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Mbotenct

The subotructurcs in nickel delormcd by compression ond toension at
various teuperatwees and by shock londilng at room temperature have bren
investipoted by tranomission electron microscopy. Dislocation cell struc-
tures were oboerved in all stotically loaded specimens and in matorlsl
shock looded up to 250 kKb pressure. Microtwinning has been observed for
the firot time in nickel ghock londed ot 350 kh and hicher. It appeare
 that there 1o o critienl cell siuze (~ 0415 n), below which twinning is the
preferred mode of deformation. 'hile ccll size wos not attalned by tensile
deformtion down to 4°K and twimning ves never observed after statlc
loading.

It was found that for cll loading conditions at room teuperature the
eﬁcrw input per unit volume wus inversely proportionnl to the squarce of
the cell diameter. A possible explanation for this 1s propo_scd, making use
of Kuhlmonn-iilsdorf's theory of work hardening (Trans. ATME, _’g_’j_lt, 10k7,
(1962)). A similar analysis was uced to explain f;winnina. These analyses
predlet o quantltative relation between the average cell diametor and the
onset of twinhin{; with the average gliseile length of dislocation vhich is
consistent with observations. A prediction of the ratio botween the rigid-
1ty modulus end the work hardening cocfficlent in Stage II of work hor-

dening was alno conslstent with actual measurements obtained from published

data.,.

* Now at Autonetics Division, North American Aviation, Anaheim, Calif.
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THIODUSTRTON

Statlic loading of wateriasle bas boen the subjeet of by for the nojority
of books and papors concerning mechanical propertics.  On the other hand ’
even thoush during the ninetecuth century a theory vas doveloped for the
propogation of elastice shock waves in solids, very little inventigation of
shock loading wus carriced out wnitil Vorld Wer IX. This wos primcrily
becouse of exporimentol difficultics and a lack of interest. Within the
last twenty years, wilth the developmont of new maotorisls and experinental
techniques as well as an inereacing nuwaber of pr_oblcms concerning hiph
rates of loading, there has been o revivael of effort in the theoretical and
Phenomenological study of shoek woves wnd shock loading. ‘fhis ineluded the
development of theoriecs for plastic wove proposation ploncered by Taylor ,(l)
von Iarnan and Duwew, (2) and Roldngbulin, (3) with later improvemcnta Ly
Malvern.(u) However, it 1o only rceontly that appllcations of defceet
theory to the problem have boeen Lmj;;].:tc:(i..(i}’ /))

The primary Iintercst in dynomlce loading concerns the application of
pressurcs which aere far higher thon the yleld strength of materials under
static loading conditions. Such shock waves ore usually produced by oan
explogsive charpge, other methods being the use of high veloelty projectiles,
diccharge of hiph euergy capacitor bonks, wund short pulse magnetic 1.nd.uctioill.

If proper prccauntions are token to avoid spalling, e metal lmdc:.d by
meonas of a plenar shoek wave hag the penersl properties that there has been
very little change in the dimensions of the scouple and no detectbable chinga
in grain size or shape. In contrast, the hardness of the sample has been
ralced considerably (as much as two or three times on the DPH scale). The

microstructurce of o sample may contain slip lines, twins and, in the cuase

3
of irom, & etructurc very cimllar to nm*l;c—anrsi'te.w’ %) In other words,
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the results of diffusionless shear type reasctions sre observed oas might

i)e expected from such high valued, short duration stress loadg. In the cese
of face-centered ouble metals of high 8 tacking fault cmr(g;y,v such as slum-
inum and nickel, no twing hud been observed in the microstructure even at

— high shock _pregsures prior to the work presented here, but no direct ohger-

vations of substructure weravxma.de.('r)
In the work deseribed here, transmission electron microscopy vas used

to study the substructures of pure nickel shock loaded at room teuperature,

A comparison was aloo made between these structures and that found in nickel

i

deformed statically at variocus temperatures.

FXPERTLHETAL

Matérials -

Two forms of high purity nickel were used. A two-inch diameter round
bar was used for oll investig;eﬁ,tions involving shock or campress;ve loading.
All tensile deformation was performed with samples prepared from 2-inch
wide, O.l-inch thick rolled end annealed sheet. The chemical enalysis for
the bar stock was .003% C, .00} Mn, .OOOW) Pe, 0014 8, .0006% 81,

«001% Cu, +0001% Cr, and .000W) Co by weight. For the rolled sheet 1%
was .026¢ C, +001% 8 by weight with traces of Co and other impurities.

Deformation Specimen Preparation

Ssmples prepared from the bor were obtained by slicing perpendiculo.f
to the a.x‘in of the bar and lightly machining the cut faces until they vere
parallel. All shock londed specimens vere 3 4nch thick. Their complete
preparation to the echock loaded state was carried out by Arthur D. Little,
V‘Inc. Compression specimens were i to ¢ inch thick prior to mechanical

&

deformation, Tensile specimens were prepared by rolling the original sheet
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: 't"c_?) ,é. +011-inch thickness. and cutting out lqihcl'x wide 61)(_3(211’1‘1}311& (bthe length

e beine, perallel t'.o the rollinr' direction) from the center portion of the

| Bheu‘b, v
AL upecimena'ﬁere annealed at 925°C for 3 hours and furnace cooled in
- vaeuan brio'rv‘t-o being nw:dheu-xical-ly Vdef“cm‘med. One of the bar specinens was
'"ré%a.inéd in the .m'xédlwd state for later vcmrtpari’sona with défcrméd specimens,
‘_'l'he average grain size of the bar specimens wus 60 u whilst tha,t of the
| ‘tensile awxrpler; wig 31 uo

" .Dei,‘;ormtion Techniquey

Bhook loa.cle,d ppecinens were - hmpac.tcd with 8 pla.na.r ahock pulse at
'pressurea of 70, 130, 250, 350, snd T00 hilobara along the axis of the bar,
The- degg'c_e of error in these pressurc.a were approyimbely x 20 kiloba.rs.

