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A R M O U R  R E S E A R C H  F O U N D A T I O N  OF I L L I N O I S  I N S T I T U T E  OF T E C H N O L O G Y  

1 

zirconium-iron-t in  system ( i  .e. ,  ZrFe2 and ZrLSn) were s t u d i e d  i n  d e t a i l  between 

t h e  tempera tures  500" and 1100°C. The a l l o y s  were prepared from "Grade 1" 

i od ide  zirconium and h igh-pur i ty  i r o n  and t i n  by nonconsumable-electrode a r c  

me l t ing  techniques  under a n  i n e r t  atmosphere. Specimens were encapsula ted  i n  

Vycor and annealed a t  t h e  p re sc r ibed  tempera tures  followed by a water quench. 

Data were gathered through t h e  use  of meta l lographic ,  X-ray d i f f r a c t i o n ,  v i s i b l e  

i n c i p i e n t  mel t ing ,  and magnetic s u s c e p t i b i l i t y  techniques .  

It was determined t h a t  ZrbSn (24.sw/o Sn) and 0 (24.sw/o Sn and 

7 t o  8w/o Fe )  are sepa ra t e  phases  which are no t  i n  equ i l ib r ium w i t h  each o t h e r .  

These phases  are be l ieved  t o  p a r t i c i p a t e  i n  two success ive  four-phase t e r n a r y  

p e r i t e c t o i d  r e a c t i o n s  between 980" and 900°C i n  conjunct ion  w i t h  t h e  phases  a, 

8 ,  and ZrgSn3 as fol lows:  

ZrFe2 has  been firmly e s t a b l i s h e d  a t  i t s  s t o i c h i o m e t r i c  composition 

of ssw/o Fe, and i t  appa ren t ly  has  n e g l i g i b l e  s o l u b i l i t y  f o r  t i n .  The s p e c i f i c  

magnet iza t ion  of t h i s  fe r romagnet ic  compound i s  of t h e  o r d e r  of 55 cgs  a t  room 

temperature .  I t s  Curie  temperature  i s  about  355°C. 

L 
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STUDIES OF ZIRCONIUM-IRON-TIN ALLOYS 

I. INTRODUCTION 

I n  accordance w i t h  Cont rac t  AT(11-1)-315 e n t i t l e d  ''A Study of 

Zirconium-Base Alloys,l1 f u r t h e r  i n v e s t i g a t i o n  of t h e  zirconium-iron-t in  system 

has been c a r r i e d  o u t .  This  work was p a r t  of  t h e  supplement t o  the  c o n t r a c t  

e n t i t l e d  I'Phase Diagram S tud ie s .  

I n  prev ious  work a number of p a r t i a l  i so thermal  s e c t i o n s  were d e t e r -  

mined between SOO" and 1 1 0 0 ° C  f o r  t h e  zirconium-rich p o r t i o n  of t h i s  system up 

t o  t h e  b i n a r y  compounds ZrFe2 (ssw/o Fe) and ZrhSn (2h.Sw/o Sn) .  ( 1 9 2 )  In 

a d d i t i o n ,  t h e  s o l u b i l i t y  of i r o n  and t i n  i n  alpha-zirconium was i n v e s t i g a t e d  

down t o  2 0 0 " C . ( * )  In t h e  cu r ren t  program c e r t a i n  c r i t i c a l  a r e a s  of t h e  diagram 

were s t u d i e d  i n  d e t a i l  i n  o rde r  t o  complete t h e  de te rmina t ion .  

Small i n g o t s  of new a l l o y s  were prepared by a r c  me l t ing  t h e  highesz 

p u r i t y  materials a v a i l a b l e .  Some a l l o y s  made dur ing  t h e  e a r l i e r  st .ages of' t he  

i n v e s t i g a t i o n  were a l s o  used.  Heat t r ea tmen t s  were c a r r i e d  ou t  a t  ternperatnres 

between 500" and 1 1 0 0 ° C .  Metal lographic  and X-ray d i f f r a c t i o n  techniques  were 

used t o  examine t h e  s t r u c t u r e s  quenched from t h e  v a r i o u s  annea l ing  t r ea tmen t s .  

Also incorpora ted  were v i s i b l e  i n c i p i e n t  me l t ing  s t u d i e s  and magnet ic  suscept i -  

b i l i t y  measurements. 

11. MATERIALS 

A .  Zirconium 

Zirconium c r y s t a l  bar, produced by t h e  decomposition o f  a v o l a t i l e  

i od ide ,  was used f o r  a l l  t h e s e  s t u d i e s .  High-purity,  "Grade 1" hafnium-free 

material was suppl ied  by t h e  AEC. 

Table I. 

The manufac tu re r ' s  a n a l y s i s  appears  i n  
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TABLE I 

ANALYSIS OF GRADE 1 ZIRCONIUM CRYSTAL BAR 

Element Concent ra t ion ,  ppm 

A 1  

C 

cu 
Fe 
Mg 
Ti 
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B. Prepa ra t ion  of Zirconium Melting Stock 

The zirconium c r y s t a l  b a r ,  as - rece ived ,  was coated K i t h  a cor ros ion  

product  from autoclave t e s t s  by which i t s  grade des igna t ion  i s  determined. 

The b a r s  were sand-blasted l i g h t l y ,  p ick led  f o r  1 minute i n  a 20% HNO3-5$ HF 

aqueous so lu t ion ,  r insed  i n  water  and ace tone ,  and d r i e d .  The b a r s  were r o l l e d  

t o  about 1/32 i n .  s t r i p .  The s t r i p  was c u t  i n t o  10 i n .  l e n g t h s  and p i ck led  

and r in sed  aga in .  The m a t e r i a l  was sheared t o  approximately 1/L i n ,  squares ,  

cleaned with ace tone ,  and s t o r e d .  

C .  I ron  and Tin 

High-purity,  gas- f ree  i r o n  was suppl ied by Nat ional  Research 

Corporat ion.  High-purity t i n  was rece ived  from the  Vulcan Det inning Company. 

Typical  ana lyses  of t h e s e  m a t e r i a l s  appear i n  Table 11 .  

D. PreDarat ion of  I r o n  and Tin Melt ing Stock 

The su r face  of t h e  as-received i r o n  b a r  was removed by t a k i n g  small 

l a t h e  c u t s .  

0.050 i n .  shee t .  The shee t  was sand-blasted l i g h t l y ,  v igorous ly  r in sed  i n  

acetone, d r i e d ,  and b o t t l e d  f o r  s to rage  i n  minera l  o i l  t o  p reven t  ox ida t ion  

p r i o r  t o  a r c  mel t ing .  

It was then  s l i c e d  i n t o  3/h i n .  t h i c k  p i e c e s  and co ld - ro l l ed  t o  

Hemispherical i n g o t s  of t i n  were c u t  i n  s e c t i o n s ,  co ld - ro l l ed  t o  

approximately 1/32 i n .  shee t  s t r i p ,  sheared,  cleaned i n  acetone,  and b o t t l e d  

f o r  s t o r a g e .  

