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The influence of grain size, stress and
temperature on the steady state creep of a
25 Cr—-20 Ni austenitic stainless steel without

precipitates

Y. TAKAHASHI, T. YAMANE
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Suita 565, Japan

This work was performed in order to study the steady state creep behaviour of a modified
25 Cr—20 Ni stainless steel which has no precipitates. The test temperature range was
1171 to 1211 K, the stress range 4.9 to 19.6 MPa, and the grain size was 40 to

600 um. The steady state creep rate, é;, decreases with increase in grain sizé, especially

at the lowest stress; é; is proportional to 1/d? at 4.9 MPa, where d is a mean grain
diameter. The variation of €, with grain size is smaller in the middle and coarse-grained
specimens than in the fine-grained specimens, the stress exponent, n, gradually decreases
from ~ 4 to ~ 1.5 with reducing stress, but in the middle- and coarse-grained specimens,

a discontinuous point appears on a |log ¢, versus log o plot. The activation energy for the
steady state creep of the coarse-grained specimens tends to be larger than that of the
fine-grained specimens, and the tendency is remarkable in the higher stress level. It is
indicated that the creep mechanisms in the fine-grained specimens are essentially different
from those in the coarse-grained specimens, and that the creep at the lowest stresses and
smallest grain size is similar to that predicted by a vacancy creep model involving grain-

boundary diffusion.

1. Introduction

It is known that the creep properties of 25 Cr—
20 Ni stainless steels are affected by carbide
precipitates and sigma phase rather than grain
size [1-5], so there have been few studies on the
grain-size dependence of the steady state creep
rate, é,. However, in view of the role of grain
boundaries in several theories of high temperature
creep [6—9], it is important to study the grain-
size dependence of €, even for the high tempera-
ture creep of the stainless steels.

In this paper, the dependence of é, on grain
size for a modified 25 Cr—20 Ni austenitic stain-
less steel was studied under the condition without
carbide precipitates and sigma phase. The test
temperatures were around 0.7 T, ™ and the stress

range was from 4.9 to 19.6 MPa. The other creep
tests for a type 310 stainless steel were performed
at 1171 K to be compared with the above work.

2. Experimental procedure
The chemical compositions of a vacuum-melted
austenitic stainless steel and that of a type 310
stainless steel are shown in Table I. In the vacuum-
melted stainless steel, the content of nickel was
higher and that of chromium was lower than those
of the type 310 stainless steel for the purpose of
preventing carbide precipitation and sigma-phase
formation.

The specimens with a gauge length of 50mm
and a diameter of 2.0mm were made from cold
drawn wires, and annealed as shown in Table II.

*Tm is an absolute solidus temperature of the alloy in thé equilibrium diagram of Fe—Cr—Ni sysfem (Shafmeister and

' Ergang).
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TABLE I Chemical compositions (wt %} of stainless steels

Cr Ni C Mn Si Cu P
Vacuum-melted 22.00 21.81 0.01 Nil 0.06 0.002 0.007
stainless steel
Type 310 stain- 25.50 19.2 0.051 1.43 0.49 _ 0.008

less steel

The secondary treatments at each test tempera-
ture for 15h followed the primary treatments.
All heat treatments were done under a vacuum
atmosphere. The mean grain diameters, d, were
measured by the grain intercept method [10, 11].
In the case of a vacuum-melted austenitic stain-
less steel, it was impossible to obtain a proper
grain size smaller than 40um for grain growth
during the secondary treatment or creep tests. All
specimens were crept in air by the uniaxial tensile
stress after heating for 1h at the test temperature.
The stress was applied by a weight. The elongation
was measured by a dial gauge to gn accuracy of
5 mm.

The test temperature and stress range were
respectively 1171 to 1211K and 4.9 to 19.6 MPa.
The temperature was established to within £0.5K
during the period of each test and the gradient
along the specimen was controlled to within 1K.
Optical microstructures of the steady state creep
stage were observed in the specimens that were
cooled under load after creep. In the creep of the
vacuum-melted austenitic stainless steel, the ab-
sence of precipitates was verified by electron
transmission metallography.

