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end aged zold specinmens,

W

‘In ga weral tnroc tjpes of defecto have been observed in cucached

and aged metals, nsnmely, Frank sessile dislocotions; prismetic dis-

‘locotion loops and stuc~1wb fault tetrahedra, In o face-centered

cublc metal, the collapsc of a disc of vecuncies on a {111) results in

the formation of a stecking fault bounded by a partial dielocation
(Frank) with a Burgers vector 1/5‘[E}g} o LIf the stacking fault cncrgy‘

‘of the wetal is very kigh, it is enorgel icallj' vorubxc to buclcate &

W

-S‘nccb:ley partial to remcve "‘zu fault and t0 coubing with the Fran

expectad to be Franit partials cnclosing stacking faults, Howdver, the

stacking fault by a dissociation into stair-rod dislocations, This

reaction iz the basis of the observed stacking foult tet ahedra in

-

quenchod gold, In general, then, the stable 1ype of defect dopends on

o s** king fault energy of the metal, All three types o

L
o
[¢]
L
[
(¢
ot
¢

2

have beon observed by transsis sion electron mlC"OuCODYo

fvidence of quench naracniﬁv has been vacn by #addin and

Cct*“ol?(Q):ho obeerved a marked increase of yield stress in
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‘Lotde usod iﬂ all mubﬂaqu&mﬁ wotts AL1 tonoille testn, oxoupt for

he drdve for tho machine wog

-3

wachine was construcied, Fig. 4,
provided by the chert wotor of a Spocdomnx rosorder.. The loude-
extonsion curve wep also displayed on the recorders Tho lcad

sensing element of %he maohino wed & Lincar differential ¢rance

1ar*er, vhxua RS olacgu.at the conter of a ci?cuzar ring (yrsvi

ring) in séries with the a.eg&auﬂo Tha Jead eens siag device was

calil rﬁted di rvc*lf by ueﬁé lO‘mirg with measured landse Tho uige

nel fros the losd eoll was found ta vary 1in arly in ths range of

tho tanparauu*a Jo 9an enhm of Whe “ialé & Pcﬁu, Hars corduc 6d el

78 E, uclag & beliun oxchunge pas es & transfer smediva butwe 2en the

wells of the gas esp snd tho spacimens

The eolfealipning specinen grips wore of the stundard eplit

type with an avdal groovo ot thoir centers; which insured fivn

clamping of the epocimon throurhoul the %ests Thoe wmoasurcd total
Jeomeion after deformation wis found 1o egvec quite well with tho
cRionaion modsurad Gﬁ the charkt of the Pposdomex veeorders ¥hen

Tracture occurred i wes always withis the gouge lengthe  In order

Lo olininate any possible prolouding due 1o differcnces of themml

oontroction betweon the gripping aszewbly and th~ spociten, such

8 might arioe whon cooling ihe epocimen %0 lower tunporaturos,
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 s?ze as the raximun radius observéd in these experiments would be
 approximate1y 5000, If we consider the scatteringﬁcentefs fo be
:'ellipsoids, the tofal volu@e.ahd thus thé nueber of'vacdncies in
'thése clusters would bé much smaller, Some estimates have been

‘.made of the miniium.number of vacéncies whicﬁvif clustered might

collapse to form a dislocation loop or stacking fault tetrahedron.

(25)

Silcox and Hirsch heve given this number as 7400 for the tetra-

_hedra*fhey have observed in quenched and aged gold, Wilsdorf and

Kunlmann—Wllsdorf( )nave given rough estimates of the nuuzber of

excess vacancies which must agglomerate in & cuenched metal in
order to have nucleation of dislocation loops occur. They obtain

anywhere from 80 to 200 vacancies as the number of vacancies which

must agglomerate for nucleation to occcur.

