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ABSTRACT

The influence of grain size in the range 0.040-0.650 mm on creep rupture
properties of type 316 stainless steel has been investigated at 873 K and
973 K over a wide range of stresses. Rupture 1ife and rupture ductility
generally decrease with increase in grain size. However, at 973 K, a peak
in the variation of rupture life with grain size has been observed for 70 MPa
applied stress. Further, strain at the inception of tertiary creep stage
has been found to be independent of grain size. These variations are con-
sidered to arise due to the influence of grain size on the crack growth
stage of creep fracture. Metallographic evidence in support is presented.
The results are in general agreement with the Griffith-Orowan critical crack
length criterion. The variation of rupture life with grain size is consis-
tent with a model for intergranular creep fracture that considers growth of
creep cracks to be controlled by deformation.
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INTRODUCTION

It is generally observed that decreasing the grain size increases the creep
ductility under test conditions where the mode of fracture is intergranular
cavitation (Fleck and coworkers, 1970, 1975; Kutumba Rao, Taplin and Rama
Rao, 1975; Lagneborg, 1969; Morris 1978; Venkiteswaran and Taplin, 1974).
Rupture life, C+ , has been reported to either increase or decrease with
grain size depending on test conditions (Fleck and Taplin, 1973). There
have also been observations of a maximum in £, at an intermediate grain
size (Kutumba Rao and Rama Rao, 1973; Morris 1978; Venkiteswaran and Taplin
1974). Morris (1978) has examined the creep rupture behaviour in type 316
stainless steel at 898 K. The influence of grain size on creep rupture pro-
perties of 316-stainless steel at other temperatures and over a wide range
of stresses has not been investigated so far. The aim of the present work,
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therefore, was to examine the influence of grain size on rupture life and
creep ductility at 873 K and 973 K over a wide range of stresses (70-260 MPa).
The influence of grain size on creep rate under these test conditions has

been reported elsewhere (Mannan and Rodriguez, 1983).

EXPERIMENTAL

The type 316 steel composition, treatments to produce different grain sizes,
specimen details and creep rupture testing techniques have been described
previously (Mannan and Rodriguez, 1983). Constant load creep rupture tests
were carried out at 873 K and 973 K on specimens in the grain size range
from 0.040 mm to 0.650 mm using stresses in the range 70-260 MPa. The
rupture ductilities were obtained by fitting together the two halves of the
fractured specimens and measuring the longitudinal strains. Reduction in
area was calculated by measuring the final minimum cross sectional area.
Longitudinal sections of the fractured specimens were examined by optical
metallography to study creep damage. Scanning electron microscopy was used
to examine the fracture surfaces.

RESULTS AND DISCUSSION

The variation of rupture elongation ( Sy %), reduction in area (R.A.%) and
strain at the onset of tertiary creep ( €z %) with grain size at 873 K 1is
shown in Fig.l for applied stresses of 200 and 260 MPa. Both the elongation
and reduction in area show general decrsase with increase in grain size. A
tendency for a ductility minimum, however, is noted at an intermediate grain
size, similar to that reported by Fleck and Taplin (1973) in an industrial
copper base alloy. & increases with grain size but at lower stresses, this
increase is very small. The variation of ductility with grain size at
different stresses at 973 K is shown inFig.2. The effect of grain size on
creep ductility is more pronounced at %3 K than at 873 K, although the
general grain size dependence is similar at both temperatures. An important
feature to note in Fig.2 is the near constancy of strain at the onset of
tertiary creep ( €2 ) with grain size while the total elongation shows signi-
ficant decrease with increase in grain size. This implies that the grain
size dependence of the creep elongation is essentially due to the influence
of grain size on the tertiary creep stage which involves the growth and
interlinkage of cracks that lead to final failure.

The variation of rupture life with grain size at 873 K and 973 K is shown in
Figs.3 and 4 respectively. The rupture 1ife is observed to decrease with
increase in grain size. A peak in the variation of 4, with grain size is,
however, observed at 973 K and 70 MPa, experimental conditions at which a
minimum in the creep rate variation with grain size has been observed (Mannan,
1981; Mannan and Rodriguez, 1983).

Optical micrographs shown in Fig.5 a,b and ¢ for three different grain sizes
illustrate the occurrence of intergranular cracking and the influence of
grain size on the density and morphology of grain boundary cracks. In the
finer grained specimens (Fig.5a), there is a large number of small cracks
with low aspect ratio (length/width). With increasing grain size (Fig.5b
and c), there is a decrease in the crack density but the cracks are larger
and have greater aspect ratio. Fracture surface appearance of creep tested
specimens as a function of grain size is shown in Fig.6 a,b and c which

show that the intergranular fracture is more pronounced at coarser grain
sizes.
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The above results are in agreement with the critical crack length criterion T Ve & <00 o-0eome S
for intergranular creep fracture (Soderberg, 1969, 1975; Taplin, 1965) found , : ‘ 380 0. T
to be applicable in a variety of materials (Fleck and coworkers, 1970, 1975; : " 300 e
Kutumba Rao and coworkers, 1975; Venkiteswaran and Taplin, 1974) including ' | . i 250) B T L
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sented by the relationship  , = A! & — " analogous to the power
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law for creep rate és = A s ™M . The values of Mm‘at 873 and
973 K for different grain sizes are shown in Table 1 along with the n values
from the work of Mannan and Rodriguez (1983).