3. Results

3.1. Vacuum-melted stainless steel

3.1.1. Influence of grain size on cirzep
curves

Fig. 1 shows the creep curves of specimens with

the mean diameters of 40, 80 and 600 um. The

TABLE II Heat treatments and mean grain diameters

Mean grain Primary Secondary heat
diameter heat treatment
(pm) treatment

40 1h 1258K

50 1h1323K 15h

80 1h 1373K at test temperatures
160 2.5h1473K and air-cooled
600 0.5h 1573K

creep curves for the coarse-grained specimens have
a primary creep of the inverse type in the stress
range 14.7 to 19.6MPa, but under the lower
stress level (£ 9.8 MPa) they have an incubation
period. Those for the fine-grained specimens are
the normal creep curve at the stresses below
14.7 MPa, and the linear at 19.6 MPa.

Regardless of the aspect in the primary creep
stage, the steady state creep stage follows in all
creep curves.

3.1.2. Grain-size dependence of the steady
state creep rate

The following modified equation can be applied

for the steady state creep {12, 13].

€ = AdPo" exp (— Q./RT) 0))

where A is a constant, d the mean grain diameter,
p the grain diameter exponent, o the creep stress,
n the stress exponent, (. the activation energy
for creep, R the gas constant, and T is the abso-
lute temperature,

The wvariation of p is represented by log é
versus logd plots under the constant stress and
temperature, as shown in Figs. 2, 3 and 4. The
steady state creep rates monotonically decrease
with increase in grain size. In the results for
0=4.9MPa, p is equal to —2 and the relationship
of é,xd™? is established at all test temperatures.
The effect of grain size is poor in the coarse-
grained specimens at 9.8MPa < ¢ < 19.6 MPa;
p gradually increases from —2 to —% with grain
size, except for the results at 1211K. Similar
decrease in the absolute value of p is found in
other papers [10, 14], and may be due to the
subgrains developing during the primary creep. In
this work, however, few subgrains were observed
by the transmission electron microscope.

3.1.3. Stress dependence of the steady state
creep rate

The stress dependences of ég are commonly rep-

resented on a log é, versus log o plot [15—-17].
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The present results are also arranged in this form. in the coarse-grained specimens increases with

The slopes (1) of the curves for 40, 50 and 80 um  increasing stress.

in Fig. 5 change from ~1.5 to ~4 with stress, but The relationship of the activation energy, Q.,

those for 160 and 600 um have, discontinuously, for creep and d is illustrated in Fig. 7. Q, is given

the value of about 5 in the lower stress range. by Equation 2.

These may be explained by the theories of

Crossman and Ashby [8] or Gifkins [9]. 0 ( 01né ) @

. = T

3.1.4. Grain-size dependence of the 91 1/T o,
activation energy for creep

The temperature dependence of ég at each grain It has been said that Q, is essentially insensitive

size is shown in Fig. 6. The data for 80 um under to a change in grain size for the creep in austenitic

9.8MPa £ 0 £ 19.6MPa cannot be fitted to a stainless steels [6, 18]. In this work, however, the

straight line. The temperature dependence of &  results give evidence of the influence of the grain
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Figure 4 Grain-size dependence of ég at 1211K for

vacuum-melted stainless steel.

self-diffusion of Fe in the Fe—Cr—Ni system [19].

In the coarse-grained specimens, Q. obtained for
o = 4.9 MPa is nearly equal to that of the volume
self-diffusion of Fe [19], and Q, under the stress
condition of 9.8MPa <0< 19.6MPa has large

values of 400 to 500kJ mol™ .

