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CRYOGENIC PROPERTIES OF ALUMINUM ALLOYS AND COMPOSITES

M A. 11111,A L) I{ollett, L A JJCObSOIT N H t?orch, kV S Gibbs.

[1 A I’alterson, and D t+ CJrter. ~os Alamos Nallonal l.aboralor~, Los Alamos, NM 87545

Several aluminum -basgd materials have been evaluated for possible appli-

cation at cryogenic temperatures. These Included the AI-L I alloy 2090, a high

purity mdchanlcally alloyed Al, SIC whisker reinforced Al 2124, and SIC par-

ticulate reinforced Al 6061. Mechanical properties, thermal p?opertles and

electrical properties were measured for thase materials. Their performance In

a radio frequency cavity was also determined.

INTRODUCTION

Llghtwelghl structural malerli.ils have stlown a great deal 01 promise for space

crater appllcalloas ( 1) l“he UEAll project (Ilu:, m E),purlmenl Aboard a Hockcl

based acct!l-

ernployed a

copper conted 6061 alurnlnum ilcccl~ri]tor llle alumlnum alloy component weighed only 30%

01 J copper component with ~n Cqulvalcnl volume The speclflc strength and speclllc moaulus o!

,Ilumlflum ilrt? also grualer ltldn those 01 copper In Ihls study four alumlnunl base materials

werl! chosen i]s possible cnrldldate rrmlur’lls for a cryoqemc spmx!-based acceler:itor. I hcso rnw

lcrl~ls we:u sublected 10 d v;irlcly of rrluchanlcal, clectrl; al, iinrl thermal prupurly IIJSIS, dti A

lIIrlctlorl 01 Ienlporillure, With UTlptl; I:,; S On delornllrllr]q cfyoqcrllc bollavmr.

I IIU Al I I ,Illoy :’0!)0 Ilor!l AI(;o;I, wiIs II I(; lLIdI!d IJ(!(; ;IUSO of ,1 Icrl purcur)t durl: Iy r(!dllctlorl

, [!rll~l;illl(l 10 Ill!) ,Ihlllllllljrll ;Illoy:; 111;11Il; l(i ,Ilr{!(l(iy 1)0(!1] 11:;(!(1 Ir)r I)ll!ldlll(] ;I(;(:ulur; llur:; II Wil!i

.IIIII(:II).111:(1 11111111s lrllrl’,~)f)rl 1)1111)1’rlll!’; WIIIII(I I)[! !,t)IIII!wlI,Il ltII; I; (Ii!’illill)l!! Itlilll 1110!;(” (II ‘llrlll’

IIlll!r .Illlrl]lr)lllrl ,111I)y I,, IJIII III(I WI! Ifll Il 1111111(Il,)rl 11111111111,111111(1111( ol!l~)l!rl,,,ltt! 11111I)()!, !!ll)lllly Ill

t)tltl~!f tlll!rtll,ll corl[~ilt:llvlly, wIIIII)IJI :;il(:rlfl(:lll[~ “;lr(!rlqtll, ~)lortll)l(!(i Illl! Irl(:llj:,l[)tl 01 Ill[:() ‘; IIII!



chanlcally alloyed pure alumlr. um a dispersion strengthened unalloyed matl’lx. wnlch should

re[aln high conduct lvlly. Bo!h 01 these alumlnum-based materials have Ihe drawoack ot Iarqe

Ihermal contraction on coollng 10 cryogenic temperatures

A major concern m the design and Iabrlcallon 01 a Cryogenic accelerator IS ltle Iunlng of the

macnine and il is very well established Ihaf absolute dimensions of the cavlly control Ihls. A

change from copper-based materials 10 aluminum-based materials would slgnllicantly aggra-

vate this problem. However, If one adds SiC 10 aluminum as a remlorcemenl, the lhermal con-

Iractlon decreases and al the 20 volume percent level, it is similar to that of copper For this

reason ACM’s 20v/o SiC whisker relnlorced 2124 Al and 6061 +20v/o SiC particulate trom

DWA were also chosen tor the malerlals Invesllgallon.

