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Creep behaviour of a 25wt % Cr-20wt % Ni 
austenitic stainless steel doped with 
antimony 
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The effect of antimony on the steady state creep rates, ~s, of a 25 wt  % Cr -20  wt  % N i 
austenitic stainless steel with 0.005 wt % C is studied. The effect on vacancy viscous creep 
(CoNe creep) is showd to be different to that on dislocation creep (power law creep). 
The effect on Cable creep is particularly striking. The threshold stress is significantly 
increased by antimony additions. 

1. Introduction 
Impurities in a polycrystalline metal can have an 
influence on the mechanical properties if they 
segregate to grain boundaries [1-4].  Antimony is 
an element of this type, in particular for steels 
which include nickel and chromium [5, 6]. 

The segregation to grain boundaries is particu- 
larly important in determining the creep behaviour, 
because boundaries act as sources and sinks for 
matrix dislocations and vacancies, which are 
necessary for dislocation creep and diffusion creep, 
respectively [7, 8]. Amongst the possibilities, the 
following categories may be listed. 

(i) The threshold stress, at, for diffusion creep 
can be increased, i.e. the segregation can make it 
possible to observe Bingham behaviour [9-12]. 

(ii) The generation and annihilation of matrix 
dislocations at grain boundaries can be enhanced 
or inhibited [7, 8]. 

(iii) Subgrain boundaries can be stabilized by 
impurities [13, 14]. 

There is little information on how the steady 
state creep rates of a 2 5 w t % C r - 2 0 w t % N i  
austenitic stainless steel are affected by small 
additions of antimony. In the present paper, the 
steady state creep behaviour of such an alloy 
is experimentally studied with a view to assessing 
segregation effects. 

*The strain rate in Nabarro-Herring creep region is too small to carry out creep tests. 
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2. Creep deformation mechanisms and 
experimental conditions 

We have previously reported upon the creep 
behaviours of a precipitate-free 25 wt% Cr -  
20wt % Ni austenitic stainless steel without 
antimony additions [15, 16]. These studies 
provided a basis for the present study of the 
segregation-effects of (i) to (iii). 

Fig. 1 shows a deformation mechanism map 
for the steady state creep of the steel. This map 
is identical to the diagram in our previous papers. 
Here, o is the creep stress, G the shear modulus, 
T the creep temperature in Kelvin, Tm the melting 
temperature (the solidus temperature) in degrees 
Kelvin, d the grain size, and b the Burgers vector. 
Domains G1 and G2, represent "dislocation-glide". 
G1 is "viscous glide", and G2 is "jerky glide". Three 
domains of Rt, R2 and R3 represent recovery con- 
trolled dislocation creep [17], but each show 
different features. Domain R~ is predominantly 
controlled by grain boundaries, i.e. the process of 
the generation and annihilation of matrix dislo- 
cations at grain boundaries. On the other hand, 
domain R3 is strongly associated with the formation 
of dislocation substructure, which is considered to 
be metastable subgrain boundaries [16, 17]. 

The effect (i) could be observed in the region 
of Coble creep or Nabarro-Herring creep*. Also 
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the effect (ii) is likely to be observed in domain 
R~ and the effect (iii) in domain R3. The condition 
of creep tests performed in the present study are 
as follows. 

1. Creep stresses, a, were in the range of  1.0 
50.0 MPa, which is equivalent to the normalized 
stress range ofo/G ~ 2.1 x 10 -s ~ 1.0 x | 0  -3. 

2. Creep temperatures, T, were around 0.7 Tin, 
i.e. T =  1153 ~ I213K.  

3. Grain sizes, d, were in the range of  30 
600/~m (the normalized grain size, d/b ~--1.0 x 
l0 s ~ 2.0 x 106). 

3. Materials and experimental procedure 
The chemic#l composition is shown in Table I~ 
together with that of  an austenitic stainless steel 
without antimony. The steels were made by 
vacuum melting (~ 10 -2 Pa). 

Specimens of  diameter 2.0ram and gauge 
length 40mm were prepared from the steels as 
detailed in previous work [18]. Primary heat 
treatments under various conditions resulted 

in a variety of  grain sizes. A secondary heat 
treatment was performed in vacuum (~ 0.1 Pa) 
at test temperature for about 55 ksec, followed by 
an air cool. Creep tests were carried out in air after 
prior heating to 3.6 ksec at the test temperature. 

4. Experimental results and discussion 
The following equation is usually applied to the 
steady state creep rates. 

~s = AandP e x p ( - Q e / R T )  (1) 

where A is a constant, n the stress exponent, 
p the grain size exponent, Qe an activation energy 
of  creep, and R is the gas constant. 

