 150. 
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§ 4. EXl'lml:\rJ~NTAT, O.l3SERVA'l'IONS 

4. 1. ,·Inneo hon 

After pressurizing at 10" atmospheres, the yield point at atmospheric 
pressure and temperature is almost completely suppressed and plastic 
deformation occurs at stres. es much below the previous lower yield stress 
(fig. 2). The absence of a yield point in pressurized material shows 
that free dislocations arc present. Load- elongation curves of both 
unpressurized and pressurized wires coincide beyond the yield (fig. 2) 
indicating that the friction stress (Petch 1953) and the mechanism of 
deformation are unaffected by pl'essmization. No detectable plastic 
deformation occurred during pressurization ; macroscopic dimensions were 
unchanged and no lattice disoricntation or residual stresses were found 
by x-ray examination. 
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Fig. 2 
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0 ·1 0·2 0 '3 
E LON GA TlON (I NS.) 

Load/elongation curves at a t.moKphcric Pl'C8SlU'O and temperature for Armco 
iron as recrystallized (:·;oli(l curvo) a nd after pressurizing at 10'1 atmos­
pheres (dotted curve). (No te t1mt t .. he yield stress is reduced by more 
than half.) 

Specimens were subjccted to different pressures and then tested at 
room pr(lssure; fig. 3 shows tho di 'appearanee of the yield point with 
increasing pressure. Plotting the load drop at yield against pressure for 
different grain diameters shows that the yield disappears rapidly beyond 
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Fig. :1 
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Load/elongation curves at atmosphoric preflHllTe for Armco iron specimens 
subjected to tho pressures shown. 
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Fig. 4 

The load drop on yielding at atmoflphoric pre. 'sure plotted against the degree 
of pressurization (from the curves of fig. 3). Armco iron specimens. 
The upper curve is for a grain size of 3000 gl'ains/mm2 and the lower for 
60 grains/mm2• 
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some fairly critical prCRSlll"(' (fi~. 4); 1 he yield disappears at lower pres­
sures ill thc coarser-graiJlC'cl f'J)('C'i mCllS. 

Load drops occur whC'1l pn·ssilr ized sjlC'cimcns yield at low temperatures 
(fig. 5); these yields have a charaeteri"tie rounded shape, quite different 
from the yield in reerystallizl'd material. The magnitude of the load drop 
varies markedly with tcm ]1ernt mc, in contrast to that in recrystallized 
iron which is almost indcp'·IHlpnt. of tl'mperaturc (Hutchison 1963). The 
flow stresses at the varions t<'mperatures are the same for both recrystal­
lized and pressurized specimens. The load drop at yield in pressurized 

F ig. 5 
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Load/elongation curves at different temperatures for Armco iron pressurized 
. at 104 atmospheres. 
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Tho lond drop nt yiold nnd tho fl ow SII'PSH "fInr 1\1\ njo l1gat,ion of 0·3 in. o.s 0. 

funotion of tomporo.turo for Armco iron PI'WiSIIl·i7.od I~L 101 n.Lmoliphol'os. 

Fig . 7 
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Load/elonga.tion curves for spccimons aged as shown after pressurization a.t 
101 atmospheros. 
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F ig. 8 

R RO A ROAP (. ) 

RP R PDA RPDAP (b) 

RPOR (c) 

~ 
ELONGATION 

The effect of repeated preRRlU'ization. The letters on the diagrams refer to the 
eondition of the specimen at the start of eaeh test according to the 
following code : 

R: recrystallized at 700°0; P: pressurised at 104 atmospheres ; 
D : elongated by 0·3 in.; A: aged at 150°0 for 2 hr. 

(a) shows that pressurization removes yield point in strain-aged speci­
mens; (b) shows that prcssurization has a much smaller effect in 
specimens which had been pressurized before strain-ageing; (0) shows 

. that pressurization removes the yield point in specimens whieh were 
reerystallized after an initial pressurization. 
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specimens and the {Jow st ress ill _i\\' 11 ,.;train bolh illrJ'('<ls(' rapidly with 
,decreasing temperatl1l'e below aiJOlll :!1)()o K (fig . G). The transition in 
flow stress occurs bceau!'!e of the I11H1'k<'(l tcmpC'ratuI'C-dqwlldenee of the 
friction strcss below 200°]( (II eslo]) n nd Pet eh I f);j(j, llut chison 1 !l(3). 
However, the friction stress is not n compollellt of the load drop, although 
it is a com poncnt of flow stress. The' sign i fir;\ll('(' of this ohscrvation will 
be considered later. 