Static compression Jm.dingr was cm‘ried orub parallel to the bar axis
_W1th a B&ldMn—Tabe-fh1wry u.nivemal testing mchinex using & loading rate of
20,000 pourids per minute. Two cqumesaion Bpecimens vere prepq.red. One
.‘spécimen-wﬁs déformed to a load of 150,obo pounds or 4k,000 psi»énd & true
‘ 'aﬁi:'ain oi‘ 10%. The other received a lood of 550,000 pounds or 102,000 psi,
'I'his produced a true strain of GO 4

'I‘ensil_e_specimcna ,wer_-e defqmed on thev' Instron Universgl testing
. .mei;ine; A l-inch (::aﬁgé ‘séctic;h Was _us_éd .wﬂsh. a, réla;’tivwe head movement
rate of 2 x 10™° tnches/min, A set of specimens was defarmed to 20% strain)
.é\t the tempera’curéa 4, 78°, 195° and 295°K, and 3% at 78"K.

Spark Erosion Cutting Tuchnique

In order to prexnm folls suitable for trammission electron mioroncopy
from the ‘annéaled, »Bhookel_.oa,de_a, e.-‘nd sta;tiqally com’pmn-sad_ round bar speci-
. mens, thin eéctior"xa" -wefré_ cut pamliel to tho “bar a.xié which wno also the
compression direction. in order o ébté‘ir'n .st_f.rdin-’fréa semples s cuttihg was
corried out by mcmm of e'_[mrlc'-aroaioh uaing the Seﬁvomt Sparlk Mm.ch’hxe.“

* Mo.hufa.ctu:‘red'by Metals Rescarch Ltd. ’ Cé'mbridge_, En{;lemd.
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) Uswally & blade type tool im used Lo cuttlng a mpecinwn. However,
88 tool depth 1nto tha mmnnﬂ 1ucrcascm, cner5y dissipation cccurs not only
at the cubting cdge bub also along the eidcu of the tool vhich have ‘becoma
in close yproxlumdty to the cub faces. Bosldes the fact that a great deal

of cutting power is lost by such oftra gnorgy dissipmtiom, it 1o difficult
to cut a unifann alic@ since uppcr pcrtions of & elice become eroded to a
areater cxtenh than lower porbions.

In order to avold thcse difficﬁltics the blade was replaced by tensioned
wire transported across the specimen at a steady rete in arder to evoid non-
uniform eutting dueg@o'gxoaion. This tool is illustrated in Figuré 1. It
" 18 scen that the cu&Eig%Fwiré (a) isvsupplied from o spool (B) transported
over glide pulleys (Cs b&wé notor drivén transport mechanizm (D). A ten-
sioning device (&) permits optimm wire tension adjustment. The entire
_ mssembly 18 carried by the pervo-controlled tool mount (F).

Puraliel cuts vere made by first moking one cut, then moving tﬁe speci~
men mount perpendicular to the cutting direction b& mneans of @ gorew drive,
The distance moved wus equal to the desired thiclness of the slice plus the
diameter of the wire and twice the sfacing between the wire end the specimen
. during cutting. Another cut was then made which was perallel to the ffirst.
By this method porallel slices approximately 010 inch thick were obtained.

The smallest cutting rate available on the Sérvomet»Spark Machine was
employed during the parallel cutting in order to minimize any possible
mechahical damage to the specimens. Ao cdn be seen by Figure 2, no observ-

able damage resulted ofter this cutting operation.

Thin Foil Prqpardtion
| In order to obtain thin folls suitable for trancmission electron mi-

croscopy, the slices as well es the tensile specimens were electropolished
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at 10°C using a solution of 60% swlfuric acld conteining S gm/liter
P-tolusnesulfonic acid,

All the folls were examined in a Siemens Elmiskop ib electron microucopé
operated at lOO‘kV.

Hardness Tests

Micro-hardness teste were performed on the unnealed, shock loaded and
compressively loaded specimen sections romaining after thin slices were
obtained., These gections wore electropolished for two minutes using the
sane solution conditions deseribed for the thin foll preparation. Dimnond
Pyramid Hardness lhwibers were obtained using the Kentron Micro Herdneos
Tester with a 136° diemond pyramld indenter and a 500 grem load, Hardnesses
~ were obtained approximately every o015 inches along the original axis of

the Lar material,

RESULTS

s s amimea g

Speeimen Hardnecs

The sunmaery of the hardness neesurements is shown in Figure 3. The

statistical mean of the hardneos &alues a8 well as the'95% confidence limits
are given for each specimen, There was no significant variation in the
hardness values along the thickness of any specimen. It is seen that for
the same loading pressure, static loading produces a much greater hardness

than shock loading. In contrast, 1t will be shown later that for the same
| amount of strain, e shock loaded specimen 15 much herder than a statically loade
specimen. These are typical observotions of the relations Letween the
hordnesses of etatic end shock loaded specimens ab illustrated by Dieter's
work on nickel.(7) |

