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ABSTRACT

The influence of grain size, on the tensile
deformation behaviour in the temperature range 300-1223 K
and on the creep rate at 873 and 973 K over a wide range of
applied stresses, in a type 316 stainless steel has "been
investigated. For the tensile results, the Hall-Petch
relation was found to be valid upto 1023 K. The variations
of flow stress and work hardening rate with temperature and
grain size have been found to be influenced by dynamic strain
ageing which occurs in the temperature range 523-923 K. The
creep experiments revealed that grain boundaries contribute
to strengthening at high stresses (180-260 MPa) at 873 K
but this strengthening does not .correlate with the
available models which attempt to incorporate the Hall-Petch
strengthening effect into creep rate equations. At 973 K
the creep rate was generally constant but increased at small
gram sizes and at lower stresses due to increased contri-
bution from grain boundary sliding. The difference in the
grain size effects on creep at the two temperatures is
attributed to the difference in the substructures developed
during creep.

1 . INTRODUCTION

For effective non-destructive testing of
stainless steel products by the ultrasonic method, finer
grain sizes are required; the mechanical properties at
room temperature are also superior in fine grained
materials p »2j[ . However, at high temperatures due to the
increasing "contribution from grain boundary sliding both
tensile and creep properties can be inferior in fine grained
materials. For example, Morris C3.] has reported both grain
size strengthening and weakening depending on applied
stresses in type 316 stainless steel at 898 K. The
influence of grain size on the tensile and creep properties
of type 316 stainless steel at other temperatures has not
been investigated so far. In the present .study the
influence of grain size on the tensile deformation behaviour
in the temperature range 300-1223 K and on the creep rate at
873 and 973 K over a wide range of applied stresses has been
investigated.
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2. EXPERIMENTAL PROCEDURE

The material for this investigation was a
modified type 316 stainless steel obtained in the form of
25 mm thick plates in the mill annealed condition used as a
structural material in the Fast Breeder Test Reactor (FBTR)
now nearing completion.

The chemical composition is listed in Table 1.
Rounds of about 23 mm dia machined from the plates were
subjected to various thermomechanical treatments to produce
grain sizes in the range O.O25-O.65O mm. The details of the
treatments given and the grain sizes achieved are presented
in Table 2. The various annealing treatments were carried
out in air. Water quenching after each annealing treatment
was done to avoid chromium carbide precipitation which
occurs in type 316 stainless steel on slow cooling in the
temperature range 773-1123 K [4_] . Annealing treatments at
temperatures higher than 1323 K were followed by an
additional anneal for 30 min at 1323 K and a water quench (WQ).
This was done to ensure that all the specimens were subjected
to the same final solution treatment. This solution treat-
ment is expected to minimize various effects arising from
heating to different temperatures, such as intragranular
dislocation structure, segregation of interstitial atoms to
grain boundaries, and density of grain boundary ledges
The grain size may, therefore, be expected to be the
dominant cause of any observed variations in behaviour.

Table 1 Chemical composition, wt

c
0.06

N

0.0335

Table

Cr Ni

16.36 12.6

B

0.0195 <

2 Treatments

Treatment

Mo Mn

2.22 1.93

Ti

0.025 <

i employed

Si
0.60

Al

0.C05

P

0.034 < 0

V
<ro.oo5

and average grain

S Co

.01 0.33

Nb

<0.005

sizes obtained

Grain size
d. mm

45$ t e n s i l e deformation + 1323 K for 30 min.WQ 0.C40
As received + 1323 K for 30 min. WQ 0.060
1373 K for 3 h. WQ + 1323 K for 30 min. WQ 0.125
1573 K for 90 min. WQ + 1323 K for 30 min. WQ 0.270
1623 X for 90 min. WQ + 1323 K for 30 min. WQ 0.650
57$ reduction in area by swaging+1273 K, 1 5 min, WQ 0.025

234



Grain sizes were determined "by the linear
intercept method. On average, about 100 measxirements were
made for each grain size and in each measurement about 50
grains were counted. The grain size (mean intercept) values
reported in this investigation have been measured without
taking into consideration the annealing twin boundaries.
In an earlier investigation by G-arofalo et al l_5j in an
austenitic iron base alloy, twin boundaries were not
considered in grain size determination because in some cases
these were no longer visible after creep deformation.

Tension tests were carried out on specimens of
different grain sizes_j.n the range .025-650 mm at a nominal
strain rate of 3 x 10 s~' in an Instron machine. Button
head specimens of 4 mm gauge diameter and 26 mm gauge
length were tested in air.

