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Solubility of H in 2r at Roo« Taapratura

AQd

Proportlos of tho Solid Solutions

Abatract

Tha :V-2rHjj aaaples were prepared from reactor grade *ir- 

coniuB hydride by deconposing it in a hydrogen ataosphere at 

various teaperatures betteeen 750 and 1000*0 and by slowly cool­

ing then to rooa twnperature in vacuus.

The solid solubility liait of H in \-Zr in such saaples 

was 310 ppa at rooa teaperature, determined by the paraaetric 

X-ray aethod. Abrut the saae solid solubility limits (280 ppa) 

could be derived from the increase of tensile and yeild strength 

of Zr-wiros with increasing content of H: within the solid 

solubility range the strength of the wires increased only 

slightly but increased strongly in the 2 i^ase region.

The solubility limit mentioned aay also represent the R- 

solubility at 375*C, as it is virtually impossible to remove 

the H from the Zr below that t«ig>erature. This feature explains 

the discrepancy with thermodynamic measurements, which give 

only 10 of H solubility at rooa tMoperature. However,
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C par r po h no o h r ph • • r 

Zrffx •old aol on• up o cone n r ion of ,10 R. 

I w 0 ha h 1-c:ona ant o pur Zr ncr .. . 
•25 • .2'60 0 .2 78 to Zr con n ng ,10 H n 

aol d aolu on h C con an - fr .15()8 up to 5.1 72 

A • Ct V ly B yond 0 h con• aneddno chang. 

Th l xpan on co C n • o -zreo.011 (con . 

ing 122 p H) lv n 1 and 55 C r •• • 4.6x o-6 and 

,. , • 11.0xl0-6 • -1 
C C • 

Th den• ty o pur Zr waa fowld 0 6 .481, wh l h 

x-r yd n y w • .4840 g -, 25°c. Th r ntal 

d • ty d with incr a• n9 H-cont t aor• atrongly han 

th X-ray • ty. Th • r ul po nt toward th incr of 

vacancy aggrega on• (wh ' l th H • ab or in th . -ZrHx• 

I th a acJ9r at on• ar no n n-~ of vacant ai.t ., 

th h r .n r incr •• •• fro n rly z ro ( or pur Zr) 

up to 0.014 • /un t C 11 tor z ur th H. 

c ran xc •• of H, h v c ncy clue r 

ton c n r• for h hydr d phaa. Aa h 

y • rv 

occup 

h hydr09 n 

locat on y 

rg r pc 

croc ck 

ri l 

V h 

ay 

an r r w ch h or r 

h oli aol on 

l r. Th p 1 - po d -

C • 

n-

ng 



- ' -
llfilCCIUCTIOII 

'ftle pr .. ence of B in &r hu a del teriou• effect on th• 
aechanical properti• of the •tal, particularly u related 
to illpect., creep, and fatigue<~,). 'ftlerefor, aolld>ility 
detenalnationa have been o out by a n•lllber of inveat -
9ator•. aarly work( 4 ) •bowed an abrupt change in B •o.lubility 
at the allotropic tranaition of Zr at 862•c. Later a thoro gh 
invc•ti9ation vu ....Se of the Zr-B •y•t- at pr ••11r•• of 
1-760 - Ilg fl'OII rooa teaperat11r• to 1050•c< 5>. l:xtrapolation 
of the data to low pr•••1.1r .. , along with other aolubil ti•• 
calculated froa diff11aion atlldi• in the rar.-,e of 400 - 500•c, 
wer: reported .in a diacuaaion o ~ th properti•• of zr-s in 
a11oya(l)_ Gl.llbran en and Andr_,(6 ) atDdied rather extenaively 
th• equilibri1111 and terainal solubiliti • of Bin · . -Zr in the 
range 425 - 6o()•c at pr•••11r•• of alM>ut 0,001 - 0,1 - Ilg. 
Mwud•, .t.evNque, and Clabicciotti(7) deterained the aolid 
aolution equilibria in the ar-a apt- and pr•••ted a partial 
phue diagram of th• ayat-. B-.ollabilitie• were deterain_,. 
at ■ pr••ur•• of 1-760 - Hg .in the raft9 600 - 900•c. A 
phue diatr• baaed on the data obt ined by Schwarts and 
llallett(l), vu publ ahed byVa119han and 8rid9e(S). Blla and 
IICQ1.1illan( 9) -•ured the B equilibr11111 pre••ure for a aeri•• 
of ar-a alloya and ••tabli•hed the partial conatitutional 
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di r ot th ZreB eyet • i• d 1191: •hon t.hat the eolllbi-

