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The present work comprises measurements of the secondary creep-rate at different stress
levels with rates between about 2x10~* %/h and 10%/h and the grain-boundary sliding at
700° C in two austenitic 20 wt %, Cr[35 wt 9%, Ni stainless steels. One alloy was a pure

20 wt % Cr/35 wt %, Ni steel, whereas the other contained about 0.5 wt %, Ti and 0.5 wt %,
Al so that it precipitated ¢’ during creep at 700° C. Special care was taken to assure
equivalent microstructure in the specimens and precise creep conditions so as to obtain
accurate and reproducible creep-rates. Both materials exhibited decreasing stress-
dependence of the creep-rate at low stresses. Neither the stress-dependence of the creep-
rate, nor the absolute creep-rate was consistent with diffusion-creep. The amount of
grain-boundary sliding was measured separately by means of scribed grid lines on the
creep specimens for the pure material at stresses above the ““creep yield”. The values for
the component of the creep-rate due to grain-boundary sliding coincide very well with the
extrapolated line of the low-stress branch of the creep-ratefstress curve. All these results

taken together suggest that the most likely explanation of the creep yield in 20 wt 9,
Cr/35 wt 9%, Ni steels is the one based upon grain-boundary sliding.

1. Introduction

To make creep testing less time-consuming there
18 a desire to extrapolate data for rupture time
and creep-rate at low stresses from the more
readily available data at high stresses. For
instance, it is well known that the creep-rate and
stress at high temperatures obey a power law,
€ = Ao”, within a relatively large range of
creep-rates. The question is, of course, whether
such a relation is valid at the low stresses which
the material experiences in an actual construc-
tion and for which few, if any, experimental data
points exist.

An increasing amount of evidence is now
becoming available, and it shows that materials
creep faster at low stresses than the power law
fitted to data at higher stresses predicts. Data for
magnesium and zirconium alloys indicate that
the exponent, 7, in the power law is about 1 at
low stresses, whereas it is between 3.5 and 6 at
higher stresses [1-5]. This behaviour gives rise
to a break, or a creep yield, in the stress/creep-
rate relation in a double-logarithmic graph.

Jones [3, 4] and Bernstein [5] have proposed
that the decreasing stress-dependence of the
creep-rate at low stresses and at about 0.6 Tty
and even below is due to grain-boundary
diffusion-creep, i.e. the transport of matter takes
place by diffusion along the grain-boundaries.
At somewhat higher temperatures volume
diffusion-creep, i.e. where the diffusional trans-
port occurs inside the grains, may account for
the decreasing stress-dependence [1-4]. Analyti-
cally, grain-boundary diffusion-creep has been
formulated by Coble [6]:

B Q¢

& = PR Dogn exp(— Qgn/kT) )

where B is a geometrical factor; £ is the atomic
volume; o is the applied stress; d is the diameter
of a spherical grain; w is the effective width of
the grain-boundary; Dagp is the frequency factor
for grain-boundary diffusion; Qg is the activa-
tion energy for grain-boundary diffusion.

Jones [3, 4] and Bernstein [5] have shown that
this equation may account for the decreasing
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stress-dependence of the creep-rate at low
stresses for magnesium and zirconium alloys. It
gives a linear stress-dependence in agreement
with the experiments mentioned above and
furthermore the calculated creep-rates correlated
with the observed. Another finding that has been
taken as a strong support for diffusion-creep is
the observation of zones denuded of precipitates
at grain-boundaries normal to the stress axis in a
Mg/0.5 wt %, Zr alloy [7]. It was proposed that
the zones arose from the diffusional flow of
matter. Suggestions have also been made that
diffusion-creep may be important for austenitic
stainless steels [8] and nickel-base alloys
hardened by ¢ [9] at temperatures around
0.6 T

Recently the idea of diffusion-creep has been
disputed [10]. It was shown that the experimental
basis for the linear stress-dependence of the
creep-rate has been dubious in some cases.
Furthermore, equation 1 contains constants,
B, and @ Dgp, that are not very well known.
Hence, the agreement between observed creep-
rates at low stresses and creep-rates calculated
from equation 1 may be fortuitous. At present
the best support for the diffusion-creep hypo-
thesis seems to be the observations of the
denuded zones [7]. However, Raraty has rejected
this conclusion [11]. In contradiction to the
results by Harris and Jones [1]in a Mg/0.5 wt 9,
Zr alloy, he found no correspondence between
the size of the denuded zones and the actual
creep-strain in a Mg/1.25 wt %, Mn alloy.

