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THE SOLID SOLUBILITY AND CONSTITUTION OF 
YTTRIUM IN IRON-20 TO 40 w/o 

CHROMIUM ALLOYS 

Mar t in S. F a r k a s and Ar thur A. Bauer 

The solid solubility of yttrium in iron-20 to 40 w/o chromium alloys was 
determined by metallographic techniques and found to be extremely small. At 
1320 C, the maximum solubility is about 0.12 w/o yttrium. 

Study of iron-rich alloys of the iron-yttrium system shows that the 
compound YFec exists. A eutectic occurs between iron and YFer at 1257 C. 

The constitution of iron-20 to 40 w/o chromium-yttrium alloys contain­
ing less than 6 w/o yttrium was studied between 1250 and 600 C. It was found 
that, upon exceeding the solubility limit, YFer is formed and occurs in conjunction 
with alpha iron-chromium. At about 900 C and above 815 C, if more than 6 w/o 
Yttrium is present in the iron-35 w/o chromium alloy and more than 3 w/o yttrium 
in iron-40 w/o chromium alloy, YFBA forms to give a three-phase field of alpha 
plus YFec plus YFej. The upper yttrium limit of this phase field was not 
determined. At 815 C, sigma phase forms in the iron-chromium system and 
comes into equilibrium with YFec. 

INTRODUCTION 

The study of i ron-20 to 40 w/o chromium alloys containing smal l amounts of 
y t t r ium was prompted by d i scovery that y t t r ium improves the h igh - t empe ra tu r e oxida­
tion r e s i s t ance of these a l loys . It was felt that a be t te r unders tanding of the m e t a l l u r ­
gical behavior of these alloys would be forthcoming if the i r consti tution 'were known. 

This invest igat ion was concerned with the de te rmina t ion of the solid solubility of 
y t t r ium in i ron-20 to 40 w/o chromium alloys from 600 to 1320 C. In addit ion, the 
phase re la t ions exist ing in the alloys containing up to 6 w/o y t t r ium were approximated . 
Study of i r o n - r i c h alloys of the i r o n - y t t r i u m sys tem was a lso under taken to a s s i s t in 
defining t e r n a r y - p h a s e re la t ions . 

EXPERIMENTAL PROCEDURES 

I ron-y t t r ium and i r o n - c h r o m i u m - y t t r i u m alloys were a rc cas t . The t e r n a r y 
alloys were hot rol led and cold ro l l ed , if poss ib le . T e r n a r y spec imens were heat 
t r ea t ed for var ious t imes at t e m p e r a t u r e s ranging from 600 to 1320 C and examined 
meta l iographica l ly . In some c a s e s X - r a y diffraction was uti l ized for phase identif ica­
tion. T h e r m a l analys is was employed to obtain t rans format ion t e m p e r a t u r e s . 
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Alloy P r e p a r a t i o n 

Elec t ro ly t ic i r on , iodide c h r o m i u m , and h igh-pur i ty (99 per cent) y t t r ium were 
used to p r e p a r e alloys for this study. 

Mas t e r al loys of i r o n - 2 0 , - 2 5 , - 3 0 , - 3 5 , and -40 w/o chromium were p r epa red by 
mel t ing six to eight t imes in an a rc furnace . These alloys were sectioned and used in 
p repa r ing cha rges for the low-y t t r ium alloys used to de te rmine solubility l im i t s . Arc 
mel t ing was uti l ized to provide 25 to 50-g alloy but tons. These buttons were also 
mel ted six to eight t imes to i n su re homogenei ty. 

Alloy composi t ions p r e p a r e d a r e l i s ted below. Subscr ipt (n) denotes nominal 
composi t ion. 

B inary i ron al loys containing 11 , 1 5 . 3 , 15 .8 , ZOi^x, 2 4 . 2 , 27/j^\, 2 9 . 3 , 3 2 . 1 , 
35. 6, and 51 . 8 w/o y t t r ium 

T e r n a r y i ron-20 w/o chromium alloys containing 0, 0. 009, 0. 0 1 , 0. 04, 0. 10, 
0 .22 , 0 .29 , 0.5^n) ' ^(n)' ^{n)> and 6^^^ w/o y t t r ium 

T e r n a r y i ron-25 w/o chromiiim alloys containing 0, 0.5(n)j ^(n)' ^(n)* ^"•'̂  
6(n) w/o y t t r ium 

T e r n a r y i ron-30 w/o chromium alloys containing 0, 0 .016, 0 .05 , 0 .068, 0. 10, 
0. 15, 0. 18, 0 . 2 5 , 0 . 7 3 , Z/^y 3r^y and 6, v w/o y t t r ium 

T e r n a r y i ron-35 w/o chromium alloys containing 0, 0. 5/j^\, •'•(n)' ^(n)^ 2 . 3 , 
and 5. 3 w/o y t t r ium 

T e r n a r y i ron-40 w/o chromium alloys containing 0, 0. 0 1 , 0. 055, 0. 25, 0. 39, 
1/ĵ w 2/ p 2 . 4 , and 5. 2 w/o y t t r i um. 

Other i ron t e r n a r i e s p r e p a r e d included 45 w/o c h r o m i u m - 2 . 1 w/o y t t r i u m , 50 w/o 
c h r o m i u m - 3 w/o y t t r i u m , 55 w/o c h r o m i u m - 5 w/o y t t r iu in , 60 w/o ch romium-5 w/o 
y t t r i u m , 65 w/o c h r o m i u m - 5 w/o y t t r i u m , and 70 w/o c h r o m i u m - 5 w/o y t t r ium. All of 
these composi t ions a r e nominal composi t ions with the exception of the 45 w/o ch romium-
2. 1 w/o y t t r ium a l loys . 