TABLE 1 Values of Stress Indices n and n’

Grain size

(mm) 873 K : 973 K

m’ n fnl
0.04 13:1 11 .2 7.0 6.0
0.06 13.6 12.¢ 7.3 6.4
0,125 14.3 12.4 8.5 6.5
027 10.3 9.1 8.1 6.2
0.65 11.4 10.¢ 6.6 545

The similarity in the values of n and r! indicates that matrix plasticity
is the dominant cavity growth mechanisn.

The variation of [y with grain size is further examined in terms of the
model due to Nix and coworkers (1977). The model assumes that intergranular
fracture occurs by the propagation of mode I wedge cracks along grain bounda-
ries and that the propagation of these cracks is controlled by the creep
growth of cavities which reside on the grain boundaries ahead of the cracks.
The creep rupture 1ife in this model hés been shown to depend on applied
stress &~ , grain size 'd' and creep rate é55 , as follows:

, Nn/n+2 -(n-2)/M+2

t.y = 6 A ///

€ (1)

where n is the power law exponent. This equation is consistent with the
relationship of Grant and Monkman (195€). The right hand side of equation
(1) has been plotted against grain size for various values of applied stress
in Figs.7 and 8. A1l the terms in the ordinates of these figures are expres-
sed in S.I. units. It can be seen that the variation of the right hand side
term in equation (1) is similar to the variation in experimental rupture life
with grain size (Figs. 3 and 4).

The variation of rupture ductility with rupture life is shown in Fig.9 and
is similar to that reported earlier for 316 steel (Morris, 1978; Harries and
Morris, 1978) and has been shown to depend on the state of intergranular and
intragranular precipitation. An apparent fracture stress calculated taking
into (the decrease in load-bearing are: due to internal cracking has been
neglected) account the decrease in load-bearing area by necking has been
found to depend on both grain size and initial applied stress (Fig.10) indi-
cating that failure under these creep conditions is not controlled by net
stress. Similar results have been reported earlier by Morris (1978).

In summary, the metallographic evidences on the variation of crack size and
aspect ratio with grain size and the g@neral decrease in rupture life and
rupture ductility with increase in grain size support the Griffith-Orowan
critical crack length criterion; the variation of rupture life with grain
size and particularly the peak in the variation at 973 K and 70 MPa is how-
ever more consistent with the model of Nix and coworkers (1977) of intergra-
nular creep crack growth controlled by matrix plasticity.

2309

ACKNOWL EDGEMENTS

. R. Kumar, Shri K.M. Chowdary and Shri R. Singh of the Central
g$e226$2522n9 Facility, National Metallurgical Laboratory, Jar?sheijjpur:C where
some of the creep experiments were carried out: Thanks are also due 2. .
Shri S. Varadaraj for experimental help in varicus stages of thef1nves ig
tion. Useful discussions with Professor Y.V.R.K. Prasad and Pro is??r
K.1. Vasu of the Indian Institute of Science, Bangalore are gratefully

acknowledged.

REFERENCES
i Sci. 9, 49-54.
Fleck, R.G., C.J. Beevers, and D.M.R. Taplin (1975). Met. N
F12§k, R.G., G.J. Cocks, and D.M.R. Taplin (1970): Met. Trans. é, 3415-3420.
Fleck, R.G., and D.M.R. Taplin (1973). J. Mat. Sci. 3, 1052-1055.

a
i 1003-1010.

Kutumba Rao, V., and P. Rama Rao (1973). Scripta Met. 25 i
Kztﬁﬁba Rao, V., D.M.R. Taplin, and P. Rama Rao (1975). Met. Trans. 6A, 77-86.
Lagneborg, R., (1969). J. Iron Steel Inst. 207, 1503-1506. :
Mannan. S.L., (1981). Ph.D. Thesis, Indian Institute of Science, Bangalore.
Mannan: S.L., and P. Rodriguez (1983). Met. Sci. 17, 63-69.
Monkman, F.C., and N.J. Grant (1956). ngc. ASTM 56, 593-605.
Morris, D.G., (1978). Met. Sci. 12, 19-29. ]
Morris, D.G., and D.R. Harries (1978). Met. Sci. 12, 532—541és xoE- 50
Nix, W.D., D.K. Matlock, and R.J. DiMelfi (1977). Acta Met. » : é g i cer
Sodérberg, R., (1969). in P.L. Pratt (Ed), Fracture 1969, Proc. od n n

national Conference on Fracture, Brighton, Chapman % Hall, London,

pp 450-456. ] _
Soderberg, R., (1975). Met. Sci. 9, 275-279.
Taplin, D.M.R., (1965). Aust. Inst. Metals 10, 336-3391 -
Venkiteswaran, P.K., and D.M.R. Taplin (1974). Met. Sci. 8, 97- .