Figure 7 shows that the yield poillt at room tcmp<'rat lit'(· returns when 
pressurized iron .is aged at tempcratlln'ioi " 'herc solu te can diITuse to lock 
dislocations. This effect has l)('cl1 lIsed to dctermine the influence of 
repeated pressurization; it has 1)('('11 rOll nd tha.t nJtcl' pressurization and 
ageing (at 150°c) a further prcHslI1'izn,l ion has little cffect on the yield. 
Similar tests have been done in wliirh specimens have been deformed 
equal amounts, aged at the same tem perature, and then pressurized. 

Fig. 9 
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Load/elongation curves at atmospheric pressure and temperature for high 
, purity iron as recrystallized (curves 1 and 3) and after pressurizing at 

, 104 atmospheres (curves 2 and 4). Curves 1 and 2 refer to specimens of 
1500 grains/mm2 and 3 and 4 refer to 15,grains/mm2• " \ 
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Pressurization after s( rai 11 ageing has Ii Wc effect on specimens which 
were pressurizcd befon' 1.011(' illit in'! d('f()l'll1n.tion (fig. 8 b), whereas the yield 
after Rtrain-ageing is 11 Imost com pl('( ely removed in specimens not 
initially prcssurized (fi g. i\rl). Fur(her specimens, initially as-rccrystal­
lized and as-recrystalli z('d and pressurized, were deformed by thc samc 
amount and then anllca l<'d at. It tCll1lwraturc (7000u) sufficient to camie 
rccrystallization; HIli>S('qll(,llt pressllri,m1.ioll removcd the yieldR in 
both cascs (fig. He). Wc' (,()Ileilicle Lha!' t,ll(' efrec!, of prcHsllrizatioll is 
exhaustcd byasingle npplit'atiol1 ofpresslI['('lInII'RH recrystallization occurs 
betwcen pressurizations. 

L~. fli[Jlt -]J111"t:ly 11"011 

Figure 0 shows that PI'C'sslirizatioll has li('i1e efl'C'ct on the yield point in 
specimens of similar grain Rizes to thc Armco il·OIl. As in the casc of 
Armco iron, the effect is great('r in the coarser-grained specimcns. How­
ever, the yield point in coarsc-grained pure iron is only slightly reduced 
after pressurization at 1 f) " atmosphcres, whcreas pressures of 5 x 103 

atmosphcres completely rcmovcd the yield point in the coarser-grained 
Armco iron. 

~ ii. DISUUSSION 

The disappearance of the yield point leaves little doubt that free dis­
locations are formed in Armco iron during prcssurization; the question 
at issue is their origin. Free dislocations could result if prcssure (a) 
eauscs plastic deformation , thcrcby fcmoving existing dislocatiOlls fro111 
their locking atmospheres or crcating new dislocations, or (b) irrever­
sibly affects the solute atmosphcres around dislocations, e.g. by pro­
moting local precipita.tion or lattice transformatioll. The experimental 
observations are consistent wit.h plastic deformation during pressuriza­
tion. 

Hahn (1062) and Cottrell (1 ()(l3) have considered the effect of free dis­
locations on plastic yielding; their prcdietions closely match the present 
observations. The gradual disarpearance of the yield point with 
increasing pressure (fig. 3) iR consistent with the effect of an increasing 
density of free dislocn.tiolls . The rounding of the yield before its 
disappearance is predicted hy Hahn and Cottrell; under simultaneous 
multiplication of dislocat.iol1H and stl'u.in-hardcning, the stress/strain 
relationship at yield is it cont ill UOU R function. '1'11(' similar temperature­
dependences of the friction Rtress and the load drop at yield in pressurized 
specimens (fiJS. 6) are also expC'ct.cd hccausC' t he tC'mperature-dependence 
of the stress for a given dislocation velocity matches that of the friction 
stress (Stein and Low 1 (HiO). The applied strain rate and the density of 
free dislocations are the Ramc at different temperatures, so that the same 
dislocation velocitics am rerJllircd; the maximum load at yield follows 
the driving stress required for t.his velocity and hence has the same tempera­
ture dependence as the friet,ioll stl-ess. 
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Considerable evidencc cxil-Jtl-J for \11'1 ''';'';11 J'(·- i lid 111'I'd laLLiec in1.llHforllla­
tions, bllt prcssures far bcyolld I () I at 11 I ()HplH'J't'H aJ'I' IIHIIai ly rcqllired 
in iron (Kaufman e(. al. I !)(iO) , The pn's('llt oll;';(,J'val iOll s diHngJ'ec with an 
explanation on this baHis. For illHI illH'('. HI)('ciJlWIlS dc·foJ'llleel equally 
and aged at the same tempcratllr0 dill'( ,J' ill til('ir rOHpOIlH[' io pl'essllriza­
tion aceording to whcther or not I Ill',)' \\'('J'(' pn'HHIII'izc'd bc'foJ'e d('forl11a­
tion (fig, H); the IttmospheJ'eR stJ'OIlI If I d iHlcwlLI ,iollH Hltoll Id 1I0t, d ifrer 
apprcciably, so tlmt si m i lar t.rILIlRf'OI'1I111 I iOllH \\ '011 Ic II J(' t':,( I wc'l,c'd ill Ilol,h caHcs. 
Himilltrly, the dr('et, of prC'SHIIl'(' Oil HOllllc' nlll\o,;plll'I'C'H ,.;1 II II lid llol, c!C'pend 
mar'kedly 011 graill diltllH'kr ; ill f'lIc'l lilt' yi('ld diHHPIH'aJ'''; al lowc'r pres­
AUI'es ill eon.rllt'r-gra.in(·d SI)('c:illl!'IIH (Ii ,!!;, -I), Villall.\', IIlI' IC·lIlJ)('mt.lu'e­
dependent load drops in j1rc'HHIII'izc'd il'flll (lig, Ii) ('w ild ItJ'iHI' f'J'Olll WPI1.k 
interaction uetween d islocal,ioliH a lid I'/'('('i pi I Ml 'd OJ' t I'ilnHf'oJ'llll'c1 ('('gionll, 
but why should t.he l,emperallll'{' -cic'I"'llClc'II<!I' Ilutlc-II IhiLL oi' t.llc f'riction 
strells 1 

