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XNTWDUCTION 

Haalruwemnts QL the antaotropic thermal axpanslLon heraka 

reported ware originrlly urrdelrtaken to  provide infonnatfan Por 

the dimenroional. correction o f  experiraantrnl data acctrmulared 

over an extenelve temngaratww range. Since, hawever, tharanal 

a ~ p m s l o a  data have fn thei+ own lright m htrinsic v r l w ,  an 

intrarfezometzkc method of accurinteXy diote&n%ng both the 

linear dimemional change8 and the &orme1 coeffZcicnta war 

util%red, ThaXliltm, yttrium, and berylilium were chosen 8s 

t 8 ~ t :  no~atar&alrr bacauda oaaaaurQartsnts o f  chair a1arei.c parametes8 

ora a Euncffon of temperature were in progtera. Ztnc war PISO 

Lncluded fn order t o  viauifg the axiatcnee of4 a negative coeffi- 

cient of expaneion at low tamperaturc as reported by ~ r k e i s e n  

h and for the diraction gsxpendicu~ar t o  tho c-mi. . 

The basic element: of the apparattua Lr a qurirtc tube cUla~osostex 

#pparatus tncludoa m interfaroaarer ad rhe detecting elamant $0 

meaaursr di#mna&~wil chmqco of the single crystalline opectmens, 

Brpwion 01 contraction of at t e a t  specimen operate8 ehrough 



quartz push rod t o  move one optical f l a t  of the interferometer, 

The second optical f l a t  18 f ixed with respect to the base of 
' 4 

the tea t  specimen through the mountfng head and a hollow tubular: 

guarte-envelope which aupporto the spachien and puoh rod. 

Dimensional changes i n  a test  speciman thus produce a mov-nt 

?n an interference fringe pattern which can be detected with a 

photomultiplier tube?s4 A pernanent record of tho data nay be 

made by coupling the output of the photomultiplier tube to  a 

s t r i p  chart recorder wFth appropriate notation at  periodic 

intervals on the chart of the specimen temperature. In the 

present inaternco speci3lrsn temperature was measured with a cal- 

ibrated copper-constantan the techniques which 

were used t o  compensate for the inadequacy of th i s  mathod of 

temperature measurement below 20% are discusaad i n  the results  

section, 

For the work herein reported, the mounting head end inter- 

feromstor ware maintained at roam temperature while the test 

specimen was cooled by a bath of liqukfied gas. Provieion was 

made to  allow evacuation of the thermal jacket around the lower 

portion of the apparatm i n  order to  provide thermal isolation 

of the t e s t  specimen a t  any desired temperature, This thermal 



isolation wag not complete so that a slow dowmuard drtft toward 

the bath temperature could be followed, or elternatlvely heat 

could be applied through resistance windings so that a elow 

increase in temperature could be obtained. Thus dimenoional 

changes could be observed both on heating and cooling. Helium 

exchange gas was introduced into the region between the quarts 

envelope and the push rod in order to prwide for thermal exchange 

which would establish co~npenaating thermal gradiento along the 

envelope and along the push rod. 

The apparatus was ao designed that dimensional changes in 

the mounting head would cancel to a good approximation over the 

norm81 rango of fluctuation of ambient temperature. This was 

accomplished by choosing compensating lengths for the braas, 

fuoad quarts, glasa, and iwar components. The mercury green 
0 

line at 5460.7 A waa used in illuminating the interferometer so 

that the paeaage of one fringe indicated a dimenaionol change 

of 2.7304 x 10'' crn. The data could be read to + 0.1 fringe. 

PREPARATION OF SXNmE CRYSTAUII!I& SFECIKENS 

Thallium. Thallium was obtoined from the h r i c a n  Smelting and 

Ref inin$ Company in the form of cast sticks with a specified 

purity of 99.95+'2. Thie thallium was caet into cylindrical 



to- abut on, imh i n  dimetnr md tue inches in l -~h.  Throe 

cylimdarr mra than vaour -lad at 213'~ for three to uvma 

day8 to 8 l h  main growth te oauur. Savor81 grdm w t a  

obtainad whi& ware o f  ruffiafant rim that ruitrblo ringla 

crystallimo tort rp+ois+ru wuld bo cut from thms Thera t h r l l i u  

cryrtalr, and r W l u l y  tho crptalo of sine, yttriul, uzd bowl- 
5 lim, wcm rlignrrd with 8 back rsfleation L a m  cawra Mth 8 

pr.cirie+n oi 2 o.E. ~ e o t  apecimmu rm cut from the o r i ~ t a d  

gr.inr with m 8oid raw which waa based on the &8ign o f  M n  

and ~ a h e r 6  m a  cutting sntxtur. v u  oxw part 302 R202 to chrae 

part@ glacial metic m i d  .nd the carrier u u  a rllk thread. 

