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Stress relaxation in bending of type AISI 304 
and A-286 steels at 773 K 
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Stress relaxation measurements at 773 K, in bending and for different initial stresses, in 
Type A ISI 304 and A-286 steels are reported. Several thermomechanical treatments were 
given to the specimens prior to the relaxation testing. The data are interpreted in terms of 
a stress-partitioned power law and it is shown, for AISI 304, that, for certain thermo- 
mechanical treatments, the internal stress depends on the applied stress since the micro- 
structure recovers during the relaxation. 

1. Introduction 
Conway et al. [1] have reviewed the stress relax- 
ation behaviour of stainless steels for data analysed 
in a stress against time diagram. Rhode and 
Swearengen [2] considered the load relaxation 
data reported by Conway [3], for 304 and 316 
stainless steels during cyclic deformation and 
various hold times, for experiments conducted 
at 923 K and 811 K. The stress relaxation curves 
were analysed in a stress against strain rate diagram 
by using the relationship 

e/ea= { (1-A)  Io--o---!lm/n[ 01 J 

recovery. Conversely, long hold times and small 
cyclic strains promote recovery. When recovery 
occurs, relaxation can be described with o i = 0, 
m ~" 40 and n ~ 10. If no recovery occurs ai =# 0 
and m ~ 3 .  At 811K for 304 no evidence of 
recovery was found and a i :/= 0, m --~ 2.5. 

Anciaux [4] reported stress relaxation curves 
for three austenitic stainless steels at 563 K. The 
tests were conducted in a strain controlled servo- 
hydraulic test machine near yield point strain 
levels. The shape of the stress-strain rate tra- 
jectories for the mill-annealed Type-304 stainless 

+A[O--ail} n steel were found to be dependent on the applied 
[ ol J strain. No explanation was given for this behaviour. 

The state variable approach proposed by (1) 
Hart [5, 6] was used by several authors [7-14] 
to describe the load relaxation behaviour of 
Type-304 and Type-316 stainless steels. Hart's 
phenomenological model consists of essentially 
two parallel branches. At high homologous tem- 
peratures the constant hardness log o-log 4 stress 
relaxation curves are described by 

ln(o*/o) = (~*/~)~ (2) 

where o* is the hardness, X is a temperature- 
independent parameter and ~* depends on tem- 
perature, heat treatment and deformation. The rate 
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where o is the applied stress, ~ the plastic strain 
rate, m is a state variable that relates dislocation 
velocity to stress, n is a state variable that denotes 
the recovery rate, the state parameter oi is an 
internal stress which becomes zero at high tem- 
peratures and A is a functional relationship 
between re,n, strain hardening and recovery. 01 
and el are the stress and strain rate, respectively, 
at the beginning of the relaxation. 

In 304 and 923 K it was found that short hold 
times and large cyclic strain amplitudes inhibit 
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of deformation in the region where Equation 2 
applies is assumed to be controlled by diffusive 
processes. 

The branch which is important at lower homo- 
logous temperatures gives the constant hardness 
log o-log ~ curves described by 

= B(of/G) M (3) 

where G is the shear modulus, B is a rate para- 
meter and is moderately temperature dependent 
compared to ~*, of is an effective stress and is 
( o - o * )  in the region where deformation pro- 
cesses represented by Equation 2 are not impor- 
tant and M is a constant. Equation 3 is assumed to 
result from dislocation glide controlled processes. 

In the intermediate temperature range, defor- 
mation processes represented by both Equations 2 
and 3 will be important. In this range both 
branches of the phenomenological model will be 
operative such that 

o = o* exp [--(~*/0 x] + G(~/B) 1/M (4) 

Most of the data were obtained at room tem- 
perature and have been interpreted in terms of 
Equation 3. It was found that the parameters of 
Equation 3 were dependent on the prior thermo- 
mechanical treatment given to the specimen 
[7, 10]. The measurements in Type-316 stainless 
steel were extended to higher temperatures 
[12, 14] and could be described by Equation 4 
up to temperatures of the order of 773 K. Micro- 
structural changes were observed above this 
temperature. A grain-boundary sliding contri- 
bution to the relaxation curves was observed at 
873 K, in a highly stabilized Type-316 stainless 
steel [14]. This contribution was described by 
an equation similar to Equation 2 with X = 0.32. 