After aging two years at room temperature, the quencﬁed'dhd‘
aged_édppgr speciﬁen was exanined in traﬁéﬁission electron mic~
roscopy in a Siemens electron microscppe; Hhile small bl;ck spots
'ﬁere_ébsgrved,‘no clearly defined diélOCation lﬁops were present,
Pigs, 7, 8. Similaf observationsvhéve'beén made”in quenched:gbld‘
: when aged at rqu temperatu;e, Fig. 9, iO.- Siﬁce'no diélocatién

‘loops were observed in quenched and aged copper as well as similar-

21,
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and azed 8% 255",‘ Fhe romoeval of‘ﬁhia exeogss. resletivity in about
Rﬁ'houra prosusably correaponded Lo the unni ilatiox of exeess VO Cm
ancies at various sinﬁea These sinks could bo clustors of vacun=
closy sﬁrfacca_and dislocations, Tho resistivily meseurcrments do
not distinguich betwoen the varisus kinde of sinko, &lag, 4f
thore was compotitive growth of clusters, with smallor cluctors
éi appoaring and larg h’ aed zrowing, resiztlivity seasursnents
wouid p“vb&blj not bo ecniliive to such shsnges, Foslstivity, e
wontioned In the introduction, BELLUFED largely the resoval of

ths oxcess isoletod vac&néiea or aoblle dgvacaﬁoias from the

lattice,

G Zenoile Tents

sy o M . P R 29 |
Tho stress-sirain curves oblalned atl T37E fopr crystule

cr-an.s& for zingle eli9 angd for raltlizle slip.ere ahisun in Figs.

1D througn 0. For covpurison purposen, tho corresponding Curves
Cor unguonghed crystal& are aloy piven in these figuress Prior to
gquenching ozeh mamples; o length of about twe inchcs was cut from
Sy

ong eady those uagquenched crysiels were nlﬁo tosted ot 737K, This

gerved the wo=fold purposc of *aviaing both & blank and ¢ gRuze



of Lhe oxtent of hardening in the guenchoed portlien of the UGS OPLC=
:im&ngA This procedurs tends %0 roducs unécntrpllable voriations in.
purity and dislocation structurs from specimon 2o specimen, The
stroos-otyain b&rveo for quancied and unguor ‘ ned ﬁamplcs could then

' be comparcd directly at euch otage of the aging B¥oc000 It o
.conveﬁient £0 consider s@pévétaly ths etréns;strain belavior corrow

5)6nain5 to the iﬁ*tiq the inl 6.m¢éld to and the final otagos of

3

aging_ﬁf queﬁch@d'speoimana at roon %cmperaturcé

L) Initial Stozes of Aringe in o suched Crvetels - Timos

Loeme Then Ton ”inuﬁos

The sirescwsbrain behavior for quench wid opocimens azed
leso than ten ninutled ot roos temperatur§ was indictlinguichably
fran that foy unquenched spéc\mcne, within the smre;§‘nctiCQd'in

“tiese exporinente, ?ﬁie'ﬂpglica bc@ﬁ to or;stala oriaﬁ;cé Toy
singlé'ﬁlip and to thoss oriented for wultiple slip, Theso curves

-:ara shown S Fige, 15; 23, 24, fThreo rather delinite conclumi&ns
may.be drawy {res th&sa rooultos ) the defomatlion inﬁrod"ceé &&

© 4he qucnching procedure was negligible, b) the yicld stress ia



B
h
©

| quenehoed cryetals wae not grestly influenced by crcoso vacahcios

which existed sither oo Lsolatsd defocts or as small clusiers,

é} tince tho gurk hardening above the vxela clrsee waas substanilole

1y the saxe in quonched and unquenchod swecinﬂa, *aolatau v‘v. -
tov or soall vacumoy clusters €1d mot greatly influonce tho work

uﬂ?utﬁ ﬂg ruto, h .

Heasurezents of th ~M@21~4 rglo seztiering rovealod thad the
fsexinwy pluster size dovelsped after szing aboul 10 minulcs wus
- o |
Iops than 10A, It socoms clear, ithorefore, that vacancy clusters
" of this sizo or szsllor do not rzdicslily alter the deformatiun
process, 88 rovealed by the ¢ slreseentraln curve, Neverthelese, tha

vacincias,

¢
Q
)

moving dislocations must wnaountcr wnll clustar:
wilelr ary wore o ;a SE rn‘do iy dispereced throuvghoul tho orysial,
Therelore, it cen bo concluded that cuttin ng of those mpall clusters
by éiﬁlacaticﬁs st bo 4 gomparitively cﬁsy procesc,  Alse, iF
vapancios 6iffu¢a o existing dislocations in the short aging
tines involved, thershy "orning Jogs, lhose jogs apsargnily do nol