lity of hydrogen in -Zr varl• aarlcedly with tu p.l'atur . The 

aax aolub 1 y of hydrog in -Zr " found o be abou 

6 rang ot 500 0 •c. N 11 and Albrecht(l) 

d n low pr ••ur H-eolub 1 • (0,1 - 4 ) n -
and r -z 

I 
and n Zr-o lloye t 100• - 1000 c. Li.bowl ta { ll) 

carr OU pr ••ur -c • on- r ur • udy. high B 

con nta in th rang 0 500 - aoo•c. Nor r c ntly 

Notz(l2) • h rmoan ly C:, d l tric and h 9h 

ratur X-ray at\ld a wit.h alloy• contain r r th 40 at . 
o/o B, • l an ualy uur ng th H pr aaur. 

Th aolubil • a r ratur V r ob a n fr 

tho high ratur • by x rapol on. .9. tr h 

iagraa p 9. l vu conclud hat h aolub 1 y 

of Ha low pr rOOID t r tur n -Zr • about 10 

PPII• Aa can n euc:h an x r pola ion i• no v ry c r ain. 

Th purpoa 0 h pr• n udy waa hr ,tor to f nd 

h olub l y 1 of H in 1 -zr t l 'OOII ra ur 

and 0 xplor ao phy• pro r i•• of th • 1 aol d aolutiona. 

Th a udy h d on o l 

l. Th pr C la t ra of -Zr roo 

ratur charg w un of hydrog n 

2. Th ffi c n 0 1 xpana on of hydrog n 

con a n ng , -zr 
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,. The denaiti • of diff rent z.r-• aaple• in th• aolid 

eol11tion rant•, 

4. Tb t • 1 properti • of Zr (at r t.-Mtrat\U' ) 

containing var oua aaounta of hydrog n, and 

5. Tb• aoundn •• or perfec on ot the atructur of th 

-Zr-H/aol d aol11tion•. 

I 

DP JIIPPTAL PIIOCBDUlll 

1tt111111 v•t4, •en\•• IP4 IPflD•• 
1. Th Zr-hydride pc,-1 r (grad lt)(troa -t•l llydr d •• 

Incorporated, v rly, Naaa.) had t follow JMJ ch ical coa-

poaition in by i9hti 

Zr - 97.8 
Bf - 0.005 
H - l.95 
0 - 0.12 

- 0.01 
C - <0.01 
Cl - O.oo, 
8 - < 0. 00005 
81 - o.oo, 

Al - 0.002 
ca - 0.001 
Ng - 0.01 
r - o.06 
Cr - 0.0075 
■i - 0.002 
Mn - 0.002 .. 
T - 0.0015 

ror the t • 1• ■tr n9th d t ination• O. 5 thick Zr-

wir with a ain,1,a1,111111 9uaran • of 99.S Zr (obtai d froa h 

R. Cro•• eo.pany, hawken . J.) wu u• . ftl It-Cont n of 

th zr-hydricl waa ch ~ by th hydrOCJ volut on thod(l) 

with t r aulti th veraq a-cont nt (of 3 d t inationa) 

I 
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wu 2.08. ~• or the aver ... ~•itlon of the sr-hydricle 

vu Zr■1 . 88 _ o.o6' while f th an lyaia a• 9iv n above a 

C011pOaition of Zr■1 . 77 r aulted. Th agr ... aent i• fa rly good. 