Yttr ium recove ry during me l t i ng , as de te rmined by chemica l ana lyses of the 
b inary a l loys , was p rac t i ca l ly 100 p e r cent . The y t t r ium r e c o v e r y in the i ron-
ch romium-y t t r i um alloys containing l e s s than 1 w/o y t t r ium var ied cons iderab ly , with 
as l i t t le as 50 pe r cent or as much as 75 p e r cent y t t r ium being r e t a ined , as de te rmined 
by spec t rochemica l ana lyses . Severa l i r o n - c h r o m i u m - y t t r i u m alloys containing m o r e 
than 1 w/o y t t r ium were analyzed; these ana lyses show that from 79 to 90 per cent of the 
y t t r ium added to the cha rges was re ta ined . Many of the alloys containing l a rge amounts 
of y t t r ium were not analyzed and, t he r e fo r e , it may be that the y t t r ium contents of tliese 
alloys a r e lower than the nominal composi t ions . 

The i r on -y t t r i um and i r o n - c h r o m i u m - y t t r i u m alloys containing 3 w/o y t t r ium or 
m o r e were studied in the a s - c a s t s ta te . All other al loys were hot rol led at 1850 F and 
cold rol led 80 p e r cent . 
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Heat T r e a t m e n t 

The following t i m e - a t - t e m p e r a t u r e heat t r e a t m e n t s were pe r fo rmed on the i ron-
chromi t im-y t t r ium alloys for the purpose of obtaining equil ibriuin or nea r -equ i l ib r ium 
s t r u c t u r e s for meta l lographic and X - r a y inves t iga t ions . 

2 months at 600 C , wa te r quench 
3 weeks at 700 C , wate r quench 
10 days at 900 C , wa te r quench 
4 h r at 1100 C , wa te r quench 
3 h r at 1250 C , wa te r quench 
3 h r at 1320 C , wate r quench. 

The 600 and 700 C heat t r e a t m e n t s w e r e c a r r i e d out in a i r . Heating at 900 and 
1100 C was pe r fo rmed in a vacuiun furnace . The 1250 and 1320 C heat t r e a t m e n t s were 
pe r fo rmed in argon-f lushed and -filled quar tz tubes . Quenching of the l a t t e r was a c ­
complished by breaking the quar tz tubes and allowing the spec imens to fall into wa te r . 

Therm.al Analysis 

T i m e - t e m p e r a t u r e t h e r m a l ana lys i s was per£orm,ed. Specimens were p r e p a r e d 
for t h e r m a l ana lys is by sandwiching the bead of a p la t inum-pla t inum-10 w / o rhodium 
thermocouple between two smal l s amples and spot welding. The thermocouple a s sembly 
was placed in a smal l vacuum-induct ion furnace and heated at approximate ly 400 C pe r 
min while record ing the heating cu rve . P h a s e t r ans fo rmat ions were indicated by 
changes in slope of the heating cu rve . Although the heat ing r a t e was high, only a smal l 
t e m p e r a t u r e gradient exis ted in the specimen because of i t s sma l l s i ze . Also since 
many of the inflections or " a r r e s t s " obtained were r ep roduc ib le , the high heating ra te 
did not cause apprec iable superheat ing . 

In the case of the i ron -20 w / o c h r o m i u m - y t t r i u m a l l oys , i n v e r s e - r a t e cha r t s 
der ived from the t i m e - t e m p e r a t u r e cu rves were used to detect the t r ans fo rmat ion 
t e m p e r a t u r e s. 

Metal lography 

Hea t - t r e a t ed spec imens w e r e moxmted e i the r in Bakel i te o r Kold-Weld and wet 
ground through 600-gr i t pape r . The samples w e r e polished on F o r s t m a n n cloth with 
diamond ab ras ive using ke rosene as the lubr icant . 

The i r o n - y t t r i u m alloys were etched with e i ther ni ta l or p i c r a l . I r o n - c h r o m i u m -
y t t r ium alloys were e lec t ro ly t ica l ly etched in a solution containing 10 g of oxalic acid in 
100 cm^ of w a t e r , using 6 to 10 v. 
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FIGURE 1. SOLUBILITY OF YTTRIUM IN IRON-ZO, -30 , AND -40 w/o CHROMIUM 
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X-Ray Diffraction Examinat ion 

Metal lographic spec imens were used to provide X - r a y samples.. Genera l ly , 
s l iver samples of conical shape were used for examination; however, br i t t le specimens 
were examined as chips . 

Modified aqua reg ia was used as an etchant. A 57. 3 - m m Debye c a m e r a was u t i ­
l ized to obtain X - r a y pho tograms . 

EXPERIMENTAL RESULTS AND DISCUSSION 

The solid solubili ty of y t t r ium in i ron -20 , -30 , and -40 w/o chromium al loys , 
from 600 to 1320 C, is indicated in F igure 1. The consti tution of the i r o n - r i c h alloys of 
the i ron -y t t r i um sys t em was studied, the r e su l t s a r e p re sen ted in F igure 2. 

Yftriunn,w/o -*• 

FIGURE 2. TENTATIVE PHASE RELATIONS FOR THE IRON-RICH 
ALLOYS OF THE IRON-YTTRIUM SYSTEM 

The phase re la t ions existing in i ron-20 to -40 w / o ch romium-y t t r i um alloys a r e p r e ­
sented in Figure 3. 