EXPERIMENTAL METHODS

The method used to measure texture W(IS Ihe standard one 01 x.ray diffraction where for each

d-spacing (e.g. Ihal corresponding 10 (1 1 1] plane), Ihe specimen IS rolaled In two dlrcctmns 10

obtain a dlslrlbullon of Irltcnslllos The Iexture plots or pole Iigures use a ~ri]~ shadIrIg repre.

senlallon the great Qr the COnCenlrallOn 01 poles In a gwen direction, the darker the plot IS al

Ihal poir~t lhe gray scdle qlven al the sldc 01 each plot shows how each Inlcnslly Icvel IS rulatcd

IO il random level, I e Ihe Inlonsily that would bo oblalntrd II no prulerrod orierlldlion wt?ro

pruscnl

LliIsl Ic modulus, yIt!ld Slr(!rlqlh. porf-ulll elongnllon, dnd ull ImiIIQ. lcrIs Ilo qlrorlqlh WOI1! mod

‘;ur(!d ;II room ferrlpr2rill Url! for Ih(! four ;Ilurlllnum rn; llurldls on ,Irl M I !.; /11)0 11{(11,IUIIC lII:; !IIIq

Ill;l(;tllrl(: WIItI iI 045 Ml), i l(IiI(i Cii~)ii(:tt~ I Ill! lI:sl s,lrllplcs wf:r(! Iilhf!rl ~);lrillll!l ;lllIf I)l!r;)(:ll(li[:(ll,lr

to IIIU Ion Illq or uxlruhiof] (~lr(!cll(}rl Ifl Ifl(! l)lillc !;lo(:h ttliit wil:; r) f]ldlrli!d tr)r I!,I( II Ill,lllrl,ll. wIlll

III(! l!x(:l:l)lli)rl 01 lIII! Al !;I(; IJ,irtl(;ljliilu orlly tllfl’lll~! ‘ltlrll~lll;:; ~;,lr,lll{!l 10 II I,! t;xIIIt:,N]Ii ~llr(’[:llorl

Wl!fl! ilVilllilt)l(! Ior 11115Illillurl(ll :;,lrl]pll!:; wt!ro Iu!,lo(l 111,1 !,l IiIIil rlili! 01 U [)! I ,::llrtl III



Mechanical Iesllng al liquid he!lum I(?mperalures i.$%t and Ilquid nltrogcl Temperatures

‘7°hj was aone Dy Ihe Nalional Bureau 01 Slanclards in UOulder, CO IOrauo,, A 100 kN screw

driven InsIron machine was used In pull Ihe threaded end tensile samples al a slrain rale of 0.05

cm!mln

Thermal conducli~lly and electrical reslslwlly were tested from -150°C 10 O°C at the

Thermophyslcal Properlles Laboratory al Purdue Univel’sily using the Kohlrausch method (2).

Thermal Conducllvlly values are accurale 10 A“/. wIlh the Kohlrausch method and the measured

quantllles are Iraceable to NBS slar.dards

For the study of electrical performance and resonanl Irequency shalt as a Iuncllon 01 tem-

perature, a simple radio frequency cavlly design was selecled (3;. Called a “plllbox”, Ihls

component consists of Ihree secllons fastened Iogelher by IWO bolls The cenler section incorpo-

rates a Cylindncal Cavity 1 9 cm In dlameler and 1 3 cm In Ienglh The deSlgn was chosen Ior

our studies because of the ease of fabllcallon and conservation 01 the somewhat scarce develop-

m~:i~lal malerials selected.

A uselul quanllly describing Ihe eflicicncy of a lest cavlly ts the 0, a measure of lhc sharp-

ness 01 resonance. delmed as

o= 2K~ a>

enerqy 10s1per cycle

Irl qcncral, 0 is rouqhly proportional 10 Ihc volume dIv Idud by Ihe surldce area sIIice slored en

(;rqy d(;perlds UpOII Ihc volurn(! while 10SS0S OCCUr ill Willl SUrfii Ct!S I Ile “pill box” Is Collplcd 10 ;1

rd(ho fr(!c~u~~rmy 5Ys I(! III lhII:; 10:; :; I!:; rlol oflly occur ;11 III(: w; III:;. tIUl ;Ilfio 111III(! :;y:;li!l Tl, :;0 l!rl[!fqy

III:;:; 15 qruill(!r, ,111(1111(! () It’!t!; lllilll 101 ,1 Il)l,llly l’fl(”lo!; (’(~ (.,lvlly ( 111(! () 101 ;1 Iolillly 1’11(;1(,)!;1!(1

t:iIv Ity l:; c: IIIMI IIw llrlloml~!d (J ,IIKI I:; OIilY [1[’I)~!INi[![Il iJpOII w,ill Io:,:; c:i, wll(!l(!il!i 1110Io, I(Iu(l (~ Iilho!i

Illlrl ;I(:ccrilllt wall ,Ill(j !;y!; l(!lll Io!; !;(!!i ) ~oll~)llll~ I!i il(;(:Ollll)ll! itll)(j I)y IWO (ilillll(’lll(; cllly ()~)})(.)!i(!(l

11(JI12SIII lllrJ Cdvlty Wdll I III! “~)111I)ox” 1~ :; II1)II!(:I(!(I 10 rii(~m Ir(!({ui!m:y !; IqIIiils iIl l(!IIII)(! I, II II ft!:;



ranging from 12°K 10 238°K The ‘pill box cavllles are cldslgnea to resona:e al 22 Gtiz.