A l l  tart rpeaiulRI were cut tnto zOdl with amor-rectioa ruffi- 

aiantly small W fit inride t b  nilllmetor iru~r d i m t a r  

of the quartz envelope, Tha thallitm rpeabaa whore longitudinal 

u i o  w u  pmallol to the c - u i r  w u  0.5730 Aacm hmg -la tho 

crpeeiwn d t h  tho 1- ~ r l o n  perpudAculu to the o-uicr wu, 

1.0000 i d m a  long. 

7 Ytt-. Y t t r i r a  weal  prodtmed at thir Iab6tato9 w u  .rts 

n1t.d ua8crr r bliui rtmoophere into rodr rbo\rt or#: i ~ h  la 

Urrrtar rad fiva Inaham low. Sactiono of there todr &out 

tw inchar l m g  uora than p U a d  in tartrlu holderr aad vamm 



annealed for twenty-four hours at 1300°~. M a ,  &rain browth 

w a s  such that some of the grains were of adequate size t o  yield 

suitable t es t  s p c c h o .  Mter  tbsse grains were aligned they 

were cut with a jeweler's snw. The ends of the samples were 

ground parallel with 100 grit  polishing paper and subsequently 

atchcd t o  remove worked metal, Z%e speuinen whose major axla 

was parallel to the c-axis was 0.6742 fnches long whfle rr 

second apacLmn wtth the mjor axis oriented perpendicular t o  

the c-axis was 0.5459 flnchea long. 

7 Analyses mrsde in the xmmar described by Banks e t  al. 

indicated that the yttrium contained 212 ppn carbon, 148 pprn 

nitxogen, 112 ppsn fron, 268 ppm titanium, 5000 ppm a i r c ~ t c [ ~ ,  

40 ppm calcium, <30 ppm magnesium, 2500 pp-s oxygen, 125 p p  

silicon, 260 ppm ntckel, (10 pp~n boron, and (1000 ppm of all 

rare earths combfned. By difference the indicated purity is 

99.Ot-9, yttrium. 

Beryllium. Suitable beryllium cyrsta1. ware cut w i t h  e jeweler's 

saw from a beryllium casting which contained several larse &rains. 

The.. crystal. were polished and etched p. in the case of yttrium. 

QuaUtative ~~ectrogkphic analpi. rhowed weak liner corretapond- 

ing to iron and aluml,stutn and very weak Unea from CIICIIPI~ 



chromium, copper, nicEte1, manganese, and magnesium, The p d t y  

o f  this beryllium i 8  believed t o  be 99*3+%, The apechien with 

major wie parallel ta  the c-axis was 0,7700 tnchas long, and 

the specimen with major turfs perpendicular to  the c-ax%$ was 

0.9165 inches long. 

Zinc, Z2nc rsfngle crys tab  wera gram bn prrS0 cructbles by the - 
Bridgmen method? Bunker W11 zinc with a purity of 99.99% vaa 

9 used. Wilheb and McCsrZey report the folLaw%ng typical 

anslyaia for zinc o f  thia grade: 10 ppm lead, 7 pgfn copper, 

3 pgm iron, 1 ppm cadxdum, 0 * 3  ppm antimany, 0.1 p p  arsenic, 

and 99,997591 zinc. Test specimen61 with the desired orientations 

wera cut from larger cqwtals w i t h  a jeweler's saw and were 

auitabllp polished and etched, The specimen with mafor axis 

p a a l l e l  to the elaxis was 0.7900 inches 1on.g and the spsckwn 

with majog axis; gerpendkcular to the c-axis wers 1,0315 tnchea 

=-A?.+ AeSUtTS 

Several rurts wexe made an each specimen from which value& 

of AL/L* were determined at one t o  four degree temperature 

intervals with reference Length Lo befng the dFmension at 0%. 