111. 

A .  

nace.  

EQUrPMENT AND EXPERIMENTAL PROCEDURES 

Arc Melt ing of Alloys 

Al loys  were prepared i n  a nonconsumable-electrode a r c  me l t ing  f u r -  

This  fu rnace  has  been widely used f o r  t h e  p repa ra t ion  of t i t an ium,  

vanadium, and zirconium a l l o y s .  A water-cooled copper c r u c i b l e  and a tungs ten-  
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TABLE I1 

w 
P 

Q 

ulll ANALYSES aF I R O N  AND T I N  

Al 
C 
Cr 
co 

cu 

Mo 
Ni 
si 
Sn 

Ti 
W .  

N 

0 
H 

Element Concentration, w/o 

Iron - 
<o .001 
<o. 02 

<o -005 

so. 001 
<o .005 

co .001 
so. 001 
co. 001 
KO. 001 

<o .001 
<G . GO: 

<G . GO1 

<o. 01 
<o .001 
(0  001 

Tin - 
Fe 0.0020 

Pb nil 
Sb 0 b 0002 

cu nil 
e 
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P 
P 
P 
0 
P 
P 
U 
R 
P 
D 
B 
P 
n 
n 

t ipped  e l e c t r o d e  were employed. The m a t e r i a l  i s  placed i n  t h e  c r u c i b l e  and 

r a p i d l y  melted under a p r o t e c t i v e  atmosphere of helium o r  argon gas by  s t r i k i n g  

t h e  a r c  on a tungs t en  s tud  and then  t r a n s f e r r i n g  i t  t o  t h e  charge m a t e r i a l .  A 

drawing of t h e  furnace and a d e s c r i p t i o n  of genera l  me l t ing  techniques  have 

been publ i shed .  ( 3  1 

checked f o r  hardness  and mic ros t ruc tu re  throughout t h e  me l t ing  program. 

Control  m e l t s  of unal loyed zirconium were prepared and 

A s e r i e s  of 38 a l l o y s  was prepared f o r  s t u d y  of t h e  r e g i o n s  i n  the  

The nominal v i c i n i t y  of t h e  i n t e r m e t a l l i c  compounds ( i . e e ,  ZrFe2 and Zri(Sn). 

and analyzed compositions a r e  l i s t e d  i n  Table 111. 

are p l o t t e d  i n  Figure 1 as  we l l .  

pared dur ing  t h e  e a r l i e r  work t h a t  a r e  p e r t i n e n t  t o  t h i s  i n v e s t i g a t i o n .  

Analyzed compositions are denoted by c losed  c i r c l e s .  

B .  He a t  Treatment 

Most of t h e s e  composi t ions 

Also included i n  t h e  f i g u r e  a r e  a l l o y s  pre-  

As-cast  i n g o t s  were annealed a t  9OO0C f o r  313 hours  i n  sea led  Vycor 

bu lbs ,  fol lowed by quenching t o  room tempera ture .  

broken and samples taken f o r  meta l lographic  and  X-ray d i f f r a c t i o n  determina- 

t i o n s .  

were c a r r i e d  out  i n  the  same manner. These a r e  l i s t e d  i n  Table IV. 

These i n g o t s  were subsequent ly  

Add i t iona l  hea t  t r ea tmen t s  o f  s e l ec t ed  a l l o y s  a t  o t h e r  tempera tures  

For annea ls  a t  900OC and above, a p a r t i a l  p r e s s u r e  of  argon was 

admit ted t o  prevent  t h e  bu lbs  from co l l aps ing .  

annea ls  a t  lower temperatures .  

under cold water. 

Evacuation was s u f f i c i e n t  f o r  

Quenching was accomplished b y  breaking  bu lbs  

Resis tance- type,  po rce l a in  tube  fu rnaces ,  whose c o n t r o l  was w i t h i n  

* 3 T ,  were employed. 

thermocouple. 

Temperatures were measured twice  d a i l y  wi th  a c a l i b r a t e d  
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B 

U 
P 

P 
P 
B 
c3 

B 

P 
n 

TABLE I11 

COMPOSITIONS OF ZIRCONIUM-IRON-TIN ALLOYS 

- 
~~ 

I ron,  w/o Tin, w/o 
Alloy No. Nominal Analyzed Nominal Analyzed 

400 
401 
402 
403 
404 
405 
406 
407 
408 
409 
LLO 
411 
412 
4l.3 
4l-4 
4l5 
416 
4l.7 
LL8 
lcl9 
420 

421 
42 2 
423 
42 4 
425 
426 
42 7 
428 
h29 
430 

431 
43 2 
433 
43 4 
435 
436 
43 7 

0.5 

1.5 
0.5 

1 .5  

1.0 

1.0 

0.2 
0.2 
0.3 
0.3 
0. h 
0.4 
0.5 
0.5 
0.6 
0.6 

0.7 
0.7 
0.8 
0.8 

54.0 

54.0 
55.0 
55.0 

2.0 
2.0 

3.0 
3.0 
4.0 
4.0 
5.0 

5.0 
6.0 
6.0 
7.0 
7.0 
8.0 
8.0  

1.01 
1.53 

0.22 

0.33 

0.h3 

0.54 

0.85 

53.81 
54.02 
55.50 
55.01 

2.04 
2.02 

3.20 
3.17 
4.05 
4.19 
5.13 
5 . 2 1  
6.00 
5.93 
7.23 
7.08 
8.05 
7.92 

24.5 
24.5 
24.5 
25.0 
25.0 
25.0 

2 4 -  5 
25.0 
24.5 
25.0 
24.5 
25.0 
24.5 
25.0 
24.5 
25.0 

24.5 
25.0 
24.5 
25.0 
0.5 
1.0  
0.5 
1 . 0  

25.0 
24.5 
24.5 
25.0 
24.5 
25.0 
24.5 
25.0 
24.5 
25.0 
24.5 
25.0 
24.5 
25 .o 

23 h2 
23 - 58 

23- 46 

22 .92  

23 66 

2 2 . 6 1  

22.70 

0.52 

1.10 
0.54 
0.96 

2 5 . 2 1  
24.53 
24.40 
25.16 
24.47 
24.35 
24.25 

25.29 
24.97 
25.25 
24.60 
24.79 
24.67 
25.79 
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TABLE IV 

P HEAT TREATMENTS OF Z I R C O N I U M - I R O N - T I N  A L L O Y P  

* P r i o r  anneal cons i s t ed  of 313 hours  a t  900°C. 