Recently it was suggested by Lagneborg [12]
from quite general arguments that the observed
“breaks” in the stress/creep-rate relation may be
explained by an increasing contribution of the
grain-boundary sliding to the total creep-strain
on lowering the stress. The present work is an
attempt to pursue this idea. Therefore, we have
carried out high precision measurements of the
creep-rate at different stress levels for pure
20 wt %, Cr/35 wt 9%, Ni steels at 700° C, first of
all to establish experimentally any deviations in
the stress-creep-rate curve at low stresses for this
material. In parallel with these experiments we
have carried out creep tests to measure the

TABLE | Chemical composition of steels used (wt ).

amount of grain-boundary sliding in order to see
if it is possible to explain the increasing stress-
dependence of the creep-rate in terms of grain-
boundary sliding.

2. Experimental Procedure

Two austenitic stainless steels of the 20 wt 9 Cr/
35 wt 9% Ni type, designated A and B, have been
examined in this work. The full chemical
compositions are listed in table I. Steel B con-
tains about 0.5 wt % Ti and Al, whereas no
intentional additions of these elements had been
made to steel A. Both alloys had been melted
under high vacuum.

The two materials were used in a fine-grained
version (grain-size 25 um for both alloys) and a
coarse-grained version (grain-size 120 um for A
and 100 um for B). The 25 pm grain-size was
produced by annealing steel A at 1000° C for 10
min and steel B at 1100° C for 5 min; the coarser
grain-size was obtained by annealing alloy A at
1150° Cfor 1 hand alloy B at 1150° C for 15 min.
The fine-grained condition of A was used for
establishing a precise relation between stress and
creep-rate, whereas the coarse-grained variety
was only used for measurements of grain-
boundary sliding. To ensure a similar micro-
structure as regards carbides in the two states
of steel A, the coarse-grained material was
annealed at 1000° C for 10 min after the 1150° C
treatment. All anneals were followed by a
quench in water.

The creep-testing was carried out in conven-
tional single lever creep machines for constant
load and equipped with double differential
transformers for continuous recording of the
creep-strain. All creep experiments were made at
700° C at loads between 1 and 25 kg/mm?, The
temperature was controlled within + 0.5° C. In
order to get a satisfactory reproducibility for the
lowest creep-rates, i.e. down to about 2 x 10-%
%/h, the strain gauges were trimmed to a high
sensitivity of about 2 pum and, furthermore,
silica was used in the transmission pins from the
specimen to the transformers to reduce disturb-
ances due to temperature variations. It should be
emphasised that special care was taken to assure

Designation

of alloy C Si Mn P S Cr N Ti Al N

A 0.008 0.13 0.52 0.007 0.009 19.7 34.8 0.01 0.006 < 0.003
B 0.015 0.45 0.42 0.007 0.010 19.7 341 0.42 0.62 0.014
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equivalent microstructure in the specimens and
precise creep conditions so as to obtain accurate
and reproducible creep-rates. For instance, the
specimens for each series were taken from the
same bar of the alloys.

The methods adopted here for measuring
grain-boundary sliding are based on measure-
ments on the surface. The main technique
employed was the one originally suggested by
Brunner and Grant [13]. By means of transverse
grid lines the components along the stress axis
of the offsets due to grain-boundary sliding, u,,
are measured at every intersection between a
chosen grid line and the boundaries. By averag-
ing these offsets along a transverse grid line
according to the following expression

n
€gb = —It Z (u, tanf) @)
1}

the grain-boundary deformation is obtained [13].
Here ¢ is the length of the transverse line, # is the
number of transverse grain-boundaries, and 8 is
the angle between the stress axis and the grain-
boundary. When the measurements according to
this method had been completed, it was brought
to our attention that a method based upon
measurements of the transverse component (w)
of the grain-boundary sliding along a longitu-
dinal line [14, 15] has proved to give exactly the
same amount of sliding as when measurements
were made in the specimen interior by means of
internal markers [15], The grain-boundary
sliding experiments were therefore supplemented
by two control measurements according to this
latter technique. The deviation between the two
methods was found to be very small.