The only data found in the literature on the 
stress relaxation of Type A-286 stainless steel are 
those reported by Matters and Lochen [15] for 
springs at constant deflection. The experiments 
were performed at 811 and 922 K for only one 
initial stress and up to times of the order of 
500 h. These data are largely qualitative and 
were obtained in aged material. 

It is the purpose of this paper to present data on 
the stress relaxation behaviour, in bending and at 
773 K, of Type A-286 and 304 stainless steels. Four 
different thermomechanical treatments are given to 
the specimens, prior to the stress relaxation exper- 
iments and the measurements are extended up to 
times of 350 h at various initial stresses. 

2. Experimental procedure 
2.1. Specimen's preparation 
The as received material was cold-rolled to the 
desired thickness (of the order of 0.5 ram) to 
prepare specimens 15 mm wide and 100 mm long. 
This, produced a 30% deformation in the A-286 
and 50% in the AISI 304 specimens, respectively. 
The specimens were prepared with the axis parallel 
to the rolling direction and, in addition to the 
cold-worked condition, three different thermal 
treatments were used, prior to the stress relaxation 
measurements. In fact, some specimens were 
carefully cleaned and sealed into fused silica 
tubes with argon atmosphere. These tubes were 
heated during l h  either at 1172K or at 1201K 
and dropped into oil for a quenching treatment. 
Finally, the specimens were heat-treated into a 
fused silica tube connected to a high vacuum 
equipment, at 993 K during 16 h and subsequently 
cooled by removing the furnace ("air cooling"). 
These different thermomechanical treatments 
will be named A, B, C and D, respectively, as 
indicated in Table I. The chemical composition 
of both alloys, the average grain size and the 
microhardness obtained after the different thermo- 
mechanical treatments are indicated in Table II. 

2.2. Stress re laxa t ion  m e a s u r e m e n t s  
The specimens, originally flat, were bent elastically 
into stainless steel holders with radii which gave 
maximum outer fibre stresses between approxi- 
mately 100 and 300 MPa. The holders are similar 
to those described by Fraser etal. [16]. The 
holders with the specimens were inserted into a 
furnace at 773 K and extracted periodically for 
curvature measurements. The temperature was 
controlled with thermocouples attached to the 
holders near the specimens and the fluctuations 

TAB LE I Thermomechanical treatments given to the 
specimens prior to the stress relaxation tests 

Thermomechanical treatment Name 

As-received + cold-rolled 
A + 16 h at 993 K in vacuum and 
"air-cooled" 
A + 1 h at 1172 K in argon and oil- 
quenched + 16 h at 993 K in vacuum 
and "air-cooled" 
A + 1 h at 1201 K in argon and oil- 
quenched + 16 h at 993 K in vaccum 
and "air-cooled" 

A 

B 

C 
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T A B L E I I A Chemical composition of the alloys used. 

Composition (wt %) 

C Mn P S Si Cr Ni Mo Co V Ca A1 Ti Fe 

AISI304 0.058 1.7 0.020 0.012 0.75 17 8.8 0.27 0.08 0.05 - - - balance 
A-286 0.042 <0.1 0.025 0.037 < 0.1 14 25 2.02 0.85 0.52 0.025 1.13 2.10 balance 

T A B L E I I B Thermomechanical treatment 

Thermomechanical treatment (Average grain size (~m); microhardness (HV)) 

A 13 C D 
AISI 304 45; 450 37; 209 11; 225 35; 215 
A-286 45; 366 41; 497 19; 374 28; 334 

were of  the order of  + 1 K. The radii of  curvature, 
Ri ,  after releasing the specimens from the holders 

were determined by measuring the coordinates 
of  different points with respect to a reference 
plane, in the arc of  circumference determined by 
the curved beam and feeding the data to a com- 
puter program which calculated the average radius 
by a least squares fitting. Duplicate specimens 
were used in order to observe the dispersion 
between equivalent specimens on the results. The 
stresses at the surface of  the beam, o, before 
unloading were determined by the relationship 

[17,18]  

o = ~o b + ~ dab (5) 
3 dE 

where !; = Eh/2R is the initial stress at the surface 

of  the bent specimen and 

the measured stress change in the same posit ion,-  
after releasing the specimen from the holder. R is 
the radius of  curvature of  the holder, h is the 

thickness of  the specimen and E is Young's modu- 
lus (168 GPa for AISI 304 [19] and 167 GPa for 

A-286 [20] at 773 K, respectively). 