It war necessary t o  correct these values2 for the dimensional 

change i a  the abort len6th of tha quartz envelope which concern- 

trically surroundad the test specimen* Such s correction based 

upon the dara of Yci~ael and ~saur"  was apylied.  file c w o s i t a  

data from a series of rum on a Gven test ayecberl wera averaged 

and smooched by wtrag is essentially an Iteraeive proceas. 

Corrected values of At/Lo were tabulated as a function of 

temperature and valu~s o& tha coefficient of thermal expansion, 

(X a (I/L,) ( d L / d ~ ) ,  ware computed for ~ucca~sivs temperature 

increments (1-4%) over the a t i r e  teuperatura ransee Subse- 

quent graphical inteqatioa of  a plot of oC versus tqeratura 

yis lded values of A L / ~  which wzra in turn comgarsd with tha 

orLana1 tabulation. lhs process wad sekaated and K-valuzs 

were suzcessfvely relined until tire infetrated values of AL/L, 

reproduce5 tha oridinal tabulated values. 

Since temperature mctaswrzments in the rmge 4 .  2-i!O0~ ware 

inadequate, values of oC in t U s  range wera determined by ax- 

t takolat iq the g veraus tmperatua curve found at higher 

temperatures subject t o  the following thrae constraints. First, 

the extra~olated segment oE the zurve had to join smothl-y with 

the hidlor temperature portion of the CULVB. Secoad, tRa 



extrapolated segment: was constrained t o  approach zero ae OOK. 

Third, graphical integration of the extrapolated segmsnt was 

required to yield a DL/Lo in agreement with the moaeured 

change between the Uquid heUum point: and the laweat rnaaaursd 

temperature, Because of these comtrsintrr the M -value8 

dbtained fm the extrapolated segment axe considered t o  be 

comparable in rel iabiltty to  the values determined at htlgher 

temperatures, 

The equipment was tested on a specimen of OmC-copper 

obtrrined from .'the A n e r L c ~  Bras8 Company. Data from three runs 

t u x e s .  The Golue of &,L/L~ found at 87.7% was w i t h i n  2.0% of 

the value reported by Nix ond ~diair!' The differences between 

the' coefflden~s of expansion found between 20% sod 80% and 

those reported by Bubia, Altmsn, and ~ohaeonl* and by Sfmaom 

and ~olluffil~ were at, all temperatures lase than 0.2 x 10 -6 of1 

For thallium, yttrium, beryllium, and aiw, values of AWL, 

both parallet and pqendlcular to  che coaxes and of AV/V, are 

@v&n in Table 1, value@ of the eapanaion coefficient8 are even 

in Table 2, cmd a tabulation of relative c/o ratios %a given in 

Table 3. A ~osphical representation of the expaasion coefficients 



acr a function of! cemperat;ure Fs sPrawn in FI&, 2 and illustrates 

the pranotmcd variation bath in  ma@tuda ctab degree o f  &so- 

eropy anmag the f a ~  matartals, 

DPSCUSSXMg 

TRslfltts, aght  grevfous invesffgaciona of the themal @xprm- 

ahon of 3:BalUurr have baen reportad, Of these only the work of  

~ r f l i ~ ' ~  was done on a single crystal, on8 hi8 me-r-nt;s 

were made for a direction orlentad 47' from tho c-axis mar the 

temperature r-e, 97% t o  room tsmper~fura. Values of the 

erpwion coefficient Eor the 4P dZ.pect3.on were ~omputed frm 

the e;spansfon coeEPSc%ats Par the parallel and pergenbicuXar 

directbonrr wUch were daCaminsd %n the gre8enr: %mestr.fLga~&on. 

Theas vsluos wee wLcB the va1.wa reporred by WfUng wAt;h&n 

6% at: less at eX1 tmperam,uae. 