Anterfero with the multiplication process {i.0. they <o not ine



flucuco the yield stress) nmer do thoy have en importent ¢ffect

upon the wori hardening rates

Sonslder next tho tcmpay&ﬁu?e dopendence of the yield stroos
Tor & quanched crystal oriented for eingle nlip which had bee
agg& appfoximazély'10'minutes at roon temperaturo, A8 shown in
Fig, 323, tho ylold siress incroases slizitly in golng frow room
temparaturo-te‘?&“& snd & gsowewhat greeter increass of tho yicld
atream pecurs betweon 752 end 6%, This rise i the Jlold obreny

i -3 L 2O,
bczwaaa 78748 and 678

Yo v,

le slgnificantly grestor than in the corrcoponds

ing unguonched mwoaimva¢ I% 4¢ 45 be cupected that Yhe oriticel

temporature below shich o clunler of wacansles will begin 1o sct a3

an effactive berricr Lo maving dislecations will decroace ag the

Bize s? the clusior docreusot, Thiﬂ will be considersd in detall
in tha noxt seoiion,
34) Internedicts Stapes of Axlne—=Ton Binutes to Wen Hours

in oryctels gua?cuoa and aged for more lhen ten minute:

at rodm fempermiure, provounced ghavges in the etress-viraln curveo



[
Co
o

_#rﬁuréproﬁucad'iu Flze, 16—22 u@a ;&~za, The reoults indice
thay. a} Within the Btrain s&ﬁnitiviﬁy af ine mozcureacinios t&u»

, aiegcﬂ of the zircsg-sirain curves below the yicld 8irose wore oige
- niflcently greatér in the guenched end agod crystals than.in thc.v
tnquahched_crybtaie;‘ Lj The yleld etress incroased with imoresmoing
‘aging iime, ¢} ibcve tho yield atrﬁceb_ihc work bardcniﬁg'raz o3
'crystaia oriented for single siip incrensed -apid}y "ith‘agin;g
while for'cryétala artented for muliiple glide the werls hzrdgging

-

rate was relatively independent of the sging tize,

Ite significonce of thoos chearvetions will now be discussed
in turn, Couslider Tirst the decrsuse In the pre
Piow, wileh koo boen obswrved in the guenched and ajed cpocimsne

ot slresces bolow the miervscople yield sirese, Szall anple scotier-

[

ug rosults; wenbtioned above; shoved a growih of glustere in these

Aros,  Thio supgesis that et a given streso tho aversge velocity

£

of dielocations Lo decrezeed by tho prosencs of clucters,

. f oloush wad FrioselMin”
4L model hag boen doveloped by Colousd und ?riqdel‘l >in

- order 10 account for the herdening obsorved in radiation damajod
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end tzed

mstorinle, This acdel oay alro ve SﬁlLCJula Lo gusniche

s

spocivens and it will th e”cforo to chsiddrad in dotail below,

The mé&é&’is baced on en anzlysio of the interaction wihich
coeurs wheh mobiievdieicsatiuna cud throurh clnstara‘o? vaca:ciec;
Golousb and Pricdel spouned thot il thero Lo to Lo hardening froe
eavitios, tho cvoerage disiance beﬁwcca'caviti@n,lo, USL bevzmullor
Than ¢ho éiatance 6% which multisilcation of dislocstions octurs
by the operetion of Framk-ficed motrcess I3 it olso assimed thet
the forse plmning the disiocation o the cluster is largo ﬁOmW%“od
Lo the apyliau 8Lresse  The dialqaation L5 conmeidored to brealk wuny

Ly

frox tho caviww wilh the ueeistence of Lhermal sctivation when &

o

cuvity, dislocetions in o cryotel coantaining randoaly die tributed
volde will have a sly zag shape, Tho svorage cdictanco butdoon CaVw

tics on the 1ine will dopend on the denaity of covilties and tho

fa

[
i
O
©
>
¥
TS
O
b5
[€]
«
2

| vl

nteraction ﬁn&ijo The aketch shows two succesoly

such a zig ,eg dislocstion, The wotion wep dus L0 esceps fron tho
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- of dislocation would be l{% xR
vhore R-io tho radius of the vacancy clustor, ﬂ ia t 1o cl*oar

wodulous and b'is the Burgers vector, ¥hon tho éislocation moves

to ths bresiaway position, work io done by the aéplied SLIGSsy

i,

 this work io propq}timml £0 the areca owept out by tho dislocation

\

- end i given approxizatoly bys - O‘%f R
) G fhe a.ntivation onergy,- U." rcr +thio -bmakamy procses wlll :
S ghen ba gi.ven by u % R 4 ZR
‘z‘he slrain rote is proporuovml to .he rea:;uency o:‘ u:_zcnpe:
=4 6 |

