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STABLE PHASES IN AGED TYPE 321 STAINLESS STEEL* 
- - - --- 

""TER ..-- - MlSTER 
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Metal s and Cerami cs D i  v i  sion , Oak Ridge National Laboratory 
Oak Ridge, TN 37830 

X-ray diffraction gnd Analytical Electron Microscopy have been used to  
characterize the precipitate phases present i n  type 321 stainless steel a f t e r  
1 7  years of service . a t  ~ 6 0 0 ~ C .  The morphology, crystallography, and orienta- 
tion relationships w i t h  the matrix of the precipitates have been determined 
along with the chemical composition of several of the phases. 
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Long-term aging of type 321 stainless steel indicates Tic, not M23CC, qs 
the stable carbide phase. A theory is developed t o  explain appearance of 

a t  intermediate times. The theory also indicates the means for prevent- 
3ng b?23C6 formation and hence sensitization of the steel t o  intergranular 

. corrosion. The amount of sigma found correlates well with results from 
shorter ttme studies. Ti4C2S2 and a complex pbsphf de-arsenide were a1 so 

. present. 
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Recently a piece of type 321 stainless steel tubing, which had fai led ,.I .'- .- ' - '"! 
a f t e r  some 17 years of service between ~ 5 6 6  and 607°C (1050 and 1125°F) i n  a 

C/..  

superheater of a coal -f i  red boi 1 er, became avai lab1 e for  metallurgical exami - - 
nation. I t  was part of a fai led weld; i t  had been joined to 2% Cr-1 Mo steel LPJ 

Q 
by means of Inconel 132 we1 d metal. > 

', 
ZT 

In previous reports [1,2] the examinaticn of th is  steel was somewhat f a  

cursory. There was not a great deal of interest  because t h e  fa i lure  had 
occurred between the 2% Cr-1 Mo steel and the Inconel 132 weld metal rather . 

f'c 
i 

than i n  o r  adjacent to the type 321 stainless steel .  However, titanium- 
modified s tee ls  are of more than passing interest  for  nuclear applications 

-R 
c i  

since these s tee ls  seeq to have considerable advantages i n  both mechanical G 14\ 

-2. I 

properties and i n  swelling resistance; and since the steel had been i n  service I 

fo r  such a long period of time, an in-depth examination was undertaken [31. 
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. . Quite recent ly ,  Grot and Spruiel 1 [4]. examined a t i t a n i  um-modi f i e d  type 
- ' 316 . s t a in l e s s  s t e e l  aged between 450 and 950°C.for periods up t o  3000 h and 

compared i ts  behavior w i t h  type 321 s t a i n l e s s  s t e e l .  However, t he  aging of 
a specimen some two orders of magnitude- longer under service  condit ions pro- 
vides a s o r t  of f iduc ia l  point  toward which specimens aged f o r  shor te r  time 
periods m u s t  be proceeding. .The present r e su l t s  show tha t  the major phases 
present  a f t e r  long times a r e  s i gn i f i c an t l y  d i f f e r en t  from those observed i n  

. t he  r e l a t i v e l y  short-term aging s tudies  of type. 321 a l loy  by Grot and 
Spru ie l l  [4]. The r e s u l t s  a r e  discussed i n  re la t ionship  t o  a1 loy design .and 
manufacture. . . 

. . .  . - 
-- --. . . . . . . . . . .  . . . . . . .  ..... . 

EX.PERIMENTAL 
, . . . . .  . . .  '_' . . . . .  . . . . . . .  . . . . . . . . . . . . .  - . . 

Early examination of t h e . t y p e  321. ,stainless s t e e l  [I ,2] revealed exten- 
s i v e  dis locat ion s. tructure i n  t he  heat-affected zone near t he  weld. Coqse- 

.quently,  the  samples cu t  f o r  examination were well away from t h i s  zone and . . 

. t h e  d i s loca t ion  l i n e  density was t h a t  of an annealed s t e e l .  Table 1 gives 
t h e  gross composition of the  type 321 s t a i n l e s s  s t e e l  determined a f t e r ,  its' 

.:service 1 i f e ,  a s .  we1 l as  . t h e  composition o f  the  s t e e l s  examined by Grot and 
.Sprui el 1 [4]. 
. . 

. . . . . . . . .  Table.1. . Compo.sition of S tee l s  .(Weight Percent) 

Type 321a ( t h i s  work) 

0.045 18.45 11.93 ..0.47 1.68 0.69 0.030 0.010 0.015 Bal 

j_ ..:.Type 321 (Grot 'and 'Spruiell ) 

- ' 0.06 17.48 9.58 0.50 1.69 0.54 0.012 - 0.006 0.011 Bal 
. . 

Ti-modified type 316 (Grot and Spru ie l l )  

- :.0.057 17.52 '13.96 2.51 0.29 1.41 0.03 0.005 0.004 0.004 Ba1 

a ~ h e  analysis  was performed a f t e r  t h e  service  l i f e  of the  element. 

E x t r a c t i o n  P r o c e d u r e  

Prec ip i ta tes  were- anodical l y  extracted from specimens of t he  type 321 
. : s t a in l e s s  s t e e l  tubing a t  1.5 + 0.1 V using a platinum cathode i n  a 10% HC1- 

90% CH30H solut ion.  Prec ip i ta te  adhering t o  the  specimen was removed by 
u l t rason ic  vibrat ion i n  CH3CH20H, and the  specimen was then dr ied and'weighed. 
The p r ec ip i t a t e  was separated from the  supernate by centrifuging.. The precip- 

; i t a t e  was washed w i t h  CH3CH20H,.centrifuged again t o  separate  i t  from the  
a lcohol ,  dr ied i n  a vacuum desiccator , .and weighed. The weights a r e  precise  

. t o  30 pg. Possible e r ro r s  a r e  (1 ) l o s s  o f .  p r ec ip i t a t e  through dissolut ion o r  
inadequate centrifuging and (2)  inadequate cleaning of tube o r  p rec ip i ta te .  
Results on ca re fu l ly  prepared a l loys  have been very consis tent ,  indicat ing 

' 

reproducibi l i ty  w i t h i n  50 pg. We have never demonstrated t h a t  very small 
p r ec ip i t a t e s  a r e  not being dissolved, but extract ion of carbides appears t o  
be a quan t i t a t ive  procedure, within experimental e r r o r  [5]. 