P 

D 

Temp, 'C Alloy No. Time, h r  

1100 401, 402, 404, 405 96 
406, h07,h12, hl3 

406,407, U2, U3 
428, 433,436 

406, 407, b.2, U3 
428, 433, 436 

406, 4G7, L12,lr13 

406, 407, U2, U3 
428 , 433 , 436 

1000 401, 402, hO4, 405 94 

700 401 ,402, 404,405 508 

600 401,402,404,405 744 

500 401, 402, hO4, 405 1000 
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C .  Metal lographic  Techniques 

The f irst  s t e p  i n  prepar ing  samples f o r  meta l lographic  examination 

wa8 t o  mount them I n  Bakelite .  A b e l t  sander employing 120-g r i t ,  s i l i c o n  ca r -  

13 

bide abrasive Pough-polished a pre l iminary  f l a t  s u r f a c e .  

t h e  use of s i l i c o n  carb ide  papers  of g r i t  Nos. 240, 320, &OO, and 600. An 

This  was fol lowed by 

a l t e r n a t e  procedure incorpora ted  a Lapmaster u n i t  u s ing  Lapmaster 1900 lapping  

compound p l u s  s e v e r a l  passes  on No. 600 paper .  The f i n a l  p o l i s h i n g  ope ra t ion  

involved two s t e p s :  p o l i s h i n g  on a i r p l a n e  c l o t h  impregnated w i t h  diamond p a s t e  

i n  a kerosene veh ic l e ,  then on s i l k  impregnated wi th  "Linde B" s y z t h e t i c  

sapphi re ,  d i s t i l l e d  water be ing  t h e  v e h i c l e .  

t i o n  of 20% HF and 20% HNO3 i n  g lycer ine  which was swabbed on t h e  pol i shed  

su r face .  

The e t c h a n t  employed was a solu-  

Etching times ranged between 1 and 30 seconds.  

D .  X-Ray Equipment and Techniques 

A 14-cent imeter  Debye-Scherrer powder camera and n i c k e l - f i l t e r e d  

copper r a d i a t i o n  served f o r  a l l  X-ray work on t h i s  system. Minus 320 mesh 

powders were prepared by crus-hing h e a t - t r e a t e d  samples wi th  a mor ta r  and p e s t l e . , ,  

The samples were mounted i n  Pyrex c a p i l l a r i e s  and examined wi thout  s t r e s s - r e l i e f  

anneal ing.  

E .  Anal.vtical Procedures  

0 
1. I r o n  

The a l l o y  sample was d i s so lved  i n  a mixture  of H C 1  and HF. Then an 

Q 
P 

a l i q u o t  was taken and t h e  i r o n  reduced wi th  H2NOH'HCl. The sample was buf fered  

wi th  NaC2H302, and t h e  c h a r a c t e r i s t i c  f e r r o u s  or thophenanthro l ine  c o l o r  developed 

by t h e  a d d i t i o n  of or thophenanthro l ine .  After t h e  adjustment of t h e  sample t o  

a s tandard volume, t h e  o p t i c a l  d e n s i t y  of t h e  c o l o r  complex and concen t r a t ion  

was determined. 
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i 

- 9 -  P r o j e c t  No. B 068 
Report  No. 6, F i n a l  



u 
I 

Tin - 2 .  

The zirconium sample i s  d isso lved  i n  a mixture  of  d i l u t e  HBFL-H~SO~. 

The s o l u t i o n  i s  d i l u t e d  and HC1 i s  added. SnIV i s  reduced t o  SnII  wi th  i r o n  

powder. 

t h e  s t a rch - iod ine  end p o i n t .  

Stannous t i n  i s  t i t r a t e d  w i t h  a s tandard  iod ine  o r  i o d a t e  s o l u t i o n  t o  

(4) 

F. V i s i b l e  Melt ing S tud ie s  

V i s i b l e  me l t ing  s t u d i e s  were made w i t h  a vacuum r e s i s t a n c e  fu rnace  

Specimens supported on tungs ten  w i r e s  which has  been descr ibed  i n  d e t a i l .  (') 

were heated r a p i d l y  u n t i l  v i s i b l e  mel t ing  occurred .  Temperatures were d e t e r -  

mined wi th  an o p t i c a l  pyrometer c a l i b r a t e d  a g a i n s t  t he  me l t ing  p o i n t s  of 

s e v e r a l  me ta l s .  

G .  Magnetic S u s c e p t i b i l i t y  S tud ie s  

O f  t h e  phases p re sen t  i n  t h i s  p o r t i o n  of the  zirconium-iron-t in  

system, only  ZrFe2 i s  fe r romagnet ic .  Thus, it was considered p o s s i b l e  t o  

e s t a b l i s h  t h e  a + 0/a + 8 + ZrFe2 phase boundary through magnetic s u s c e p t i b i l i t y  

measurements by determining t h e  presence o r  absence of t h e  fe r romagnet ic  phase 

i n  t h e  nonferromagnetic matrix of an a l l o y .  

a v a i l a b l e  i n  t h e s e  l a b o r a t o r i e s  were unsuccess fu l .  ( * )  

t h i s  boundary were made by Professor  P. W.  Selwood" wi th  t h e  more s e n s i t i v e  

E a r l i e r  a t tempts  us ing  t h e  appara tus  

Fur the r  s t u d i e s  t o  f i n d  

and v e r s a t i l e  appara tus  a t  h i s  d i s p o s a l .  The appa ra tus  i s  of t h e  Faraday t y p e  

and can make measurements above and below room tempera ture .  F igure  2 shows 

t h e  e n t i r e  experimental  s e tup ,  and Figure  3 i n d i c a t e s  how t h e  a l l o y  sample i s  

suspended i n  t h e  magnetic f i e l d .  

pub li she d . (6) 
as e s t a b l i s h e d  by meta l lographic  obse rva t ion .  

Desc r ip t ions  of t h e  techniques  have been 

The a l l o y  compositions were s e l e c t e d  t o  b racke t  t h e  phase boundary 

The samples weighed from 0.5 t o  

1.0 grams and were those  employed p rev ious ly  f o r  meta l lographic  obse rva t ion .  
* Department of Chemistry, Northwestern Univers i ty ,  Evanstons I l l i n o i s .  
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IV. RESULTS AND DISCUSSION 

A .  The Tin-Rich Compounds 

It was i n i t i a l l y  be l ieved  t h a t  t h e  8 phase was a t e r n a r y  modif ica-  

W 

t i o n  of ZrLSn, be ing  continuous t o  about  7 t o  8w/o Fe a t  a cons t an t  t i n  com- 

p o s i t i o n  of t h e  order  of 24.5w/o. T h i s  was based on t h e  marked meta l lographic  

s imi la r i ty  of b i n a r y  and t e r n a r y  s t r u c t u r e s .  

da t a ,  however, were not  c o n s i s t e n t  w i t h  t h i s  view. 