Since the amount of grain-boundary sliding
obtained for reasonable creep times necessarily
decreased at the lower stress levels, we had to
search for a method where smaller grain-
boundary offsets could be measured. By plating
the specimen with copper and sectioning it along
a longitudinal surface, followed by a polish and
light etch, the component of the grain-boundary
sliding normal to the specimen surface, v,, could
be measured with good precision in an optical
microscope. Here, we chose to measure along a
line parallel to the stress axis. The strain due to
grain-boundary sliding is given by an expression
analogous to equation 2:

K n
€gh — _l' § Vi (3)
0

K is a constant and / the length of the longi-
tudinal line. K is extremely difficult to calculate
from first principles. However, in the present
case it can be determined experimentally by
making two separate measurements, first apply-
ing the method according to equation 2 and then
using the method according to equation 3. In this
work we have found that K is very close to unity,
which is in close agreement with earlier results by
Graeme-Barber [15].

The creep specimens intended for the grain-
boundary sliding measurements were machined
with two flat and parallel surfaces, so as to make
it possible to scribe grid lines on the specimen
surface. The lines were produced by rubbing a
cloth containing 6 pm diamond powder across
the specimen. Since the machining operation
introduces a thin cold-worked surface layer and
since the sliding measurements are made directly
on the surface, the final anneals at 1000° C were
made after the machining for these specimens. In
order to avoid oxidation and other contamina-
tion during the creep test, the specimens for these
measurements were sealed in bellows of stainless
steel. The bellows were evacuated and filled with
helium or argon. The bellows were mechanically
very weak and the load they absorbed was
negligible. The creep tests were interrupted in the
secondary stage at strains between 1.49, and
189, ; the majority of the tests was interrupted
below 8%. Each value of egn was based on
measurements of the offsets at about 200 grain-
boundaries.

3. Results and Discussion
3.1. Stress/Creep-rate Relfationship

Sherby and Burke [16] distinguish between three
creep-ranges, the low, intermediate and high-
stress creep-range for high-temperature creep,
i.e. at temperatures above 0.5 7m. Compared
with the intermediate range the low-stress range
is characterised by a weaker stress-dependence
of the creep-rate and the high-stress range by a
stronger stress-dependence. The creep process in
the intermediate range is associated with disloca-
tion climb and the stress-dependence obeys a
power law, € = Ac®, where the exponent » for
pure metals and solid solutions usually is be-
tween 4 and 5. The increasing stress-dependence
in the high-stress region has been assigned, in
two theories by Weertman [17] and Barrett and
Nix [18], to the generation of a high vacancy
concentration at high stresses. As already dis-
cussed in the introduction, the decreasing stress-
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dependence at low stresses is most commonly
attributed to diffusion-creep.

For the fine-grained (25 um) steel the three
creep-ranges are clearly discernible (A, fig. 1).
For the fine-grained variety of A we can identify
the low stress creep-range below 2 x 1072 9/h,
the intermediate range between 2 x 102 9% /h
and 29%,/h and the high-stress range above 29%,/h.
In accordance with the general observation in
pure metals and solid solutions [16] we obtain a
value of 4.75 for the exponent, n, in the power
law for the intermediate creep-range for alloy A
in both grain-sizes.