X-Ray P r o c e d u r e  

Extracted p r e c i p i t a t e  specimens were completely dispersed i n  ethyl  a1 co- . 

hol, and the  alcohol removed by dropping the  dispersion sqowly onto a piece 
' 

. . . .  . . . . . . . . . . . . . . . . . . . . . . .  



- - . of glass  a t  room temperature. The precipi ta te  was- scraped from the- glass 
- onto a s ingle  crystal  wafer of s i l icon ,  and a-drop o r  two of ethanol was used 

to  make a paste which was smeared out on the s i l icon wafer. (The wafer * serves as  the substrate fo r  the precipi ta te  in a diffractometer and i s  
oriented so tha t  no s i l icon  l ines  are  diffracted to  the detector.)  A small 
amount of TaC was dusted on the drying paste as an internal standard. Copper 
radiation was used, and the beam leaving the specimen was passed through a 
graphite monochromator to  remove any scattered radiation. This procedure 
resulted i n  a low background with high sens i t iv i ty  fo r  phases present in 
small percentages of the to ta l  precipitate.  Three to  four milligrams of 
precipi ta te  i s  suf f ic ien t  f o r  an x-ray specimen, and from steel  i t  i s  easy 
t o  detect,-say,.  5% of M23C6 dispersed i n  a mixture of M6C and M23C6.- 

' .  The x rays were detected i n  a s c in t i l l a t ion  counter, averaged electron- 
i c a l l y  over a period of 6 s,  and the r e su l t  printed and punched on paper 

.tape. Wi th  a scanning r a t e  of 1/8"/min, 80 points were counted and tabulated 
. .  . f o r  each degree ( i n  28). These points were then plotted by machine fo r  . . .  

.. exam,i nati  on .. 
The l a t t i c e  constant of the s teel  was obtained on a s l i v e r  of s tee l  

obtained by electropolishing a cut piece until  i t  reached a f ine  point, Back- 
ref lect ion x-ray l ines  were used and extrapolated by a method described by 

. . . . . . . . . . . . . .  Vogel and Kempter [6] . ' .  . -  
. . 

. . 
. . . . --- 

~ l e c t r o n  Microscopy P r o c e d u r e  

Specimens 3.0 x 3.0 x 0.5 mm were cut from larger  pieces by a slow-speed 
water-cooled diamond saw. They were l igh t ly  abraded on a f ine  SiC.paper and 
subsequently thinned fo r  examination by a two-step process described by 
DuBose and Stiegl e r  [7]. . . .  

Carbon extraction replicas were made from specimens used i n  the electro- . . 
l y t i c  extraction procedure, described above, and supported on beryllium grids. 

Specimens were examined in a JEM 1 OOC (1 20.. kV) analytical electron micro- . . ' 

scope [8]. Diffraction information was obtained in the conventional Selected 
Area Diffraction (SAD) mode and elemental analysis was performed using a 
Kevex 5100.energy-dispersive x-ray spectrometer. Extreme .care was taken to  . ' 

eliminate, o r  correct for ,  spurious e f fec ts  in the energy-dispersive x-ray 
analyses [9]. The method of obtaining quantitative analyses w i t h  the energy- 
dispersive system has been described previously [8,10]. . . 

I n . t h e  ident i f icat ion of precipi ta te  phases by SAD, emphasis was placed, 
on obtaining several .low index zones fo r  each o f . t h e  prec ip i ta tes . .  In t h i s  .' 

regard the eucentric t i 1  t ing  capabili ty of the side-entry double-ti1 t stage 
proved t o  be extremely valuable. Greater ease of and confidence in  the 

.- identification of the phases r e su l t  from the use of large -d spacings obtained 
a t  low index zones. Orientation relationships a re  a1 so more. accurately deter- 
mined when low index zones of the precipi ta tes  a re  used in connection w i t h  , 

the Kikuchi l i n e  patterns of the matrix. Problems with doub.1e diffract ion,  
which are  more prevalent a t  low index zones, were overcome by inspection, fol-  
lowing t i l t i n g  a few degrees away from the.zone about the low index reci.proca1 
l a t t i c e  vectors. 

, .  I 
In ' t he  indexing of diffract ion patterns fu l ly  self-consistent indexing, 

tr.1 
taking into account the inversion between the Kikuchi map and the correspond- - 
ing conventional stereogram, was employed [ I l l .  In the indexing on stereo- 
grams of non-cubic phases a l l  indices re fer  to  real-space plane normals, EX.> 

unless enclosed in brackets in which case they refer  to  real-space directions,  
.- 
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~ . .  
X - R A Y  RESULTS 

. . 

Table .2  l i s t s  t he  d values and observed peak heights,  r a ther  than . 

' i n t eg ra t ed .  i n t e n s i t i e s * ,  of t he  observed d i f f r ac t i on  peaks. The l a t t i c e  . 

parameters of t he  f c c  T ~ C  phase and the  bct  o phase a r e  taken from the  d i f -  
' f ractometer  data i n  the  f ron t  re f lec t ion  region. Also given i s  the l a t t i c e  
constant  of t he  a l l oy  i t s e l f ,  3.5912 t 0.0003 a. 

. Table 2. Indexing of Diffraction Data of Prec ip i ta te  Extracted .. 

. ,from Type 321 S ta in less  Steel  . . 

. . . . . . . . .  . . ASTM CARD 
I  d(0BS) . .  

.. -- . . 
. '  6-0614, T i c  .5-0708, ab 

(hkl)  . a. I d (hkl ) I  

5 2.762' . . . 