Subsequent X-ray d i f f r a c t i o n  

( 2 )  

The r e s u l t s  of t h e  c u r r e n t  work have c l a r i f i e d  t h i s  m a t t e r  by 

e s t a b l i s h i n g  t h a t  ZrLSn and 0 a r e  d i s t i n c t l y  d i f f e r e n t  phases.  It was a l s o  

noted t h a t  t h e y  a r e  no t  found i n  equi l ibr ium w i t h  each o t h e r  b u t ,  rather,  a r e  

each i n  equi l ibr ium w i t h  a t h i r d  phase,  Z r~Sn3 . "  

t h i s  i n t e r m e t a l l i c  compound i n  t h e  f i r s t  t e r n a r y  mic ros t ruc tu res  examined i n  

t h i s  r eg ion  of t h e  diagram gave r i s e  t o  t h e  b e l i e f  t h a t  t h e  Zr5Sn3 p a r t i c l e s  

The occas iona l  appearance of 

were t h e  r e s i d u a l  of an elevated-temperature  ( i  . e . ,  >llOO°C) t e r n a r y  r e a c t i a n  

and n o t  a s t a b l e  phase.  T h i s  had been observed i n  b i n a r y  zirconium-t in  s t r u c -  

t u r e s  i n  t h i s  program as w e l l  a s  by McPherson and Hansen and was a t t r i b u t e d  ( 7 )  

t o  t h e  s lugg i sh  n a t u r e  of p e r i t e c t o i d  r e a c t i o n s .  However, i t  was q u i t e  obvious 

t h a t  Zr5S-13 was s t a b l e  when i t  p e r s i s t e d  i n  mic ros t ruc tu res  of a l loys  a f t e r  

t h e y  were annealed f o r  313 hours  a t  900°C followed by 96 hours a t  1000°C. 

example is seen i n  Figure h of a h.Osw/o Fe-24.47w/o Sn a l l o y . =  

An 

( 7 )  

type  having a = 8.461 d,  
r epor t ed  a compound i n  

9 The s to i ch iomet ry  of t h i s  phase remains t e n t a t i v e .  McPh rson and Hansen 
be l i eved  it t o  be  Zr3Sn (b6.Sw/o Sn) while  PietrokowskyT8) claimed t h e  
phase appeared a t  L 3 . 8 ~  7 o Sn and was t h u s  Z r ~ S n 3 .  The l a t t e r  indexed t h e  
compound as a hexagonal D88 s t r u c t u r e  of t h e  Mn5 
c = 5.795 1, c/a = 0.685. Nowotny and Schac-hner 
t h e  composition i n t e r v a l  ZrSno.55+0.05 
s t r u c t u r e .  

(39.1 t o  L3.8w/o Sn) of t h e  D88 

* Analyzed compositions u n l e s s  o therwise  noted.  
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Neg. No. 179h5 x so0 

Fig. h 
A L.Osw/o Fe-2&.&7w/o Sn alloy annealed 
a t  900°C for 313 hours  + 1OCC"C f o r  
96 hours  and water quenched. 
surrounded by 8 p e r i t e c t o i d  w a l l s  + 
transforined p .  
Etchant :  

Zr5Sn3 

2G HF, 20% HNO3 i n  g lyce r ine .  
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Addi t iona l  four-phase t e r n a r y  r e a c t i o n s  must be i n f e r r e d  t o  account, 

R 
u 

d 

Q 

f o r  t h e  phase r e l a t i o n s  now observed a t  1000°C (and h ighe r )  and 900°C (and 

lower) .  It i s  seen t h a t  a i s  in t roduced  t o  t h e  system a t  about 980°C by the  

b i n a r y  p e r i t e c t o i d  r e a c t i o n :  ( 7 )  

It i s  proposed t h a t  two success ive  four-phase t e r n a r y  p e r i t e c t o i d  t ransforma- 

t i o n s  fo l low t h e  above r eac t ion ,  i . e . ,  

The new phase f i e l d s  a r e  shown i n  a s e r i e s  of  p a r t i a l  i so the rma l  s e c t i o n s  f o r  

1100" t o  700°C i n  100-degree i n t e r v a l s  (F igures  5 t o  9 ,  r e s p e c t i v e l y )  documented 

wi th  d a t a  p o i n t s .  

t h e  i so therms a t  600°C and lower are i d e n t i c a l  with t h e  700°C s e c t i o n .  

Except f o r  a d iminish ing  a f i e l d  w i t h  dec reas ing  temperature ,  

To i l l u s t r a t e  f u r t h e r  t h e  above phase r e l a t i o n s ,  X-ray d i f f r a c t i o n  

d a t a  of t h r e e  b i n a r y  and f o u r  t e r n a r y  a l l o y s  a r e  presented  in Table V. The 

X-ray film of 46.7w/o Sn a l l o y  was obtained from t h e  f i l e s  of t he  e a r l i e r  work 

of McPherson and H a n ~ e n ( ~ )  and was re -eva lua ted  i n  o rde r  t o  be  a b l e  t o  compare 

re la t ive i n t e n s i t i e s  wi th  t h e  o t h e r  p a t t e r n s .  The s t r u c t u r e s  of some of t h e s e  

a l l o y s  contained some a a t  t h e i r  e q u i l i b r a t i o n  tempera tures .  Where d i f f r a c t i o n  

l i n e s  could be p o s i t i v e l y  i d e n t i f i e d  as be longing  only  t o  a they  were e l imina ted  

f o r  t h e  sake of c l a r i t y .  This  l e f t  t h e  l i n e s  o f  ZrhSn, Z r ~ S n 3 ~  o r  8. 

quenched s t r u c t u r e s  of t h e  t e r n a r y  a l l o y s  are found i n  F igures  10 t o  13.  The 

The 

comparison of d va lues  shows r a t h e r  c l e a r l y  t h a t  Zr4Sn i s  only  p re sen t  i n  t h e  

O.~~W/O Fe-22.61w/o Sn a l l o y  of  t h e  t e r n a r y  a l l o y s .  

c a t e s  it remains s t a b l e  t o  about  lw/o Fe ( a t  t h i s  high t i n  conten t ) .*  

Addi t iona l  evidence i n d i -  

Beyond 

9 It was a l s o  noted i r o n  s o l u b i l i t y  i n  ZrJ,Sn, i f  any, must be <O.22w/Q0 

A R M O U R  R E S E A R C H  F O U N D A T I O N  O F  I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y  
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2 0  

FIG.  5 - A P A R T I A L  ISOTHERMAL S E C T I O N  O F  T H E  
ZIRCONIUM-IRON-TIN SYSTEM A T  1 1 0 0 ° C  
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ONE PHASE 0 e 

0 TWO 1 8  

A A THREE 

1 INDICATES X-RAY CONFIRMATION 

P 

P 

, 5  IO 15 20 P WEIGHT PERCENT IRON 

FIG. 6 - A PARTIAL ISOTHERMAL SECTION O F  THE 
ZIRCONIUM-IRON-TIN SYSTEM AT 1000 "C 
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NOMINAL ANALYZED 
ONE PHASE 0 e 
T W O  0 

A A THREE It 

/ INDICATES X-RAY CONFIRMATION 

Zr 5 10 15 
WEIGHT PERCENT IRON 

FIG. 7 - A P A R T I A L  ISOTHERMAL SECTION O F  T H E  
ZIRCONIUM-IRON-TIN SYSTEM AT 900 " C  

20 

- 18 - 



NOMINAL ANALYZED 
ONE PHASE 0 Q 
TWO 0 Q 
THREE 'I A A 

0 

Zr 5 IO 15 
WEIGHT PERCENT IRON 

2 0  

F I G .  8 - A P A R T I A L  ISOTHERMAL SECTION O F  T H E  
ZIRCONIUM-IRON-TIN SYSTEM AT 800 " C  
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FIG.  9 - A PARTIAL ISOTHERMAL SECTION O F  T H E  
ZIRCONIUM-IRON-TIN SYSTEIM AT 700 " C  
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TABLE V 