A smooth curve may be drawm through the mean hardness points of the

shock loaded specimens up to 250 kilobars. There then appears to be a
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shaxrp break in the hardness trend between 250 and 350 kilobars but the
hardness of the 350 and TOO kilobar cpeclment are aapjproxi'n»itely the sane.
The broeauk in the bordness curve la typleal of an abrupt change in structure
character or mode of defoxmmtion, It le Interssting that a simller break
nay be interpreted fram the hardness data presented by I)ie'ter.(rr) This

18 shown in Pigure 4, Tt will be shown later that there 1s indeed a sig-
‘nificant difference bgz‘bween the structures of the specimens loaded to 250
kilobars or below, and that of the 390 and TOO kilober speclmens, |

Transmission Klectron Mleroscouy Ubsceevations

All pubstructures observed in thoe dedorwed specimens were mnuch more
conplicated than the dilelocation-frec gtructure obgerved in the dnnealed
speclmen typified in Flswee 2. Since this annealed ssample wus taken from
the amealed bar specinen by meons ol the spurk erosion technique deseribed,
it recelved all treatients employed in foll preporation. This indlcates
that no observable mechonienl domapge was adninlstered to the speclmens
during their preparation for obuervabion.

Transmission e¢lectron microgcopy of all deformed specimens excluding
the 350 and TOO kilobar shock loaded specimens revealed a StrLiC‘bure of
densely tangled dizlocetions primoarily erranged in cell walls enclosing
ereas relatively freec from dislocations. (Figures 5, 6, 9, 10) This is
similar to the structure comnonly observed in stotically deformed nickel
as well as in many pure me’oalts,. both FCC and BCC (see, é.g., ref. 9),
porticularly when they are deformed at room temperature.

It should be pointed out thot such s cell structure differs from the
model for comprocslve shock propasation proposed by Smi'bh(lo) in which the
moving interface betweon the undisturbed and comprossed moterisls 1s cone

gldered to be couwponed of two sets of inclined edge dislocations. This
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nodel essumnce that a hipgh density of these dislocations existe within the
ghock front with nong remnining after the passage of the nhock wave..

The cell structure is olsg different from the dislocation structures -
observed by leslie, Nornbogen and D-.Leter(m In iron ot low phoek pressures.
They observed that long dislocations were present in thelr microgruphs.
I-Iornbogen(ll) {found that these dlslocations were wostly of serew type. He
‘prbposed that such a substructure moy be dve to the movement of edge comn-
ponents of dislocotlion loops formed as a result of the compression wave.
He assumed that these edge components moved with the velocity of the shock

front leaving behind serew connponents.

Shock Toaded Speclmens: Typleal mierographs of the TO-250 kilobar

specinens ere chowvn in Plpwres Sa-c. It 18 scen that the cell dioneter
decreases with increosing pressure. In fact, in the 250 kilobar micrograph
it appears that vny form of cell structure is completely absent. Ilowever,

&t the higher magnificotion of the pame area shown in F:l(‘mrcv 6, there appears
t0 be a general form of o cell structure existing in this specimen. A
number of dislocations within the cell walls of these specimens, as well as
those in the low temperaturc tenslle speciwmens, appear to ha.vé uniform
dircctionality. Iidxfevcr, attenpto to relate crystallographile directions
with these directions, which indlecate whether dislocations have primarily
edge or serew character, hove been unsuccessful.

‘The 350 and TOO kilobar specimens had structures which were more com-
plicated than those of the other specimens. These structures can be divided
into three groups: twimnning, thin distorted regions (eclonpated subgrains )
and & "back@;x:ound" containing dense networks of dislocations., The twinning,
.which lies along (111) plance and has been described previm_mlyslp”) is of

particular interest since Di.etcr(T) wos unoble to observe twinning in his
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experinents wiing both light microsceopy ond éz.’.\_.r.m-brwn sleroscopy of replicas.,
Ag showm in Figure T, o mleropraph of o (110) orientation, the twins ave
mctx"rszmely Ling (().()5 iothiek) and thus would nob be resolveble by Light
)§'9) t&tliog;;.‘a,r_,il Wa |

Fi(;;iu'e U0 4o an exomple of another sres of the same specimen fron which
Firure T was obtained in vhich twlnning ie not precent. The structure here
,conais'ﬁs of elongated subpraing ond a dense backeground of tangled diglo-
caotions, Mhis 1o typleal of heavily worked raetf).lca.(]'3’ 1k)

Statically Comwessed Speelmenst A typleal cell structure of the

specinen strained 109 campressively is shown in Figure 9a. The cell dianm-
eter wags in general nmuch larger thean in shock looded sjpecimens. “he cell