, , ...... 
: p .;.:! 

a ~ m o u n t  of p r e c i p i t a t e e x t r a c t e d  ranged from 0.55 t o  0.37 w t  %. In t ens i t i e s  . , . . >  ' 

= a r e  taken from the  indicated ASTM cards. The d values were obtained from + 
i i l  ' 

Andrews e t  a1 . [18]. . Values of d and a0 a r e  i n  a. The l a t t i c e  parameter of . 0.. 

t he  s t e e l  was 3.5912 + 0.0003 4. PJ;: 3: 
.& 2. ; .;.; 53:;, 

....... b ~ a t t i c e  parameters calculated from observed data f o r  o phase: ; 
. . _ ,  - '< ... 

. .. ,:. a0 = 8.807 + 0.015, co = 4.578 + 0.008. -. 
. . C J . ' : . .  , ,* <:.' 

- .=. . > 

C ~ i 4 ~ 2 ~ 2  has strong peaks near these  d values. . . .  <D.::<. , , 

is,;, 
- ! , , . 

9 . . . .  
The var ia t ion i n  the  amount of p r ec ip i t a t e  found i n  mult iple extract ions  . .- . . . 

i s  marked (Table 2, footnote a). The usual var ia t ion i n  nonstabilized s t e e l s  . . ..> 

i s  of the  order of 10% o r  l e s s .  The iden t i f i ca t ion  of the  Tic seems unequivo- - .. ~, d . 

c a l .  The l a t t i c e  constant ,  the  r e l a t i v e  i n t e n s i t i e s , . a n d  thermodynamic . : i'" 
expectations a re  i n  accord. The r e s u l t s  f o r  sigma phase a l so  seem. c lea r .  . .  

. -. .... .- - .. -- - -- . . . .-.- . . 
0 . ? . . ~ -'--.p " r I".;' .',d.. 

., .:$,",! ,>*: 
. . .  ..,+ ,??:>$ 
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. . . . . .  . . , _ _ _  
. . .  The . l a t t i c e  paramete.rs .and, o f  course, t h e d  vaTues. o f  - the-..x-ray d - i f f rac t i . on  . , .. 

peaks agree w i t h  publ-ished-data. . .  -The , r e l a t i v e  i n t e n s i t i e s  observed .do no t  : . . . . .  . . ,  . 
. . 

agree p r e c i s e l y  w i t h  ASTM Card 5-0708, and t h e  reason f o r  t h i s  i s  n o t  c lea r .  . . . . - i' . . 
, . . 

Strong l i n e s  l i s t e d  f o r  Ti4C2S2 by ASTM Card 16-849 a re  noted a l s o  i n  
. . 

. . ' 

Table 2, a l though these cannot be considered t o  c o n s t i t u t e  " i d e n t i f i c a t i o n "  
taken by themselves. 

. . - . :  .-.ELECTRON MICROSCOPY RESULTS ' . - 
. . 

5 .  

. . . - 
:.'.- T i t a n i u m  C a r b i d e  . . . . . . . .  ......... . 

The d i s t r i b u t i o n  'o f  T i c  i s  shown i n  Fig. 1. .The p r e c i p i t a t e s  a re  equi- 
a x e d  w i t h  a mean diameter o f  approximately 250 a and' a re  o f t e n  l oca ted  on 
d i s l o c a t i o n s .  The d i f f r a c t i o n  p a t t e r n  i n  F ig.  1 (c )  shows the  cube-on-cube 
o r i e n t a t i o n  r e l a t i o n s h i p .  There i s  good agreement between t h e  TEM r e s u l t s  
.and t h e  x - ray  data. - . 

I j ,  
T i t a n i u m  C a r b o s u l f i d e  

. . .  
AS noted e a r l i e r ,  o n l y  t e n t a t i v e  i d e n t i f i c a t i o n  could be ascr ibed t o  : 

Ti4C2S2, based.on x-ray r e s u l t s .  Previous work [12] ind ica ted,  however, 
--- t h a t  a l l o y s  w i t h  s u l f u r ~ c o n c e n t r a t i o n s  as h igh  as the  present  one showed 

r e s i d u a l  Ti4C2S2. ThLis, on chemical grounds, i t  ' i s  reasonable t o  suppose t h e  
phase i s  present. We a l s o  found one example o f  a p r e c i p i t a t e  o f  Ti4C2S2, 
shown i n  t h e  e l e c t r o n  micrograph o f  F ig.  2(a).. F igure  2(b) and (c )  a r e  SAD 

. p a t t e r n s . o f  two low index zones which serve t o  i l l u s t r a t e  t h e  type o f  t i l t i n g  
experiments performed . i n  the  i d e n t i f i c a t i o n  o f  t he  p r e c i p i t a t e .  The orients- 

. . t i o n  r e l a t i o n s h i p  between t h e  p r e c i p i t a t e  and m a t r i x  i s  shown i n  t h e  stereo-  
- gram of Fig. 3. . . . . 

. . . .  . . . .  . . . . .  

Energy-dispersive x-ray ana lys i s  o f  t h e  p r e c i p i t a t e  was a l s o  performed. 
The x-ray spectrum i s  shown i n  Fig.  4 and, a f t e r  necessary c o r r e c t i o n s  [8,91 
' the  composit ion i s  shown i n  Table 3. O f  cours,e, carbon i s  n o t  de tec tab le  i n  
t h i s  ana lys is .  . . . .  - . .  . . . . .  . _. . . . . . . . . . .  . . . . . .  

. . . . .  . . ... . .  . . . . . . . .  - - _ _  - - 
. . . .  , ' 

Table 3. Resul ts  o f  Q u a n t i t a t i v e  Analys is  o f  Ti4C2S2 
. . 

by Energy-Dispersive X-Ray Spectroscopya 
-: . - --,, '.. 
- 1  ', i - l l  . 

. Percent ' ' .. E l  emen t 
Weight Atomic 

S i 0.15 0.2 

S 25.3 34.0 

T i  65.8 59.0 
. . .  C r  2.2 1 ,.8 . . 