2. •i•Mr•tion of th• B - I ••m!u. Th zr-a • 1•• 
containing varioua aaounta of B r pr pared an appar tua 

ahown n Pi9. 2. It con•i•t• of thr in aectiona1 of 

ourc d liv r ng pu~ e
2 : of at for loading th Zr with H, 

and of a vacuwa p-,.ng yet. . Zre
1_88 powd r in th A1

2
0,-boata 

WU placed into qu rt& gla•• tube• I and II. Th the Whol 

apt wu vacuated down to 5 • 119, th adaorbed 9uea were 

r 1 ued by ha incJ th glue wall• fr the outaid with a 

Bunaen burn rand tin lly tube I wu h at9d up to 6oo•c to fill 

the whol ayat with pur hydrog n. Th latt r wu pwaped off 

and th • proc ur waa r peated • v ral t •, ao that the 

r inin9 oxyg n cont nt bee n 1 9 bl. Aft r that tube II 

wu h t to tona:,eratur • betw n 750 and 1000° C for l to , 

hour• to decoapo• th zr-hydr.iM and, dependincJ on t-,eratur 

and t , to obta n • c n• with variou• hydrog content•. 

'ftlen th • l • 

furn ce in approx 

r •lowly cooled to roo11 t .. ,erature in th 

t ly 10 hour• under v cuwa, ao that i 

could be uaw.1U that h hydrog n diaaolved in the Zr wa• 

ually diatributed throughout th aampl. Th• •pee n• w r 

th an lya . In th• w y • l • with hydrog content• ln 
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th• ra119e froa 88 to 805 ppa w r ob i ned. To drive out all 
th 92, hi9her t._Naratur•• are nee•• ry. &owever, at th••• 
tNC .. ratur•• the powder ain red tog th rand preci•ion par 
det 1 inationa w r 

ter 

Th Zr vir • v r chug vi h v riou• uaount• of hydr09 n 
(up to 500 ) in ube II by admitting to 1 var ou• uaount• 
of hydrogen volved in \&be I, af r hav n9 n al in tube II 
th originally cold drawn w r • for 2 5 hour• at Soo•c und r 

high vacu . Aft r th hydr09 n ab•orption by th wir •, th 
te ratur of tube II w • h ld at 600 C for 1 hour for R 
diffuaion and eq,:1 ilabration. 

,. Rlt•raination of tb• hydrogen cont1nt oC th• eeEl••· 
l'or th d teraination ot th hydrog n cont . t th Leco hydrOCJ•n 
analy• r vu u• • Th r h ga• i• r y by hot extraction 
n vacuWI. A powd r aampl of Zr8x or th vir wu w igh in 

a •tainl •• •t 1 crucibl and plac no th analy• r which 
th n va• v cut to ga• pr•• r of p

1 
(normally a ro), 

aaured by McLeod 9au9. Then th •ample wu induction 
hat d to 950•c for 10 min. and t incr ued pr ••ure p

2
, 

r pr• nting the ot l amount of th 9•••• liberated frOII th 
aupl , waa r fro 

through ••par tion •y•t 

... gaug . ~11 th• gu vu p ••ed 

for ano h r 10 in. vh r th 
hydrogen v • r mov by oxidation to s2o. Th n pr ••ur p' 

(of th r aidu 1 gu • ) 841b rMt.M ro , 2 gav th pr ••ur 
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attributable only to ydr'Of n. Noatly, to 4 detenaination• 
of each eaaple w re --1• and the av r 9• B cont nt waa calcula 
with an error of , • ~. 

.I 

J'ht ·41y ■trlc pit(raction '9IO•r ratt•rn•• 

r C 

poaiti , h circuaf rence of th fi can • x c 
without know ng th d tr of th c ra or th d gr o 
ahrink 9 aft r it• d v lopaent. c r ful • l moun ng c nt r-
ing and int anc of conetant and 'known t._>eratur of h 

• 1 durin9 •xpoa~r make it poeaibl to aur h 1 t c 
par ter of cryat llin• pol'd r• wi h high pr ciaion. Ad ta led 
deacription of th WA ... ri.J:llental thod and th n c ••ary uip-

( 14-15) -nt i• given in the 1 t ratur . 