Solubility L imi t s 

The solid solubility of yt t r iuin in i r o n - 2 0 , - 3 0 , and -40 w/o c h r o m i u m , as d e t e r ­
mined by meta l lographic m.ethods, is plotted in F igure 1. The solubili ty l imit is placed 
between data points wMch indicate composit ions of spec imens between which a change 
from one phase to two phases is encountered. 
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FIGURE 3. TENTATIVE PHASE RELATIONS EXISTING IN THE IRON-CHROMIUM-YTTRIUM SYSTEM 
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At 1320, 1250, and 1100 C the solubil i t ies were asce r t a ined by compar ison of 
s a m p l e s , of the same chromium content and heat t r e a t m e n t , containing increas ing 
amounts of y t t r ium. When YFe5 appea red , the solubility l imi t was exceeded. (See the 
section of this r epor t entitled "The Binary System I ron -Yt t r ium" . ) F igu re s 4a , b , c , 
and d i l lus t ra te samples of i ron-30 w/o chromium and i ron-30 w/o ch romium-
0. 05, - 0 . 10, and - 0 . 15 w/o y t t r i u m , respec t ive ly . These alloys were water quenched 
from 1250 C. It i s evident that between 0. 05 w / o y t t r ium (Figure 4b) and 0. 10 y t t r ium 
(Figure 4c) the solubility l imi t was exceeded. The 0. 15 w/o y t t r ium alloy (Figure 4d) 
shows the second phase miore c l ea r ly than the lower y t t r ium a l loys , and proves that the 
inc reas ing y t t r ium concentrat ion is respons ib le for the second phase and not impur i ty 
content. 

Solubility de te rmina t ions at 900 C and below w e r e m o r e difficult since ve ry smal l 
amounts of YFe5 had to be identified in the p r e s e n c e of background impur i t i e s . Inas ­
much as the p r e s e n c e of YFe5 cannot be de te rmined unless an etchant is used , the 
following method was ut i l ized. The s e r i e s of alloys being used for solubility studies 
were examined in the as -pol i shed condition, and photomicrographs of r ep resen ta t ive 
a r e a s were taken. The al loys were then etched lightly and again examined and photo­
graphed. If a significant i n c r e a s e in second phase was noted in the etched sample as 
compared to the as -po l i shed pho tomicrograph , the p r e s e n c e of YFe5 was considered 
es tabl i shed. In addit ion, a compar i son was made of etched samples of increas ing 
y t t r ium content to aid in es tabl ishing the l o w - t e m p e r a t u r e solubili ty l i m i t s . F igure 5 
shows an i ron-30 w/o c h r o m i u m - 0 . 05 v//o y t t r ium alloy, quenched from 700 C, as pol­
ished and as etched, respec t ive ly . It is evident that the YFe5 phase is p r e sen t and chat 
the solubility l imit had been exceeded in this alloy. 

L a t t i c e - p a r a m e t e r m e a s u r e m e n t s of i ron-30 w / o c h r o n d u m - y t t r i u m alloys 
quenched from 1250 C failed to show lat t ice expansion of the alpha phase . Since solid 
solubility of y t t r ium in alpha i r o n - c h r o m i u m would be accompanied by a la t t ice expan­
sion, it is concluded that y t t r ium solubil i ty, in this c a s e , is too low to cause a de tec ta­
ble change in la t t ice p a r a m e t e r . The re fo re , the l a t t i c e - p a r a m e t e r method is not an 
appropr ia te m e a n s for measu r ing solubility in this c a s e . 

As can bt' seen from the data p resen ted in F igure 1, the solubility of y t t r ium in 
i r o n - 2 0 , - 3 0 , and -40 w/o chromium alloys is ex t r eme ly low. Even nea r the melt ing 
point of YFe5 (approximately 1320 C in t e r n a r y alloys) the solubility is at mos t about 
0. 15 w/o y t t r ium. These solubili ty de te rmina t ions a r e in ag reemen t with another in­
vest igat ion! 1) in which the solubility of y t t r ium in i ron-25 w/o chromium at 1260 C was 
found to be slightly over 0. 07 w /o ; and the solubility of y t t r ium in i ron-50 w/o ch ro ­
mium at 1260 C was de te rmined as approximate ly 0. 09 w / o . 

A slight i nc rease in the solid solubility of y t t r ium in alpha i r on -ch romium is indi­
cated as the ch romium content i n c r e a s e s pa r t i cu la r ly at low t e m p e r a t u r e s . This t r end 
can be seen in F igure 1. The solubility of y t t r ium in pure i ron is not known. However , 
it is cer ta in ly quite low because of the l a rge difference in atomic d i ame te r s (y t t r ium, 
i . 60 A and i r o n , 2. 48 A) , and the l a rge e lec t ronegat iv i ty dif ference, as indicated by the 
tendency to form YFes . The solid solubility of y t t r ium in chromium is about 0. 1 w/o 
from room t e m p e r a t u r e to 1260 C(-'-). The solubility of y t t r ium in chromium is p r o b ­
ably g rea t e r than that of y t t r ium in i ron because the ch romium-y t t r i um sys tem does not 
exhibit compound formation and the a tomic d iameter of chromium is s imi la r to that of 
i ron ( ch romium, 2. 50 A). Thus an inc rease of y t t r ium solubility with the chromium 
content of alpha i r o n - c h r o m i u m solution is expected. 