3.  R e s u l t s  
3 . 1 .  A - 2 8 6  

Fig. 1 shows the measured stress change at the 
surface of  the specimens, for different thermo- 
mechanical t reatments and various initial stresses. 
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Figure 1 Measured stress change at the surface as a function of time for A-286. (a) The full circles correspond to speci- 
mens Type-A and the open circles to specimens Type-B, respectively. (b) The full curves indicate specimens Type-C 
and the broken curves specimens Type-D, respectively. The corresponding initial stresses are given on each curve. 
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It is seen that in some cases, for example the full 
curves for Z = 91MPa at the bot tom of Fig. la 
equivalent specimens can give slightly different 
results (curve 91(a) and curve 91(b)). This is due 
to the fact that, even if both specimens had the 
same thermomechanical treatment, there might 
be a slight difference in the initial state of  the 
material. Small differences in the thickness of the 
specimens are indicated by curves with slight 
differences in the initial stresses as, for example, 
the full curves for Y, = 213 MPa and ~ = 211MPa 
in Fig. la. When only one curve is shown, for a 
given s  the data correspond to the average value 
for two equivalent specimens. The stresses, o, at 
the surface of  the specimen before unloading, 
which correspond to the values that would be 
obtained, in the same material, under initial 
uniaxial stresses given by ~, can be calculated by 
using Equation 5. In fact, d % / d s  can be obtained 
by plotting % against ~ for different times 
and drawing average curves through the points 
obtained from the average curves of  Fig. 1. Once 
dob/d2; is known, at each t, curves of o against t 
can be easily constructed. These curves are not 
given to save space. 

The log o - log  e stress relaxation curves are 
obtained by taking the derivatives of  the o against 
t curves, since ~ = - d / E ;  the dot indicates a 
derivative with respect to the time. These curves 
are shown in Fig. 2 where the same notation as 
for Fig. 1 is used. It is seen that the cold-worked 
specimens (Type A) show a higher stress relaxation 
as compared with treatments B, C and D. 

The stress relaxation curves for the cold-worked 
specimens are concave upward as for a typical pro- 
cess at low homologous temperatures [5, 6, 21]. 

A visual comparison of  these curves with the 
normalized plots of  the different theoretical 
expressions [22] shows that these data might be 
described either by Gilman's [23] equation, by a 
hyperbolic sine relationship between the average 
dislocation velocity and the effective stress, or by 
the Johnston-Gilman [24] equation. This last 
equation is similar to Equation 3. 

The best fit to the experimental curves fo r  the 
cold-worked specimens shown in Fig. 2a was 
obtained with the Johnston-Gilman equation. The 
following procedure was used [25]: Johns ton-  
Gilman equation 

= Opbvo (6) 
LOo J 

w h e r e  q~ is an o r i e n t a t i o n  f ac to r ,  p is the  m o b i l e  

dislocation density, b is the Burgers vector, o i is 
an internal stress and, Vo, Oo and m* are material 
constants, can be written in a normalized form as 
[22] 

e o  = 1 + (~/~*):Je (7)  
where 

~*  = ~pbvo(Oi/%) m* (8 )  

/3 = rn* (9) 

= 1/o  ( l o )  

The strain rate sensitivity parameter v = d log o/ 
d log d, obtained by differentiating Equation 7, 
is given by [22] 

= + (11) 

Combining Equations 7 and l 1 leads to 

o = (l/c0 + (J(ov) (12) 

Equation 12 shows that, if the experimental 
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Figure 2 Stress against strain rate relaxation curves for the specimens shown in Fig. 1. (a) The full curves are for speci- 
mens Type-A and the broken curves for specimens Type-B, respectively. (b) The full curves indicate specimens Type-C 
and the broken curves specimens Type-D, respectively. 
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T A B L E I I t Parameters for the A-286 cold-worked specimens, Type-A, obtained by fitting the experimental log ~ -  
log ~ curves of Fig. la to Johnston-Gilman equation 

(MPa) o i = 1/a (MPa) m* ~*/om* m* = ~bPbVo/% X 1011 o~((~*) l/m* X lO s 
(sec -1 MPa -m*) (sec -l/m* MPa -1 ) 

247 157 2 7.6 8.7 
213 136.2 2 9.1 9.5 
185(a) 109 2 9.4 9.7 
91(a) 62.9 2 7.2 8.5 

curves are described either by Equations 6 or 7, 
a plot of  the derivative of  the log o - log  ~ curves 
multiplied by the corresponding stress against the 
stress should give a straight line of  slope/3 and 
intercept 1/s. Once s and/3 are known, ~* can 
be obtained from Equation 7. 