X-RAY DIFFRACTION PATTERNS OF ZIRCONIUM-TIN 
AND ZIRCONIUM-IRON-TIN ALLOYS 

~ 

.54~e-22.61Sn 
900 

. OSFe-24.67Sn 
900 

.02Fe-24.53Sn 
900 

26Sn* 
900 

24. 5Sn* 
900 

nearly 

Comp, w/o 
Annealing 
Temp, "C 
Quenched 
S t ruc tu re  

nearly 
Sn3+a 
d 

e+ z 
I 

1 

2 
7 

8 
9 
6 
5 
5 

Sn3+a 
d 

2.87 

2.75 
2.60 

2.50 
2.43 
2.38 
2.28 
2.08 

?!?E. 
I 

e+zr 
I 

2 

4 
3 

10 
10 

3 
2 
1 

r5Snl 
d 

8.37 

4.22 

3 - d  

2.89 

2*78 

2,50 
2.4s 
2.39 
2.28 

r 4Sn 
d 

5.31 

5.65 

5.15 

4.01 

3.38 

2.82 

2.52 

2 . u  

2.29 

d I - 

1 

1 

10 
5 
3 
3 
10 

4 

d 

5.75 

5.35 

4.99 
4. 56 

3.95 

2.60 

2 e tr5 

2.28 
2.02 

I 

1 

1 

1 
1 

1 

1c 

7 

E 
1 

I 

1 

1 

1 

1 

1 

5 
3 

9 

1 
3 
10 

I 

1 

2 

2 

5 

L 

10 
8 
9 
1 

5.31 

;.66 

5.15 

b. 01 

3.39 

2.81 
2.75 

2.53 

2 0 4 5  
2,37 
2-29 

1 

1 

1 

1 

1 

5 

9 

1 

'10 

2.87 

2 ,75  
2,60 

2.49 
2*44 
2.37 
2.28 
2.08 

82 
.77 

0 38 
e 29 
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TABLE V (continued 

Comp, w/o 
Annealing 
Temp, “C 
Quenched 
Structure  

24* 5Sn” 
900 

26Sn* 

900 
46. 7Snm 

947 

1.02Fe-2k.53Sn 

900 
;. 13Fe-24.25Sn 

900 
3.05Fe-24.67Sn 

900 
nearly 

;r 4Sn+ Z r 53113 Sn3+a 
d 

:Sn3+a 

d 

e+ zr e+ Z, 

I 

1 
1 

1 
1 
1 
2 
1 
1 
2 

1 

1 
1 

1 

__.- 

:r 4Sn+ Z r  5 Sn3+ a - 
I d I d I d I d 

1.98 

1.91 
1.71 

1.62 
1-58 
1.56 
1.50 

1.40 
1.38 
1.36 

1.28 
1.26 

1.23 
1.18 

1.31 

2.04 1 
1 

2 
2 

1 
1 
1 
1 
2 
1 
1 
1 
2 
1 

2 

1 
-- 

2.03 
1.98 

1.91 
1.70 

1.61 
1.58 
1.55 
1.49 
1.45 
1.40 
1.38 
1.36 
1 .31  
1 ,28  

lm2L 

1.19 
--__ 

2.03 
1.98 

I.. 70 
1.68 
1.61 
1.58 
1-54  
1-50 
l e 4 4  

1.38 

1.31 
1.28 

1 . 2 4  

1 

3 
3 

1 
1 
4 
8 

4 
1 
1 
1 
1 
2 

4 
1 

1 
4 
4 

3 
4 
1 

4 

4 
l.L 
3 

4 

1 

1 

1.99 
1.93 

1 . 7 2  

1.62 
1 .58  
1.56 

1.45 

1.38 
1.36 
1.32 
1.29 

1025 

1 .19  

1.91 
1.72 
1.67 

2 

4 
8 

4 
2 

4 

6 

-- 

1.63 

1.56 
1.51 

1.13 
1.38 

1.26 

1.23 

1.62 

1.56 
1.51 

1.U 

1.26 

1.23 

I 

Tu 
R) 

I 

1-58  

1.h9 
1 .44  

1.38 
, 

* Nominal composition. 
( 7 )  + ~ t  From work of McPherson and Hansen, 
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Neg. No. 17542 x 500 

F i g .  10 

A 0.5hw/o Fe-22.61w/o 5n a l l o y  
quenched from 900°C. 
Zr5Sn3 + a s t r u c t u r e .  

A Zr4Sn + 

Neg. No. 17543 x 500 
Fig.  11 

A 2.02w/o Fe-24.53w/o Sn a l l o y  
quenched from 900°C. 8 p e r i t e c t o i d  
walls surrounding Zr5Sn3 c r y s t a l s  
p l u s  0 + a matrix. 

n 

., . - II 

P 
P 
IJ 

I 
Neg. No. 175u x 500 

Fig. 12  

A 5.15w/o Fe-24.25w/o Sn a l l o y  
quenched from 900°C. 
+ a s t r u c t u r e .  

0 + Zr5Sn3 

Etchant: 2% HF, 2 a  HNO3 i n  glycer ine.  

- 23 - 

Neg. No. 17950 X 500 

Fig. 13 
An 8.05w/o Fe-24.67w/o Sn a l l o y  
quenched from 900°C. Single-phase 
8 s t r u c t u r e  (oblique l i g h t ) .  
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U 

R 

t h i s  p o i n t  8 becomes s t a b l e  whi le  Zr5Sn3 i s  s t i l l  p r e s e n t .  

(and about  24.sw/o Sn) a s ingle-phase 6 s t r u c t u r e  i s  found.  

i n t e n s i t i e s  of t h e  l i n e s  compared f avorab ly  wi th  t h e  r e l a t i v e  amounts of phases  

observed me ta l log raph ica l ly .  

Betweeri 7 and 8w/o Fe 

The r e l a t i v e  

The 8 phase appears  s t a b l e  a t  a l l t e m p e r a t u r e s ,  and t h e r e  i s  no 

i n d i c a t i o n  of composi t ional  change w i t h  tempera ture .  

seen i n  a $Jw/o Fe-lSw/o Sn* a l l o y  (Figure 1 4 )  and  an a + 6 + Zr5Sn3 s t r u c t u r e  

i n  a 2.Sw/o Fe-lsw/o a* a l l o y  (Figure ls), both quenched from 600°C. 