[
(l)) found. -

walls o.pimm'ed to form along well-defined directions,. Iriarrilmton
that the cell wa.lia in cfom;xzr tended to lie along (100}, (110} and {111)
plance » rarticulorly at élevé.tc:d temperatuwres,  In our work, definite. -
crystallographic dirc-;cti’ons could not be sutisfactori]y associqted with the
oxes of cells in the compressed specimens. lowever, in the tensile specimen
a very definite crystallographic relf,a,tioh was found which will be shown
shortly. |
Pigure 9b 1s o microgroph of an arca from the 60% compressively
strained specimen. Two adjoining graine are shown. The direction of com-
pression 18 indicated. It 18 seen that the cell structure is elongated
perpendicular to the compromsivé direction. This e'lon{;ation is very simi-
lar to the dimensional elongation of the grains observed in the same speei-
men.  Within cach grain there 1e a groat deal of distortion as indicgted
by the changes in controst within and between cellass In very fow cases wus
it possible to obtoin a well«glofined selected orea Aiflroction pattern due

to thio distortion. The cells wore gmaller thon those found in the 106

spceimen,



-9 - UCR! =L ((S Rev,

Tongdle Soechuenss A byplesl microspaph of a specinen deilormed ot

roon temperabure lo show dn Ploare 10. The plone of thiyg areo is (OOJ.)
with the two <100 Adrections indienteds 'The structure is simdlar to that
of the 104 commraeosion specimen both in the size of the cell and the cell
wall textures It 4 oeen that o lorge muber of cell wolls oare alimed
along <100>. A great muber of arens of (001) oricntations were observed.
This should be egmcted slnce "eube texture" 1o quite prevalent in many
cold rolled and avnenled foce-contoroed cuble metals, including 111(:14‘0]..(16)
This texture iuvolves preferred orientatlion in which the rolling plane
containg primexrily (100} oricntations and the ’rol].ing_g direction hos pri-
marily <001> directionz along it. The reason for the allignuent 61‘ cell
wallb only along (001) planes, excluding the (110) and {111} plancs observed
by Vexrington in copper ,(15) 1s not wnderctood a,t_ this time.

In microsraphe of specluens deforwmed nb lower temperatures the cells
were decidedly smaller and the cell walls werce less defined than those
statically deformaesd et room temperaturce.. There is also a tendenecy for
the cell walls to be alimied along <LOO> directions but to o lesoor cxbent
than ot room temperature. 7This ip agaln consistent with the obscrvations

-
mode for copper by X»T:.u‘-rin@;'tson.(l) )

The Gtx'uc.tures of'tho specinens doi‘orme(fl
at lov temperatures were similar in mony ways to that of the shock londed
specimens. DBesides having a ce}l plze similar to the TO kilobar spccimen,
the cell walls also contaihed a lorge number of dislécations in parallel
directions. A typical mlerograph for the specimen deformed 20/ at TU°K is
shown in Figure 1l. This is very similar to the samples deformed 20% at

L°K and 195°K. The cell size in a specimen deformed 329 at TO°K was smonller

than in the specimen deformed 207,
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._(i‘v,ganti't'ativc, n'.,lvvjr; oi Coll Bize

........

Ineluded in the deseription of various cell structures have becrﬁ statew
rente concerning the relative slres of eclles preduced by different treate
nenbs.  These conelwsionsg con be wade in o qualitative moanner by Junt com~
;pt,}.rin.ef; many leroprsyho 6:1';‘ ecach apeclmen,  However, when individusl celln
were netunlly meemwed o browd roange of dlon wbom v found within esch
specinen, Thiz 1z Indlcated by the values Comd in the far richt colwng
of 'fable T which is a coppilation of the mtarhin"oicai data obhtained frdm
Cmony microa:raphm. Althoush the peneral tyends which were previously cited
are olso precent in this liet of ranges, more definltive volues vere obe
tained when the averase cell diameters from each microzraph vere treated
statistically. Therefore, Loth the means of these a.vr:rz:.gcd and, their 9%
confidence limits are slso listed in Cable I, An analysis of those means

will be presented in the discussion to follow.

DILCIRETOY

P e

(15,

Previous workcm 17) have showm 1(;1);1*; the dimneters of cells found
in both FCC and BCC metals can be rt,ln,bod to the c,mmmt of strain o mterizsl
recelves, the strese level to which it 1s raised, ond the d.ei-‘o manbion teme-
peraturc. GCualitetively their findings correlate with the data presented
vin this work, "'1rrington( 5) found that in copper a lincar relation exists
between the inverse sgusre root of the cell dlameter and the flov strass.

Ha pointed out that this 1s similar to the well-knowm relation botween grain
gize end flow ptress. Such o relationship wus not found to be the case in
ohock lozded nickel. Tt wes also found that the inverse of the cell diam-
eter inereosed much more repidly with eppliocd stress for the statienlly
Yoaded nickel 4in o monner cludlar to the voriation with \.”ig!:’.ar.ﬁt hordnons.

(Fipure 3)
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TABE I

Cell Diameteor Stotistien

057 Qonfidence
Statinbicenl Timites of the

Mean Averege Coll Diamoter Range of Cell Diameters
Specinen Di.oancter(pn) Hien(p)  Low(p) Wiph(y) Tow(p)
Shock Tooded,

70 X Dar 530 « 690 $ 305 1.60 135
130 X Bar 315 332 297 ~Wbso 175
250 K par 167 170 163 250 .07

Compresoed .
10% Strain 890 1,070 720 3.00 .30
60% Btrain o 545 +643 cL06 2.69 125
Tensile
20% Strain A
295°K 825 1..00 +GU5 2.50 - 20
195°K 530 625 430 2.00 10
79°K 490 .G25 +350 .67 .12
hex 105 .6R0 «370 1.25 125
324 Btrain