Equation 12 was applied to the experimental 
log o - l o g  ~ curves for the cold-worked specimens, 
shown in Fig. 2a and the parameters obtained 
are given in Table III. It must be pointed out that 
the experimental curves shown in Fig. 2a, for 
Type-A specimens, can be fitted with the para- 
meters given in Table III with a maximum error 
of  the order of  1%. As shown in Fig. 2, specimens 
Type-B, C and D give a straight line in a log o -  
log ~ plot. From Equations 7 and 11 it is easily 
seen that if s o  >> 1, then 

s o  = (~/~,)l/a (13) 
and 

v = 1/13 (14) 

TABLE IV Parameters for the A-286 specimens 
Type-B, C and D obtained by fitting the data of Fig. 2 
to Equation 15 

Specimen 2(MPa) o~(~*) I/rn* X 103(sec -l/m* MPa -1) 
type and m* 

B 
m*= 76.9 

248 3.3 
243 3.4 
220 3.7 
216 3.8 
185 4.5 
181 4.6 
92 9.0 

C 
m* = 222.2 

250 
243 
217 
187 
93 

3.7 
3.9 
4.2 
4.9 

tO.O 

D 
m* = 266.7 

266 
243 
213 
185 
181 
92 

3.8 
4.1 
4.7 
5.4 
5.5 

10.3 

On taking the logarithm of  both sides of  Equa- 
tion 13 and rearranging gives 

log o = - - log  [o~(~*) 1//3] + (log ~//3) (15) 

which shows that a plot of  log o against log 
should be linear with a slope 1//3 and intercept 
- - log[s(~*)l /3] .  The parameters obtained by 
applying Equation 15 to specimens Type-B, C and 
D are given in Table IV. 

3.2. AISI 3 0 4  

Fig. 3 shows the measured stress change at the 
surface of the specimens for the different thermo- 
mechanical treatments and various initial stresses. 
The average value obtained in two equivalent 
specimens is given. The strong relaxation in the 
cold-worked specimens should be noticed. 

The corresponding log o - log  ~ stress relaxation 
curves, obtained through a procedure similar to 
the one used for the A-286 specimens, are shown 
in Fig. 4. It is seen that in this case concave 
upward or concave downward curves can be 
obtained, according to the thermomechanical 
treatment. Specimens Type-A and D give concave 
upward curves which can be described by the 
Johns ton-Gi lman equation (Equation 6) following 
the procedure outlined for the A-286 specimens. 
The corresponding parameters are given in Table V 
and the experimental curves can be fitted to 
Equations 6 or 7 with a maximum error of  1%. 

A visual comparison of the concave downward 
curves of  Fig. 4 for specimens Type-B and C, with 
the normalized plots of  [22] shows that these 
curves might be described either by an exponential 
dependence of the strain rate with the applied 
stress, by a hyperbolic sine dependence of the 
strain rate with the applied stress, by Sleeswyk 
e t  al. [26] model or by Hart 's phenomenological 
model for high homologous temperatures (Equa- 
tion 2). The best fit to the experimental curves 
was obtained with Equation 2 with the following 
procedure: On differentiating Equation 2 it is 
easy to show that 

1855 
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Figure 3 Measured stress change at the surface as a function of time for the AISI 304 specimens. (a) The full curves 
indicate specimens Type-A and the broken curves specimens Type-B, respectively. (b) The full curves are for specimens 
Type-C and the broken curves for specimens Type-D, respectively. 

v = X(4"/4) x (16) 

On combining  Equat ions  2 and 16 leads to [27] 

In o = In o - - ( v / X )  (17) 

Then,  according to Equat ion  17 if the experimental  

curves are described by  Equa t ion  2 a plot o f  the 

natural logarithm of  the stress against the deriva- 

tive of  the log o - l o g  ~ curves at this stress level 
should give a straight line of  slope 1/X and inter- 

cept In o. Once these parameters are k n o wn  e* can 

be obta ined from Equat ion  2. Equat ion  17 was 
applied to the experimental  l o g o - l o g 4  for 
Type-B and C specimens shown in Fig. 4 and the 

parameters obta ined are given in Table VI. The 

experimental  curves can be fit ted wi th  these para- 
meters wi th  a m ax im um  error of 1%. 