An a + 0 s t r u c t u r e  i s  

A v e r t i c a l  s e c t i o n  a t  9 h / o  Z r  ( p a r a l l e l  t o  t h e  i r o n - t i n  system) 

was cons t ruc ted  t o  de f ine  t h e  proposed phase t r ans fo rma t ions  more c l e a r l y ,  and 

i s  presented  i n  F igure  16. Besides  pas s ing  through t h e  p lanes  of t h e  two 4-phase 

r e a c t i o n s  mentioned previous ly ,  t h e  s e c t i o n  a l s o  passes  through t h e  p l a n e s  of 

two 4-phase r e a c t i o n s  proposed i n  t h e  ear l ie r  r e p o r t s ,  (l,*) i .e . ,  

L fl + 6 + ZrFe2 (between 935" and 930°C) c31  
c41 > @ + 8 a + ZrFe2 (between 800" and 790°C) 

A p a r t i a l  v e r t i c a l  s e c t i o n  a t  0.50w/o Fe ( p a r a l l e l  t o  t h e  z i r con iux- t in  system) 

i s  shown i n  F igure  17. This  was cons t ruc ted  t o  d e p i c t  t h e  phase f i e l d s  below 

700°C i n  proximi ty  t o  t h e  u s u a l  Z i r ca loy  composi t ions.  

The s t r u c t u r e  of ZrJ,Sn w a s  r epor t ed  a s  b e i n g  face-centered t e t r agona l  

wi th  a = 7.645 I ,  c = 12.b61 i; c/a = 1 . 6 3 ( ~ )  bu t ,  when s tudying  t h e  i n d i c e s  

ass igned t o  t h e  l a t t i c e  spac ings  of t h i s  p a t t e r n ,  

do n o t  s y s t e m a t i c a l l y  obey t h e  e x t i n c t i o n  r u l e  f o r  such a l a t t i c e  ( i . e o 9  

h + k # 2n, h + 1 # 2n 

apparent  t h a t  t h e  p a t t e r n  would b e s t  f i t  c/a = 2.25  on t h e  Hull-Davey c h a r t  

f o r  t e t r a g o n a l  l a t t i c e s .  

it i s  obvious t h a t  t hey  

and k + 1 # 2n, where n i s  an i n t e g e r ) .  It i s  a l s o  

It i s  seen  that i f  one were t o  t ransform t h e  above * 

R 
D 
P 

* Nominal composition. 

scte Attempts t o  f i t  t h e  p a t t e r n  on c h a r t s  f o r  o t h e r  s t r u c t u r e s  were unsuccessfu l .  

U 
A R M O U R  R E S E A R C H  F O U N D A T I O N  O F  I L ~ I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y  
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P 

Neg. No. l75h6 x 500 

Fig.  l h  
A nominal 2.5w/o Fe-lSu/o Sn a l loy  
quenc-hed from 600°C. 
surrounding Zr5Sn3 plus  a + 8 matrix. 

8 per i tec to id  walls 

geg. No. 1751r5 
Fig. 1j 

A noninal 5w/o Fe-l<w/o 
quenched from 6 0 0 ° C .  0 

Etchant: 2'2% H?, 2% "03 i n  glycerine. 
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face-centered  l a t t i c e  t o  the  body-centered v a r i e t y ,  t he  l a t t e r  c/a r a t i o ,  a s  

P 

wel l  as t h e  new l a t t i c e  cons tan ts ,  a r e  approximately i n  agreement with t h e  

requi red  r e l a t i o n s h i p s  f o r  t h e  t ransformat ion  ( i  . e .  , c/aFC = 0.707 c/aBC where 

aFc = 1. k l b  agC and CFC = CBC) . 
t i o n  r u l e  i s  no t  complied wi th  ( i . e . ,  h + k + 1 # 2n, where n i s  an i n t e g e r )  

However, once again,  t he  corresponding ex t inc -  

nor i s  i t  p o s s i b l e  t o  convert  (hk1)FC t o  (hk1)BC f o r  given l a t t i c e  spacings and 

have them agree wi th  t h e  observed r e s u l t s .  

The l a t t i c e  spac ings  of t he  6 phase could a l s o  be f i t t e d  on t h e  

t e t r a g o n a l  c h a r t  a t  c/a = 1.65; however, much t h e  same problem a rose  as was 

encountered wi th  ZrbSn. 

with e i t h e r  t h e  body-centered o r  face-centered  spec ie s .  

The observed i n d i c e s  d i s c l o s e  no sys t ema t i c  agreement 

It i s  f e l t  t h a t  w i th in  

t h e  l i m i t  of accuracy of t h e  c h a r t s  used,  i t  i s  not  p o s s i b l e  t o  p o s i t i v e l y  

e s t a b l i s h  t h e  s t r u c t u r e s  a t  the  p re sen t  t ime.  

The complete X-ray d i f f r a c t i o n  p a t t e r n s  of Zr4Sn and 0 appear  i n  

Tables V I  and VII, r e s p e c t i v e l y .  Also included a r e  t h e  t r i a l  i n d i c e s  of both 

s t r u c t u r e s  determined on the  t e t r a g o n a l  Hull-Davey c h a r t ,  a s  w e l l  a s  t h e  c a l -  

cu la ted  l a t t i c e  spacings.  The l a t t e r  were based on the  l a t t i c e  c o n s t a n t s  

determined by l eas t - squa res  s o l u t i o n s  us ing  these  i n d i c e s .  

B. The Iron-Rich COmDOUnd 

c 

(10) F u r t h e r  s tudy  was made of t h e  in t e rmed ia t e  phase ZrFe2. Wallbaum 

i d e n t i f i e d  t h e  compound i n i t i a l l y  as ZrFe2 wi th  a C 15 (MgCu2) s t r u c t u r e ,  

p l ac ing  it a t  %w/o Fe s t o i c h i o m e t r i c a l l y .  Hayes e t  a l .  be l ieved  they  

P w 
found t h e  phase a t  about b7.2w/o Fe and c a l l e d  it Zr2Fe3, b u t  r eve r t ed  t o  ZrFe2 

i n  t h e  d i scuss ion  of t h e i r  paper .  (I2) Jordan and Duwez ( I 3 )  confirmed Wal lbarn’s  

work whi le  a l s o  f i n d i n g  t h e  same single-phase s t r u c t u r e  t o  about  62.3w/o Fe o r  

Zr0.8lFe2.19. I n  order t o  e s t a b l i s h  t h e  t e r n a r y  phase r e l a t i o n s  i n  t h i s  system 

A R M O U R  R E S E A R C H  F O U N D A T I O N  OF I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y  
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TABLE VI 

DIFFRACTION PATTERN OF Zr),Sn" 

Trial  
Tetragonal  

I n d i c e s  

I obs d obs hkl d calc' 

1 
1 
1 
1 
1 
5 
9 
1 
10 
2 
4 
8 
It 
4 
6 
3 
6 
5 
Ll 
3 
1 
6 
1 
5 
4 
3 
4 
2 
5 

6.31 
5.65 
5.15 
4.01 
3.38 
2.82 
2.52 
2.45 
2.29 
1.62 
1.56 
1.51 
1.U 
1.26 
1.23 
1.20 
1.05 
1.03 
0.996 
0.939 
0.927 
0.915 
0.850 
0.8kO 
0.831 
0.813 