Tho snutu~emance o f  ~lcbulaa?~ ~ i e e a u : ~  ~mithf'l aad 5"wemon 3.8 

wez~ ma& on polycrpecaXUuo spacbre:ns and the volume coaffi- 

cieats o f  oxpamion obtained from the%x data may bet usad as a 

boais of comparison, T b  valw of  the c-olurae co~Efio%ent of 

expaaskon st roon tqsraturo ubcd~eb  I n  F;be present imresti* 

gation lies between the values reported by Wwlsa aacl by Fiaeau 

w%th rhs cUffcrance in bozh ceisrsa baing; of t21e a x d e ~  of 2%. 



Thts value zeported by Smith i s  about 5% luwer, a l e  the value 

reported by S-m i s  nearly 20% lower, X t  s a w  probable that 

Swsnson'e law valw may haw bean due to preferred orhntation 

513 U s  sample whlch I s  a poa8%biUty he himReU nioced. 

The rd ldng  three fmrestigatione by GbAuudaf9 by Schneider 

and ~eymer?* end by MayexhoEf end littebcrgZ1 were mada by means 

~e thermal qe;neion*for the room temperature r a e  are withtn 10% 

of  the present value. However, the lknear coei?fictenta fog tho 

and 3 directione differ ojibaly both amaq themselves and f m  the 

present values. Only the valuea obtained by Mayerhoff and Nftte- 

cloae to the preaat  valwa. LC f 8  believed that theroe discrep- 

a c i e a  fn valuee obtained froau. x*tay msasur-ts arise from 

the fact that fhaltium ten& to  fonm ao a coaxae grained material, 

!L%w observation of both HKO and 001, reflections in the bmk- 

reflection region i e  d b l y ,  and aa a result the two etrpan- 

aion aaefficiemta muet be resolved from umasuxament of? t b  

shifts with temperatwe of two HKL reflections, The ainarltmeam 

equations wWch amtst be solved are auch that m a l l  errors in 

mea8urmmt of  d-spacings may easily reflect a tlieproportionately 

large error in the llneax wefficiente of expansion. Hewever, 



the lotmore &n the reaatved l inear  caefffciatnta uca of opposite 

sign os thrt a reasonable valuer for the vo2um coefficient o f  

laxpansfon may stiZl bs attained. 

Y t t r i u m  Speddtng, Hanak:, and ~ u n . ~ ~  have acanrred the coef f l- 

by un x-ray 1~thOd.  ~ ) o r n ~ ~  ha@ ~aeosured the linear coefficient 

of thermal axpaaaioa balow room er#;npsrature far a po%ycryatallSne 

spsc&mn by a ~acroscopic melthod. The vaZuo of 4, found in the 

prsrent imteetigaeion at 0' C ie within 1% o f  the value found by 

Born. The s(tr.ement: between the pre$enc value of M,,. ur room 

terrapsratuxcz and the value reported by SpeddLng el: r f . i s  &Lao 

vithin X%i however, the dfrcrapmcy in the caee o f  %, i r  
marly 25% uNch teprerenta a differonce o f  -1.5 x 10' 6 

The coefficltenfrs of Speddixq e t  &I ware obra;ancs& ft;oaa a least: 

+quare8 fit of the ttrperbental data by a computcbr, and since 

room temperature repreaentr the lowar temperature %fmSt of their 

data, the lowcrr terapmtura pointrr may have bean wcaighted dia- 

prqortionatplly. It should be noted that extrapolation of the 

prramt data t o  hZgher temperaewe abowu the two &eta of &ta to  

be in qutlt~e goad qgrecment at  alwrrted tcearparatuxeal 



pewllium. Thermal expaasion measurement8 by x-ray methods 

have been made by ~otdon!~ ,Owen and ~~chetcls?' and Koasolapov 

and ~ r a p e e n i b * ~  w i t h  the work of Cordon covering the wldeet 

temperature rango wlth the bestprecision. Macroacqic ateesure- 

ment of the coefflctento of &em81 ertpanskon have been vrade by 

Hidnext and s ~ e 6 1 ) . e ~ ~ ~  and by ~ o r a n a ~ ~  on polycrystall%ne spaci- 

mans slrd by ~kf l ing '~  and by ~ r a c o * ~  on aingla crystalline 

speuimens. The present: values of the coefficients of thermal 

expamion at O'C are in beat agreement with the values of Erfllng 

and with extrapolated value8 of Gordon. In the case of &fliagte 

values, the agreement i s  within 9% for the vo2tme coef Eiciarrt: 

und for  both lfnear coeff&ciente, while the extrapolated values 

of Cordon are in even better agreement with the exact degraa of 

ml~m~tch b e l q  eubgeot to the bias of the extrapolator. 