4. Discussion 
4.1. A-286 
As shown in Figs. 1 and 2, there are no substantial  

differences be tween  the stress relaxat ion behaviour 

for specimens with t rea tments  B, C or D. The cold- 

worked specimens (Type-A),  however, show a 

stronger relaxat ion and the log o - l o g  d curves are 

concave upward,  as compared wi th  the linear 
behaviour  shown b y  specimens Type-B, C or D. 
In all cases the stress relaxation curves are typical  

for a process occurring at low homologous tern- 

T A B L E V Parameters for the AISI 304 Type-A and D specimens, obtained by fitting the experimental log a-log 
curves of Fig. 4 to Johnston-Gilman equation 

Specimen >2 (MPa) o i = 1)c~ m* i*/o~ n* = c~pbvo/% ra* (4*)l/rn*e~ 
type (MPa -1 ) (sec -1 MPa -m*) (sec -l/m* MPa -1 ) 

A 301 46.4 5.4 4.5 • 10 -~ 6.6 • 10 -4 
264 22.9 2.6 1.1 • 10 -1= 2A • 10 -5 
220 4.6 3.4 X 10 -4 
112 3.3 1.4 • 10 -4 

D 298 127 4.6 4.9 • 10 -~6 4.7 • 10 -4 
261 116 6.5 3.4 • 10 -19 1.4 • 10 -3 
223 97.8 5.8 2.1 • 10 -18 8.7 • 10 -4 
110 50.8 7.0 1.6 • 10 -19 2.0 • 10 -s 
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Figure 4 Stress against strain rate relaxation curves for the 
specimens of Fig. 3. The initial stresses and the thermo- 
mechanical treatment are indicated on each curve. 

peratures [21], i.e. for mechanisms controlled by 
dislocation glide. Furthermore, as shown in 
Table III, m* is constant for the stress relaxation 
curves obtained in the cold-worked specimens at 
different initial stresses. This might be an indi- 
cation that the stress relaxation curves, for 
different 23, are related by scaling, i.e. it is possible 

TAB L E V I Parameters for the AISI 304 Type-B and 
C specimens, obtained by fitting the experimental log a -  
log d curves of Fig. 4 to Equation 2 

Specimen 2;(MPa) o*= 1/c~(MPa) X g*(sec -~) 
type 

B 300 257.2 0.55 3.6 X 10 -n 
256 242.2 0.55 3.6 • 10 -n 
222 204 0.57 3.0 X 10 -11 
l l0  113 0.37 9.3• -a= 

295 248.8 0.13 2.0 X 10 -n 
264 226.5 0.09 1.6 X 10 -n 
221 345.5 0.23 3.6 • 10-a2 
112 171.9 0.22 5.4• -12 

to superpose by translations (A log o, A log d) any 
one of  the curves onto any of  the others, in such 
a way that the overlapping segments of  each curve 
match within the experimental error. The trans- 
lations are performed along straight lines o f  slope, 
#, given by [21] 

# = A log o/A log d = constant (18) 

According to Povolo and Marzocca [28, 29] the 
scaling conditions for Equation 7 (or Equation 6) 
a r e  

Alogt3 = A1ogm* = 0 (19) 

log a = -- k log ~ = ~ log a i (20) 

A log d = A log 4* = A log o/# = A log oi//.t 

(21) 
o r  

a(d*) u = constant (22) 

Then, if Equation 7 (or Equation 6) shows a 
scaling behaviour in a log o - log  d diagram m* 
must be the same for all the individual stress 
relaxation curves at different ~:. Furthermore, 
if the mobile dislocation density remains con- 
stant during the relaxation [29] 

I.Z = 1 / m *  (23) 

From the d* and oi values obtained for the cold- 
worked specimens it can be seen that 

A log d* = A log o~/2 (24) 

so that # =  1 / 2 =  l / m *  and, according to the 
last column of  Table III, Equation 22 is satisfied. 

In summary, the stress relaxation curves for 
the cold-worked specimens are related by scaling 
along the translation path of  slope # = 1/2 and 
the dislocation density remains constant durin~ 
the relaxation. According to Table IV, o~(d*) 1/ra 
is practically independent from the initial stress 
and the thermomechanical treatment for speci- 
mens Type-B, C and D. There is a deviation at the 
lowest initial stress probably due to anelastic 
contributions. The dislocation density probably 
also remains constant during the relaxation, as 
for the cold-worked specimens. 

