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THE E F F E C T OF MANGANESE AND SILICON CONTENT ON THE 
HOT WORKABILITY OF TYPE 304 STAINLESS STEEL 

CONTAINING 2 w/o BORON 

by 

L. C. Hymes and N. Balai 

ABSTRACT 

Increased hot workabil i ty of Type 304 s ta inless s teel 
containing approximately 2 w/o boron was obtained by main­
taining the manganese and si l icon contents of the alloy above 
minimum levels of 1.40 w/o and 0.60 w/o , respect ively. 
Close control of the range of tejxiperatures over which hot 
working was c a r r i e d out was also demonst ra ted to be of i m ­
por tance. However, over the range investigated variat ion in 
the t empe ra tu r e of hot working was of secondary significance 
as compared with alloy composition. 

INTRODUCTION 

The use of boron as a r eac to r control m a t e r i a l has been of in te res t 
because of i ts high capture c ro s s section for the rmal neutrons. The opera­
tional problems resul t ing from use of boron-containing ma te r i a l s for con­
t ro l and shielding have been d iscussed quite extensively in the l i t e ra tu re . 
This publication, however, deals only with the specific problem of incor­
porating significant quantit ies of boron in an austenit ic s ta inless s teel with­
out reducing the hot working proper t i es of the melted and cast alloy to such 
an extent that it loses all p rac t ica l application in the wrought form. No 
complete solution to the problem has been discovered to date. Indeed, the 
bes t r esu l t s to date st i l l place austenit ic s ta inless s teels containing 2 w/o 
boron in a c lass which must be considered a difficult product to convert 
from a cast s t ruc tu re to a usable wrought product with any degree of 
economic pract ica l i ty . The par t icu la r point which is presented herein is 
the fact that with reasonable control of composition and hot working condi­
tions the difficulties can be minimized and sat isfactory resu l t s obtained. 

At p resen t no a t tempt should be made to extrapolate those data to 
higher boron contents or to completely explain the resu l t s at the level 
present ly under considerat ion. This must of necess i ty be a p rog res s r e ­
port and an at tempt to s t imulate additional work on alloys of this type as 
long as they a r e considered acceptable for use as control ma te r i a l s up to 
reasonable levels of burnup. 



BACKGROUND 

In 1932, Wasmuht^ -' exper imented with 18-8 s ta inless s teel con­
taining boron. He succeeded in producing precipi ta t ion-hardening alloys 
of this grade with 0.55 to 1.14% boron and about 0.15% carbon. 

In 1957, the r e su l t s of work c a r r i e d out in England by T. H. Middle-
ham and associates^^^ was published, indicating success in forging F e - B - A l 
alloys containing up to 4.75 w/o boron. The success is at tr ibuted to a shift 
in the eutectic composition, resul t ing in a dec rease in the size as well as 
amount of the ha rd phase presen t . An inc rease in solid solubility seems 
to be ruled out, since no significant s t ruc tu ra l change was obtained with 
quenching or annealing. 

Almost al l work c a r r i e d on in this country dealing with boron-
bear ing s tee ls has been concerned with re la t ively smal l additions of boron 
for the purpose of improving hardenabil i ty, conserving s t ra tegic ma te r i a l s , 
and inore recent ly in the field of h igh- t empera tu re alloys. In none of these 
applications does the boron content approach the level which is deemed nec­
e s s a r y for sat isfactory use as a r eac to r control ma te r i a l . The afore­
mentioned uses of boron have been, in a lmost all cases , r e s t r i c t e d to levels 
below 0.003 w/o , although some exper imenta l h igh- tempera ture alloys have 
been compounded with as inuch as 1 w / o boron. In the case of one of these 
al loys, cobal t -base S-8I6, boron contents over 0.15 w/o render the ma te r i a l 
unforgeable and uses a r e l imited to cast products.(3) 

The physical meta l lurgy of low boron- i ron base alloys and the 
bas ic Fe-Fe2B sys tem have been covered in grea t length, and in spite of 
many as yet unresolved inconsis tencies the use of boron in smal l amounts 
as an alloying element in s teels has been general ly accepted. The study of 
boron as a major alloying element has so far been r e s t r i c t e d p r imar i ly to 
the nuclear industry . A fair amount of Type 304 s ta inless steel with up to 
2 w/o boron has been produced and is in use . However, there apparently 
has been no detai led study of the effects of adding boron at this level, or 
of possible methods of further modifying the s ta in less alloy to obtain a more 
easi ly handled product. Though produced comnaercially, the ma te r i a l st i l l 
mus t be considered to be in the exper imenta l stage with respec t to producing 
a wrought product. 