250X RM11906 250X RM11907 

a. Iron-30 W/O Ctoomium b. Iron-30 w/o Chromium-0.05 w/o Yttriuni 
Structure is alpha iron-chromium. Structure is alpha iron-chromium. 
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'250X RM11908 250X RM11909 

c. Iion-30 w/o Chromium-0.10 w/o Yttrium d, Iron-30 w/o Chromium-0.15 w/o Yttrium 
Structure is alpha iron-chromium plus YFe , Structure is alpha iron-chromium plus YFcg, 

FIGURE 4. IRON-30 w/o CHROMIUM AND IRON-30 w/o CHROMIUM-0.05, -0.10, and -0.15 w/o YTTRIUM 
ALLOTS HELD 3 HOURS AT 1250 C AND WATER QUENCHED 
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250X N60363 
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250X N60368 

Etched In 10 Per Cent Oxalic Acid, 6 Volts 

FIGURE 5. IRON-30 w/o CHROMIUM-0,05 w/o YTTRIUM ALLOY OUENCHED FROM 700 C 

Increase in second phase in etched specimen indicates presence of YFe-, 
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The B i n a r y S y s t e m I r o n - Y t t r i u m 

T h e i r o n - y t t r i t i m s y s t e m h a s b e e n p a r t i a l l y r e s o l v e d by a n o t h e r i n v c s t i g a t o r ( 2 ) . 
R e s u l t s of s t u d i e s c o n d u c t e d in t h i s i n v e s t i g a t i o n of t he i r o n - r i c h i r o n - y t t r i u m a l l o y s 
a r e in e s s e n t i a l a g r e e m e n t w i t h t he p r e v i o u s s t u d y , and a r e p r e s e n t e d in F i g u r e 2. 
H o w e v e r , one m a j o r d i f f e r e n c e i s a p p a r e n t , t h e c o m p o s i t i o n of t he h i g h e s t i r o n c o m ­
pound p r e v i o u s l y w a s r e p o r t e d a s Y F e g i ^ ) , w h e r e a s i n t h i s i n v e s t i g a t i o n Y F e 5 w a s 
found i n s t e a d of YFeg^ T h e e x i s t e n c e of Y F e 5 w a s f i r s t s u s p e c t e d , b e c a u s e a n a n a l o ­
gous s y s t e m , t he c e r i u m - i r o n s y s t e m , c o n t a i n s t h e c o m p o u n d C e F e 5 . E v i d e n c e to 
s u p p o r t t h i s f inding i s r e p o r t e d in t h i s s e c t i o n a l o n g w i t h o t h e r i n f o r m a t i o n o b t a i n e d on 
t h e s e a l l o y s . 

T h e r m a l a n a l y s e s of t h e i r o n - y t t r i x u n a l l o y s a r e p r e s e n t e d in T a b l e 1. B e c a u s e 
s o m e of t h e t h e r m a l a r r e s t s o b t a i n e d in the b i n a r y a l l o y s w e r e n o t a l w a y s r e p r o d u c i b l e , 
t he t e m p e r a t u r e s r e p o r t e d r e p r e s e n t t h e r m a l a r r e s t s o b t a i n e d in a t l e a s t t h r e e s e p a r a t e 
d e t e r m i n a t i o n s . 

T A B L E 1, T H E R M A L A N A L Y S E S O F I R O N - Y T T R I U M A L L O Y S 

C o m p o s i t i o n 
( B a l a n c e I r o n ) , 

w / o T e m p e r a t u r e s of R e p r o d u c i b l e T h e r m a l A r r e s t s , C 

11 y t t r i u m 1258 1346 
15, 3 y t t r i u m 1260 1339 
20 y t t r ium(a-) 1254 
24 . 2 y t t r i u m 1252 1332 
27 y t t r i u m ( a ) 1250 1307 
5 1 . 8 y t t r i u m 910 1 2 0 0 - 1 2 3 7 

(a) Nominal couiposition. 

The t e m p e r a t u r e of t he i r o n - Y F e s e u t e c t i c i s s e t a t 1257 C on the b a s i s of d a t a 
o b t a i n e d f r o m the i r o n - 1 1 , - 1 5 . 3 , and - 2 0 w / o y t t r i u m a l l o y s . I t i s in e x c e l l e n t a g r e e ­
m e n t w i t h d a t a r e p o r t e d e a r l i e r { 2 ) . No t h e r m a l a r r e s t s a s s o c i a t e d w i t h t he a l p h a - t o -
g a m m a i r o n t r a n s f o r m a t i o n w e r e i d e n t i f i e d , a n d , t h e r e f o r e , t h i s t r a n s u s i s shown a s a 
d o t t e d l i n e in F i g u r e 2. T h e t e m p e r a t u r e w h i c h Y F e s m e l t s , a s i n d i c a t e d b y t h e r m a l 
a n a l y s i s of t he i r o n - 2 4 . 2 w / o y t t r i u m a l l o y i s a p p r o x i m a t e l y 1332 C . 