1. 

fracticn 

I 3 ,le a,oynting. All th r • 
r ai ved through a ,25 ah ecr n. Th• 

wer ttached to th ■11rfac• of a li h ua-boron glue t r 
(0.05 in di tr and 5-8 in l ngth) coated w th a un form 
and thin layer of o 1. Th pol'd r wu unifonu.y apr ov r 
fMI 111 tr o th 91 • iher h moun c r fully c n-

llCh 11- hin , nd un • -
t red and al 9 

tort cryat 11 n ao11nta yi ld •harp ffr c on. n •. 
If it wu n ••ary o r h h 91 •• r 
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unt of c on w • ppli 

thin luminUll fo l. 

to th oil of th f 

c on dieeolv 

oil wh ch h ld h powd r, d th powd , ro inq h gl 

t • r, could • ly r V from th ib r. Th cl 

r w h r dy or anoth r powd r moun. 

All h • o r on r c r ully und r 

•co • 

2 . 

p rn o.f Zr w n y C 

Co-r d (w ho fil r on) w • 0 h pro 

:; Zr h gon l atruc ur roo r ur and 

h ollowing l C conatan ., 
• . 2 1 A d C • 5.1 • 
2 

Th in• v lu • c lcul w h h a con • nd h 

V l n • for h Zr- rn .in T 

• w. lo d d 

ric lly n h r ( n d r) nd 

w r C r ully dr 11 0 h 0 h coll 

h o.P r. Dr 11 ng w rr d o .Punching 

punching o hol un V n loc l 0 

h lo w. un d . r 

C b 0 n con r • w o.o 
r u r C l OU 

n o a r r con cy o l or 

r 

l 

cro-

lly( l7). 

r on. 

h 

r • c-

• 

ym-

hol • 

or and 

(l ) 

• 
c. 

8 
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TMldl I 

Ind in9 of h zr .... powder pat t rn. Co-r • 
Line 1n2. 

C le. hkl oba. 

1 0.1026 0.1022 100 2 0.1207 0 .1208 002 :, 0.1:,26 0 .1:,2 101 0 . 22 0.22 102 o . 7 o . 110 o . 74 o. 740 10 7 0 .41 0 .4188 200 8 0 .4 94 0.4 90 01 9 0.4844 0 .48:, 004 10 o. 1 0.52 202 11 0 .58 0 .585 104 12 o .579 o. 806 20 1 0.7145 0.7154 210 14 0.7442 0.7456 211 15 0.1882 0.7898 11 15 o .8}41 o.8 2 212 17 0.8549 0.8572 10 18 0 .8892 0.8920 204 19 o. 166 0.9198 300 20 o. 40 o. 72 l} 
ur. ·,a,o pho togr p • r n ch con r -ur ranging troe 15 to 55 

0 abou 10. Th 
ur w l.5 hra. Th lat proc ng w n-t n hroughou h • work. 

Th d r C on 1 n w r r 
• 

ua g 
h r aolvin pr C • on o 0.002 

1 crod n r o p 
0 0 .02 • w a pl c 

WO gl • 0 h r or o crod na 
0 u h th 
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cro•• h ir of th c,ro•co r he be o,f t 'he aicrod :na i ' coeter 

• ra.veled: long h tor of th diff'r.action line pattern. 

TWo ••t• of l .ln • .in th ·tron and b clt r fl ctton :r g on• 

r a■ured nd, from th••• U 'ur,ementa the1 etf c ve film 

circ r r nee, th conv, r• on c or ( t rom na tQ degr • ) and 

• h b ck: r fl c ion Br gg-angl • w r , , c cul (' 1,4 20 ') 

5 • IcAt ic:e con• a.gt••. Th, c con■ ant■ or th 

l Zr8x w .r c lcul t d 'rom h , aual ua one. However, 

u or h calcu.la on O ' th 

ind x ,00 (,Tabl I ), t lling under a Br gg angl e
2 

: 7-, 

cou d be ua I h r • c iv uat on wu • imply 1' 

• r- 2/,(• n2e /9)'1/2 
- 2 

(1) 

Th c cone an· could • h n be, c lcul ,, uaing h la• 

.i .nt rf renc 2.1, (T l I) and h r ■ 1 ctiv , angl 

a, :) , from, h . u on ( 2) nd ( '): 

C • 2 2 - l/2 
/4 l (an 

1
-TA)/'9

1
' (2) 

wh r 

A•• 2 /9 

Th , w v 1 ng h , WI w • 1tha of Co' 
1 

• 1. 78529' kX. • l'h . 

l t : c pr r• r 1 .• r conv .rt into A by ultipl·ying 

h wi h 1.00202. 