T A B L E I Chemical compositions (wt %) of the vacuum 
melted stainless steels 

Vacuum melted Compositions 
stainless steels Cr Ni C Sb 

Sb-addition 23.20 22.64 0.005 0.40 
Sb-free 22.77 21.39 0.005 Nil 
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Figure 2 Stress dependences of 
the steady state creep rates, i s . 

4.1. The ef fect  of  an t imony  addi t ions in 
the region of d is locat ion creep 

Fig. 2 shows the stress dependences of es- The 
results for d~--40~m (fine grained specimens) 
reflect the influence of antimony on domain Rt 
(cf. Fig. 1). Those o f d  > 100/~m are appropriate 
to domain R3. It appears that domain Rt is 
relatively less affected than domain R3. However, 
antimony has the effect of reducing es over all 
grain sizes. The effect is enhanced with decreasing 
stress and leads to the n values higher than those 
of the Sb-free steel. 

Fig. 3 shows the grain size dependences of es. 
The effect of an antimony addition is most striking 
for the intermediate grain sizes (d = 100 m 300 gin) 
but diminishes with decreasing grain size. It is 
interesting to note the strong effect in domain 
R3, where the creep mechanism is strongly associ- 
ated with dislocation substructure formation 
t16-18]. 

Fig. 4 shows the apparent activation energy, 
Qc, for creep as a function of grain size. The 
values for the fine grained specimens are roughly 
equivalent to the activation energy, Qv, for volume 
self-diffusion of iron (~--285kJmol-l). On the 
other hand, those of the middle and coarse grained 
specimens have higher values than Or. These results 

may be explained in terms of the variation of "the 
internal stress" with temperature as reported in 
our previous papers [17, 18]. 

There are, however, two difficulties in inter- 
preting the results in Figs. 3 and 4 for the purpose 
of understanding the segregation effect more 
clearly. The first concerns the antimony content 
per unit area of grain boundary. This concentration 
will be reduced with increasing temperature and 
may thus intensify the temperature dependence of 
es. The second concerns the solubility. Grain 
boundaries and dislocations within substructures 
may be saturated by antimony atoms and other 
impurities. In fact, the stainless steel with antimony 
had grain boundary precipitates, although the steel 
without antimony had none. It appeared that the 
precipitates increased in both number and volume 
with decreasing temperature and increasing grain 
size.* It is considered that some of the antimony 
segregates to grain boundaries and subboundaries 
as second phase [5, 6]. Other antimony atoms 
segregate in solution to these boundaries, or exist 
in solid-solution in bulk. The Sb-segregation to 
substructures may lead to stabilization by dislo- 
cation locking [13]. On the other hand, the second 
phase on the grain boundaries can immobilize 
grain boundary dislocations. 

~The precipitates increased insignificantly during creep, indicating that the secondary heat treatment before creep tests 
led to an equilibrium condition. 

265 



16 s 

1i) 6 

1 

V1 
v 

�9 aY ~d ~ 

~d 8 

I ' ~ '  1 ' ' ' ' 1  ' I . . . .  I 

"" ~ : i ~  DoPn(:lin R 3 , T= 1173K 'i,. p'~ / 

~:'J d 
. A : ",  / 

p - -  - 1  . . . .  " 

\ ' ,  j I  / A /  
\ ", ; ~ - < ~  

'A A 
O 

p:_3 i \ -,,~ ,, ' \ o - _ ,  Z J  

Domain  R 1 ~,  , ' , ~  

O" (MPo) ', 
Sb-free, Sb-~ddition " 

~/ ~ 39.2 '" / 

,x �9 iS.Z, �9 . . . . .  

6 �9 19.6 

v �9 14.7 
I I I I [ I I I l l  

10 50 
I l 

100 
d (pm) 

I n i . , ,I 

500 1000 

Figure3 Grain-size dependences of the 
steady state creep rates, d s, 

600 

t 
o 
E 

- ,  40C 

2 0 0  

I i I I I I I l l  

O = 29.4MPa 

o Sb-free 

�9 Sb-addition �9 

W 

/ 0 ~_-- o~O-- 

:Zo ,~ / j  ...... 
Votume serf -diffusion 

of Fe 

i r i I i i l l l  i J , i , , i l l  

010 I00 I000 
d (pm) 

Figmre 4 Variation of  the activation energy, Qc, with grain 
size. 