M i c r o s t r u c t u r e s e x h i b i t e d by the i r o n - y t t r i u m a l l o y s a r e shown in F i g u r e 6. The 
i r o n - 1 1 w / o y t t r i u m a l l o y , a s c a s t , i s shown in F i g u r e 6a ; t h e w h i t e p h a s e i s Y F e 5 and 
the l i g h t - g r a y p a r t i c l e s a r e a l p h a i r o n . S m a l l a m o u n t s of a d a r k c o n s t i t u e n t a r e a l s o 
s e e n , bu t t h e s e h a v e no t b e e n i d e n t i f i e d . F i g u r e 6b d e p i c t s t he a s - c a s t s t r u c t u r e of 
i r o n - 1 5 . 8 w / o y t t r i u m a l l o y . The h e r r i n g b o n e - t y p e p a t t e r n i n d i c a t e s t h a t the i r o n - Y F e 5 
e u t e c t i c h a s b e e n a p p r o x i m a t e d . S ince t h i s a l l o y i s n e a r the Y F e g (15 w / o y t t r i u m ) 
c o m p o s i t i o n and i s u n d o u b t e d l y two p h a s e , i t i s e v i d e n t t h a t Y F e g i s n o t f o r m e d d i r e c t l y 
f r o m the m.el t . T h i s a l l o y w h e n h e a t e d to 1400 C and s l o w l y c o o l e d i s p i c t u r e d in 
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Figure 6c. The alpha i ron has agglomera ted and spheroidized. The YFe5 m a t r i x 
shows c racks which have not propagated through the m o r e ductile a lpha- i ron p a r t i c l e s . 
F igure 6d exhibits the m i c r o s t ruc tu re of the i ron-20 w/o y t t r ium alloy. The white m a ­
t r i x phase is YFes ; ^̂  ^^ surrounded by what is apparent ly a eutect ic of alpha i ron and 
YFe5 . The i ron-20 w/o yttrium, alloy is the l a s t alloy p r e p a r e d in the i ron -y t t r i um 
s e r i e s that exhibited alpha i ron in i t s m i c r o s t r u c t u r e . An i ron -24 . 2 w/o y t t r ium al loy. 
F igure 6e , contains YFes ^^'^ YFe^ (as identified by X - r a y diffraction). Although this 
alloy is apparent ly short of the s to ich iometr ic YFe^ composi t ion, by 0. 1 w/o y t t r ium 
the p r e s e n c e of YFe4 indicates that the y t t r ium content is somewhat g r ea t e r than the 
amount needed to form YFes ^ '̂*- ^ "^/° y t t r ium) . This indicates e i ther a slight e r r o r in 
y t t r ium analys is or that YFes s'^ists and i s m o s t stable at an y t t r ium content slightly 
lower than the theore t ica l ly c o r r e c t s to ichiometr ic composi t ion. This is not a pure 
s ingle-phase alloy as would be expected; however , because of the na r row range of com­
posi t ions between YFes ^"•^ YFe4^, a smal l change in composit ion will cause a l a rge 
change in the amounts of mic rocons t i tuen t s p r e s e n t . This m a k e s it ve ry difficult to ob­
tain a pu re one-phase s t ruc tu re in this region. The m i c r o s t ruc tu re of i ron -32 . 1 w/o 
y t t r ium is depicted in F igure 6f. This alloy is near the YFe4 composit ion (28.4 w/o 
y t t r ium) . The s t ruc tu re is nea r ly one phase , p r e s u m e d to be YFe4. A 35. 6 w/o y t ­
t r ium alloy was p r e p a r e d to approximate the composit ion of YFe3 (34. 6 w/o yt tr ium) 
phase repor ted ; however, the s t ruc tu re of the resu l t an t alloy was two phase . No further 
information on this alloy was obtained; so the exis tence of YFe3 was nei ther subs tan t i ­
ated nor disproved. 

The r e su l t s of X - r a y diffraction s tudies of i r o n - y t t r i u m alloys a r e repor ted in 
Table 2. In analyzing these da ta , it was a s sumed that the X - r a y method is re la t ively 
insensi t ive to smal l quanti t ies of const i tutent . T h e r e f o r e , the use of meta l lography in 
conjunction with X - r a y diffraction i s n e c e s s a r y to obtain a complete understanding of 
the consti tution of the samples being invest igated. 

TABLE 2. RESULTS OF X-RAY DIFFRACTION STUDIES OF 
IRON-YTTRIUM ALLOYS 

Composit ion 
(Balance I ron ) , 

w / o 

11 yt tr iuin 
15. 3 y t t r ium 
20 y t t r ium 
24. 2 y t t r ium 
27 y t t r ium 
32. 1 y t t r ium 
51 ,8 y t t r ium 

Heat T rea tmen t 

As cas t 
As cast 
As cas t 
As cast 
As cast 
24 h r 800 C , wa te r quenched 
1 week 800 C, furnace cooled 

Intensi t ies 

a - I ron 

S 
V F 

VVF 
__ 
__ 
„ _ 

__ 

of Phase 

YFes 

VS 
VS 
MS 
VS 
MS 

- -

P a t t e r n s 

YFe4 

„ ™ 

- -
- -
VS 
MS 

S 
__ 

Ob se rved 

YFe2 

- , ™ 

- -
- -
- -
__ 
- -
S 

The s t ruc tu re of the YFes phase is unknown. X - r a y identification was effected by 
compar i son with X - r a y data available for the analogous CeFes compound. The pa t te rn 
cor responding to YFes was detected in the i ron alloys containing up to 27 w / o y t t r ium. 
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a. Iron-11 w/o Yttrium, As Cast 

The white phase is YFeg and the 
light-gray particles are alpha 
iron. 
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b. Iron-15.8 w/o Yttrium, (Oblicpe 
Lighting) As Cast 

The herringbone-type pattern indicates 
that the iron-1 
approximated. 
that the iron-YFe,- eutectic has been 

J 
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o 

o ^̂ 5::̂  .̂  
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RM11208 

c„ Iron-15,8 w/o Yttrium, Slowly 
Cooled From 1400 C 

The alpha iron has agglomerated 
and spheroidized. Cracks in the 
YFe. matrix have not propagated 
through the more ductile alpha-
iron particles. 

rf-^"? 

^,M.^>, tf V ^̂  
250X N57186 

d, Iron-20 w/o Yttrium, As Cast 

The white matrix phase is YFes, 
It is surrounded by what is ap­
parently a eutectic of alpha iron 
and YFe5. 

t' , t » 
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r* . / 

2 5 ox RM13657 

e, Iron-24.2 w/o Yttrium, As Cast 

YFe5 and YFe4 are present. The 
presence of YFe^ indicates that 
the yttrium content exceeds that 
necessary to form YFeg (24,3 w/o 
yttrium), although the alloy is 
apparently 0,1 w/o yttrium short 
of the stoichiometric YFe^ 
composition. 

r 

i *' * 

r 

-r 

^ 

RM11919 250X 

f, Iron-32.1 w/o Yttrium, Held 
24 Hr at 880 C, Water 
Quenched 

This structure is nearly one phase, 
presumed to be YFe^. 