·• 

/ and I c i( ln h d . r c on o h a• d 
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r• cSetenained f th V r CJ l t ic conatan • t d ff r n 

ratur • ualng th following u on• 

- (4) a 

d • c/c ' ( ) C 

a/ and c/ • .. ar h p V 0 h 

un C 11 by h 0 h • r gh lin 
h plot• o C" con V SU r ur. Th 

f C n • of h l xpanaion r C lcul r h 

th l C con• an• r UC 0 hoa 25 C 

7. on. Th WV 1 ng h o · x-r y r 

lt r by r frac on y pa•• rom on to r. 
In ord r to corr or r on, h c lcul n-
aiona ar divid by h iv n o r 1. 

Th r fr ctiv ind X n c n ro u ons. 

n = 1 - (2 . lxl0-6 ' 2 A/ ~ ) ( ) 
Mb r d ia tb d n i y 0 h - A ·- h • 0 · o C 

n r• nd - h II of h • 0 h n 
1 n • ot th unit C 11 Pr rn 0 · h h 

r fr. corr. 8 V bin h 1 tao rror o h n ona. 

8. In ord 0 V 1 p on 
of h 1, ic con• in on rro c l cul on 

nee•• ry. Th v lu • of 1 t c con• n • • r r n 
t-Der ur • r r C o cona an • 5 C • ng h 

-



coe,ffi.cient• ,of th rmal ex,p n ion , . and I j • 
C 

The d vi.a lone 

from. th v,ar 9 values 

d v & · on• nd moa prob bl 

(7) and (8} i 

ad,. .nd h ■ tandard 

rrot'a wer found fro q one 

I • = ( )2/ l . . ) l/2 
X n, -1 (7) 

( ) 

C 

rmin , on o 

• .rue rt c on of h zr-B •olid •olu ion• ccur 

d nai y m n c •• ry.. Th hod w sa,en .lly, 

wi h c r n mod ic' :ona ha o Bak r nd M rtin ( ,22 • baaed 

on Arch d • prlnc pl. 

Th Zr-H powd s p.l 

cruc 1bl C • o ' h n 

n t.1or aus na , on.. Th 

1) Th a pl w • auapen 

, 'R v cu d a cc or 

r pl c . in 

n w h 

ng opo.r 

• 11 • lv r 

hOO' a 

rto d: 

in ' k r of xyl n nd plac 

d W , h vibr or; 

2 po r w ·a ou· .ga a d sing m ch nic 1 v brat on d 

V CU 7 

) k w r 

xyl n, nd 

o· i ·h ng: 

y rom h • :lee , or ' h • l 

1 • 11 

.xyl n 

e ' in · h 

a r cord d . h 
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4) Th xyl vu th n 1 t ly vapor t frOII th • 1 

and • cond in r v th ccuracy ot 

0 .0002 g. ,..nowing h nai y of xyl n ( fu.nc ion of 

ur ) , d na • d h u on: 

d - ( x-d - )(b- )/ (b-c -(d-) d ( ) 

r h d n• y 0 h • 1 , h d nai y of r, 

dx na y 0 xyl n, (~c) ight o h:, • 1 n 

r d {d-) h igh of in h 1 quid. Th 

it on o th l at d 9 V th d na y o.t h • 1 

in V CUC>. 