Creep specimens were machined, with their
tensile axis in the rolling direction, from heat treated
rounds and had a reduced section 8.8 mm dia and 50 mm long.
Constant load creep tests were carried out at 8-73 and 973 K
in air using stresses in the range 70-260 MN m . Tempe-
rature was controlled to + 1 K over the gauge length of
50 mm. A linear variable~differential transformer (LVDT)
having a stroke length of 2.5 mm and a sensitivity of
0.005 mm was used for monitoring the specimen elongation
which was recorded at known intervals of time. The load was
applied to the specimens in small steps and the elongation
was noted after each application of the load, until the
total load had been applied. The elastic strain computed
from these measurements was subtracted from the total strain
to determine creep strain. All the tests were carried out
until fracture of the specimen. The results of the
•influence of grain size on creep rupture properties ŝ.\»
described elsewhere C6J . Creep strain-time curves w ^
plotted for each test" and the slope of the linear seco- :
stage in the creep curves was taken as the steady state
creep rate <c

Structural changes which occurred during creep
were studied by sectioning the fractured specimens and
examining the thin foils prepared from transverse sections
in a Philips EM 400 transmission electron microscope (T3M).

3. RESULTS AND DISCUSSION

3.1 Tensile Results

Figure 1 shows the variation with temperature
of 0.2$ yield stress normalised with Young's Modulus E for
different grain sizes. The yield stress decreases with
temperature to about 523 K, beyond which a well defined
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Fig.1 Variation of yield Pig.2 Variation of work
stress with hardening rate
temperature with temperature

plateau is observed in the temperature ranges 523-923 K,
followed by rapid fall again at higher temperatures. A
general tendency for the plateau region to extend to higher
temperatures with increase in grain 3ize is noted. A
similar behaviour for the variation of flow stresses at
higher strains and of ultimate tensile strength with tempe-
rature was observed except that the plateau changed over to
a pronounced hump at higher strains p ü • It is now more or
less well established that plateaus/humps in the variation
of flow stress with temperatures result from dynamic strain
ageing (D3A) P7-1 ID . A plot of average work-hardening rate
normalised with respect to the temperature dependence of
elastic modulus, §/£ (where 6 =^.0-,- - «"o-oos 1 /o-o4-tf )
as a function of temperature is shown in Pig.2 for the
different grain sizes. The work hardening rate increases
with temperature, shows a peak around 923 K and then
decreases at higher temperatures in agreement with earlier
studies |_7,113 . Also the fine grained material shows
higher work hardening rate when compared with coarse grained
material.. .The flow stress plateaus and peaks as well as
increase in average work hardening rate occur over the same
temperature and grain size range in which serrated yielding
in this material has been observed (J23 . The increase in
flow stress in the D3A range has been considered to arise
due to a larger dislocation density at a given strain



compared with that at other temperatures. The increase in
work-hardening rate in DSA region can also "be correlated
-with the more rapid increase in dislocation density. Also
higher work-hardening rate in fine grained material as
compared with coarse grained material could result from the
higher rate of increase in dislocation density in fine-
grained material. It is observed that the work hardening
peak occurs towards the upper end of D3A range. This is
consistent with the fact that this temperature range
represents conditions for strong pinning and accordingly
the temperature of most rapid and strongest dislocation
immobilization, leading to increased rate of dislocation
accumulation |J3J . Similar results have been reported by
Kim and Hall C O in o£-brass. The decline in work
hardening above v 923 K has been attributed to precipitation
of carbides P7j depleting the matrix of solutes responsible
for dislocation locking as well as to dynamic recovery JjiO .

The Hall-Petch relation Pi 5-1 *3 <̂  = *"cc- *- K* d.'^
was found to be obeyed at all strains, however, with an
increasing scatter at higher strain values and at higher •
temperatures. linear regression analysis was carried out
to evaluate the Hall-Petch parameters ô̂ - and Ke . Hall-
Petch analysis was not attempted for temperatures higher
than 1023 K because of excessive scatter.

The strain dependences of 6^ and k"t are shown
in Pigs. 3 and 4- respectively. <T06. increases linearly with



strain at all temperatures up to 823 K. Departure from
linearity occurs at 1023 K at a strain of 0.05. Kg- increases
with strain, reaches a maximum "value at about 0.15 strain in
the temperature range "between 523 and 823 K. A clear maximum
is observed at higher temperatures and the strain, corres-
ponding to maximum value of K& decreases as the temperature
is increased.