FIGURE 6, MICROSTRUCTURES EXHIBITED BY IRON-YTTRIUM ALLOYS 
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The i ron-20 w / o y t t r ium alloy gave a ve ry ve ry faint diffraction pa t te rn for alpha i r o n , 
substant iat ing the in te rpre ta t ion of i ts m i c r o s t r u c t u r e . F igure 6d. The X - r a y pa t te rn 
obtained from the i r o n - 3 2 . 1 w/o y t t r ium alloy is typical of a l loys containing only one 
p h a s e . This pa t t e rn was taken to be that of YFe4 (28.4 w / o y t t r iu in) , and was used as 
a s tandard to identify this phase in other a l loys . One alloy containing 51. 8 w/o y t t r ium 
was examined by X - r a y methods and a phase i s o s t r u c t u r a l to MgCu2 was identified. 
This r e su l t was taken to indicate that the compound YFe2 (44. 2 w / o yt t r ium) ex i s t s . 

The System I r o n - C h r o m i u m - Y t t r i u m 

Study of the consti tution of i ron-20 to 40 w / o ch romium alloys containing up to 6 
w / o y t t r ium was c a r r i e d out. In o r d e r to accura te ly define the phase re la t ions in this 
region and gain an insight into the consti tution of nea rby a r e a s , it was n e c e s s a r y to e x ­
amine alloys whose composi t ions a r e outside of the a r e a of i n t e r e s t . The r e su l t s of 
th is invest igat ion a r e shown in F i g u r e s 3a through 3d, Phase re la t ions were der ived 
from the rma l a n a l y s e s , meta l lographic and X - r a y diffraction examina t ions , and through 
cons idera t ion of the b ina ry s y s t e m s involved. T h e r m a l - a n a l y s i s data a re p resen ted in 
Table 3, Metal lographic data a r e plotted in F i g u r e s 3a through 3d. X - r a y diffraction 
data a r e shown in Table 4 and a re plotted in F i g u r e s 3a through 3d. 

The i r o n - 2 0 , - 3 0 , and -40 w / o ch romium a l l oys , containing l e s s than 6 w / o y t ­
t r i u m , usual ly show t h r e e t h e r m a l a r r e s t s . On hea t ing , the f i r s t inflection in the curve 
or a r r e s t occu r s at 1320 to 1330 C , apparent ly indicat ing the mel t ing of Y F e s . The 
second a r r e s t occu r s between 1467 and 1498 C and indica tes the beginning of mel t ing of 
the alpha i r o n - c h r o m i u m phase . The final a r r e s t occu r s from 1429 to 1549 C and is 
a s soc ia ted with complete mel t ing . In g e n e r a l , the addition of y t t r ium lowers the solidus 
and liquidus t e m p e r a t u r e s of the i r o n - c h r o m i u m a l loys . No evidence of mel t ing at t e m ­
p e r a t u r e s below 1320 C was observed in the i ron-20 to 40 w/o ch romium-y t t r i um al loys . 
Apparent ly mel t ing a s soc ia t ed with the b inary i r on -y t t r i um eutectic (1257 C) and any 
t e r n a r y eutect ic resul t ing from the addition of chromium to the b inary sys tem is ei ther 
too slight to be detected in these al loys or e lse mel t ing assoc ia ted with this eutectic is 
r e s t r i c t e d to i r o n - r i c h a l loys . On the bas i s of t he rma l ana lys is and meta l lographic 
data the la t te r appea r s m o r e probable with YFes existing in equi l ibr ium with i ron-20 to 
40 w/o chromium alloys up to the mel t ing point of this compound. 

The phase re la t ions exist ing at 1250 C (see F igure 3a) were der ived mainly from 
meta l lographic examinat ion of h e a t - t r e a t e d alloys and X - r a y diffraction examination of 
an i ron-50 w / o c h r o m i u m - 3 w / o y t t r ium al loy, which indicates the existence of the 
alpha plus YFes region. The m i c r o s t r u c t u r e of th is alloy is shown in F igure 7, YFe5 
appears as light pa r t i c l e s in an alpha m a t r i x . The extent to which the alpha plus YFes 
field extends toward the ch romium c o r n e r is deduced from information obtained at 
lower t e m p e r a t u r e s . The other phase re la t ions at 1250 C a r e in fe r red from the b inary 
sys t ems involved. 

At 1100 C (Figure 3b) the phase re la t ions a r e essen t ia l ly the same as at 1250 C. 
The d isappearance of l iquid and the p r e s e n c e of YFe3 and YFe2 a r e in fe r red from the 
avai lable information on the b inary s y s t e m s . Although alloy studies were not c a r r i e d 
out in these r e g i o n s , dashed l ines a r e used to indicate the probable existence range of 
these compounds. The extent to which the a lpha -p lu s -YFes field is stable is not exactly 
es tab l i shed . X - r a y diffraction studies of i r o n - 5 0 , - 6 0 , - 6 5 , and -70 w / o chromium 
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TABLE 3. THERMAL ANALYSES OF IRON-CHROMIUM-YTTRIUM ALLOYS 

Composition 
(Balance I ron ) , 

w / o T e m p e r a t u r e s of The rma l A r r e s t s , C 

20 Cr 
20 Cr 
20 Cr 
20 Cr 
20 Cr 
20 Cr 
20 Cr 
20 Cr 

30 Cr 
30 Cr 
30 Cr 
30 Cr 
30 Cr 
30 Cr 
30 Cr 
30 Cr 
30 Cr 

40 Cr 
40 Cr 
40 Cr 
40 Cr 
40 Cr 
40 Cr 

45 Cr 
50 Cr 
60 Cr 
65 Cr 
70 Cr 

-0, 
-0. 
-0 

04 Y^a) 
10 Y 
22 Y 

-0.29 Y 
-0.5 Y^^) 
-1 Y(b) 
-3 Y(b) 
-6 Y(b) 