D 

• Por th inv • 19 ion of h influ nc 

of h hydrog n on n• l pro r i • of Zr-vir , na l 

t • 8 V h 0. 5 h C d 200 long vir na 

c, rr OU roo on • I ron On v ra n• 

atin N ch • Th • of • ng V 8 0.2 in/ n . 

ppl lo V 8 •hovn on r cor r V ccur cy of 0.1 

lb. nd h lon9 ion V 8 ur by croaa-h r V 1. ln 

ord r o d n• 1 h, h lo Va 

r rd lo -• gr divi by h 

d r o V r of 0.5 • y ld ng h V 8 c lcul 

by d V ding th o. of t-lo by h di r. Th long -

on • ob in in r or g 1 9 1 h ( 1. 5 in). 
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II 

on . Por on o h l y 
w. con n ng 122 r 

C 

r plo V r 
0 • 

0 h e c lcul h h h 1 
qu r , h C n 0 h l on r V -

-1 - l. 0xl0 
• n - ( oc ) C 

'"' v lu n n C con 
hoe 0 h 1 r . ny n (2) n 0 

f C n • 

- 5. 10 -- - o. 0 n 
C 

l s nn Jon on( ) 
0 

10 - - 10 . 8 o- -• - ('c 
C • 

1 
0 0 ( 0 

1 p ff) r u n 0 10 ol o 

25 0 0000 C 
0 . 000 corr c d 0 

o. 75 and h co r C on n h 1 0 0 0 C con n • 
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I 

Jetttis• coutant• v I bostion of tbt 8Ydrouo cont,ot 
of • 1-zr. Aa atat in th pr vioua ch pt r, Co It 1-r di tion 
and h (,<>o) and (21,) line• r u for d in tion 
of th pr 1a lat i coMtanta. inc th (:,00)-line w 
fr tly rah r {213)-lin w 

aCM;aw with th icrod nait 
l a, th 

with th 

• r 

rror vu 1 rg r t 'han found for ah 

tor. 

bro , h 

tr • v r h -

1 • .. 

1 ttic co tanta obt ined with ' -zr t 25•c of 
varioua hydrog cont n • r liated in Tahl II. Th av r g 
of two l ttic cona ant d t min tiona i• plott 
hydrog n cont nt in Pig. 4. 

g ina th 

Th par rio thod • baa on · h c th t th l 
par tr of aolid aolu on 9 g • long 
lin wi th COlll)C)a ion up to th • ur on 1 i, and h n 
r ina cone . Th l t of aolid aolu on r g on i 
g v n by h in ra c on of h two br h • of h r r 
cur11 •. Thia 1 i • • 0 can • n 
Pig. - t 10 H roaa t._.ar ur ind nd n o 
H pr ••ur. c of ncr u ng hydro n con n on h 
d l ton long h c- • • r . pronounc han th on 
th - ia, h -par t r r ina .n rly conat • 

C 
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Tabl II 

A ra9 1 tic conatanta and c,(divided by th fr c-tiv ind n • 0.999975) of Zr cont ining varioua hydrocJ n unta t 25 c. 00-radi tion. 
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11 origina upon furth r growth of th hydr d 

• 



n C • u p • nc 0 icr :>cr ck• ch C ic l 

r i n C U h br 1 0 zr au r r 
w R. 

ur h oun h na l y 1 • r ng 
ncr h ly h on d n ly · n 

ph n n con n I wh 1 

l on on d c 0 ly h ncr 

ah n l VI d p g. 5 h l gh incr 0 h • r ngth 
y du 0 h C th h l ttic r in by h 

diaaolv • Th no contradict th f C th th 

n r of V C ~ inc with ncr •in H-con n in 

olu i on. Th tt C 0 r ining h l ttic ov C a 

h r C n C 0 incr ng n r of V C 

1 C • 

on n p 9 on c l n 

y on for h l • 0 • 
inv 0 ( 7) _ H yr 1 n zr r 

C O ry 0 C 0 on on. pr• n 

V nc h h d loc on 

h 0 l oy r h 

• hy d hu nucl a 

C C in u r wh ch in urn r pons l 
or h l UC 1 y. V r, hown pr • n 



V g on 

0 

v 1 bl z 

- l -

0 ion o er c • 

c cul 

rix 

ing 

fu th r by h 

l gr ap c h n 

th hydrog n. 

u o • r 
• 1 d, R • rch 

D CO h gy R • rch c n or h r-

n l • 0 n on 
u ing c l o h C n r. 