78°K .330 376 200 1,10 0,10
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Relationships of miech greoter intm:'@m-& and heretofore not lmowm wera
found when the inverse square of the cell ddsmeters was plotted ogainst
the work per unit volume applied to the specimensg, Buch a 'plot is shovm 4in
Pl 12, For the statlically losded speclneng this am'ount of work wos ob-
tained by integrating tho stress-ptrain curves obtained during deformation,
For shoek loading, the plustic strain in the shock direction during com-

pression has beon eatizw:«.tedu("') to be €= {»j £n VL” vhere VX is the ratio
; o o

of the volume at o pressure P to that at atmospheric pressure (1.e., prior
to loading)e The same awount of strein is assumed during rerefaction. The
values of v—v- are toaken from the Hugoniot curvec(lg)
o ‘
In order +to0 obtaln the ecnerpy inpult reguired for plastic deformation
due to shock loading, the pressurce-stroin curve derived from the Hugonlot

curve and shown in Flg. 13 is assumed. Integrating, we obtain

P 2 P B g v
€shoek 7 ¥ B 0 A *

Vie con see thot for specimens deformed et roam tempersture, ilrrespective
of the method of deformation, the relationship between the inverse syvare
of the cell diameters and the applicd work is linear and i)ansem throuzh -the-
origin. With the cmall amount of lov temperature dota availlable, 1t appears
ﬁha.t the slope of this line increeses with decreasing vtemperaturo. This
temperature effect is very small below 195°K. DPelow T8°K it is negligible.
This iq 11luctrated in Fig. li&, vhere cell size is plotted versus temperatiure
for specimens deformed 20%.

One explanation for these relationships can e derived from & recent

(20)

theory of work hordening presented by Kuhlmann-Wilsdeorf. It ic appro-

priatae to the present paper to ocutline her theory here.
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It 15 well kpown thaot the rate of work hardening in sinsle crystals

18 preategt in Stage IT.  The slope %% in Btope IT 1o referroed to an GII

while ?)-(}- i sipnificd by X
.II

‘1‘1’:1.13(101‘:('(17) points out thot X

17 vhore G 18 the rigldity modulus,. Kuhlnoan-

T i approximtely equal to 300 in o gfeat
mmbear of materials w:tthin o foctor of two clther way. Bhe proposed that
the mogt importont contribution to work hardening i1s the reactlon of dislo-
cationg agalnst bLowing out, due to tholr line tension, Her arpuents are
as follows. |

When the dislocation density rises, the average froe dislocation length

3 18 decressed, 'This ralgses the flow stress since

Gh

vhere b ip the Bu.rﬁ;crs vc?c'tor and h 1s an adjustable parsmeter. The averare
distance betweon diglocations ecan be considered as cZ vhere ¢ 1s o number

A between L and 2. A leoop emitted fram a dislocation sepment will spread
into a loop of radius ¢l befere coming into contact with other dilslocations.
It will opread to on average radius, ry = acl, before stopping if only the
fraction -(];'l of all dislocotions are positioned in such o manmer that they
can otop opreading loows., The number, dn, of newly-formed loops per wnit
volume will contribﬁtc to the increase in shenr stroin by

dy = c‘l.nbhr’-é‘? = dnbh (acl)® (2)

The dislocation density in & erystal con be assuned to be

p.’.‘-’:

£

b:li'g

(3)
vhere m 18 & nmuber depending on the actual dislocotion distribution. The

dn newly-formad loopa add to the denslty by

dp = dnp2iry (%)
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vhere £ 46 a number botween 0 and L. The fraction B 1ie neceosory in order
to account for the portion of diplocations vhich are mitually annihbilated
wvhen dislocations of opposite Purgers vectors come into contact. By dif-

fercentiating (3) and equating to (4), 1t ip seen that
az

dp = ~2nm el 2hprydn = Zhpacidn (5)
and :
dn = - DAL, ~ (6)
hpoclt

By inserting equation (6) into (2) 1t 18 scen that
vbae A7
‘ AN

dy = = —enes

Differentinting equation (1) ylelds that

a7 = h . 8

and dy 18 related to dTE by the cquation

hinyve .
dy = Frr drg (9)

Since 1'3_ is the twportant contribution to work hardening,

dt. ~ GB
o1 ™ -a'-f'- = huime (10)
¥
and
. K o e . (11)
Ix

Kuhlmann-Wilsdorf points out that expression (11) does not cfmtain the
Burgers vector. Therefore, this theory applies to crystals where dislo-
cations are arranged in tengles (such as for Wi described here) as well as
to crystals of low sta:cking fault energy where dislocations ere arranged in
pile-ups.

Tow the strain increment due to the bowing out of dlslocation segments

ean be expressed as dy = g- dTE and, therefore, the integral ) T2 dy may
) K : Cb Kob? o a4l
be written & / 134 73« Since 15 = fv, this integral becoues X Vid
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Since the low siress le proportionsl to f’ deformation in an amenled
specimen ocows by bowing of the longest free segnents, The encrpgy input

required to obtuin a state vhere the aversge seguent length 48 7 18 glven

by Kou® 7 s o2
E B -—-—:*z,'m f 4 - -.....{/. (3] }--'--L’—?-: ( 12 )
e 47 PnigR

The theory predicts o linecar relatlionship between the energy input and
the inverse square of the average seguent length. Since it 1s reasonable to
essgume that the average cell dlameter is directly proportional to the average
active length of dislocation then, as shown by Plg. 12, the experimental
results are in egrecment with the theory, 'The touperature eﬂ‘ect 61)1—301’\/&(1
in the cell size energy relationg appears to be mainly accountéd for by the
temperature dependence of the termmws contained in X, imrticu]wly the g- terms
explained above.