3.1.5. Microstructure
No precipitates are observed after the creep for

the vacuum-melted austenitic stainless steel. The
remaining twin boundaries are observed in the
fine-grained specimens, in contrast to the coarse-
grained specimens, as seen in Fig. 8. It is suggested
that the deformation within grains is reduced in
the fine-grained specimens. No grain growth occurs
at either 1171 or 1191K. The creep tests for
40pum could not be performed at 1211K for
grain growth. This indicates that the migration
of grain boundaries begins at 1211 K, so that the
results for 9.8MPa< o< 19.6MPa at 1211K

are different from those at 1171 or 1191 K.

3.2. Type 310 stainless steel
The creep tests for a type 310 stainless steel

size on the activation energy. It suggests that the were carried out in air, to enable comparison

creep process in the fine-grained specimens is
different from that in the coarse-grained specimens.
In the fine-grained specimens, Q. is in agreement

with the experiments on the vacuum-melted

austenitic stainless steel.
Fine-grained specimens below 40um could

with the activation energy of the grain-boundary be obtained. On the other hand, the tests for the

coarse-grained specimens could not be performed,

~1— s
oSl b ; L= 41 / IF! LT since the strain rate was immeasurably small.
mnky 4 (12“”'5 The precipitates were observed in the grain bound-
41',’ aries and within grains after all creep tests. The
&7 results for the type 310 stainless steel are shown in
, S ’7/ Figs. 9 and 10. In the fine-grained specimens, the
L i ,,,9',’;; . precipitates do not appear to influence creep
ey /,,'{’,X'," behaviour, as much as in the steady state creep
- RPNy (¢ region.
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el D | 4. Discussion
w /{ ¢ P It is usually recognized that under conditions of
;o i low stress and small grain size, and at temperatures
/ : i higher than 0.5T,, creep takes place by the
R / v / stress-directed diffusion of vacancies either through
N S ; ! sambemes]  the lattice or along the grain boundaries [7, 20—
/} :" ;’ o sotym) 241. In this case, experimental results should be
; / o 8o in agreement with the diffusional creep equation
/ v v 600 [7,20]:
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On the other hand, in the middle- and coarse-
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Figure 8 Optical microstructures: (a) 1191K, 14.7 MPa, 50 um; (b) 1191K, 14.7 MPa, 600 um.

*With © = 1.21 X 1072 m® [11], 6 X Dpo = 8.3 X 107" m® sec™, Qp = 180kI mol™?, Dy = 1.74 X 10™* m? sec™

’

Oy =284 kImol™ [19], and d = 40 um, ég = 2.0 X 107 sec™ at ¢ = 4.9 MPa, T = 1171K is obtained from Equation
3 where the first term gives 1.2 X 107° sec™!. ég, which was measured at 6 = 4.9MPa, 7= 1171K.d = 40 um = 3.9 X

107 % sec™!.
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Figure 9 Grain-size dependence of ég at 1171K for type
310 stainless steel.

the glide of dislocations within grains and the
grain-boundary sliding, which occurs as an accom-
modation process. The flow within grains is
interpreted in terms of a glide-recovery model
[25, 26]. If this flow is controlled by the glide
rate, the activation energy for creep can be modi-
fied by the thermal component of the applied
stress and the thermal activation area, rather
than by the temperature dependence of the
elastic modulus [27]. Here is a reason why the
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Figure 10 Stress dependence of é at 1171K for type
310 stainless steel.

activation energy for creep in the coarse-grained
specimens is much larger in the stress range 9.8
to 19.6 MPa than that of the volume self-diffusion.
In the case of 0 =4.9MPa, d = 600 um, there is
a possibility that the climb-recovery process is
rate controlling, since the relationship of é; « o°
is established and Q. is similar to the activation
energy of the volume self-diffusion of Fe, which
cannot be explained only by either a vacancy
creep model or a glide-recovery model.

The thermal and athermal components of the
applied stress are necessary for an understanding
of the creep behaviour within grains [27, 28].
The measurements of these components are in
progress.
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