. whore tho mmr#ewr. Lk, depends on the lengih of moving disice-

uiiqn por unit voluze, the demoity of pimming points, zeosotrical

. factors, and the Lraquency of vibration of a lengith of dlslocation,

. /{7 o If the yiold stross iz daﬂwd as the bitross nogossury Lo

¢ ’ J
. achieve a glven strain rate, tw.d if the precxponsntial torus do not

very

o (2]

ma*uiy \aith tomparatum than tho yleld ctress chould vary



linsarly with temperaturos,
v = Z%%#g’ : ’A?.7—- <jéE:>

| ﬂcasuremcnta of the yleld stress at various »annor&turgc NOre
made for & specimen aged 10 hours, Fige 33, Froa E%%E’
and an extrapolation of & 4o 0°» the opécing of the clusters
8o well a8 tho cize of the éluatern necossary to‘giva tho
ohoorved hardening wore caloulated, Tha opacing §ctwdcn cluctors,
‘)17, was found Lo bo approximatoly % x 1077 em end the radius of the

-3 : _
clustors, R, wae 10A, Tho initial concentration of vacancico roe-

o " quired %o form thoso clustoers is approxizately 5 x 1077,

Concldering thq'uncartainty 6" tihe oxporimental rezults theso
" values are considered to bo reasomable order of sasmitude ostimmtca
of tho 0izé and separation of tha olustors of vacancles, The
- rediue of the clustors revealed by small aﬁgla seattoring of aw=rayc
.in guenched coyper was about 253, This agroonmsnt is considored 1o _ :
bo quite good and lenco eu;oort Lo the model of Colounb and Frieécl.(lé)'
& model siailar to that ot lined nbova hae slso becn uivcﬂ

‘,ny Sacgor, (2 )”hu major difference botweon the uodel given by Sowgoer -

- and that used hore, is that Seegor ;n“roducaa'a more complicatod



function Por the energy to broak a dislocation freu a olustor of

vacanclicee, .

'Quanching and aging not only raisos tho yleld but also.may

affect the entirs shapo of the streos-otrain curve, The ohanges
'ih Lhe eireaa-sﬂrain curve depended an the initial oriontaﬁion of
tha.cryatél relative to the %enailo axig, Far oxemple in o quenched
- and aged crystel stege I of the'deformation curve uns'éboenz in
‘erystals oriented for caoy gl&do.”whilo'iﬁ crystals which were
“orionted for aultiple glide, only minor chnﬁgés in the work hardone
-‘ing vore otserved, . A poesidle 1kta:protaiion of thoss resulls La.
tho followihgs in quunchod cryatale} tho first dislocations which
 move oul al@ng the olip plune may “sweep up? or adeord clustors of
. vocanches in their path.(l7}ﬂubsoquant movenent of othor d;biociticna
- on this saze plane should thorefore bo sauowhat casior, Since
there wqﬁlé novw ba.rduor obetaclos to tho motion of those dialoo~h.
atitne, 4z 6 result, slip might be oxpected to occur only on & |
feu icolated or wléely—apacad»elié tande in tho_quénchcd cryatnlns_'
in thoge cfystale‘orionto& for éaay glids, tho stross concete |
%ratians no3r localized hosvy slip bands would tond tb:promoto

fblip ca'eeooadnrj slip aybtcae, aad.tbin preuntufo.opbragian of a




'neccndarj elip eyaten could’ lcad to an inorease in tho uor harde

'jcninv rate.

] 61 tha ot her hand. if ealy ralutivclj fow widely apacod elip

o bsnds ware’ ﬁcrmed in cryutnla or&ent@d Lor multiple &1140. moving

: dislcc&tioas on intcrqactﬁng slip eyatoma wouid cu% throuuhvench_

other leps: f"equcatly in qucnch@d than 1n uaqucnchcd oryntalo.