266 

4.2. The effect of ant imony addition on 
Cable creep 

The creep rate, as, due to CoNe creep can theor- 
etically be impressed by 

r 

where ~2 is the atomic volume, fi the grain bound- 
ary width, D b the effective grain boundary 
diffusion coefficient, k Boltzman's constant, and 
the other parameters (T, d and a) are designated 
above [19]. If D b is assumed as that of  iron, it 
could simply be given byDb = Dbo exp (-- Qb/RT) 
where Dbo is the frequency factor and Qb is [he 
activation energy for the grain boundary self- 
diffusion of  iron ( =  180kJmol-1).  Equation 2 
is appropriate if the threshold stress, at, is small 
enough to be negligible in comparison to the 
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Figure 5 Stress dependences of the steady 
state creep rates, is, in Coble creep region. 

applied stress, o [15, 19]. I f  it cannot be neglected, 
Bingham behaviour is exhibited [9 -12] ,  i.e. the 
steady state creep rate must be represented by 

% = KO - ad, (3) 

where/~ is given by 

14 (Trf26Dbo] K = [ ~ ]  ( l / d )  3 exp (-- Qb/RT). 
(4) 

Fig. 5 shows the stress dependence of  es under 
the condition of  Coble creep (see Fig. 1), using a 
log- log  diagram. The steel doped with antimony 
does not show the n value equal to unity as required 
by Equation 1. It appears that antimony inhibits 
Coble creep by segregating to grain boundaries. 
Fig. 6 indicates that the addition of ant imony 
amplifies Bingham behaviour. The parameter, K, 
and the threshold stress, at ,  in Equation 3 can be 
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Figure 7 Grain-size dependences of the steady 
state creep rates, d s. Diffusional creep is 
replaced by dislocation creep, with increas- 
ing grain size, d. The ditted line of Equation 
8 has a maximum point, M. This does not 
mean "no creep deformation" below it, 
but only the transition of creep mechanism 
from CoNe creep to others unknown. It i s ,  

however, impossible in this temperature 
range to make small grain sizes (d < 30/am) 
stable during creep. 

determined from this figure [9, 12]. The parameter, 
K, is reduced by the antimony addition because it 
is expected that the effective grain boundary 
width, 8, and the frequency factor, Dbo, are 
reduced by the segregation of  antimony to grain 
boundaries. 

The following relationships describe the curves 
in Fig. 5. 

For the steel without antimony; 
(s) 

es = 8.1 X 10-9o 

For the steel with antimony; 
(6) 

e s  = 4 . 4  x 10 -9 (o" - -  1 . 2 ) .  

Here the units of  stress and strain rate are (MPa) 
and (sec-~), respectively. The two curves are 
replaced by the constitutive equations of  domain 
R1 with increasing stress. 

The threshold stress, or, is usually expressed by 

at = cq(Gb/d) exp@2~) (7) 

where a~ and a2 are constants and the other 
parameters have been designated above [9, 12]. 
Substituting Equations 4 and 7 into Equation 3 
and putting alGb exp (a2Tm/T) into P(T), the 
following equation is obtained: 

es = ~ ( l / d )  3 [o -- P(T)/d I exp (-- Qb/R T) 
(8) 

where Ao is a constant. Equation 8 has been 
drawn by a dotted line in Fig. 7. It is indicated 
from Figs. 5 to 7 that the results for the steel 
with antimony can be explained by Equation 8. 
This is also supported by Fig. 8 which shows 
Arrhenius plots of  es in the Coble creep region. 
The Sb-free stainless steel shows an activation 
energy of  about 190kJmo1-1, which is roughly 
equal to that of  grain boundary self-diffusion of  
iron. On tile contrary, the steel doped with 
antimony show an activation energy of about 
250kJmol  -~. Such a high value in Coble creep 
region has been observed in other stainless steels 
[8, 12], The enlargement of  Oc can be understood 
by the temperature dependence of  the threshold 
stress (Equations 7 and 8). 

The decrease in the threshold stress with 
increasing temperature may be expected, because 
antimony atoms sugregate less to grain boundaries 
with increasing temperature [ 14]. 

5 .  C o n c l u s i o n s  

1. The steady state creep rates of  austenitic 
25 wt % C r - 2 0  wt % Ni stainless steel are reduced 
by antimony additions. 

2 6 8  
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2. The  r e d u c t i o n  in 6s can  be u n d e r s t o o d  in 

t e rms  o f  the  segregat ion o f  a n t i m o n y  to  grain 

b o u n d a r i e s  and  subs t ruc tu res .  

3. In the  d i s loca t ion  creep region,  the  ef fec t  

o f  a n t i m o n y  add i t i on  is m o s t  s t r iking in the  in ter -  

med i a t e  grain size range (d = 100 ~ 3 0 0 ~ m ) .  The 

ef fec t  is more  p r o n o u n c e d  w i th  decreas ing stress. 

4. In the  Coble  creep region,  the  e f fec t  is par t icu-  

larly r emarkab le .  The  t h r e sho ld  stress, a t ,  is 

increased  b y  the  a n t i m o n y  add i t ions ,  i.e. B ingham 

behav iou r  (es cc~ - -  a t )  is observed.  
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