RESULTS AND Discussion

fexlure resulls, shown In Figule 1. revealed Ihe degree 01 preferred orientation in the Iour

alurnlnum malerials. The AI-L I 2090 alloy exhibited a slrong rolllng Iexlure, and even here

Ihe anlsolropy WOU12 be Ilmlled by the inherently high symrnelry of the cubic cryslal slruclure

and Ihe nearly isotropic nature 01 alumlnum (single crystal) Itself. A fiber !exlure was found

In Ihe mechanically alloyed alumlnum. One very interesting result was Ihat the SiC whisker

relnlorcemenl In Ihe 2124 Al was more strongly Iextured than was Ihe matrix. More work

will be required on this ~olrll bul II IS possible Ihat Ihls Iexlurlng 01 the relnlorcemenl might

affect al Ieasl Ihe elasllc anlsolropy of the ccmposlle. The SIC In Ihe parllculale reinforced alu -

n?mum displays a weak Iexlure, alihough there IS slighl preference for alignment in Ihe c1 I 1>

direction wllh It-e rolling dlrectlon as In Ihc whisker reinforced material.

Room temperature mechanical Iesl resulls revealed that only the 2124 aluminum with 200/.

S:C whisker relntorccment showed S.lgndicant directional dependence In terms 01 elasllc modu -

ILJS, 121 GPa In the extrusion dlrecllon and 100 GPa 90°10 the extrusion dlrecliorl The exl~l.

urwc of n prelercnllal alqnmenl 01 Ihe SiC whiskers was con firmed through Icxture nluasure -

murlls ;Ind metallography. 1he dillorence in Ifwld slrcnglh for the Iwo SIC rclnlorccd malenals

wils ;illrlbuled 10 thr? dltler~nce In alumlnum matrices, Ihe whlskcr rclnforcod Miilerlal had a

L!IJI! Al rllillrlX Wtlli12 tllC rllillrl X fOi ttlll l.)ilrll(; Ulill(.! r(!llllorcud Hl:llerl;ll W;IS 60fjl Al 11112

v, Ilu I’~ Ior Ihti ol!lur rniilurltils ,Iri! (:oi Is Ist(!lll wllh 1111)(!xp(!cl(:d utl(!cl 01 Illlllurrl, wtl I(;ll IS 10

f I,; C 111(; (!l; Ist Ic rllo(l[jlljs 01 ;;lurlllflillll, dfld fur l)uro illunllrlurrl, wll Icll l:; II)(: millrlx for [III! rll(:

~:lllirliciilly illl OyO(l rtl(il(!rl, ll I Ill! r(!lr)lor(; irlq pllil!; lJS Ill [111S Ilillur rllllll-!rliil clu,lrly Il,lv[! rlo (!1

11!(:1 011 111[! (!lasll(: Illc)(illl(l!, .‘; I(IIIIII(; iIIll orl(!rlliillorl !!ll~!(:l:; w~!rl! 10(111(1If} III!! Al I I ,Ifld III(! II1(!

L:llilrll(; tlllv illlOyt!d i]lumlrlurll Wllll r(!q,lr(l 10 III() (~ll(:llllly, lll{!,l~(lr~!(l ilS pt!rc[!flt (!lorlqilliorl I 11(!



p?rcent elongation In the rolling alrecllon of the Al-L I was 11 15 and 5.12 in Ihe Transverse

dlrectlon In the extrusion dlrecllon of the mechanically alloyed alumlnum, the percenl elonga-

tion was 7.14 and In Ihe transverse dlrecllon. 2.36. Again these orlanlallon effects were con-

Ilrmed by texture measurements

CTyogenic test results compare

results shown in Figure 2 for the

wnh those publ[~hec! in literature (4). Cryogenic tensile lest

four alumlnum materials reveal Ihal Ihe ullimate slrenglh

Increases with a decrease In temperature.

Ioyed alumlnum tested al 4°K as compared

also Increased as Iemperalure decreased.

The UTS more than doubles for the mechanically al-

to room temperature (290%). Yield strength values

Lattice defecls producing slgnificarrl stress Iields ex -

lending over only a few alomlc dlsIances consIllule Ihe strong temperature dependent contribu-

tion 10 the strength of a malerlal. These Iallice defecls Include interslllials, vacancies, SOIUle

aloms, and dislocations perpendicular to Ihe slip plane. The thermal contribution ducreases as

temperature is Increased due 10 thermal activation, obstacles 10 deformation can be overcome

with Inc, asf!d thermal energy.