Tho evidence in favollr of pllLHl.i(' d"i'OJ'llllll.ioll dllrillg PJ'('HHIIJ'iza,Lion is 
fit!' mol'O eonvillcillg, I(~vlin I,ll<' f'aillll'(' 10 d('l,c'('1. III!' d"i'oJ'lIlltt.iol\ in 
PI'PRflIJl'iz('d sp('CinWnH iH nOI, HIIJ'pJ' i,.;ing ill vi('\\' or II\(' H"IIHi( ivil.y oi' t.ho 
yiolc! point. t.o low donsitit's ()f' J'('(,(, di ~,dn(,lIt.inll:-1, 11111111 (llIli:.!) (':-Il.iIllILt.C'fj 
l,IlItt (,ho y iold poi 11 t, will lin eo lI :-1i eI, 'l'iI I) I Y /'I·d IHII'eI hy '" I 0:1 cI i:-ll I 1('11 Li (lIlSi om ~, 
OUt' ()XpCrilllolltH Hhow t.lmL jll:-ll. HlilliC'i('IlL di :-l lo( 'nLi()IIH 11,)'(' gC'II('('ILL('d to 
rCllI1()VO tho yield point, Itt. (,()()III ("111111 '1'111111'('; LlIl' 11I1tt:1'():-Il:()pic: d('i'or'ma­
tion corl'cHpolldillg to thc f'ol'lImLiClIl ()J' l,hiH dC'IIHiLy of' dislocnt,ions 
would 1I0t bo detectcd by n01'1l111,1 1I\1'( hods, 

Hydl'Ostatic Pl'OHSl1l'O cnn ollly C'" II S(' piaHt.i( : cil'f'OI'IIIILLiOIl Itt oiltfltic 
inhomogeneities, flllch as pl1.l'Liei( ·H ()J' S(' ('O llri ph:!H!' nl' voidH; Lho linoal' 
compl'cssibility of il'On is isotropie (i{l' iciglll<L1l I D "~!l) HO Chat gmi lls eOIl­
tl'llct equally whatevcr their ol'iont.n.Liort, '1'1,10 fOl'l11l1.Lion of dislocations 
al'Ound pat'Lieles undel' hydl'ostat.ie I"'(,SH III'(' Hhould be st,rieLly ltnl1.logolIs to 
that occurring around particles during cool ing (,Jonel'; n.lld I\lit.ehell 11)58). 
Iron undergoes profuse croHs-fllip , HO IhttL pH,rl iC'ic's nl'c likely to rctain 
'dislocation atmosphorcs ' whclI the' I )/'('HHIII'(\ is 1'('1 ('/I[-;('d , 'I'll(' Ht.I'('RHeH from 
thcse atmosphcrcs wou Jd tcnd to P('( 'V(' II L t.il(' fOl'lllatioll of Ill'W disloca­
tions on rcpl'cssuri7.ing; this \\'olcld c'xplaill why t.IlO yieldH arc not 
affccted by prcssnrization ill stra.in -ag('ci HIlC'cinlC'IIS which \\'('1'0 initially 
pressuri7.ecl (fig, 8 b). Tho 'eollaps(' oj' \'() id;.; dllrillg tho inil in,1 prC'sRuri-
7.ation would oxplain the failure' or ltgi'd Hptlcimoll[-; 1.0 respond t.o 
repressUI'izatioll, hut it is 111l1il«'ly Lila,1, void,; woulcl I'C-OpCII <luring 
rCOl'ystailization at 700°0; fig. H (e) 1-;iIO"'H LhaL I-lpoeimcns do respond if 
recrystallized between pl'Ossul'izn.tiollS, I t is quite rel1.flonahle, however, 
to expect that the' dislocation at.mospheres ' n.ronnd particles would dis­
appear during recryst.allization; a fll1't.her prcsf>\U'i7.ation would then be 
fully effective. The small influence of prcf>slll'ization on t.he yield point 
in high-purity iron (fig, 0) is also consistcnt with tltis interpretation, 
because the high-purity iron contains vcry few particlc compfl.red to the 
Armco iron (fig. 1). 
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The variation of the (,(1i'd. or pn'ss ltJ'e wit II g min size (fig. ·1) is Sllr­
prising since the dis pl' l's ioll o f' Jlarl iell's is IInlikl'ly 1,0 vary, pn.rticulaJ'ly 
as all f4pccimcl1s were ],('CJ'.\'!'I n II iZA'd ,tt Lhe :mmt: temperaLurc, Howev 'L', 