Although we have made what appears to be a very good correlotion between
ouxr observations and Kuhilwmam-Wilsdorf's theosy (moxm of ,x-mic_h are swmis-
ingly quantitative,us will be shown chortly) it should be emphasized that
meny asswipbions have been mode. In particular, the calculation of the encrgy
input for the shock loaded specimens is considered to be, at best, on estimave
end 15 not accepted by all workers. Iowever, 1t is the only appwoximation
possible at the present tlme. The asswiption that the ohocl; loaded specinens
were plasticolly deformed at nearly room temperature is not confirmed Ly

(l9) rige

thermodyncmics. Calcwlations show that the theoretical temporatures
es high as 100°C in a 250 kilobar specimen with a Cinol temperature of 1&5".0
after the adlobatic expansion., Since at present the mode }of de:t‘ormation

end the temperature effects involved are still speculative, it is felt that
our agswiptions may be used, particularly in the strength of the resulting

correlation with exporiment and theory.
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It 48 well lmow that twimming occura et low tomperatures in FCC

(21) (a02)

et lo oo woll oo ot chock loading presouren . It hes been usually
aspuned that twimning is an atheennl elffeet wvhich occurs b a critical stress,
Fron the infommabtion we have phown here concerning the relationships of
energy end cell size, 1t is of intercat to see ii’va similor relaotionship
can be found concerning twinning. Soeveral mechaniems have been propomed(a:%—%)
for the formation of twins. In all cases, 41t has been a_maumed‘that the nu-
cleation of twing occurr by the formation of otacking fauvltg. _'Pl'zé espantial
Jdifference between the mechoniswms of Vem.bléu(zﬁ and (Suzﬁki(au) is that
vhile the latter involves a pair of twinndng dislocatlions movi‘n(; za.wdy fra'c{
& Cottrell-Loner boarrier and the twinning cnergy 1o the import:mf term, 1in
the former, extended Jogs in glissile dislocations are presumed bo be the
gource of twin nueclel and the stocking foult cnergy is the lumportont term.
A very recent mod,e'sl(ef;) is b.',z.'.:;ed on the slanltoneous splitbing of o laxrpe
nuber of dirlocations in a pille~up. Our resultc shown that twinning ocewrs
vhen dislocations become extroncly clogsely .s]pa,ced and that many of the twins
are incoherent as expected from the Cohenelzertmon modelo(QS) Until now, 1t
hoo not been possible to decide which mechanicm (or all of them) i the most

important. According to Venables, the strecs required to activate a twinning

dislocation ol lencth £ 1o

IR R - U2 ’
TT - bl - ‘a (13&')

where by = the Purgers vector of the Shoclley partial involved in twinndng
8 = the stncking foault encrpy of the metol

P = a congstant of the order of wnd ty.

In SBuzuki's theory,

Crr e g e b
K 7 ) (230)

Theose expressions receuble that for the stress roeouired to activote dislo-

cation loops. DLy ocrmlylng e slmllor en.miysim to that used for elip, we
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find that the energy required to activate an wversge dislocation length

of I for both cases (13a and 13b) is

S Ob %
E, = K(= 4 ~=&= & ' 1lha
T (hz zzn";@“"y o (k)
and .
[ [ 2
m (S o+ - (1bb
By w K( o+ B ) . (140)

Twinnihg ie then expected to occur vhen the average dlelocation length is

guch that ET S E, 1.es, when

G . . '
$ g —= (b® - 1% 1in Venables' model (15a)
2h7

s < -%7- (b® = 1,2) 1n Suzuki's model  (15b)

or

On these bases, a umetal would twin when ) is reduced 4o a value éatxsfied
by the above equations., Befare this value 1s reached, & dense diglocation
structure (a cell structure in many ceses) would be produced. These egua-
tions thus provide avbasin for predicting the strain-rate; temperature, and
canposition dependence of twinning, 1n terms of energy rather ﬁh&ﬁ critical
stress.,

In the case of pure nickel, 1f one takes the following values for the

parameters in equation 15,
8 = 80 ergs/cn?

G =7 x 10** dymes/em?®

2

- b® = 2~ vhere a is the lattice pareucter

3

0 ? = -

a = 3.5x 107% en
we obtain a value for hl equal to 0,018 u from (15a) or 0.036 u fram (15b).
If we assume that h - 1 and that £d = I where £ 18 & proportionality con-
gtant and d 16 the average cell diameter, we see that £d is either 0,018 p
or 0,036 p. Fxperimentally, we have ghown that at room tamperatupe a twin

structure 1s not produced until a specimen 1s shock loaded to a pressure
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sanevhere betveen 250 and 350 kbe  Exteapolating the smbient temporature
line- shown in Plg. 12 above the 250 kb point, ve can esbimate thet the cell
dismeter vhere twlming would flrst tehe place is somevhere between ,130 p
and JLT0 pe  Agsuning & cell dlameter of J150 p, we see that the term f
would bave o value of wpproxivately f~f. In other words, Z is {§ to % the
slze of c"’i, dependlng on which nodel one sdopis. This 1s certainly a reason-
able velue. In fuet, we see many cases such as those Lllustrated in Plg. 15
wl-\e:x'@_,'_l.cwcr‘g'u-s; of thilg order of size do Low out from the celd wall bowurd the
cenber of a cell, Thug, there s o celbleal celd size below which twinning
rather than sldp 1ls the preferred mode of deformablon.

e can easlly imasine that such loops could :Lntei‘azct with 61;]1@1' loops
to reduce the slze of a cell gs deformeblon vroceeds. AL higher tewperotures
more of these Loops would W aunlhilated uud therelore vould not conlrilute
to the cell girc.