The Ti/Al-bearing alloy B precipitates finely-
dispersed particles of y’ [Ni; (Ti, Al)] during
creep at 700° C. The size of the particles is about
150 A. This has been demonstrated in a previous
work [19]. Precipitation of ¢’ is rapid compared
with the creep-testing times. From fig. 1 it is
evident that this precipitation strengthens the
alloy considerably. The stress-dependence of the
creep-rate in the intermediate -creep-range
corresponds to an exponent of about 7.5 in the
power law and is steeper than for alloy A (fig. 1).
Such a behaviour is characteristic for materials
hardened by a second phase [16, 20]. Both
grain-size varieties of steel B exhibit decreasing
stress-dependence of the creep-ratc at low
stresses, analogous to alloy A. The creep-rates in
the low-stress range indicate a grain-size-
dependence such that the creep is inversely
proportional to a power of the grain-size slightly

larger than 1. The grain-size-dependence of the
onset of the low-stress creep supports the view
that the loss of creep strength in this range is not
due to coalescence of the ' precipitates.

In fig. 1 there is also a line inserted correspond-
ing to grain-boundary diffusion-creep according
to equation 1 for 700° C and a 25 pm grain-size.
For the grain-boundary diffusion term wDgp a
recent experimental value of Smith and Gibbs
[21] for an austenitic stainless steel has been
used: 8.3 X 10~7 X (exp — 43400/RT), and for the
geometrical constant B a value of 150/7. We
notice that the observed creep-rates fall below
the diffusion creep line by more than an order of
magnitude at low stresses, where diffusion creep
might be expected to be governing. Further-
more, the theory of diffusion creep requires
that the creep-rate is directly proportional
to the stress. Experimentally we do not find
this. In the low-stress range the creep-rate of steel
A is proportional to a power of the stress of
about 3 and for steel B to a power of about 2.
The fact that the creep-rate in the low-stress
range is approximately proportional to (grain-
size)~1 is also inconsistent with the operation of
grain-boundary diffusion-creep, which would
give a power of — 3. Hence, there seems to be
very little justification from these observations to
propose that the decreasing stress-dependence at
low stresses in the present alloys is caused by
diffusion-creep.

A consequence of the stronger stress-depen-

20+
10+ E
o~ Bt
E -
Es}
o
2
A
[}
=
v e Steel A, grain size 25 pm
/ O - -n- T 120 pm, creep tested in bellows
2} // A -u- B s 25 pm
/ Y T - 100 pm
!/ ——— Stress vs, creep rate according to the grain boun-
/ dary diffusion creep hypothesis, 25pm grain size.
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107 10 103 10 10 1 10
Creep rate, °hi/hr

Figure 1 Stress versus creep-rate at 700° C for steel A and B.
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dence of the creep-rate in the intermediate creep
region for steel B and the weaker stress-depen-
dence in the low-stress range (fig. 1) is that a
precipitation-hardened alloy can be expected to
display its highest creep strength relative to a
solid solution with similar composition at the
transition between the intermediate and the low-
stress creep-range.

3.2, Grain-boundary Sliding and its Relation
to Creep at Low Stresses

Measurements of grain-boundary sliding have
only been made on steel A in the 120 um grain-
size variety. The reason why a larger grain-size
was chosen for the sliding measurements than
for the material for the creep-rate determinations,
with which the sliding measurements should be
correlated, was simply that it was found difficult
to make precise measurements with the grid line
technique for the smaller grain-size, 25 pm.
é.Jb, i.e. the contribution of grain-boundary
sliding to the total creep-rate, is simply calculated
by dividing eg, by the creep time, thus assuming
that egp increases linearly with time. This seems
to be a reasonable assumption since the total
strain, e, increases linearly from the very start of
the creep test for the creep conditions employed
here, and it has been shown that the ratio égp/e
is approximately constant throughout the entire
creep test [23]. To correlate the measurements of
€gn with the stress/creep-rate relation for the
fine-grained material (fig. 1) the g data have to
be transformed to the 25 um grain-size. Evalua-
tion of data by Barrett ef al [22] on copper
indicates that €,y is proportional to a power of
the grain-size between — 1 and — 1/2. In fact
recent work on the same material as steel A
suggests that the power is — 1 for the present
alloy [19]. If we assume that the low-stress creep
region is due to grain-boundary sliding, the
results for the two grain-size versions of steel B in
fig. 1 also suggest a power of about — 1 (cf.
section 3.1). The measured €gn data have there-
fore been transformed to the 25 um grain-size,
assuming that égp is proportional to (grain
size)~L,