1. c. M. Schw r z d M. w·. M ll , Trana. Am. Soc. M l , , 40 ( 195 ) . 
2. w. L. Mudg Jr., Zirconium and Zir n um lloya r C Soc. la Cl v land, p. l {195J) . • • D , b d • , p. 292. . J • H • and • D. Put, R c • tr v • ., 55, 59 (19 ) . • M. • S.L.H. M rtin, d . L.G. Tr ••Fr d y Soc. (1 5). 6. I. . n d I<. P. dr w J . M la, 1, 1 (1955) . 7. R .. Edw r P. L v qu, d D. C , J. • Ch • c., IL, 1 (19 5) . 8. D. • V ug and J. Tr •• AIME, , 9 (19 • C. • a . D. McOu J. In • M 

10. 

11. 
12 . 
l • 

l • 

(1956/ . 
. 1 d 

2 ( 1 ) . 
G 
J . 

C 

c Corp., Por 

• M. br J . l c 

l 2 
2) . 

ucl. M 
· .il, 77 

T . j lyt. 

. . I V 

by h vnlll& C 
h, Ohio ( 1959) . 

I 8 

ch • Soc ., 

(1 2) . 

Ch . , J:11, 2 1 

on 
", Goody r 

• 

15. 
16. 

r 
r 

s. Ak , J. 1 . . z. , J. 
Phy • I 

. Soc ., 
30 (195 ) 

.ll, 56 3 1). 
17. B. D. ull y, • 1 nta o f X-R y Dittr c on" Add son­y Publ • ing coa11>a1y, I nc . . 11 (19 9) . 



18. 
19. 
20. 

21. 

22. 

2,. 
2 • 

25. 
26. 

27. 

2 • 

29. 

:,0. 

1. 

- 2 -

R. B. Rua• 11, Tran . AIME, .2S2Q, 1045 ( l 5 ) . M. H. J llin R v. Sci.Iner n, iQ, ( 194 ) . M. • S ru ..... -• ' • in G. L. Cl rk' cyc:lo 
R ya, ' R i.nbold Publ. Corp., 

i of X-R 
Yor'k 196,, p. 700 • . P. H .ry , H. Lip on d 

(1 
R. K. 
G. B. S 
(l ) . 

X-R y D r C on 
. 2 ( 951) . 

d G. Mr n, 
) . 

ry and B. Lu 
B. L. 

• Eng. 

n•. 
on J. 

H.K. Ad nat d, Tr ns. Am. Soc. M a D. w in• in an F. c. Hol E Tr . 
M l , 51, 28 ( 1 ) . 

In rpr 
-.....-.... 11 . COin 

• An l . ., 15, 

121, 
• Phya., 

(1951. 
, 1,a, 

M. H n, D. J 
C00-12 1953) • 

0 ., and R. P. Doma9 R por 
M. E. Sr wnan , W. J. J • d C. S. Lin, J. lQ '89 (1960). 

pl. Ch • 
C .. B ving on, S. L. M rtin d D. H. M th , Proc. Int Congr. Pur d Appl. Ch ., 11, Congr. London, 1947, l, (1950). 
R. E. Rundl, c. G. Shull d E. O. Woolan, Acta. C)· . , 22 (1952. 
S.L.H. Mr n d .L.G. R , r • rd. Soc. I (195 . 
M. E. S d • s . Chopr , z. ya i . . . 196 . 

Y, 

m. 

. J. z H.P. Roh , R po MIT-1078 ( pril 19 2). . J. . Bo r u d. G. J. S lv 99 o W1\P 275 ( Nov • 196 3 ) . 
• M. E. S r uman a in G. L. Cl rlc • i 0 X-R ya R ya ., R inbold Publ. Co p. r 196 p. 7 ,. • nd • K "'nl l rconium, 11 Boo 0 p. 287 . 7. l I r. u rt. . .:Q. 1 ( l ) . 


	0001
	0002
	0003
	0004
	0005
	0006
	0007
	0008
	0009
	0010
	0011
	0012
	0013
	0014
	0015
	0016
	0017
	0018
	0019
	0020
	0021
	0022
	0023
	0024
	0025
	0026
	0027
	0028
	0029
	0030
	0031
	0032
	0033
	0034