.Fe 5.9 4.5 

N i 0.65 0.5 ; 
. . .- 

a ~ l e m e n t s  analyzed f o r  were normalized t o  100% a f t e r  
determinat ion o f  r e l a t i v e  amounts [8,101. -:.T- 

.-.-. . . . . . . . . .  ...... . .. LA.̂ - 

-* -1 ;;' 

0: : 
S igma u3! 

-, 
'-8 I . .3 ;. 

Several d i s t i n c t  sigma phase morphologies were seen (as  i 1 l u s t r a t e d  i n  .- 

F igs.  5, 7, 8, and 9). Deal ing f i r s t  w i t h  i n t r a g r a n u l a r  sigma, Fig. 5 shows . . I :  ,a: 
p; . 

. . .  .,.::A 
..hi..,?,. . . . . . .  . ...% 
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F i g  . 1. Titanium carbide. (a) bark-field (Tic refl  ection) micrograph 
showing distribution of small T i c  precipitates. (b) Bright-field micrograph 
of same area as (a) .  Comparison shows TIC precipitates are mostly located on 
dislocations. Beam direction near [OOl]. Diffracting vector indicated. 
(c)  SAD pattern showing cube-on-cube orientation relationship. A1 1 ref l  ections 
can be accounted for  either by direct or double diffraction. 



Fig. 2. Titanium Carbosulf ide. ( a )  Micrograph o f  p r e c i p i t a t e ,  (b)  SAD 
p a t t e r n  o f  [1210] zone, ( c )  SAD pa t t e rn  of  [oi l01 zone. 

# 



- . - . -  - -  

Fig. 3. Stereogram illustrating the orientation relationship of the 
hexagonal Ti4C2S2 precipitate of Fig.  2 with the fcc matrix (y). 

Fig. 4. Energy-dispersive x-ray spectrum . . of Ti4C2S2 precipitate shown 
in Fig. 2. 



I.."- u 
I.  (a)  Micrograph o f  erect pitate. (b) SAD pattern o f  [TO1 ly, I4101 (J zones, (c)  SAD pattern of 121 1 l y  
D pattern of [lllly. Ill1lG zones. 

1 - .  1'. . .. 



one fully investigated precipitate. The diffraction patterns of Fig. 5 
(b, c, and d) again illustrate the type of tilting experiments performed. 

' , The information in these SAD patterns is combined in the stereogram of Fig. 6. 
The precipitate-matrix orientation relationship may be conveniently described 
as: 

This orientation relationship has also been observed for sigma in type 316 
stainless steel by Weiss and Stickler [13]. Note that in Fig. 5(d) the (i12)o 
reflection is much more intense than the (11210 reflection and is consistent 
with an angular difference of $0.5" between [lllly and [illlo. The tilting 
experiments also revealed that the interfaces of the precipitate with the 
matrix consisted of: 

(001)o , (1ll)y , and (711 )a , (022)~ 
- - - - - - - -  

- - -  - - - .- . . -  

o g y  - 
110, 

- 01 1, 101, 

001, 
4 1  iio, illy 011, 'ill, 111, 110, "211, 

111, 

a 
101, 01 1, 

111, 

- - 
110, - 
OT 1, 

Fig. 6. Stereogram i 11 ustrati ng the orientation relationship of the \-. 1 

sigma precipitate of Fig. 5 with the matrix (y). 

7 -,. 
. . . r * ; d  



Figure 7 %shows another example of an intragranular sigma precipitate 
with the same orientation relationship as in Fig. 6. This precipitate, along 
with many others observed (including the one shown in Fig. 5) is elongated 
with a length 2 1 pm and a width $0.1 pm. 

Fig. 7. Sigma 11. (a) Micrograph of precipitate. (b) SAD pattern of _. I. .- 
[Tll] , [111], zones. 

Y 

An example of intragranular sigma with a different morphology and orien- 
tation relationship is shown in Fig. 8. The orientation relationship may be 
described as: 

(ii1)~ 11 (022)~ 

(1'io)cf II (2Ti)~ 

Again, low-index planes in the precipitate and matrix are parallel, but in 
,;: this example, unlike the previous examples, the basal plane of the sigma is 

:( not parallel to a low-index plane of the matrix. Only one face of the precip- 
i tate is crystal lographical ly we1 1 -defined and corresponds to (Tf 1)a, (022)y. 

The majority of the sigma phase was observed at grain boundaries, One 
example is shown in Fig. 9. The intergranular precipitates were much larger 
than the intragranular sigma, often with dimensions as large as 10 urn, The 
precipitate-matrix orientation relationships were not investigated in detail, 
but often some low-index planes in the precipitate and matrix were parallel, 
For example, in Fig. 9 (1ll)y 11 (O1l)o. 

Energy-dispersive x-ray analysis of several sigma precipitates was per- 
formed. A typical spectrum is shown in Fig. 10. The quantitative results 
are given in Table 4. Note that the Cr/(Fe+Ni) weight ratio is ~0.66 and 
that there is a non-negligible silicon content. 



Fig. 8. Sigma 111. ( a )  Micrograph o f  p r e c i p i t a t e .  (b )  SAD p a t t e r n  
o f  [ l l l l y ,  [112]0 zones. 

Fig. 9. Sigma IV. ( a )  Dark-f i e l d  micrograph of i n t e r g r a n u l a r  prec ip i -  
showing ( 1 l l ) y  l l ( 0 l l ) a .  



Fig. 10. Typical energy-dispersi ve x-ray spectrum of sigma phase. 

Table 4. Results of Quantitative Analysis of Sigma by 
Energy-Di spersive X-Ray Spectroscapya 

Percent 
E l  ement Weight Atomic 

a~lements  analyzed f o r  were normal i zed t o  100% a f t e r  
determination of re1 a t i  ve amounts [8,10]. 