If  the mobile dislocation density does not 
change during the relaxation, the activation 
volume 

V *  = - -  [ O A G / a ( o - -  oi)]T (25) 

for Equation 6 is given by [30] 

v* = ~Tm*/(o- oi) (26) 
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Figure 5 Relative activation volumes against stress, for 
different thermomechanical treatments. Full curves 
A-286 and broken curves AISI 304. 

Furthermore, the activation work is 

14/ = ( o - - o i ) V *  = m * k T  (27) 
and 

m* = ( a - -  o i) V * / k T  (28) 

According to Equation 28, m* gives the ratio 
between the work of external forces and the 
thermal energy contribution to the overcoming 
of the obstacles by the moving dislocations [30]. 

The activation volumes calculated with Equa- 
tion 26 and the parameters given in Tables III 
and IV are shown, as a function of stress, by the 
full curves of Fig. 5. Similar results are obtained 
for the rest of the initial stresses. It is seen that 
the activation volume is higher for specimens 
Type-B, C and D than for Type-A. 

Since this alloy is a 7'-hardened austenitic 
steel [31 ] it is easy to rationalize the stress relax- 
ation results. The ageing treatment at 993 K for 
specimens Type-B, C and D changes the distri- 
bution and size of the 3" particles. These speci- 
mens have high m* values showing, according to 
Equation 28, that thermal activation is not impor- 
tant and the overcoming of the obstacles is mainly 
due to the work of external forces. This is also 

reflected in the high activation volumes obtained 
for these thermomechanical treatments. In the 
cold-worked specimens, which have not been 
aged, lower m* values are obtained indicating 
smaller obstacles and a much stronger contri- 
bution of thermal activation. In addition, much 
smaller activation volumes are obtained, as shown 
in Fig. 5. In this case the mechanical behaviour 
is controlled by the overcoming of individual 
solutes or smaller precipitates by the moving 
dislocations. 

Threadgill and Wilkshire [32] have studied 
the creep behaviour of a 7'-hardened austenitic 
steel at 873 K showing that the steady-state 
creep rate depends on the particle diameter and 
could be described by an equation similar to 
Equation 6. 

4.2. AISI 304 
As shown in Fig. 4, specimens Type-A and D give 
concave upward log a-log ~ curves that can be 
described by Equation 6. Furthermore, as shown 
in Table V, m* and a(~*) i/m* depend on the 
initial stress showing that ~; affects the mobile 
dislocation density and no scaling behaviour is 
found between the individual stress relaxation 
curves. If the mobile dislocation density is 
assumed to remain constant during an individual 
stress relaxation at a given 2~, Equation 26 can be 
used to calculate the activation volume. The 
results are shown by the broken curves of Fig. 5. 
It is seen that, in general, much smaller activation 
volumes than for the A-286 specimens are obtained, 
for the same initial stress and thermomechanical 
treatment. 

According to Fig. 5, the activation volumes for 
the cold-worked specimens are higher, at a given 
stress, than those for the A-286 cold-worked 
specimens but they tend to be the same at high 
stresses. The shifting of the curves to lower stresses, 
for the A-286 specimens, is due to the higher 
internal stresses found in this alloy, as shown by 
a comparison between Tables III and V. The m* 
values for AISI 304 are slightly higher than for 
A-286 even if of the same order of magnitude. 
These low m* values indicate that thermal acti- 
vation is important. It can be concluded that the 
stress relaxation behaviour'of the AISI 304 cold- 
worked specimens is controlled by a mechanism 
similar to the one found in the A-286 cold-worked 
specimens, i.e. the overcoming of individual solute 
atoms or very small precipitates. The smaller 
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relaxation found in the A-286 alloy is due to the 
higher internal stresses. 

As shown by Table V, specimens Type-D give 
m* values similar to those found for the cold- 
worked specimens. As indicated by the activation 
volumes shown in Fig. 5 a similar mechanism as 
for the cold-worked specimens is controlling the 
stress-relaxation behaviour. The lower relaxation 
for Type-D specimens is due to the higher internal 
stresses after this type of thermomechanicai 
treatment. 