Boron has a very low solubility in both a and -y i ron. Also, the com­
plex bor ides formed with Fe , Ni, Cr, and C in commerc ia l alloys impar t a 
condition of ex t r eme hot shor tness in the range of normal working t e m p e r a ­
t u r e s . This is a t t r ibuted to the p resence of the hard boride phase as well as 
eutectic melting encountered at these t e m p e r a t u r e s . Significant in te rgranular 
melt ing has been observed as low as 1175°C in both cobalt- and i ron-base 
alloys containing boron.''*'' The NiB sys t em exhibits a eutectic at about 



1 0 8 0 ° C , ' 5 j w h e r e a s t h e F e - B e u t e c t i c t e m p e r a t u r e i s a b o u t 1 1 7 5 ° C . C r - N i 
s t a i n l e s s s t e e l s c o n t a i n i n g o n l y 0 .50 w / o B e x h i b i t d e t r i m e n t a l e u t e c t i c 
m e l t i n g a b o v e 1200*^0. A t t h i s l e v e l of b o r o n c o n t e n t , h o t - w o r k i n g c h a r a c ­
t e r i s t i c s i m p r o v e a s t h e c a r b o n c o n t e n t i s d e c r e a s e d . ! " / 

C U R R E N T W O R K 

I n t e r e s t a t A N L i n t h e p r a c t i c a l a s p e c t s of h o t w o r k i n g t h e b o r o n -
b e a r i n g T y p e 3 0 4 w a s h e i g h t e n e d w h e n s e v e r a l i n g o t s p r o v e d to b e c o m ­
p l e t e l y u n m a n a g e a b l e a f t e r s u f f i c i e n t s u c c e s s i n f a b r i c a t i o n of t h e a l l o y h a d 
b e e n a c h i e v e d t o w a r r a n t i t s u s e i n t h e E x p e r i m e n t a l B o i l i n g W a t e r R e a c t o r . 

A c u r s o r y e x a m i n a t i o n i n d i c a t e d t h a t a r e a d i l y a p p a r e n t r e a s o n 
e x i s t e d f o r t h e p o o r p e r f o r m a n c e of t h e s e i n g o t s . A s s h o w n i n T a b l e I, t h e 
p r e s e n c e of m a n g a n e s e a n d s i l i c o n a t a l e v e l n o r m a l l y a s s o c i a t e d w i t h 
r e s i d u a l a n a l y s i s i s t h e p r o p e r t y w h i c h s e t s t h e t w o l o w y i e l d i n g o t s a p a r t 
f r o m t h e b a l a n c e of t h e m a t e r i a l . An a d d i t i o n a l 18 i n g o t s s u p p l i e d b y cojtn-
m e r c i a l f a b r i c a t o r s t o a c o m n a e r c i a l n u c l e a r p o w e r o r g a n i z a t i o n r e v e a l e d 
t h e s a m e r e l a t i o n s h i p . T w o h e a t s w i t h s i l i c o n c o n t e n t s of 0 .10 w / o a n d 
n o r m a l m a n g a n e s e ( l . 6 0 w / o ) w e r e a s s o c i a t e d w i t h v e r y l o w y i e l d s . 

T a b l e I 

C H E M I C A L C O M P O S I T I O N S AND Y I E L D S O F C O M M E R C I A L 
V A C U U M M E L T E D 2 w / o BORON T Y P E 304 