T h i s  phase was not seen by x-ray diffract ion i n  this investigation. 
However, Grot and Spruiell [4] observed i t  i n  t he i r  investigation.of type 321 
s t a in les s  s t ee l ,  and the possibi l i ty  of i t s  occurrence was examined carefully. 
The precipi tate  shown i n  Fig. 8 was i n i t i a l l y  identified as M23Cti. A typical 
relationship of M23C6 ref lect ions with (022) matrix ref lect ions i s  clear ly 
seen. The intense ref lect ion labeled ( 3 3 0 ) ~  was thought to  be (333) M23C6, 
an intense l i n e  i n  x-ray diffract ion,  compared with (222) and €111). A usual 
relationship, however, for  t h i s  carbide i n  s teel  is shown i n  Fig. 11. Fur- 
thermore, the  values of l a t t i c e  constants calculated assuming M 2 ~ C 6  indexing 
were not i n  good agreement. Eventual ly ,  the correct ident if icat ion and 
indexing [Fig. 8(b)] was obtained. 

Complex Phosphide-Arsenide  

One further  phase was observed in specimen material from the outside of 
the tube. I t  was not observed i n  specimen material from the inside of the 
tube. The morphology and crystallography are i l lus t ra ted  i n  Fig. 12. The 
precipi tates  a re  approximately needle shaped w i t h  the large dimension along 
<001> y. One of the other dimensions i s  extremely small, of the order of a 

-- 



I Fig. 11. M2& carbide i n '  aged 304 stain1 ess - s tee l .  (a) Micrograph 
- (b) SAD pattern of <11Q> zone showing cube-on-cube relationship. The s tee l  

1 had been aged 20,000 h a t  650°C. 

~ few angstroms, as  evidenced by pronounced streaking i n  the diffract ion pat- 
terns.  The third dimension i s  ~ 2 0 0  a and resul t s  in an elongated plate-like ~ precipi tate  on Cl lO3y. The precipitates were also frequently observed t o  
exhibi t  a compl ex faul ted-1 i ke internal microstructure. Several SAD patterns 
a re  shown i n  Fig. 12 and i l l u s t r a t e  the hexagonal structure of the phase. 
The orientation relationship between the precipitate and matrix is: ." 

(0001 ) precipi tate  11 (001 )y 
(1210) precipi tate  11 (110)y 

This relationship has a mult ipl ici ty  of 6. The l a t t i c e  constants of the  
phase were determined t o  be a. = 6.08 a and co = 3.64 8. The c/a r a t i o  is 
0.599; t h i s  r a t i o  and s tructure are  consistent w i t h  the C2? s tructure of Fe2P. 
I t  is a lso  consistent with an (Fe,Cr)2As structure identified by Hollan [14]. 

The elemental composition of the phase was determined by energy disper- 
s ive x-ray analysis of isolated precipitates on carbon extraction replicas. 
Part icular  care was taken t o  se l ec t  precipitates without Tic precipitates 
in  close association. An example of an analyzed precipitates i s  arrowed i n  
Fig. 13, and the  energy-dispersive x-ray spectrum is shown i n  Fig. 14. The 
quanti ta t ive r e su l t s  of several analyses of different  precipitates a re  given 
i n  Table 5. 

Apparent differences in  morphology, due i n  large part  t o  variations i n  
f o i l  normals, together w i t h  the d i f f icu l ty  of obtaining diffract ion informa- 
t ion and the mult ipl ici ty  of habits, resulted In this phase being identified 
mistakenly as  two d i s t inc t  phases i n  an ea r l i e r  report 131. 



Fig. 12. Rod-shaped phosphide-arsenide precipitates, (a) Micrograph, 
beam direction near [001]y. (b) SAD pattern of [I2131 zone of precipitate, 
near [213Ir. (c) SAD pattern of [1210] zone of precipitate, near [013]y. - - 



Fig. 13. Bright-f ie I a micrograph of carbon extraction rep1 ica showing 
rod-shaped complex phosphide-arsenide precipitates and small Ti C precipitates, 

Fig. 14. ~ner~~-dik~ersive x-ray spectrum of the precipitate arrowed in 
Fig. 13. 

Table 5. Results o f  Quantitative Analysis of Extracted Hexagonal 
Phosphide-Arsenide Phase by Energy-Dispersive X-Ray Spectroscopya 

Percent El emen t 
Weight Atomic 

P 7.3 12.5 
Ti 27.0 29.9 

a~lements analyzed for were normalized to 100% after determination 
of relative amounts [8,10] .I 



DISCUSSION 

After 17 years of service, the precipi tate  phases in  t h i s  part icular  
type 321 s ta in less  s tee l  a re  primarily T i c  and sigma phase. These const i tute  
the major phases, but Ti4C2S2 as  well as  a complex phosphide-arsenide are  
present i n  minor quantit ies.  The phases M2,C6 and chi were not seen i n  these 
s t ee l s ,  e i ther  by x-ray o r  electron diffraction. We discuss the implications 
of the  observations phase by phase. 

Previous work [I21 revealed the presence of t h i s  phase i n  titanium- 
- - 7 - :modified type- 316 s t a in les s  steel- i n  material heated a t  1200°C and-quenched: 

From the weight of precipi tate  extracted, the previous work showed tha t  one 
could account f o r  essent ial ly  a l l  the sulfur  i n  the s t ee l .  By assuming tha t  
no more than 10% of the sulfur remained i n  solution a t  1200°C, a l imi t  was 
s e t  on the heat of formation of TiS (bound as the carbosulfide) a s  more 
negative than -79 kcal/mol e. 

The re su l t s  of the energy-dispersive x-ray analysis indicate tha t ,  fo r  
the  present isolated example (although Cr, Fe, and Ni are  present i n  small 
amounts) the metal/sulfdr r a t i o  i s  very close to  the expected stoichiometric 
value. There appears to  be no rational orientation relationship between the 
prec ip i ta te  and matrix, perhaps not surprising, i f  as expected, the precipi- 
t a t e  formed from the melt a t  very h i g h  temperatures. There appears t o  be no 
doubt tha t  essent ial ly  a l l  the sulfur  is  bound i n  this phase. 