0.779 
0.77L 

0.781 

002 
100 
101 
110 
112 
200 
005 
114 
105 
304 
314 
305 
306 
U4 
405 

6.35 
5.65 
5.00 
4. 00 
3.38 
2.83 
2.54 
2.49 
2.31 
1.62 
1.57 
1.51 
1.41 
1.26 
1.23 

* Alloy: Zr-2b.sw/o Sn (nominal); 

+ Based on: a = 5.651 io 
c = 12.693 A 
c/a = 2.25 

h e a t  t rea tment :  96 h r  a t  900OC-WQ. 
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TABLE VI1 

DIFFRACTION PATTERN OF THE 0 PHASE* 

~~ 

Tr ia l  
Tetragonal Indices  

I obs d obs h k l  d calc' 

1 
1 
1 
1 
1 

10 
7 
8 
7 
3 
4 
5 
6 
3 
2 
6 
9 
8 
2 
3 
3 
3 
4 
4 
1 
2 
4 
4 
6 
4 
3 
5 
1 
2 
2 
1 
1 
3 
1 

5-75 
5.35 
4.99 
4.56 
3.95 
2.60 
2.45 
2.28 
2.08 
2.04 
1.91 
1.72 
1.67 
1.58 
1.54 
1.49 
1.44 
1.38 
1.33 
1.28 
1 .24  
1.22 
1.17 
1.14 
1.10 
1.08 
1.06 
1.04 
1.01 
0 i959 
0.951 
0.934 
0.925 
0.917 
0.901 
0.886 
0.871 
0.866 
0.859 

100 

101 

210 
004 
2 1  2 
114 
213 
222 
1 3 2  
303 

106/215 

116 
401 
330 

5.85 

5.00 

2.62 
2 .42  
2.30 
2.09 
2.03 
1.90 
1 .73  
1.67 
1.56 

1.50 
1.45 
1.38 

A R M O U R  R E S E A R C U  F O U N D A T I O N  O F  I L L I N O I S  I N S T I T U T E  O F  T E C H N O L O G Y  
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TABLE VI1 (continued 1 

- 
Tria l  

Tetragonal Indices 

I obs d obs hkl d calc' 

2 0.8L6 
1 o.SL0 
3 0.821 
3 0.811 

u Alloy: Zr-8.05w/o Fe-2h.67w/o Sn; 
heat treatment: 313 h r  a t  900eC-WQ. 

+ Based on a = 5.851 f 
c = 9.653 A 
c/a = 1.65 

Id 
P 
w 

U 
u 
I 
lil 

I 
I 
B 
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t h e  exac t  p o s i t i o n  of t h i s  phase had t o  be  known, a s  we l l  a s  i t s  t e r n a r y  so lu-  

b i l i t y ,  i f  any. 

X-ray d i f f r a c t i o n  evidence e x i s t e d ,  obtained by E l l i o t t ( 1 4 )  from an 

a l l o y  of very n e a r l y  ssw/o Fe, which appeared t o  be completely s i n g l e  phase.  

This  was confirmed i n  the  p re sen t  s tudy wi th  an a l l o y  of 54.81w/o Fe .  

extra l i n e s  ( a t t r i b u t a b l e  t o  a o r  zirconium) were found i n  d i f f r a c t i o n  

p a t t e r n s  of t h e  47.42 and L9.83w/o Fe a l l o y .  

i n g  c h a r a c t e r i s t i c s  of t h e s e  a l l o y s  was made by suspending 47.42, L9.83, and 

sL.8lw/o Fe samples on tungs t en  wi re s  i n  a vacuum r e s i s t a n c e  fu rnace .  These 

were then  heated s imultaneously u n t i l  mel t ing  was observed. The two a l l o y s  

wi th  lower i r o n  con ten t s  s t a r t e d  mel t ing  f i r s t  a t  some temperature  above t h e  

e u t e c t i c .  Complete mel t ing  occurred a t  t h e  fo l lowing  temperatures:  47.42w/o Fe 

a t  1590°C and &9.82w/o Fe a t  1640°C. It i s  apparent  t h a t  t hese  were pass ing  

through a l i q u i d  + s o l i d  phase f i e l d .  The S4.81~/0 Fe a l l o y  showed no s i g n s  

of i n c i p i e n t  me l t ing  p r i o r  t o  me l t ing  completely a t  one i n s t a n t  a t  1650°C i n  

t h e  manner expected of a maximum-melting compound. To f u r t h e r  s u b s t a n t i a t e  

a s s ign ing  ZrFe2 t h i s  s to i ch iomet r i c  composition, mic ros t ruc tu res  of t h e  49.83 

and 5'4.81~/0 Fe a l l o y s  annealed a t  900°C f o r  313 hours a r e  presented  i n  

F igures  18 and 19, r e s p e c t i v e l y .  

very small amounts of r e t a i n e d  8 a t  the  g r a i n  boundaries .  

However, 

I n  a d d i t i o n ,  a s tudy  of t h e  melt- 

The l a t t e r  i s  n e a r l y  s ingle-phase ZrFe2 with 

As suspected,  t h e r e  appears  t o  be  n e g l i g i b l e  s o l u b i l i t y  f o r  t i n  i n  

t h i s  compound. 

quenched from a l l  temperatures ,*  

as O.sw/o Sn added (Figure 20). 

a l l o y s  contained about lw/o Sn. 

Metallography i n d i c a t e d  three-pkiase s t r u c t u r e s  i n  samples, 

of a l l o y s  having about  Ssw/o Fe wi th  as l i t t l e  

X-ray d i f f r a c t i o n  could i d e n t i f y  6 when t h e  

Y; lOOO", 900", 700" ,  and s00"C. 
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U Neg. No. 17232 x 500 

Fig .  18 
A &.83w/o Fe a l loy quenched from 900°C. 
ZrFe2 plus  retained $ a t  the grain 
boundaries. 

Etchant: 2% HF, 2% "03 i n  glycerine. 

Neg. No. 17951 x 500 

Fig. 20 
A 53.81~/0 Fe-0.52w/o Sn a l loy  quenched 
frm 900°C. 
f3 which i s  reject ing a 8 precipi ta te .  

Primary ZrFep c rys t a l s  with 
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C.  Magnetic S u s c e p t i b i l i t y  S tud ie s  

U 

P r i o r  t o  making t h e  s u s c e p t i b i l i t y  measurements on t h e  a l l o y s  near  

t h e  a + @/a + 0 + ZrFe2 boundary t h e  magnetic p r o p e r t i e s  of ZrFe2 were d e t e r -  

mined. A p l o t  of t he  s p e c i f i c  magnet izat ion ve r sus  temperature  of t h e  compound 

i s  found i n  Figure 21. 

q u i t e  s imilar  t o  t h a t  of n i c k e l ,  which has a s p e c i f i c  magnet izat ion of 55.1 cgs  

a t  room temperature  and a Curie temperature  of about 35'5°C. The Curie tempera- 

It i s  observed t h a t  t he  magnetic behavior  of ZrFe2 i s  

t u r e  i s  not  def ined  a s  sha rp ly  as  i n  the  case of pure n i c k e l .  This  could be 

due t o  t h e  f a c t  t h a t  t h e  a l l o y ,  which has  5lr.81~/0 Fe, i s  nea r ly ,  b u t  n o t  com- 

p l e t e l y ,  s i n g l e  phase.  