Since the work hardoning rete in staga I of the strossestrain

| eurve ia helioved to bo controlled by dislocation inturaootionn,
‘the work nardening in quenched oryctals oriented for mﬁltiplo.glidé
- ghould bo loos than that in unguenched oryatalo, This offoct was

tﬁnot oboorved sfter iatsracdiate aging times but waa observed in tho 

fival cérgee of aging, as will bo doeoribed below,

33%) Fimal Stsros of Aging

The otreaa—strain dlagreas for agecimens aged for moro
then 10 hours afier qucne&&ng froam 106o°c are reproduced in Fizs,

2228, 29,.and 50, The,pcrt&nentvobsarvatiana woro the followings

a} Thers was a furither increase in alopo'cf the stroooe
atrnin curves bolow uh@ yiold atreua in qucnchaé nnd agoed opocie

mona, ao cauparod to the unqucnchod apocimonn.



550

h) The yiold atress was higher in qucnchcd and aged

. 8pecimens, than 4t wee in {ho unquanched apooimona.

&) Howover, tho‘work_hurdoning rato of gquenched and
sgad cryetula4drisntod for multiple glido was slgnificeatly %eaz
than that for unquanéhod_cryatalo. end tho curves now orossed,

_.3;3.;30._,  .3 -

d) Tho yiold strocs for 1he aiublu elxp oriantation
B c:yztala vas iaitiallj hig hor than that in tho uaqucnchod samplee

’ L - ' 'buz thﬁ Lurves cross ad higbmr strains as ocan be secn in F&a. 22,
HE o
|

| A sechanisa has already beon given to account for thb £irct
1}%&6 obse :atioa», ahich wors characterisilo of both Lntormodiate ‘
“ as well as Zon~er aging timos. Tho roduced work hardaning rato in
‘quanchad cryatals oricnted for mnltipla glide was consistent with ~[‘.
tha.asaumptioa that coarce olip bands wore formed in quenchod |
ryataic;. If slip wore high;y localized ¢n a fow widoly cy#ced
i~§ands,'iataracctieuo'betwcenvgliding dislocations would haveo boen_"'
a - less likely to "“vo ooours cd. These ¢ourse oli} tands ocould have
l_cor.-ruad i3 widan without raaid work hardeaning until tho bands

hava & rown to such an exiont that the ontlra &auao Ienzth ia leled.




5.

st this point, intorsoction botwesn dislocations would becoms
' iépo?ﬁﬁﬁt, 2o in unquonched crystalc, thoroby'lgading to on

increace in tho work bardening rate,
Conclusiong

1. Aﬂléca cuall englo soutiering §f werays was adsont in‘froﬁhly
‘Q§cﬂshéd cryestelo, it was concluded that, |
| ) Clustors of excess vacaneies do not have a oize largéi
than & o 108 in vadlus in froshly quenchod easplos,
b) 'Eo aépfaclnble daformetion was introduced by quenching
and no double-Bragy scattoring was precent,
B 2iliﬁﬁglllanélc acattoring wéa sboorved to incroase with oging.
téné.;cachqd 8 waxizma value ;£t¢r gpp:oxiaataly'lod minutéo at
“ ‘roe3ﬁte#péra:uro. fi#a which it'wmd conoiude§ that éluhiorn of B

voctncios grew. by tho abnorption of excsas vacancies froa the

‘._3.'>?ho emall enzle scattering rosults indicated that tho
'“1 aﬁ&pe of the clustere cuuaing the scotlering in quonched and agod

crystals was approxizately ephericals

- &, The excess resictivity introduced by quenahod orystals de- |
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<

cays in approximately 2% houra at roca tomporaturs, Iu viow of tho
sz2ll angle scattoring rosulte, it scems likciy that an uppiaciablu
Lraction of the excéaq vacancies wore foraing clusters rathez thon

boing anﬁikilated at surfzcos or dislocaticns,

e ﬁéqhan&ca} ‘;oportiea of sposinene quonchaé froa 1050°
2ud agad less thon ten minutos ab roos temporature were tho ocame
ga‘annaalo& speciuons, itIWQa consluded from this that isolated
.?acanciee_and small vasancy clustors 4o not change thb mﬁohanicnl_“