T i c  and M2,C6  

These phases will be discussed together, even though only T i c  was 
observed i n  t h i s  work. The i n i t i a l  purpose of adding titanium t o  aus teni t ic  
stain1 ess s t e e l s  was to  prevent sensitization t o  intergranul a r  corrosion [15]. 
The mechanism of sensi t izat ion is  believed t o  be depletion of chromium from 
the grain boundaries by formation of MZ3C6. Early work by Rosenberg and 
Darr [15] on sensi t izat ion showed tha t  the T i / C  weight r a t i o  is an important 
f ac to r  i n  preventing sensi t izat ion,  but the  previous history was a lso  shown 
t o  be important. For example, for  a Ti /C weight r a t i o  of 7,  a treatment of 
0.5 h a t  982OC (1800°F) of the as-received material was enough t o  prevent 
sensi t izat ion,  while 3 min a t  1080°C (1975°F) of the same material permitted 
s igni f icant  grain boundary attack. 

Grot and Spruiell [4] observed M2& i n  t h e i r  type 321 s t a in les s  s teel  
.samples aged between 450 and 950°C fo r  periods up t o  3000 h. After short- 
time aging M2,C6 was clear ly the major phase revealed by x-ray examination of 
the  extracted precipitate.  (They had given a f inal  grain s i ze  control anneal 
a t  1093"C, b u t  the time involved and the previous history of the s t ee l  is not 
known. ) 

After an in-service age of 17 years, no M2,C6 is  seen i n  the presently 
studied alloy. Since the titanium and carbon contents in the present mate- 
r i a l  and the type 321 s ta in less  s teel  examined by Grot and Spruiell a re  almost 
ident ical ,  one concludes tha t  T i C  is s table  re la t ive  t o  formation of M23C6. 
Since the formation of T i c  does not appear t o  be inhibited kinet ical ly,  some. 
explanation i s  needed t o  account for  the variation i n  sensi t izat ion seen [15], 
the  formation of M23C6 i n  Grot and Spruiell Is type 321 alloy [4,16], and the 
relationship to  the formation of TIC. - 



. 
- = . . Ouring thermomecham'ca4 -treatment of ti tanium-modified alloys, the K- --  

type precipitates are frequently agglomerated into stringers, as shown i n  
Fig .  15. When such materials are heated to  high temperatures the stringers 
disappear, but on reaging they appear a t  approximately the same place. This 
observation has been interpreted [I 71 to  indicate that slow-moving elements, 
e - g . ,  titanium, remain i n  the vicinity of the stringers while fast-moving 
elements, e .g . ,  carbon, are dispersed. The concept of a fast-moving carbon 
and slow-moving titanium provides a simple-explanation for  the apparent dis- 
crepancy between the present work and that  of Grot and Spruiell as well as 
f o r  scat ter  i n  intergranular corrosion data: 

Consider two adjacent volumes i n  s t ee l ,  A and 8. Volume A has a l o t  of 
precipitation; volume B has none. The steel i s  heated to a "solution anneal- 
ing" temperature, whereupon the carbide i n  volume A dissolves. However, only 
the .carbon- is~-di~sperse$~~reta-t-ively-even-7y between A and 8 duri-ng--the short 
heat treatment; the active metal ( e . g . ,  titanium) remains i n  A. During the 
subsequent rapid cooling, the carbon does not have time t o  rejoin the active - 

metal i n  volume A, but remains relatively evenly distributed through both  A 
and 8. The carbon thermodynamic act ivi ty immediately a f te r  cooling is h i g h  
i n  both A and 8. In volume A the carbon rapidly reacts during sensitization 
treatment w i t h  titanium. In volume B too l i t t l e  titanium is present and the 
carbon reacts w i t h  chromium, forming M 3C6 a t  grain boundaries and causing 
sensitization of the alloy. Thus,  whife under equili brium conditions enough 
titanium would have been present to completely react w i t h  the carbon, remov- 
i n g  it to a very low level, under a commonplace s e t  of processing conditions, 
as  described above, kinetic factors permit the formation o f  M2,C6. 

Such a s e t  of conditions can explain the discrepancy i n  the presently 
examined se ts  of data. Also explained is why two investigators m i g h t  obtain 
different-results  for  nominally the same composition of material. If the 
prior processing histories of the materials differed significantly, one migh t  
we1.l see varying degrees of sensitization. That i s ,  i f  most of the T i c  were . . 

Fig.  15. Typical "stringers" of MC-type precipitates i n  titanium- 
modified nickel-base a1 loy (Hastelloy N ) .  - - .  



. - 
. precipitated out duri'ng the.-t&6mom&chinical' treatment prior to  the. f inal  

--  

"solution annealing" one should expect more sensi t izat ion than fo r  a more 
homogeneously distributed material. Reexamination of the previously examined 
type 321 s ta in less  s tee l  a l loy by Spruiell [16] revealed that i t  was indeed 
inhomogeneous, as  required by the present model. 

. . 

According to  the above explanation, the amount. of titanium required t o  
' prevent sensi t izat ion wi t h  . a  given carbon content i s  seen . to  be dependent on 
previous history, and experimentally t h i s  ' i s  observed. ' For example, see 

. . 
, Figs. 3 '  and .4 of the 'ear ly work by Rosenberg and Darr 1151. There is '  60th 
the experimental variation - even within a f a i r l y  closely controlled investi-  

1 .gation -and the strong dependence on previous history.. (Some, but not a l l ,  
- . .  .of the variabi1ity.can be accounted fo r  by the variation in nitrogen content . . . . . . . 

I of the al loys,  as noted in the discussion of tha t  paper.) Therefore, in 
. . pr-iricipq-e, one. cannot know i f  a par t icular  specimen can be..sensitized .with- , - .  .... . 

out e i the r  knowing the previous history o f t h e  specimen o r  performing an 
experiment. 

A metallurgical procedure f o r  optimizing "stabi 1 ized" a1 loys has recent- . .  

, l y  been.given by Braski and Leitnaker [17]. Briefly, i t  consists of ensuring 
t h a t  the  al loy receives i t s  thermomechanical treatments.so as to  minimize t h e .  ' 
segregation of MC-type carbides. . . 

. . 