The s u s c e p t i b i l i t y  of paramagnetic and dia-nagnetic samples i s  inde-  

pendent of the  magnetic f i e l d  s t r e n g t h .  However, when small amounts of f e r r o -  

magnetic components a r e  imbedded i n  a nonferromagnetic ma t r ix ,  t h e  apparent  

s u s c e p t i b i l i t y  of t h e  combination may be shown t o  obey a r e l a t i o n s h i p  of the  

form: (15 1 

kH = k, + CMS - 
H 

where kH i s  t h e  apparent  s u s c e p t i b i l i t y  a t  f i e l d  s t r e n g t h  H, 

i s  t h e  true s u s c e p t i b i l i t y  of t h e  mat r ix ,  

C i s  t h e  concen t r a t ion  of t h e  fe r romagnet ic  component, and 

Ms i s  i t s  s a t u r a t i o n  magnetic moment. 

The magnetic s u s c e p t i b i l i t i e s  f o r  t h e  s i x  samples s tud ied  a r e  @veri 

i n  Table V I I I .  Data were obtained a t  25" and -196°C. Measurements were made 

a t  Lk60 and 6340 o e r s t e d s ,  and t h e r e  was no observable  dependence o f  s u s c e p t i -  

b i l i t y  on f i e l d  s t r e n g t h  i n  any of t h e  samples.  

It would be expected t o  b e  ab le  t o  e s t ima te  t h e  upper l i m i t  of ZrFe2 

p resen t ;  however, t h i s  may be s u b j e c t  t o  t h e  fo l lowing  cons ide ra t ions .  A t  
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TABLE V I 1 1  

W 

P 

MAGNETIC SUSCEPTIBILITY OF ZIRCONIUM-IRON-TIN ALLOYS 

Analyzed He a t  Tre a tment Susce t i b i l i t y  
Composition, w/o Time Temp Quenched (lo-% mw3-4 Alloy  

No. I ron T i n  ( h r )  ("C) S t ruc ture  a t  25°C a t  -196°C 

47 1.07 3.14 744 600 a+ 9+ ZrFe 2 1 . 7  2 . 2  

1% fi. 07 9.06 744 600 a+Q+Zr~Sn3 0 . 9  1 . 7  

3 47 0.026 0.210 1203 700 a+ ZrFe2 (+e? ) 1.1 2.3 
350 0.051 1203 600 a+ ZrFe 2 2.0 3.3 

102 2 . 2 5  10.23 744 600 u+B+ZrFe2 0 . 8  1 .8  

315. 0.047 0.047 1203 700 a+ZrFe2 (+e?) 1 . 6  2.6 
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4460 oe r s t eds  t h e  s u s c e p t i b i l i t y  of ZrFe2 from the  d a t a  given would be 1 . 2 2  x 

EMU/gram a t  2s"C, whereas a t  63hO oe r s t eds  i t  would be 0.86 x 

p a r t s  by weight of ZrFe2 would have produced a f i e l d  s t r e n g t h  dependence 

of s u s c e p t i b i l i t y  amounting t o  about 0.36 x u n i t s  between the  two f i e l d s .  

The apparatus  was capable of de t ec t ing  t h i s ,  bu t  no such dependence was found. 

The upper l i m i t  of ferromagnetic ZrFe2 may the re fo re  be s e t  a t  about 0.01% 

However, according t o  the  l e v e r  r u l e ,  t h e r e  should be of t he  order  of 0.1% ZrFe2 

i n  t h e  O.Oslw/o Fe a l l o y .  

Then 

The fol lowing cons idera t ions  could tend t o  r a i s e  t h i s  upper l i m i t :  

F i r s t ,  t he  p o s s i b i l i t y  t h a t  some d i l u t i o n  of the ferromagnet ic  phase occurs ,  a 

phenomenon which, i n  tu rn ,  would lower t h e  Curie po in t .  This would seem 

u n l i k e l y  due t o  the  narrow compositional range of t h e  i n t e r m e t a l l i c  compound 

and t h e  extremely low s o l u b i l i t y  of i r o n  i n  a-zirconium. 

ferromagnetism was observed a t  -196°C while the  paramagnetic s u s c e p t i b i l i t y  of 

each sample increased as t h e  temperature was lowered, as would be expected.  A 

second explana t ion  would be t h a t  t h e  s i z e  of t h e  ZrFe2 p a r t i c l e s  was t o o  small 

t o  ex-hibit t r u e  ferromagnetism b u t  became r a t h e r  super-paramagnetic. In  t h i s  

case t h e  apparent  magnetization could be  much smal le r  and s t r o n g l y  dependent 

on p a r t i c l e  s i z e .  

t h a t  s e v e r a l  p e r  cent  of ZrFe2 could escape d e t e c t i o n  even a t  -196°C. 

seems t o  be  q u i t e  reasonable  s ince  i t  i s  observed t h a t  p a r t i c l e  s i z e  of ZrFe2 

changes considerably with mall changes i n  i r o n  conten t .  

Accordingly, no 

For p a r t i c l e s  i n  t h e  range of  10 1 i n  diameter i t  i s  probable 

This 

v. SUMMARY 

C r i t i c a l  areas of 

d e t a i l  and it was determined 

t h e  zirconium-iron-t in  system were examined i n  

t h a t  : 
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(1) ZrLSn and 8 a r e  d i s t i n c t l y  d i f f e r e n t  phases .  

n e g l i g i b l e  s o l u b i l i t y  f o r  i r o n ,  while the  0 phase appears  a t  t he  composi- 

ZrLSn a t  2b.Sw/o Sn has 

t i o n  24.sw/o Sn and 7 t o  8w/o Fe. 

(2 )  The above phases  a r e  not  found i n  equi l ibr ium wi th  each o t h e r  and a r e  

be l ieved  t o  p a r t i c i p a t e  i n  two successive four-phase t e r n a r y  p e r i t e c t o i d  

r e a c t i o n s  between 980" and 900°C i n  conjunct ion wi th  t h e  phases  a ,  p ,  

and  Z r ~ S n 3 ,  i . e . ,  

(3) The phase ZrFe2 has been f i r m l y  e s t a b l i s h e d  a t  i t s  s to i ch iomet r i c  com- 

p o s i t i o n  of ssw/o Fe. There appears  t o  be n e g l i g i b l e  s o l u b i l i t y  f o r  t i n  

i n  t h i s  compound. 

(4) Magnetic s u s c e p t i b i l i t y  techniques  were unsuccessfu l  i n  checking t h e  

a + 8/a + 8 + ZrFe2 phase boundary. 

has  a s p e c i f i c  magnet izat ion of t h e  o rde r  of 55 cgs a t  room temperature  

However, i t  was found t h a t  ZrFe2 

and a Curie  temperature  of about 355°C. 
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