(0)

Since Fuhlrnamn-Wlador? wvrediets that the conotant ¥ should be
ayprosingtely BOO ; Lt odn of dutoresgt bo mabe o colewlation of this term
weing our exporimental intervrotation of Whils theorye The value of K exe
pected in Stoce IT of slip con be ontioabzd fron the TOW line of Pig. 12

pince ob thic temperature recovery effoects o neglipible (Fige 14), W

o= & L &) 22
see thot vhen B = 107 in-pounds/in.”, To 35 17, From equation- (1),
(-’:V-—

\ o3 L L -
Koz e v ie 10
Gh™ ( )

and substituting £d% far ¥ , K bas the value of 59 on Venables' model or
238 on Suzuki's model. Thisz latter result 1o in the range prodicted 15y
Kuhlmann-Wiledor? and ie therefore comsistent with the assumpbions mcde.
It would, therefore, appecy that annlytically boetber aprecnent do
obrtalned between our oxperivcntal reo ults 4L the Suzwid model fox twinning

in sdoptod. MHowever, 1t smab bhe pointed cut that our esswupbion that the
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parometer h ie unlty moy be quite incovrect., This parowster con be edjusted
to fit edther twinning theory. One connot, thoerefore, yet decide which
mechanism ig the more lnportant. Movever, more oxperimon£s to ahow the dislo-
cation subgstructures prior to twinnlng will undoubtedly help to clorify
this piltuation.

A determination of the value of X can algo be made from data reported

TS
by Haasen(“é)

on the tensile deformation of nickel single erystals at low
terperatures.  His data was obtained from nine erystals deformed at 20°K and

T0°Ke  Coleulating the values of 0. from the slopes of his stress-strein

IT
curveg, a value of K = 250 ¢ 33 is obtained. Such an extremely close ex-
perimental. correlation is indeed nuch bgttor thon anticipated coﬁsidering
the approximatloneg which have been made.

From the interpreotation made here one ghould be able to predict in
edvunce what average ccll size should be found, or when twinning should
occuf under given condltions. For instance, for ﬁickel one would expect
tvinning to cccur at 3K oi lover temporatures with an enerpy between
40,000 and 70,000 in-pounds/in.B, since thic is thevpredicted energy to form
an average cell diameter of between ;170 g ond 130 u; " There is only one
previous ingtance wherce mechanical twinndng has dbeen reported in nilckel.

.
(26) found that twinning occurred in the necked region of fractured

Hnasen
single crystols at 4°K and 20°K. Exeumling the stress-strain curves published
for these crystols 1t was found that the cnergy to cause fracture was about
30,000 in-pounds/in.®, Since the encrgy would be higher in the necked
portion of the cryotal and one would expect the energy requirement to be
lower in d pingle crystal specimen than in a poly-crystalline specinen, this

voalue does not seem inconsistent with the interpretation which has beon

presented here.
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It 18 aloo of inberest to apply the idews given here to onother metal,
particularly one in which twinning cccurs at lower energys Prc_alin‘tinary
rmsul‘cé on copper,vhich twinsg both under the conditions of shock lcxidin[/,
and low temperature deformatbtion,epraee very well with the abdve aiwm]ymea.wn
The posslblility should be meuntlioned that 1f this interpretation is applicabdle
to o muwber of metal systems, the data when used 1n equation (15) may enable
estimates to be made of stocking fault energles, If this 48 5o, then a
technique is avallable of porticular value for ceses vhere the node nie thod
is not applica.ble(aa) l.e4, pure metals, ) |

Another type of investipgation which should 5@ of {nterest is to deter-
mine the stored encrgy whlcelh 18 created by deformstion, particﬁmrly in
relation to cell size and the effect of témrperatwe of deformation. S8ince
‘stored energy is regarded to be assoclated with the dislocations prevent
due to deformation and Kuhlxmmn-w.lsdori’.ﬁ‘(f‘m) has 13i~qpoec<1 the poasibllity
that the ratio of stored encergy to applied work may have a proportionality
relation to % s Buch a s'tu(i}/ could prove profitable.

Since e tempersturc effect bas been Tfound 111 the energy per unit volune«
inverse square cell diameter relationship, the possibility of an assoclated
activation energy was investigated. Using equb.tion (16) and the foct that
K wns found to be inscnsitive to terperature between 4°K and TO°K, we can
asowne that K(1) contains two terms, K'(1) and K", the latter being 'ben@!‘»
ature 1nd¢pendent. Ye. can further agsume that 1{'%1‘) ig the portion of dislo-
cations not axmihilated and 1 - R:E;L-(—f) is the fraction of dislocations

annihilated by temperature effects, e.g., recovery. Therefore, L - ‘I'(’:'L(T‘E)