S T A I N L E S S S T E E L INGOTS 

H e a t 

1 

2 

3 

4 

5 

6 

7 

8 

Y ie ld , 

% 

V e r y 
Low 

0 

50 

50 

. 50 

50^ 

. 50 

, 50 

A n a l y s i s , Weight P e r C e n t 

C 

0 .02 

0 . 0 5 

0 .07 

0 .05 

0 . 0 5 

0 .02 

0 . 0 5 

0 .02 

Mn 

0.10 

0 .06 

1.47 

1.81 

1.66 

1.65 

1.63 

1.17 

P 

0 .013 

0 .009 

0 .011 

0 .008 

0 .008 

0 .017 

S 

0 .011 

0 .015 

0 .004 

0 .014 

0 .011 

0 .016 

0 .002 

0 .012 

Si 

0.08 

0 .18 

0 .53 

0 .47 

0 .56 

0 .46 

0 .54 

0 .55 

C r 

18.97 

19.06 

18.82 

18.33 

19.06 

18.90 

18.48 

17.54 

Ni 

9.60 

9 .38 

8.70 

9.60 

9.92 

9 .46 

9 .46 

9 .60 

B 

2.00 

1.92 

2.02 

2.02 

L 9 1 

2.01 

2 .13 

2 .08 

N 

0 . 0 0 6 a 

a A N L a n a l y s i s . 
^ Y i e l d low d u e to p o u r i n g p r o b l e m s . 



Subsequent remel t ing of the commerc ia l s c r ap at ANL with appro­
pr ia te additions of manganese and silicon to obtain analyses more typical 
of commerc i a l Type 304 resu l t ed in sat isfactory hot-working p roper t i e s . 
"Satisfactory" does not imply ease of working. Compared to s t ruc tu ra l or 
low alloy s tee ls and most of the austenit ic s ta inless s tee ls , the hot working 
of 2 w /o boron s ta in less s tee l mus t s t i l l be considered a c r i t ica l operation 
requir ing careful control of operating p rac t i ces . 

The Effect of Variat ion in Composition on Hot Workability 

Four smal l ingots were vacuum, mel ted from the commerc ia l s c r ap 
with alloy additions, and the resul tan t compositions a r e indicated in Table II. 
Ingot No, 1 was a r eme l t of the commerc ia l s c rap with no additions, and 
served as a control . 

Table II 

CHEMICAL COMPOSITIONS OF ANL VACUUM 
MELTED EXPERIMENTAL INGOTS 

Ingot 
No. 

X 

1 

2 

3 

Analysis , Weight Per Cent 

C 

0.05 

0,03 

0.03 

0.02 

Mn 

1.40 

0.09 

1.45 

1.53 

S 

0.017 

0.010 

0.020 

0.021 

Si 

0.68 

0.10 

0.10 

0.11 

Cr 

18.69 

18.97 

18.79 

18.71 

Ni 

9.33 

9.45 

9,30 

9.35 

B 

2.19 

2.29 

2.44 

2.36 

N 

0.021 

0.014 

0.013 

0.020 

The re la t ive hot workabil i ty of the ingots, as measu red by the amount 
of edge cracking resul t ing on conversion from a 2 x 4 - i n . c ros s section to 
• | - in . - th ick s t r i p i s indicated in F igure 1. Edge cracking and tear ing to a 
depth of one inch is apparent in the product of ingot No. 1, the low-Mn, 
low-Si ingot. The product of this ingot was ext remely magnetic . The prod­
uct of ingot X was ve ry good, exhibiting vir tual ly no edge cracking. This 
m a t e r i a l was slightly magnet ic . The s t r ip rol led from ingot No. 3 (normal 
Mn, low Si) contained some edge c racks and was only slightly improved over 
the original ana lys is . This product was nonmagnetic. 

No product was obtained from ingot No. 2. The bil let broke up ear ly 
in the roll ing. This ingot had vir tual ly the same analysis as ingot No. 3. 
The only difference in the two was that ingot No, 3 was melted with ni t rogen-
bearing electrolyt ic manganese and the electrolyt ic manganese used for ingot 
No. 2 contained no ni trogen. However, the re does not appear to be enough 
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d i f f e r ence in the n i t r o g e n l e v e l s of the p r o d u c t to accoun t for the d i f fe rence 
in hot w o r k a b i l i t y , nor i s t h e r e suff ic ient ev idence to i nd ica t e tha t n i t r o g e n 
in i t s e l f in t h i s a m o u n t would i m p r o v e the hot w o r k a b i l i t y . 

, _ J _ _ . - » » . » — . * — — . - . < • -'* • ' > - - i i ^ k . „ ^ . 