One f ina l  point worthy of emphasis i n  t h i s  section concerns the observed 
f i n e  dis t r ibut ion of Tic. Seventeen years a t~600OC i s  not suf f ic ien t  t o  
cause s ignif icant  agglomeration, indicating tha t  any beneficial e f fec ts  a re  
essent ia l ly  permanent. 

Sigma - .. 

This phase has been clear ly ident i f ied,  both by x-ray and by electron 
d i f f rac t ion .  The l a t t i c e  parameters found, a. = 8.807 + 0.015 a and 
co  = 4.578 + 0.008 8 are  close to  those reported by Andrews e t  a l .  [18]. The 
s t a t i s t i c a l  error  i s  larger than i t  should be because of d r i f t  i n  the d i f -  
fractometer. The subsequent use of TaC as an internal standard on the speci- ' 

mens has eliminated the problem, b u t  there did not appear to  be any strong 
reason t o  repeat the work. 

The morphologies seen a re  varied and the orientation relationships with 
the matrix a re  also varied. Weiss and St ickler  [13] have previously noted 
the  varying or ientat ion.  re1 ationship between matrix and sigma phase in type. 
,316 stain1 ess s teel  -and, furthermore, reported t h a t .  frequently the orienta- . . , 

' t ion relationship shown in the stereogram ,of Fig. 6 could be ident i f ied.  
However, Weiss and St ickler  [13] also s t a t e  tha t  sigma does not nucleate 

-homogeneously in the austeni te  matrix b u t  always 'requires a high energy in ter -  
face f o r  nucleation. O u r  observations, while cer tainly showing tha t  sigma i s  
nucleated, and grows most readily a t  grain goundaries .and other interfa'ces, . 

a1 so 'reveal tha t .  s ignif icant  nucleation and.growth .-of sigma can occur .in the ' . .  
austeni te  matrix without the presence of high energy interfaces.  

This and other investigations show tha t  there i s  no single fixed orienta- 
t ion relationship between the sigma phase and the austenite matrix, and one d 

concludes tha t  there i s  l i t t l e  difference in f r ee  energy among a number of 
sigma-matrix orientations.  However, a careful inspection of the observed 
orientation relationships described earl i e r  in the section ent i t led  Electron 
ldicroscopy ResuZts, reveals tha t  there i s  always a close match of both direc- 
t ion and d spacing, between a t  l eas t  one s e t  of planes in the precipi ta te  and 
one s e t  of planes in the matrix. Significant matches fo r  several low-index 
planes which are  observed t o  be parallel  a re  shown in Table 6. Thus, in the 

- .. . . 



Table 6. Orientation Rel-ationships orientati-on --shown -in F-ig. 6 several 
Between Sigma Phase and Matrix s e t s  of (220)y a re  para1 l e l  t o  ( 1 1 0 ) ~ ~  

or  t 1 1 1 ) ~ ~ ;  i n  the  o r ien ta t ion  shown 
Ratio of Plane i n  Fig. 8 one s e t  of {220}y is  paral- 

Matrix Sigma Spacings l e l  t o  {I 1 l )o;  and in  t he  or ienta-  
( Y  (01 t ion  shown in  Fig. 9 one s e t  of ( 1 l l ) y  

i s  pa ra l l e l  t o  (011 )a. Of course, 
many more higher index planes can 

(2201 (110) -5 .a1 so be matched - f o r  example, i n  
. .  .. 

Fig. 5 (dbl )CJ 'X (d220)y and 
I220 1 t I I I }  ~3 (d l i2 )Y = 3Qdk22)y,  but those i n  

11 1.. . . . ' 102 1 . . - . . .. . ' .  -2 . . . . :..-. Tab1 e. .6 . a r e  consi dere.d t o .  be the  most . . ... 

- - important. . - . . . . . 
. . .  . .  . . . .. . . .  . . . . . . . .  . .. 

, . . .. . . . . .. 
-. . . - - -. -. . , . - - - - The -growth-.of--s.fgma phase...contrasts.-strongly with..the gtowth"f both - - .  . - . - .  - -  

. . MZ3C6 and Tic. -The carbides bear a strong re la t ionship  with the  matrix. Both 
appear t o  nucleate ,  e a s i l y  and grow rapidly.  Sigma nucleates w i t h  d i f f i c u l t y  - 
a t  l e a s t  i t  is  slow doing so  - and grows slowl'y. 

As regards t he  composition of t h e  sigma phase, one point  i s  worthy of 
comment. The present Cr/(Fe+Ni ) weight r a t i o  of 0.66 compares favorably w i t h  
.(Cr+Mo)/(Fe+Ni) weight r a t i o s  of 0.67 and 0.71 obtained by Weiss and 

. .. S t i c k l e r  [13] and work a t  our laboratory,  respect ively ,  both f o r  sigma i n  
type 316 s t a i n l e s s  s t e e l s .  Wei s s  and S t i ck l e r  [13] used. energy-di spers ive  
x-ray ana lys i s  i n  a SEMy and we used analysis  of a n - e l e c t r o l y t i c  ex t rac t ion  
so lu t ion  together w i t h  the  weight fra.ct ion of p rec ip i ta te  and t h e  or iginal  . , 

composition of t he  a l loy.  

The presence o f  sigma phase . in  an a l l oy  generally allows f r a c t u r e  t o  
.occur more - ea s i l y .  Embri t t lement of a s t e e l  has been re la ted  quan t i t a t ive ly  
t o  an "equivalent  Cr content" by Hull [I91 and the  embrittlement was be1 ieved . - 
t o  have been caused primarily by the  formation, during aging a t  810°C, of the .  " 

i n t e rme ta l l i c  phases, sigma and chi .  

The amount of sigma formed in the  s t ee l  examined can be calcu.lated a s  
'fo1lows: 

1. F i r s t  ca lcu la te  the  w t  % Ti4C2S2 from the w t  % of S (Table 1 )  a s  
'0.066 w t  %. 

2. Second ca lcu la te  t he  w t  % of Tic from the  remaining C ,  a f t e r  Ti4C2S2 
'i,s formed: 0.185 w t  %. 

3. Final l y  t he  w t  % sigma is  then t he  (average) t o t a l .  w t  %. prec ip i t a t e ,  
0.46, l e s s  t he  other  two major const i tuents ,  or .0.21 w t  % sigma, of which 
approximately 40% i s  Cr. Thus, a reduction of about 0.08 + 0.05 w t  % i n  t he  
Cr content  of the  s t ee l  should el iminate the  sigma phase en t i r e ly .  