Remarkable results are obtained for the stress 
relaxation of Type-B and C specimens. In fact, 
as shown by Fig. 4, the stress relaxation log o -  
log ~ curves are concave downward, typical for 
processes occurring at high homologous tempera- 
tures [21]. It was shown that the relaxation 
behaviour of these specimens can be very well 
described by Hart's equation for high homologous 
temperatures (Equation 2) with the parameters 
given in Table VI. The problem with Equation 2 
is that it is only phenomenological and it is diffi- 
cult to attach a physical significance to the para- 
meters involved. 

As pointed out in Section 1, Rhode and 
Swearengen [2] have proposed Equation 1 to 
describe stress relaxation concurrent with micro- 
structural recovery. Equation 6 is a particular 
case of Equation 1 when no recovery occurs. 
Since, as shown by Swearengen and Rhode [33], 
Equation 1 can give either concave upward, linear 
or concave downward curves, it was attempted to 
fit the stress relaxation curves for Type-B and C 
specimens to this equation. In fact, Equation 1 
can be written, in normalized form, as 

e/e* = [[3(ao- 1) m/n + (act -- 1)] n (29) 

where 

~* = ~ l (Oi /~71)nA n (30)  

/3 - [(1 - -A) /A]  (oi/ox) m/"-a (31) 

c~ = 1 / ~  (3~)  

By differentiating Equation 29 it is easy to show 
that the strain rate sensitivity parameter, in this 
case, is given by 

Hoto 
12 - -  

( a o  - 1) 

t) ~/"-~ + 1] 

(33) 

On combining Equations 29 and 33 leads to 

v ( a o -  1) _ m + ( n - m ) ( ~ * )  TM (ao - -  1) 
OtO ~l /n  

(34) 

In addition, if ao >> 1, i.e. if o >> oi Equation 34 
reduces to 

(l 
v = m + ( n - - m ) ( ~ * ) l / n o t - : ~ ,  (35) 

and Equation 29 to 

= [3(~*)l/"o~n~no m/n-1 + a(~*) x/n (36) 
0 

Then, when ao>> 1, Equation 35 shows that a 
plot of v against a/~ TM should give a straight line 
of slope ( n - - m ) ( ~ * )  x/n and intercept m; Equa- 
tion 36 that a plot of ~1/"/o against a m/n-1 should 
give a straight line of slope [3(e*)l/nam/n and 
intercept a(~*) TM. Only the parameter n is 
required to use Equation 35 for the experimental 
data; both n and m are needed for Equation 36. 

Equations 35 and 36 were used for the experi- 
mental log o - loge  curves for Type-B and C 
specimens, shown in Fig. 4. n was obtained, as 
suggested in [33], from the reciprocal of the 
slope of the curves at low stresses; similarly, m 
can be obtained from the reciprocal of the slopes 
at high stresses. This procedure gives, for example, 
for the curve at ~ = 300 MPa for specimen Type-B, 
n =3 .4  and m = 17. The plots suggested by 
Equations 35 and 36 show strong curvatures, for 
both Type-B and C specimens, indicating either 
that Equation 29 (or Equation 1) is not obeyed 
or that wrong values have been chosen for n or, 
that the condition ao >> 1 is not satisfied. In this 
situation it is difficult to determine all the para- 
meters needed for Equation 1. 

A possible interpretation for the change in the 
curvature of the relaxation curves for specimens 
Type-B and C can be obtained by an analysis of 
Equations 2 and 6 in terms of a general equation 
that describes thermally activated dislocation 
motion. This very well known equation leads to 

= eo exp [-- A G ( o - -  oi)/kT ] (37) 

where ~o is a general pre-exponential factor. 
Equation 2 can be written in the form of Equa- 
tion 37 as 

-- ~* exp -- ~- in [ln (o*/o)] (38) 
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so that 
1 

AG (o -- oi) = ~ In [ln (o*/o)] k T  (39) 

It is easy to show that Equation 2 reduces to 
Equation 6 if 

Oi = g - -  170 [ln(o *lg)] -llxm* (40) 

~* = (opbvo (41) 

and the mobile dislocation density does not 
depend on the applied stress. 