Iniet No.l-.03%C, 09% Mn. 10% s, 

taflof No.3-.03%C, I 45% Mn, 10% Si 

( 

IftfOf No X- 0 5 % C, I 40% Mn. 68% Si 

F i g u r e 1. T h e E f f e c t of V a r i a t i o n in A l l o y C o m p o s i t i o n of E d g e C r a c k i n g 
O b s e r v e d i n S t r i p R o l l e d f r o m T y p e 3 0 4 S t a i n l e s s S t e e l C o n t a i n ­
i n g 2 w / o B o r o n 

T h e o v e r a l l r e s u l t s t e n d t o i n d i c a t e t h a t b o t h t h e M n a n d Si s h o u l d 
b e a b o v e a g i v e n m i n i m u m t o y i e l d t h e b e s t h o t - w o r k i n g p r o p e r t i e s . T h i s 
c o u l d b e a s s o c i a t e d w i t h t h e d e g r e e a n d t y p e of d e o x i d a t i o n e m p l o y e d a n d 
t h e p r e s e n c e a n d p r o p e r t i e s of d e l t a f e r r i t e a t t h e r o l l i n g t e m p e r a t u r e s . 

T h e c o m m e r c i a l h e a t s e n c o u n t e r e d h a d i n d i c a t e d t h a t t h e p r o d u c t 
of h i g h - y i e l d i n g o t s w a s n o n m a g n e t i c w h e r e a s t h e p r o d u c t of t h e p o o r i n ­
g o t s w a s s t r o n g l y m a g n e t i c . A s i n d i c a t e d e a r l i e r , t h e b e s t l a b o r a t o r y 
i n g o t p r o d u c e d w a s s l i g h t l y m a g n e t i c . T h e p r e s e n c e of s i g n i f i c a n t a m o u n t s 



of delta fe r r i t e , resul t ing in a duplex s t ruc ture at elevated t empe ra tu r e s , is 
known to reduce the hot workabili ty of the austenit ic s ta inless s tee ls . It is 
postulated that the p resence of a significant amount of delta fe r r i t e at hot-
working t e m p e r a t u r e s contr ibutes great ly to the lack of hot workabili ty of 
this alloy. The p re sence of the hard, br i t t le boride phase reduces the amount 
of delta fe r r i t e n e c e s s a r y to resu l t in g ro s s det r imenta l effects. 

Although inc reased silicon contents tend to resu l t in more delta 
f e r r i t e , the sil icon appears to be n e c e s s a r y for hot ductility. This may be 
a resu l t of the effect of inc reased sil icon on the proper t ies of any delta 
fe r r i t e p resen t as well as its effect on the composition of nonmetall ic in­
c lus ions . The stiffening effect of the sil icon on delta fe r r i t e may make it 
more compatible with the boride phase. 

The p resence of the delta f e r r i t e may be only a secondary factor in 
view of the br i t t le bor ides and possibi l i t ies of eutectic 3xielting. The fact 
that inc reased nickel contents s eem to have no great effect whereas the 
manganese content appears to be highly significant indicates that the major 
problem may not be the p resence of austenite s tab i l i ze rs , but mere ly the 
need for manganese to reduce hot shor tness resul t ing from the p resence of 
FeS. However, at this stage the observed difference in the rollabili ty of 
magnet ic and nonmagnetic m a t e r i a l makes the effect of the h igh- tempera ture 
fe r r i t e worthy of study. 

The Effect of T e m p e r a t u r e on Hot Workability 

The effect of soaking t empe ra tu r e on the hot workability of the 
var ious composit ions was appra ised by use of a hot upset tes t . In this test , 
smal l cyl inders , — in. in d iameter and 1-i in., long, were machined from a 
portion of the a s - c a s t product and upset var ious araounts over a range of 
t e m p e r a t u r e s . 

At its best , this tes t is only qualitative and often contradictory. 
When possible , the hot upset t e s t should be replaced by a hot twist tes t to 
de te rmine the ability of the m a t e r i a l to withstand hot plast ic deformation 
and the force requ i red to pe r fo rm the hot work. 

As indicated in F igure 2, ingots X, 1, and 3 all displayed almost a 
complete lack of good forgeabili ty cha rac t e r i s t i c s as measured by the hot 
upset tes t . Those samples which were upset after soaking at 1165°C did 
not show a g rea t d e c r e a s e in forgeabil i ty due to anticipated eutectic me l t ­
ing. In fact, al l soaking t e m p e r a t u r e s between 1065°C and 1165°C seemed 
to produce the same resu l t . 
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Ingot No. 1 3 X 

Soak Temperature 
Oc Percent Upset 

1010 ' ' 40 

1065 40 

1095 40, 80 

1105 40 

1165 V • 80 

AlSi Type 304 Coottol Samples 
1065 20. 40, 80 

F i g u r e 2 . R e s u l t of H o t U p s e t T e s t i n g S a m p l e s of V a r i o u s A l l o y C o m p o ­
s i t i o n s O v e r a R a n g e of T e m p e r a t u r e s f r o m 1 0 1 0 ° - 1 1 6 5 ° C . S i d e 
V i e w i s S h o w n of 4 0 % U p s e t S a m p l e s , T o p V i e w i s S h o w n of 8 0 % 
U p s e t S a m p l e s . 