-0, 
-0 
-0 
-0 
-0 

05 Y 
10 Y 
15 Y 
18 Y 
25 Y 

-0.73 Y 
-2 Y(b) 
-3 Y(b) 
-6 YW 

-0 
-0 
-0 
-1 
-2 
-5 

-3 
-3 
-5 
-5 
-5 

25 Y 
39 Y 
5y(b) 

Y(b) 
Y(b) 
2 Y 

Y(b) 
Y(b) 
Y(b) 

Y(b) 
Y(b) 

— 
__ 
__ 
__ 
__ 
1327 
1335 
1329 

__ 

1328 
1322 
1318 
1324 
1321 
1326 
1321 
1320 

1321 
1315 
1319 
1312 
1316 
1303 

1309 
1292 
1253 
__ 
— 

1470 
1484 
1480 
__ 
--
--
__ 
--

1467 
1423 
1479 
1454 
1472 
1491 
1471 
1467 
--

1498 
1474 
1470 
1492 
1470 

1500 
1495 
__ 
__ 
1482 

1495 
1509 
1497 
1503 
1493 
1503 
1527 
1429 

1495 
1505 
1505 
1505 
1509 
1508 
1495 
1481 
1479 

1541 
1549 
1540 
1531 
1539 
--

1552 
1565 
1563 
1561 
1551 

(a) Arrests of the iron-20 w/o chromium-yttrium alloys were obtained by the inverse-rate method. 
(b) Nominal composition. 
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TABLE 4. RESULTS OF X-RAY DIFFRACTION STUDIES OF 
IRON-CHROMIUM-YTTRIUM ALLOYS 

Alloy Composit ion 
(Balance I ron) , 

w /o 

Intensi t ies of Phase 
P a t t e r n s Observed 

Heat T rea tmen t 
(a) 

Alpha Iron-
Chromium YFe. YFe4 

35 Cr-0.5 Y 

35 Cr-3 Y 

35 Cr-6 Y 

40 Cr-6 Y 

50 Cr-3 Y 

50 Cr-3 Y 

60 Cr-5 Y 

65 Cr-5 Y 

70 Cr-5 Y 

10 days 900 C 

10 days 900 C 

10 days 900 C 

10 days 900 C 

3 hr 1250 C 

4 hr 1100 C 

4 hr 1100 C 

4 hr 1100 C 

4 hr 1100 C 

VS 

VS 

VS 

VS 

VS 

VS 

VS 

VS 

VVF 

V F 

F 

M F 

M 

M F 

F+ 

VVF 

VS 

(a) Water quenched. 
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FIGURE 7. IRON-50 w / o CHROMIUM-3 w / o YTTRIUM ALLOY HELD 3 HR 
AT 1250 C AND WATER QUENCHED 

YFe appea r s as l ight pa r t i c l e s in the alpha i r o n - c h r o m i u m m a t r i x . 

al loys containing 3 to 5 w / o y t t r ium show that alpha i ron plus YFes ^^^ p re sen t ; how­
e v e r , meta l lographic examination indicates that th ree phases a r e p re sen t in the 60, 65 , 
and 70 w / o chromium alloys at 1100 C. Assuming that equi l ibr ium was obtained, the 
t h i rd phase may be e i ther Y F e 4 , some other y t t r i u m - i r o n compound, or e lementa l 
y t t r i um. 

Phase equi l ibr ia at 900 C a r e p r e sen t ed in F igure 3c, Metallographic examina­
t ions show that the i ron -35 w / o ch romium-6 w / o y t t r ium and i ron-40 w / o c h r o m i u m -
2. 4 and 5. 2 w / o y t t r ium alloys contain YFe4 in addition to alpha and Y F e s . Inasmuch 
as only smal l quantit ies of YFe4 a r e p r e s e n t , only a very ve ry faint diffraction pa t t e rn 
of YFe4 was obtained from the i ron-40 w / o c h r o m i u m - 5 . 2 w / o y t t r ium alloy to sub­
stant iate the compound identification. F igure 8 shows this l a t t e r alloy; the s m a l l , 
light gray pa r t i c l e s a re YFe4 in a m a t r i x of alpha i r o n - c h r o m i u m and Y F e s . A photo­
m i c r o g r a p h of i ron-30 w / o c h r o m i u m - 5 . 2 w / o y t t r i u m , quenched from 900 C is seen in 
F igure 9. The s t ruc tu re is alpha plus YFes and i s p r e sen ted for compar i son with the 
i ron-40 w / o c h r o m i u m - 5 . 2 w / o y t t r ium alloy shown in F igure 8. The very smal l black 
inclusions a re Y2O3. A m i c r o s t r u c t u r e typical of low-y t t r ium alloys in the a lpha -p lus -
YFes phase field is shown in F igure 10. This i ron -35 w / o c h r o m i u m - 0 , 5 w / o y t t r ium 
alloy was quenched f rom 900 C. 