= ¢ oxp (lgg) vhore AM 18 the activation energy for this annihilation’®
I_fT:(L"E) can e obtained by normalizing the %ﬂ ot each temperature for a glven

encrgy poer wnit volume., This can he done by using & normalizing factor
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which will make the éﬁ at TOK equal to onee A plot of L - ?%(ﬁ) vergug

M%T will then have a elope eqgual to -AH. Althou@h only two polnts could
be obtained (at 195°K and 295°K) with which to determine e #lope, an acti-
vation energy of obout OQOQ eV wae found. 'This is an cxatlremely émall velie
and comot be associated with many mechonioms associated with dynanie re-
covery such as cross slip (unlese stress uided). It could perhaps be

asgoclated with recovery due to the interaction of point defects end dislo-

cations, but no definite model is proposed in this work.

s ebin s bt i

1. A dlslocation cell structure is formed in nickel ghock loaded up to
250 kilobars vhich 1o similar in character to that found in nickel static-

ally loaded at temperatures 195°K and below.

-2, Cell size decreases with the followings changes in deformation conditionsy
inereasing stroin, inercasing stress, decreasing temperature, and increasing

shock loading pressure, with the latiher having the greatest cffect.

3. A microtwinning structuwre has been observed for the.first time in nickel
shock loaded to 350 kilobars precssure or greater, Undexr these same condi-
tiono, e longated . subgrains - parallel to (111) plenes, as vell o5 a

dislocation background, were observed.

b, For speeimens deformed under initially ambient temperature conditions
it 15 found that the energy input per unit volume is Iinversely proportional
to the oquare of the average cell diameter. The enerpy required to obtaln

& given cell dlameter decresscs with decreasing temperature.
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5¢ Tt hae been showm that by the use of ublwoaun-Mledord's theory of
vork hoardening one can relate the coorey per unlt voluwms to the inverse
squere of the average length of active dislocatlon segments by means of e

temperature devendent proportiopaliby coustant.

6. Using on analysis (pimllae to Quilmann-Wilsdorf's theory) for the stress
level required to inltiate twinning fron a dlslocatlion segment, enother
eneryy dlslocation sepment relation wos pro]pbs@(‘l for twimning which includes

the stacking foult energy.

,7‘ By the uée of these two encrgy relationships a calculation predicted
that the averaue g,;hirssile lén@;th of dislocabion wes approximately . %; - %
_ the size of the averase cell Ciicmmrbem A eritlcal cell cize for twinning
is also predicted in sgrecuent with our resultss Also, the ratlio betveen
the rigldity modulus and the work _}')‘c.rc,len.i‘n(; coefficient in Stage II of work
' ha.rdeni-ng s predlicted,  ‘The volue obbained é'or1~(:£$;glor1dcéd exbrencly well

' (206)

with the experimental value obtained from Hnosen's work with nickel

single crystals.

8¢ An attenpt is nowv being made 40 apply the analysls presented here to
other metals. When enowh data is mode cwa.il&ble it moy be pessible to

estimate the stacking fault cnergles of pure wmetuls by wsing this method.
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IJ,lm{ trations

Wire ool for Spark Iresion Cutting Teehndque,

Llectron Mlerorraph of Annealed Spcceimen sliced by monns of the
Spark Cutting Apparatus of Mg, L.
Vickers Navduass ve, Loading vregsure for Shoek Toaded and

Compresgive Speclinens.

Tlot of Vieckers Nordness vs. 3hock Pregsure for Jlckel Ohtained
from Data of Dle ter¢( ()

Sa~c¢  Llectron Mlerographs of Shock Toaded Specimens Sl-xéwing Celld

10

11

12

Structures (Shock direction lies in plane of foil)..
a, 70 Kilobar Specimen (Shock direction indicated by arrovw marked ¢)
b, 130 Kilobar Specimen (Shock direction indieated by arrow marked C)

c. 250 idlobar Specimen

Weh Moenification lectron Micrograph of 250 Kilobar Specimen
Showing Cell Structure (Shoek direction lies in plane of foll),

lilectron Micrograph of 350 Kilobar Specimen on (110) Plune Showing
Trinning Structure and Dislocation Tackground (Shock direction lies
in plone of foil). | |

Electron Mlcrorraph of 350 Kilobar Specimen on (112) Plane Showing
Long Thin Distorted Resion and Dislocation Dackground (Shoek
direction 1lies in plane of foil as indlecated by arraow C).

Blectron Microsraph of Specimen Cortpressively Strained 100
(Compressive direction 1ies 4n the plane of the foil.)
Electron Micerograph of Specimen Compressively Strained 604
(Compressive direction lies in pleme of foll es indicated by
arrow marked 0.)

Tlectron Microgreph in (00L) orientation of Tensile Specimen Strained
200 at 295°K (Tensile direction in plane of foil).

Mleectron Merograph in (001) orientation of Tensile Opeciwen
Strained 20% at 70°K (Tensile directlon in plane of foil),

Plot of Inverse Sguare of Cell Diameter ve. Vork per Unit Volume,
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Figze 13 General Approximation of Pressure~3train Cuwrve Tor Shock Tonded
Metal,

Pig. b Plot of Coll Dicmater ve. Temperature for Niekel Deforned 206
in Tensieon, ‘

Fig. 15 lectron Mlororraph of Compressive Speeimen Strained J.O',C at Roon
Temperature Chowing Dislocations Bowing Out from Cell Malls,

(Compressive direction in plane of foil).
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B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, apparatus, method, or process disclosed in
this report.

'As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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