The A1-Li fraclures at room Iemperalure and cryogenic temperatures are similar as thay

bolh extllblt ductile dimples. However, al cryogenic temperatures the A1-Li also dlsplay~ evi-

dence of brlltle or flat iraclure and dclarmnallon along the Ionglludinal direction. rhe appear-

ance 01 gas bubbles was noted m the mechanically alloyed alummurn Iraclures Frackrres al

bolh raorn and cryogenic Icmperalures extllblled ducllle dimples At cryogenic temperatures

cvldcrlcc of Iransqranulilr crilcklrl~ wds found Irl lhc mcctlanu:alty iIlloycd alumlrlum Ttlc frac

turus of 1118 Al with 2CI”(I !~IC wlllsher r(!lnlorcorllerll slmwcd $OIIIC ~!vldorwe 01 whisker pullout

1II(: room Jfld cryoqenl(; siirllplos .llsplily~d a lc~rlrlq Ialluro nlodc with some s~cor)dilry ~ril~kltl(l,

1111:(:r,l~klrlg wiis most ,lpp;lrcr~t in the cryoqur); c siImplt! I tl~ illLJ’llllllJln wlltl 20’’/” SIC p;lrll~U

1,110,roonl and cryoqollw !;, IIIIples, !;tlowt!d ii con:blrl;itlofl of duclll(! (l Inlp19s arid Iuilrlfl(l

I Ic(; lrmol rcslsltvlly ,Ifld Ill(!rm,ll (:ofl(lu(:tivlly rcfiullu are ploll(!d ,1s ;I Iurlcllorl 01 tcrllpufil



lure In tigures 3 and 4, respechvely. Of the iour alumlnum malerlals, all exnlbited a decrease

In electrical reslslivity and thermal conductivity as Ihe temperature decreased The mechani-

cally alloyed aluminum had [he lowest electrical resistively of the Iour malerials and was one of

Ihe most Ihermally conductive, making it the most desirable of the four materials for an accel -

eralor cavity material in terms of thermophysical properties.

The resonant frequency shill of the “pill box” cavity wilh temperature change is directly

related to Ihe cavity geomelry. A plol 01 resonanl freqUenCy Challgb as a fUnCtlOn of temperature

shown in figure 5 demonstrates Ihe Ihermal coefficient al expansion of the cavity materials. Of

Ihe four aluminum malerlals tested, only the mechanically alloyed aluminum and 6061 Al wilh

SiC particulate had a lower coefficient of thermal expansion than the copper. The coefficl~nt for

Ihermal expansion of the copper as compared wi:h the SiC relnlorced aiummum differs over the

temperature range from 20°K 10 290%. These materials were chosen for Iheir malch in ther-

mal expansion with that of copper.

“Q’” values were measured for OF E copper and the various aluminum materials. Flesulls are

shown in Figure 6. As anticipated “O” values were greatest for Ihe OF E copper. A somewhal

dlslurblng result is Ihal the “C)” values associated wilh Ihe aluminum cavities were only a lil -

Ile less than hall 01 the OFE copper. If any of Ihese materials is to be used Ior an accelerator

cav Ily, it WIII first have 10 be copper plated 10 take advantage of the electrical properties asso-

ciated with copper.

CONCLUSIONS

TIIC Iour alumlnum milterl;ils were ctl;lraclerlzud Irl terms 01 mcchanlc;ll. clt!clrlcal, ilnd

[tl(?rmill properties. III(! lollowIIlq corlcluslorls were durl’~ud Irom lhIs study

1 I Ilc ;inlsolropy 01 roolll forlipurilluru m(;ctlnrllc;ll prop{ !rli(!s c~,Il;] W;IS (:orlllrfll(!d hy [III? use rJl

I(!xtur(! mcasurcmonts



2. Yield strengths and Ienslle strengths Increased wllh decreasing temperature.

3. Of Ihe lour malerlals examined. lhe mecharllcally alloyed aluminum had Ihe

physical properties in terms 01 cryogenic accelerator applications (high thermal

low electrical resistivity, and small coefficient of Iher.nal expansion).

best lhermo-

conductivity,

4. “O” values were less Ihan half that of copper. These materials should be copper plated if

chosen for use in an ac~eleralor cavity.

5. Resonant frequency remits revealed a deviation in coefficient of Ihermal expansion for the

copper and A1-SiC reinforced materials.
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Figure 1, Texture results in the 111 plane for a) A1-Li alloy 2090, b) me-

chanically alloyed aluminum,

A1-SiC .

Figure 2. The ultimate

the four aluminum mater

(c) Al 2124 in A1-SiC, and d) SiC whiskers in

ens le strength as a function of temperature for

als.

Figure 3. Electrical resist ivity as a function af temperature

Figure 4. Therm,al conductivity as a function of temperature.

Figure 5. “Q” values as a function of temperature compared with OFE

copper.

Figure 6. Percent change in resonant frequency as a function of tempera-

ture.
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