Zinc Among a large umber of! determinations 1a30-39 *f the 
-* 

thermal eapwion of ainc, the values obtained by Owen and 

yateeJU gad by &&sen and &ens1 are believed to  be the 

most reliable.  Owen and Yates measured the anisotroptc thermal 

aspamion by an x-ray technique from r o o m  temperature to the 

melting point. Orcneisen und &am made maomswpic meas~fe- 



mentr on single crys~elline specber.8 over the range kzom 20% 

tC3 ZOO41 4X?L3B@T8eW2, '%ha F ~ s u ~ ~ £ I  0f the pXG$C%"&t isavcstPgation 

are en good a&reeme~,?c ~031 t;ke zesurts of the prev2ous invasti- 

gatAons axid Sn partic~03ar tkie repo~ted nqg~tive values go2 

N l c  at low rumpezseures are confiraed. fn the present 

tnstanaa ol,, was found t o  bczame negative below 71% and EQ 

pass through &I d n b - m  at 48'~; corresponding temperatures 

reported by G & Q P S ~ ~  and &ens are 80% Qld 45% which In  vlew 

of  the small dime.ns9ons% ckwgcs ae these $risrrperaturet$ must be 

consfdared excetlanc agreement. 
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-Table 1. ~dulatibri of 'dihekionai  change a s  a function of t&npet&tute. 
BERYLLIUM YTTRIUM. ZINC ' 

-- AV AL -- 
Lo ' vo 

x104 ~ 1 0 4  
IIC . 
0.000 . 0.000 
1.939 2.667 
4.971 6.819 
8.005 10.987 . 
11.041 15.139 

A L AL AV -- -- -- 
Lo 

TEMP 
'-0 v 0 

TEMP. 
'.I . 

LC IIC LC , 1IC I C 

14. OCO 
17.121 
20.165 
23.212 
26.262 

6.029 
7.317 
8. GOO 
9.880 
11.155 

36.966 
313. 140 
39.326 
40.500 
Gl. 669 
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. . . . , , . . Table 2 ,  ~ , @ e f  ;fid,e.nt$:: of,".. th.e&a&. e~~ansionl:. , ; . ., .::,* .., . - . .. , L .... , G*. ... ......*:? .. 
. . 

I . .  . 
BERYLLIUM YTTRIUM ZINC ' THALLIUM 

' OIC OIIC O V  O L C ,  = t i c .  : , '  .. a ~ ~ c  O v  a ~ ~ c  Q v  ' TEMP 
x i 0 6  ,106 xi06 ' x i 0 6  . x 1 0 6 .  x106 x 1 0 6  x 1 0 6  ., x 106 . . xi06 ~ 1 0 6 .  x 106 . O K  . 

OK eK- l  ,OK-1 , . OK--I oK-I ' 'oK- I  8K-I  eK-1 I ,  oK-l oK-l oK-I 

270 ,10.GG 7.68 28.96 . 4.52 19.22 2C.25 , 1 1 . 3 6  60.60 G3.32 ' ' 26.14 36.33 88.61 273.2-270 
265 10.48 7.52 20.48 4.51 19.20 2:;.22 - 11.30 60.64 . 83.24 . 26.08 36.19 88.35 270 -265 
260 10.16 7.32 27:64 4.49 19.18 28.16 11.24 6O.G& 83.16 26.'00 ' 36.02 88.02 265 -260 . 

260 -255 . 9.84 7.14 26.02 4.68 ' 19.16 28.12 .11.1.6 60.72. 03.04 . .  25.92 35.86. 87.70 % 260 -255 
255 -250 9.52 6.94 25.98. 4.46 19.12 28.04 ; 11.08 60.78 82.94 , 25.84 35.68 87.36 255 -250 



the ratio, ( c / 4 ~  I (cia) 273, z O ~ ,  with 

Y t f  rim 

1 . 0000000 

9998061 

e999sY.32 

-9992232 

.9989371 

,9986569 

,9983955 

,9981256 

.9978798 

9976523 

,9974481 

9972799 

-9971644 

9973.175 

,999lL42 
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