I t  i s  useful t o  compare the present s t e e l  quan t i t a t ive ly  w i t h  those 
.previously examined, f o r  the  importance of these embri t t l ing phases can 
hardly be overemphasized. There a r e  a number of re la t ionships  which. have.  
been worked out  re la t ing  the  composition.to t he  sigma formation. Note . that  . . 

the  overal l  metallurgical problem i s . n o t  j u s t  f inding how much Cr is t o  be 
removed i n  a spec i f i c  a l l oy  t o  prevent sigma formation. .Rather t he  problem 
i s  t o  describe the  s t ab l e  boundary of the  aus ten i te  phase i n  N-dimensional 
phase space, where N i s  the  number of elements i n  the  s t e e l .  A recent attempt 
was the  equation of Hull [19]. (The Hull description was derived i n  terms o f '  
embrittlement, as  noted previously.) Hull [20] has noted there  is a g r ea t  
deal of s c a t t e r  i n  h i s  f i n a l  equation covering 11 elements. B u t  t h e  va'riation 
f o r  a s i ng l e  element, say N i ,  in  a system a f t e r  1000 h a t  816°C is exceeding- 
l y  small ( see  Hul l ' s  Fig. 3 ) .  Since the  di f ference.  between the  a l l oy  t rea ted  
here and t h a t  of Grot and Spruie l l  i s  e s sen t i a l l y  only the  di f ference i n  N i ,  . 

and C r ,  Hu l l ' s  equation i s  a good approximation. , We subtracted ou t  the .Ti .  , - .  
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forming TIC and Ti4C2S2' t o  compare an "equivalent ~ r " *  nature of 17.97 w t  % 
, f o r  the present a l loy w i t h  the 17.31 w t  % fo r  Grot. and Spruiell ' s  type 321 

s t a in l e s s  s t ee l .  T h u s  the r e su l t s  a re  seen to  be consistent. Grot and 
-Spruiell  would not be expected t o  see sigma phase since the i r  "equivalent Cr" 
content l i e s  more t h a n ~ 0 . 0 8  w t  % Cr below ours, and they do not. 

The amount of Cr (or  "Cr equivalent") which must be removed to  prevent 
sigma formation i s  exceedingly small and i s  actually within experimental 
e r ro r  of chemical analysis f o r  Cr. The point i s  not so much tha t  17.9 w t  % 
"Cr equivalent" is the precise l imi t  as that  a precise l imit  exis ts .  In 
type 321 s t a in l e s s  s teel  t h i s  value (17.9) can be used with reasonable con- 
fidence. The reason f o r  the sca t t e r  in the "Cr equivalent" value as  a 
var iety of elements a re  included i n - t h e  Hull equation i s  undoubtedly in te r -  
action of one solute  element on another. Tha t - i s ,  the e f fec t  on sigma forma- 
t ion of Mo addition varies not only with the Mo i t s e l f  b u t  also with how 
much Cr i s  present. For precise resu l t s  over widely varying compositions of 
several elements, tha t  i s ,  within the uncertainties of chemical analyses, 
interact ion parameters of a t  l e a s t  some of the element pairs will have to  be 
i ncl uded. 

Complex Phosph ide -Arsen ide  

The implications of the presence of the phosphide-arsenide phase are  
d i f f i c u l t  t o  assess. The region in which the phase was clear ly ident i f ied 
was i n  the outside of the tube. Thus, i t s  presence may be related t o  the 
service conditions of the par t icular  material under investigation. Recently, 
however, a similar precipi ta te  has been identified i n  neutron-irradiated 
type 316 -s tainless  s teel  -[21]. 

... In addition to  the more general' e f fec ts  tha t  the .precipi ta tes  may have 
on the mechanical properties of the s t e e l , , t h e  presence of phosphorus, 
arsenic,  and a s igni f icant  amount (%30%) of titanium in the phase may have 
important consequences. Since the volume fract ion of the phase i s  d i f f i c u l t  
t o  measure, a re l iab le  estima,te of the.amount of phosphorus and arsenic 
bound in t h i s  phase cannot be obtained. However, i t  appea.rs l ike ly  tha t  a 
corisiderable portion of the' 300 w t  ppm of phosphorus and 100 w t  ppm of 
arsenic may be bound i n  t h i s  phase. 

. . . . 

SUMMARY A N D  CONCLUSIONS 

1. The precipi ta te  phases observed in t h i s  alloy are Tic, Ti4C2S2, 
sigma and a complex phosphide-arsenide. 

I 

2. The long-time aging (17 years) implies equilibrium i s  more closely 
attained than in previous work and tha t  Tic - not MZ3C6 - i s  the s t ab le  car- 
bide phase. 

3. A mechanism i s  developed to  explain precipitation of MZ3C6 by thermo- 
mechanical segreyation of Tic, followed by dissolution of the carbide and 
dispersion of the C ,  b u t  not the Ti. 

4. The Tic does not agglomerate in 17 years a t  .~600OC, indicating any 
beneficial e f fec ts  are  essent ial ly  permanent. 

* 
Cr equivalent = Cr + 0.31 Mn + 1.76 M; + 0.97 W + 2.02 V + 1.58 Si + 2.44 Ti 

+ 1.70 Nb + 1.22 Ta - 0.226 Ni - 0.177 Cr. 
. . . . 

.. .  L 

. . -... - -. 
L :.....* 
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5. The v a r i e d  morphology o f  t h e  sigma phase i s  i n  accord w i t h  p rev ious  

. '  examinat ions. 

6. The amount o f  sigma accords w e l l  w i t h  prev ious examinat ions a t  much . 

. s h o r t e r  t imes. 
. . 
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