The strain dependences of ^cc and K̂- are in good
agreement with the analysis of Meakin and Petch £183 and
Philips and Armstrong p9l . They have modified the
original pile-up theories towards explaining results on
strain hardening of oC brasses. The linear dependence of

tfce °n strain is attributed to the back stress exerted
at a given strain by accumulated parallel pile-ups on the
fresh pile-up involved in starting the next slip band O8.] .
Deviation from linearity observed at 1023 K is attributed to
the development of intragranular dislocation cells f1ij .
The ini t ia l increase in K& with strain suggests that the
process by which a new slip band is formed at the head of
the pile-up becomes more difficult with strain. This has
been related to an intersection hardening mechanism f18»19*1
arising from the grain size dependence of the dislocation"
density C2O-22J . Ke-is then predicted to vary linearly
with the square root of plastic strain. Such a relation
was found to be valid at low strains where K"c increases with
strain [ 6 J . The occurrence of the maximum in \< fc at lower
strains for higher temperatures (Pig.4) is due to early
formation of intragranular cell structure which then
controls flow and the significance of pile-ups against
grain boundaries disappears Q23, J

Figures 5 and 6 show the variation of <s~oh and
A't respectively with temperature. There is a general

tendency for fc& to decrease with increasing temperature
except at temperatures between 523 and 723 K where Ke shows
an increase, resulting in the occurrence of a peak in K? vs
temperature curves. On the other hand <5~ot shows a smooth
decrease with increasing temperature. Similar results have
been obtained earlier in a Cr-Mn-N austenitic steel |710.3 .
Armstrong £ 25j demonstrated that <;é-reflects deformation
processes in the grain interiors while K& reflects those
in the grain boundary regions. Thus, the monotonie
decrease of •r-Qg.with temperature may be attributed to
decreasing "lattice friction". Similarly if the general
tendency for Ke to decrease with temperature is inter-
preted as weakening of the locking effects at grain bounda-
ries, then the increase in l<e between 523 and 723 K may be
attributed to a mechanism which contributes to additional
locking at grain boundaries in this temperature range.
This additional locking could occur as a result of dynamic
strain ageing in grain boundary regions Q6,10,21 ,26,27J •
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Pig. 5 Variation of *"oe Fig.6 Variation of Ke
with temperature with temperature

Also the fact that the flow stress peaks become more
pronounced at finer grain sizes is a further reason for
concluding that grain boundary regions are preferred sites
for dynamic strain ageing.

3.2 Creep Results

The creep tests were carried out at 873 K at
applied stresses in the range 150-260 MN m and at 973 K
in the stress range 70-180 MN m"~2. Typical creep curves
at 260 MN m and 873 K for various grain sizes are shown «
in Pig.7. Figure 8 shows typical curves at 973 K and 140 MNm
for various grain sizes. The usual primary, secondary and
tertiary stages are evident in these curves. These curves
illustrate that there is a significant amount of loading
strain, particularly at 260 MN nr2 and this loading strain
is found to increase with grain size. The values of
loading strain at 873 and 973 K for different stresses and
grain sizes are given in Table 3. There is a general
increase in loading 3train with increasing stress for al l
grain sizes.

The variation of ÉC with grain size at 873 K
for various applied stresses is shown in Fig.9. At stresses
in the range 180-260 MN m , £«,- aas been found to increase
with grain size. However, at an applied stress of 150 MN m



Fig. 7 Typical creep curves for Pig.S Typical creep curves
specimens of various for specimens of
grain sizes at 873 K and- various grain sizes
applied stress 260 MN m~ at 973 K and
(d is grain diameter, tv i s applied s t ress
time to rupture) 140 MN m~2 (d is

grain diameter, by
Curvel .d = 0.04-0 mm, ty = 262 h ia time to rupture)
Curve2 :d = 0.060 ram, Ly = 213 h Curvel d = 0.040 mm, £r=1H h
Curve3 d = 0.125 mm, (., = 132 h Curve2 d = 0.060 mm, 6Y=101 a
Curve4 d = 0.270 mm, tY = 40 h 0urve3'd = 0.125 mm, £,=125 h.
Curve5 d = 0.650 ram, I, „ 18 h üurVe4 d = 0.S50 mm, LY= 40 h