the diffcrent effects of pn'SSl ll'(' on Lhe yielll poinL:; do not lleceHsarily me;LIl 
that di Ffel'ent numbers or d i" locn.Lion:; tH'C geneJ'n.ted. during prosHurizn,­
tion. The estimn.tc I hal. ~ 10:1 ('n 'l: dislocn.Lions/cm 2 aro formed. d.uring 
preRRllL'i7.n.tion sngg('si s :t si mil:!I' (oJ' low'r) density of activo particles. 
If tho particles arc rn.ndolllly diHP('I'HC'd, ('/t(' /H'ollOrlion of gmins COI1-

taining n.ctivo pa.rLicles will vary as (gmill di ,t111oterrl. Since grain 
bOllndn.ries ofrer by fllJ' til(' g l'I'H 1.('sL J', ;H iflhl.nc(' (,0 Lite spren.d of deformn.­
tion from prellul.turcly-yi('ldl,rI I'l'gions, I.ho crl'ceLivencss of each I1cLivo 
particle will d.epend on I,lli' , 'oilime into wh icil i Is <l islocatiolls can spread 
and. multiply freely , i. ('. Oil I hI' grain VOIIlIlH' . In iille-grl1ined mn.('el'in.l, 
for inRtn.nce, the deform at ion will lw confilH'tl 1,0 slUn.ll volumes arollll(l 
partielcs, and the fcw pnl'lil'II'H \\'l1i clt aI'<' aetivo may not significantly 
increase the usual nllmb('I' oC pl'onmtul'Oly yielded gm,ins aILel1d of tho 
Liid('I'H balld (Low l!)(j 1) . r 11 ('()lLJ'H(' -~ I'aill('d maLl'rin,1 a similtu' density 
of activo pm'Lic!cs limy illiliHI!) def'OI'Il1 ILLioll wiLllin mOHt gmilll:l, wiLhout 
tlofol'IlHI.Lion imving 1,0 pmpa,gll,Lo IWI'OHH It gmin boun(ln.l'Y. Honeo, tho 
S!tIllO densiLy of net,ivlI plLl'LieloH will Illwo vnsLly uifl'oront orrocts on 
yielding, uopolldillg 011 LII<' 1lllInbl'l' or gmillH cOIlLn.inillg activo pal'tielos, 
i.o. on tho gmin ai;'.('. 

~ Ii. CO:\'"( 'f,UHI.():-.' 

Pl'essul'i;'.atioH I1t sevC'I'al t.llO\I:-;aIHI ItLmmq>hel'eH markedly affocts tho 
yield. point I1t atmoHpilOl'i e PI'(li;l:!llI'( :. l~vic1 ollc( h.us beon I1dvancod. to 
show that the effect al'i:-:('s I)('en.nse oC tho different compressibility of 
particles of second pha:-;e; IllldC'l' hy drostatic prcssure, this el1uses plas­
tic deformation I1nd th' fOl'l11<Ltioll of frce diHlocations. The offect can 
only be dctectcd becau:-;e of the extl'ome sensitivity of tho yield point to 

. free dislocations. 
The bchaviour of pn'HslH·i;'.('d iron is qUI11itl1tively in agreement with 

recent theories of yiclding in matcrial" containing frce dislocations (Hahn 
1962, Cottrell 10G3). 
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