Then, Equation 2 is equivalent to Equation 6 
if the internal stress changes according to Equa- 
tion 40 during the relaxation and ~* is given by 
Equation 41. As shown in Table VI, ~* has the 
correct order of magnitude. On taking into 
account Equations 25, 39 and 40 it is easy to show 
that the activation volume is given, in this case, by 

V* - m * k T  [ln (a*/a)] tlXra* (42) 
ao 

According to this equation, unfortunately, the 
parameters Oo and m* are needed to calculate 
the activation volume for specimens Type-B and 
C. A comparison with the results obtained in 
Type-A and D specimens, however, can be made 
by the following procedure: On differentiating 
Equation 42 it is easy to show that 

1 
m*(d log V*/d log a) = - ~ -  [ln(a*/o)] -1 

(43) 

and, on differentiating Equation 6 leads to 

m*(d log V*/d log o) = - o m * / ( o -  ai) 

(44) 

Then, Equations 43 and 44 shows that the results 
obtained for specimens Type-B and C can be 
compared with those for specimens Type-A and 
D through the parameter m* (d log V*/d log a). 
The results obtained, for similar initial stresses 
and with the parameters given in Tables V and VI, 
are shown in Fig. 6. Furthermore, as shown by 
Fig. 7 both ai and a* change linearly with the 
initial stress, except for specimens Type-C where 
some dispersion is observed. 

In summary, it may be stated that the different 
behaviour found for specimens Type-B and C with 
respect to specimens Type-A and D might be due 
to the fact that  the microstructure is changing 
during the relaxation in the first type of speci- 
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304. 

mens, but the same mechanism is controlling the 
plastic deformation. 

Unfortunately, only few detailed studies of the 
changes in the microstructure due to different 
thermomechanical treatments have been reported 
in the literature. In addition, scarce experiments 
where a correlation is established between the 
mechanical behaviour and the microstructure have 
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Figure 7 Internal stress and hardness parameter against 
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been performed, and generally at temperatures 
higher than the one used in this paper. 

The difference in the stress relaxation behaviour 
induced by the different thermomechanical treat- 
ments might come from a different distribution 
of the precipitates. In fact, Cole et al. [34] have 
shown that the phases formed and the location 
of the carbides depend on the time and tem- 
perature chosen either for the solution anneal- 
ing, for the solution annealing and carbide 
agglomeration or for the ageing treatment. 
Furthermore, Yang and Spruiell [35] have studied 
the recovery stages of cold-worked type 304 
stainless steels. Isochronal annealing revealed a 
distinguishable stage of resistivity recovery prior 
to recrystallization, which was attributed to 
the annihilation of vacancies and removal of 
carbon from solid solution. A second stage 
resistivity drop (around 773K) resulted from 
recrystallization. 

From the stress relaxation results reported by 
Anciaux [4], at 563 K, for mill-annealed type 304 
stainless steel, changes in the concavity of the 
log o - log~  curves are observed, depending on 
the prestraining before the relaxation. According 
to the data reported by Thomas and Yaggee [8], 
for 20% cold-worked type 316 steel, a change in 
the concavity of the stress relaxation curves is 
observed even at room temperature. These would 
indicate that recovery could occur at 563 K and 
possibly at room temperature, which is not easy 
to understand even if it is known that carbon 
begins to be trapped by vacancies near room 
temperature [36, 37]. 

Another possibility is that grain-boundary 
sliding contributes to the stress relaxation for 
certain thermomechanical treatments. In fact, 
as pointed out in Section 1, Huang etal.  [14] 
have observed such a contribution at 873 K, in 
highly stabilized type 316 stainless steel. A grain- 
boundary sliding contribution to the stress relax- 
ation is possible at 773 K but it is difficult to 
rationalize how this effect can be important at 
563 K and at room temperature. Finally, as 
shown by the grain sizes and the microhardness 
values given in Table II there is no clear corre- 
lation between these quantities and the stress 
relaxation behaviour. 

In conclusion, further work is needed for a 
correct understanding of the mechanisms control- 
ling the stress relaxation behaviour of AISI 304. 
Particularly, the meaning of the parameters and 

the barriers involved, if the simple model used in 
this paper is valid, should be established. 

5. Conclusions 
The relaxation of Type AISI304 and A-286 
steels at 773 K depends strongly on the thermo- 
mechanical treatment given to the specimens 
prior to the stress relaxation testing. The data 
were interpreted in terms of a stress-partitioned 
power law and it was shown, for AISI 304, that, 
for certain thermomechanical treatments, the 
internal stress is dependent on the applied stress 
since the microstructure recovers during the 
relaxation. 
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