M e t a l l o g r a p h i c s t u d y of s a m p l e s h e a t e d a t 1160°C a n d w a t e r 
q u e n c h e d s h o w e d n o e v i d e n c e of i n t e r g r a n u l a r m e l t i n g . H o w e v e r , b a s e d on 
i n f o r m a t i o n on t h e k n o w n e u t e c t i c t e m p e r a t u r e s , a n d t h e p o s s i b i l i t y of u n ­
d e t e c t e d e f f e c t s of t h e i n c r e a s e d t e m p e r a t u r e , t h e h o t w o r k i n g of e x p e r i ­
m e n t a l i n g o t s w a s c o n t r o l l e d t o p r o v i d e a n a a x i m u m s o a k t e m p e r a t u r e of 
1105°C a n d a h o t w o r k i n g r a n g e f r o m 1040°C t o 1 0 9 5 ° C . 

A s i l l u s t r a t e d i n F i g u r e 3 , t h e m i c r o s t r u c t u r e of t h e a s - c a s t a n d 
t h e a s - r o l l e d , a n n e a l e d a n d w a t e r - q u e n c h e d s a m p l e s of t h e w o r k a b l e a n d 
u n w o r k a b l e c o n n p o s i t i o n s g i v e n o a p p a r e n t i n d i c a t i o n of a r e a s o n f o r t h e 
d i f f e r e n c e i n h o t w o r k a b i l i t y . 



F i g u r e 3. Hot Rol led , Annea l ed and Wate r Quenched M i c r o s t r u c t u r e of 
2% B o r o n Type 304 S t a i n l e s s S tee l , (a) High y ie ld m a t e r i a l -
1.40% Mn, 0.68% Si; (b) Low yie ld m a t e r i a l - 0.09% Mn, 
0.10% Si. O r i g i n a l Mag. 250X, e tched wi th M a r b l e s Reagen t . 

SUMMARY 

B a s e d on the r e s u l t s of c o m m e r c i a l h e a t s and those a c h i e v e d with 
the l a b o r a t o r y ingots it a p p e a r s d e s i r a b l e to specify that the m a n g a n e s e 
con ten t of the 2 w / o b o r o n Type 304 s t a i n l e s s s t e e l be a i i i in imum of 1.50%. 
L i k e w i s e , a m i n i m u m con ten t of 0.50% s i l i con i s now speci f ied by ANL. 
B e c a u s e of the p o s s i b i l i t y of e x c e s s i v e i n t e r g r a n u l a r me l t i ng at r e l a t i v e l y 
low t e m p e r a t u r e s , l i m i t i n g the m a x i m u m soaking t e m p e r a t u r e for ingots 
of th i s g r a d e i s a l s o i nd i ca t ed . F u r t h e r s tud ie s of the hot work ing of th i s 
a l loy a p p e a r to be in o r d e r a s long a s it i s c o n s i d e r e d a wor thwhi l e c o n t r o l 
m a t e r i a l . 

In the r e a l m of p r o g n o s t i c a t i o n , t he study of the effect of i n c r e a s ­
ing the n i t r o g e n con ten t of the a l loy m a y be r e w a r d i n g . If m o r e of the 
b o r o n can be m a i n t a i n e d m the p r o d u c t a s BN, a f o r m known to be 
inef fec tua l wi th r e s p e c t to h a r d e n a b i l i t y , a d e c r e a s e m the o b s e r v e d hot 
s h o r t n e s s m a y r e s u l t . The d i s p e r s i o n of fine p a r t i c l e s of BN migh t p r o v e 
to r e d u c e the amoun t and p a r t i c l e s i z e of the c o m p l e x i r o n - b o r i d e e u t e c t i c 
p r e s e n t . At the s a m e t i m e , the p r e s e n c e of d i s s o l v e d n i t r ogen should 
p r o v i d e i n c r e a s e d a u s t e n i t e s t ab i l i t y a t ho t -work ing t e m p e r a t u r e s . 
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