The ratio between g, and the total creep-
strain, e, is approximately constant at high
stresses, but increases with decreasing stress
below a certain stress level as shown in fig. 2.
Garofalo ef al [24] have reported a similar stress-
dependence of egp/e for a 18 wt % Cr/12 wt %
Ni/Mo steel creep-tested at 704° C (fig. 2). As we
can see from fig. 3, this behaviour implies that

05
\ o Steel A, grain size 120 pm
04t \\ ———18Cr-12Ni-Mo steel
\ grain size 90 pm, ref(24)
\
03t
w
~
4
02t
o1t
0 1 I \ 1
0 5 10 15 20

Stress, kg/mm?

Figure 2 The ratio between the creep strain due to grain-
boundary sliding. €, and the total strain, ¢, versus creep
stress for steel A at 700° C. The analogous curve for an
18 wt % Cr/12 wt % Ni/Mo steel at 704° C by Garofalo
et al [24] is also inserted.

égn cannot be accounted for by a single power
law for the stress range examined here.

Fig. 3 shows the values of €z for steel A
extrapolated to a grain-size of 25 um, together
with the creep-rate data for the same material at
different stress levels. If the stress creep-rate
relation for the low-stress region is extrapolated
to higher stresses, the agreement with the
corrected egn values is very convincing. The
agreement is good up to about 12 kg/mm? where
the o — égp curve deflects and takes a course
roughly parallel to the o — ¢ curve. Apparently
this break corresponds to the break in the
(egn/€) versus o relation (fig. 2). The coincidence
between the low-stress creep curve and the égp
data is a strong support that the low-stress creep-
range and the decreasing stress-dependence of
the creep-rate there is a result of the increasing
contribution of grain-boundary sliding to the
total strain at lower stresses. In view of the
difficulties with the diffusion-creep hypothesis, as
shown in the previous section, we suggest that the
deflection in the stress/creep-rate curve at low
stresses in the materials examined here is due to
grain-boundary sliding. It should also be men-
tioned that the stress-sensitivity of the creep-rate
in the low-stress range was in close agreement
with the stress-dependence found for the rate of
grain-boundary sliding in Mg [15]; the exponent
inthe power law was about 3 and 3.1 respectively.

4. Summary and Conclusions

(i) Careful determinations of the stress/creep-rate
relation have been performed at 700° C for two
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Figure 3 The creep-rate due to grain-boundary sliding, €4 and the total creep-rate, ¢, versus stress at 700° C for

steel A,

20 wt %, Cr/35 wt 9%, Ni steels, A and B. Ais a
solid solution while B contains about 0.5 wt 9,
Ti and Al and is strengthened by 9’ that precipi-
tates at 700° C. Both alloys display a low-stress
creep-range in which the stress-dependence of the
creep-rate is weaker than at higher stresses. For
steel A with a 25 pum grain-size this implies that
the creep-rate will be overestimated by about one
order of magnitude at 1 kg/mm? by extrapolating
creep data from higher stresses.

(ii) The stress-dependence of the creep-rate in the
low-stress region can be described by a power law
where the exponent for steel A is about 3 and for
steel B about 2. These results contradict the
hypothesis that the low-stress creep-range is
caused by diffusion-creep, which requires a
linear relation between creep-rate and stress. The
measured creep-rates at low stresses are also
below the rates predicted by the grain-boundary
diffusion-creep theory by more than an order of
magnitude. .

(iii) Measurements of grain-boundary sliding
have been carried out on steel A. It has been
shown that the creep-rate caused by grain-
boundary sliding correlates well with the stress/
creep-rate relation at low stresses. Therefore we
suggest that the low-stress creep-range, at least
for the materials examined here, is a consequence
of the increasing contribution of grain-boundary
sliding to the total strain with decreasing
stresses.
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