- proportics of tho crystale,

6. 1Ia guenchod crystels orionted for'ainglc'alip and for

multiple slip sging increansed the ylold stress,

7. Tho yisld stresa of quenched and age&,npooiaons_waa'found

$o increcso lincarly with decreasing temporature,

8. Conclusione pix and-coven are conoistent with a model

sdvoncod by Colsumb and Fricdsl,

9. Thie model, which attributes hardening oboerved in gquenchoed
‘orystale to thermal and etross asoisted outting of vncuncy aluetors
by dislocations, allows a direcot ootimate %o be wade of the soizo

end the soparatica of the clustors involved, The olzo and sopare



atiszn of tho clustcra were fcund to be 108 and 5 % ].O"5 e,
raspoctively, This ostimated redius 10 in ordor of magnitude

ggroenent with the cluster size moasured by suell angle scattering,

0, In q&oncne& snd aged crystale orionted for caey zlido 5o

eany &lida was obae*Ved¢

1, In qaenchéd ond aged orystals, orlonted for multiple

giide, tho work hardening was not changed for aging timee of lees

than 10 hours at roon tempermturo while in guenched o:yatalo aged

. Por more than 10 aaurm the work hardening ducroeased,

12 ?ha sbeerved ohnnaao in work hardening rotos in quenchod
grysiale con poasibly be explainad by sssusing that clip {6 leoo
uﬁzfarmzy aistribute& in cuﬁnche& and aged orystals than it is &n

ennealied cryatals,

1%, o dislocation loopo or staciking fault totrahodra were

obe sorved ir & guenched coppor sgectmen by tranzuisaion clectran

Bieroscopy, a.tcr fging Lwo years at pge -] tomparature.
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Figures

Schematic of small angle scattering geomeiry used

Comparison of scatiered intensity of spherés and discs

Comparison of initial scattering for slow and fast quenches

. 8ketch of toensile machine

Radius of scattering center versus aging time at room tempera-
ture : o ’

Radius of'ecattering'center versﬁs aging timé
Electron micrograph of quenched copper aged 2 years
Electron'miérOgraph of q#enohed copper aggd é-yearg'
Electron micrograph of quenched gold

Electron micrograph of quenched gold

Comparison of observed intensity with calculated values for
spheres and discs ' B ‘

Temperature dependence of scattering
Resie@ivity decay in quenched‘éopper
Resistivity decay in quenched copper specimen deformed

Stress-strain curve for specimen oriented for single slip
and aged 7 minutes at room temperature - o

Stress-strain curve for specimen oriented for single ﬁlip
and aged 12 minutes at room temperature

Stress-strain curve for specimen oriented for single slip
and aged 16 minutes at room temperature

Stress-strain curve for specimen oricented for eingle slip
and aged 38 minutes at room temperaturs

Stress—-strain curve for specimen oriented for single Blip
and aged 58 minutes at room temperature :

Stress-strain curve for specimen oriented for single slip

- and eged 4 hours at room temperature
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Ghr vﬂ-at 2in curve for specimen oriented for single slip

and aged 10 hours at room temperature

Stress-strain curve for speclmen oriented for single elip

-+ and aged 2 weeks at room temperaturoc

mu-oss~9ura1n curve for specimen orionted for multiple slip
and aged 7 minutes al room temperature

Stress-strain curve Tor spocimen oriented for multiple slip

~and aged 10 minutes at room temperature .

Strees-strain curve~;or gpeeinen oriented for muliiple slip
and aged 35 minutes ai, room temperature '

Stressestrain ocurve for specimen oriented for multiple slip.

and aged 2 hours at room temperature

trese-strain curve for spocinen oriented for muliiple slip
ad eged G hours ai rocm‘temperature

423
a

N

» Stress-strain curve for mul 1ple slzp and ged 10 hours &

room teaporature

Stress-strain curve for specimen oriented for multiplo slip
i 17 hours at room tenperature ‘

sura in curve for specimen orxcuted for wultiple slip
and aged 5 days at 5°o :

Stress-strain curve for specinen aged 10 minuto° at room
temperature end deformed d”A4.2°¢

mperature aeDCﬂdCﬁca of the yield s%troess for a spocinen

T‘
. &
eged 10 minutes al room temperature

- Temperature dependence o‘tae yleld ptroso for a spocimen

0ed 10 hours &t room temperature
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_b?source slit

c- limiting slit - '

d- bent quartz
monochromathr

e-sample position

f-counter slit
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