Constitution at 600 C i s a l t e red by the appearance of s igma in the i r o n - c h r o m i u m 
sys tem as indicated in F igure 3d. S igma-phase formation was es tabl i shed by ha rdnes s 
m e a s u r e m e n t s and meta l lography . High ha rdnes s n u m b e r s , of the o rde r of 1000 to 
1200 VPH, were taken to indicate that s igma is p r e s e n t . Sigma formation is sluggish 
and a high degree of cold work i s n e c e s s a r y to promote i ts formation in a reasonable 
length of t i m e . T h e r e f o r e , al loys that could not be cold worked (those containing m o r e 
than 1 w/o yt t r ium) did not at tain equi l ibr ium and could not be used to a sce r t a in cons t i ­
tution with r e g a r d to the p re sence of s igma. However , ha rdnes s studies on alloys con­
taining I w /o y t t r ium or l e s s es tabl ished that YFes is in equi l ibr ium with s igma at 
600 C. At this t e m p e r a t u r e , y t t r ium removes i ron from the alpha i r o n - c h r o m i u m 
solution to form Y F e s , leaving the m a t r i x r i che r in c h r o m i u m , and permi t t ing the 
s igma composit ion to be a t ta ined, even in i r o n - r i c h a l loys . F igure 11 shows the 
m i c r o s t r u c t u r e of an i ron-40 w / o ch romium al loy , cold reduced 80 per cent and heat 
t r e a t e d at 600 C for 3 months . The white por t ion is alpha i r o n - c h r o m i u m (hardness 
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FIGURE 8, IRON-49 w/o CHROMIUM-5,2 w/o YTTRIUM ALLOY 
HELD 10 DAYS AT 900 C AND WATER QUENCHED 

The small, light-gray particles are YFe^ in a matrix 
of alpha iron-chtomium and YFe,-, 

RM12049 

FIGURE 9. IRON-30 w/o CHROMIUM-6 w/o YTTRIUM ALLOY HELD 
10 DAYS AT 900 C AND WATER QUENCHED 

Structure is alpha iron-chromium plus YFeg. The very 
small black inclusions are YgO ĵ, 
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RM12051 250X 

FIGURE 10, IRON-35 w/o CHROMIUM-0.5 w/o YTTRIUM ALLOY 
HELD 10 DAYS AT 900 C AND WATER OUENCHED 

Microstructure is typical of low-yttrium alloys in the 
alpha-plus-YFeg phase field. 
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250X RM12475 
FIGURE 11 . IRON-40 w/o CHROMIUM ALLOY HELD 3 MONTHS AT 

600 C AND WATER QUENCHED 

The white portion is alpha iron-chromium (hardness ?90 VPH) and 

the areas containing small particles are alpha plus sigma (hardness 

600 VPH). 

250X RM12478 

FIGURE 12. IRON-40 w/o CHROMIUM-1 w/o fTTRlUM ALLOY HELD 
3 MONTHS AT 600 C AND WATER OUENCHED 

The black particles are holes representing the YFcv» removed by the 
etching operation to bring out the structure of the sigma phase. The 
hardness of this sample is 600 VPH. 



20 

290 VPH) and the a r e a s containing smal l pa r t i c l e s a r e alpha plus s igma (hardness 600 
VPH). A somewhat s imi la r s t r u c t u r e . F igure 12, is found in i ron-40 w / o ch romium-1 
w / o y t t r i u m , which was cold reduced and heat t r ea ted under the same conditions as the 
above i ron-40 w/o chromium alloy. The black pa r t i c l e s a re holes represen t ing the 
Y F e s , removed by the etching opera t ion when etching to bring out the s t ruc tu re of the 
s igma phase . The ha rdness of this sample is 600 V P H , supporting the meta l lographic 
data and the in te rpre ta t ion that s igma form.ation took p l ace . 

SUMMARY AND CONCLUSIONS 

The solid solubili ty of y t t r ium in i r o n - 2 0 , - 3 0 , and -40 w / o chromium was 
de te rmined by meta l lographic methods and is indicated in F igure 1. Maximum solu­
bi l i ty occur s nea r the solidus t e m p e r a t u r e , 1320 C, and is approximate ly 0. 12 w / o 
y t t r i um. However , y t t r ium solubility d e c r e a s e s rapidly with decreas ing t e m p e r a t u r e 
and at 600 C, the solubili ty is below 0.05 w / o y t t r i um. In g e n e r a l , it is apparent that 
y t t r ium solubility i n c r e a s e s slightly with ch romium content , all other factors being 
constant . 

The consti tution of the i r o n - r i c h al loys of the i r o n - y t t r i u m sys tem was i nves t i ­
gated. F igure 2 shows the por t ion of the i r o n - y t t r i u m phase d iagram es tabl i shed by 
th i s study. The p r e s e n c e of YFes was e s t ab l i shed , and a eu tec t i c , exist ing between 
YFes and i r o n , was found to occur at 1257 C. AD. in t e rmeta l l i c compound bel ieved to be 
YFe4 was found. 

The phase re la t ions exis t ing in the i ron -ch romium-y t t r iuna sys tem were de l ine­
ated for the region of 20-40 w / o ch romium to 6 w / o y t t r i um. In addit ion, information 
obtained f rom alloys outside of the above a r e a p e r m i t t e d es tab l i shment of tentat ive 
t e r n a r y re la t ions for i r o n - c h r o m i u m alloys containing sraall amounts of y t t r ium. These 
tentat ive phase re la t ions a r e p r e s e n t e d in F igure 3, Upon exceeding the solubility 
l imi t for y t t r ium in the i r o n - 2 0 , 30 , and 40 w / o ch romium a l l oys , YFeS a p p e a r s . 
Above 815 C, the consti tut ion of these al loys thus becomes alpha plus Y F e s . At 900 C, 
i s as much as 6 w / o y t t r i um is p r e s e n t in i ron -35 w / o c h r o m i u m , and 2. 4 w / o y t t r ium 
in i ron-40 w / o c h r o m i u m , the t h r e e - p h a s e reg ion , alpha plus YFes plus YFe4 , i s 
s tab le . Below 815 C, s igma phase i s formed in the i r o n - c h r o m i u m sys tem and phase 
re la t ions become a l t e r e d . Sigma en t e r s into equi l ibr ium with Y F e s . The formation of 
YFes effectively lowers the i ron content of the alloy m a t r i x , pe rmi t t ing the at tainment 
of the s igma-phase composit ion; t h e r e f o r e , s igma can exist even in ve ry i r o n - r i c h 
al loys as shown in F igure 3d, 
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