Table 3 Loading strains at 873 and 973 K for different stresses and grain sizes

Temperature, Stress,

K MIT m
-2

loading strain at grain size (mm)

0.04 0.06 0.125 0.27 0.65

873

973

150
180
200
220
260

70
90

120
HO

3.1 x 10~3

6.0 x 10"

7.8 x 10',-3

9.4 x 10"
—26.4 x 10

3.8 x 10""5

3.8 x 10"3

1.5 x 10"3

1.7 x 10""3

6.2 x 10~3

2.8 x 10'
3.9 x 10"
6.6 x 10

- 2

- 2

,-51.3 x 10
2.2 x 1O"4

1.4 x 10"4

9.3 x 10~3

3.1 x 10'
7.7 x 10
8.6 x 10'
1.5 x 10
8.'3 x 10

-3
-3

-3
-2
- 2

-6

2.5 x 10~3

2.7 x 10"3

4.4 x 10'
7.8 x 10

9.3 x 10
1.7 x 10
7.5 x 10
9.3 x 10"

-3
-2
-2

1.2 x 10- 1

1.3 x 10
1.0 x 10
1.7 x 10
3.2 x 10

-5
-4

-2
-2

9.4 x 10
7.2 x 10

2.2 x 10

1.6 x 10

9.8 x 10
9.0 x
1.3 x 10

- 3

-2
-2

" 1

" 5

- 2

2.5 x 10'-2



and at finer grain sizes ( < 0.125 mm), the creep rate
increases with decrease in grain size. Figure 10 shows the
variation of creep rate %-± with grain size at 973 K for
various stresses. The creep rate is not significantly
influenced by grain size variations for stresses in the range
90-140 MN m~2. However, a very shallow minimum could be
discerned in the variation of creep rate with grain size at
these stresses. At an applied stress of 70 MN m~ , there is
a definite minimum observed in the creep rate-grain size
curve. In general, the creep rate dependence on grain size
is more pronounced at 873 K than at 973 K.

Figure 11 shows the plot of log £s against
log (y~ (where e~ is the applied stress in MT m ) at 873 K
for grain sizes of 0.040 and 0.650 mm. Similar behaviour
has been observed for other grain sizes. A power relation,
i .e . ès ^ or'n , where yi is the stress index, has been
found to be obeyed. The values of n have been evaluated
by linear regression analysis for different grain sizes and
are shown in Table 4 along with correlation coefficients.
The values of -Y7 are in the range r-i 10-14 for the grain
sizes investigated. Similar plots for 973 K are shown in
Fig. 12 and the values of 7j are in the range 6-8 (Table 4).

Fig.9 Variation of Fig.10 Variation of
steady state steady state
creep rate creep rate
with grain size with grain size
at various at various
stresses for 873 K .stresses for 973K
(d i3 grain (d is grain
diameter) diameter)



Pig.11 Stress dependence Pig.12 Stress dependence
of creep rate at of creep rate at
873 K for grain " 973 K for grain
sizes 0,04 and sizes 0.04 and
0.650 mm 0.650 mm



Dislocation substructures observed a f te r
creep rupture at 873 and 973 K were quite d i f fe ren t . Dis-
locat ion tangles were observed a t 873 K (Pig.13) along with
uniform prec ip i t a t ion of fine and cuboidal carbide p a r t i c l e s
throughout the austeni te matr ix. Analysis by e lec t ron

• d i f f rac t ion showed tha t these in t ragranular p r ec ip i t a t e s
were M23C5. The size of the carbides was found t o
increase as the t e s t temperature increased and as the
applied s t r e s s decreased. At 973 K, subgrains were
observed at lower s t r e s se s ( F i g . H ) while c e l l s were
found to form at higher s t r e s s e s . These r e s u l t s are in
good agreement with e a r l i e r observations [28-32] .

The various possible explanations for the
creep r e s u l t s described above have been c r i t i c a l l y
examined and reported elsewhere £33j .

4 . CONCLUSIONS.

4.1 Tensile Results

The var ia t ions in flow s t r e s s and work hardening
with temperature and grain size observed in 316 s t a in l e s s



i

j steel are consistent with the current concepts of the pile-up
| model for the Hall-Petch relationship. Owing to the
j occurrence of dynamic strain ageing at intermediate tempera-
1 tures (523-923 K), through additional locking of dislocations
] in the grain boundary regions humps in the Hall-Petch slope
I variation with temperature results which also manifests as

plateaus or humps in the stress-temperature and work
hardening-temperature variations. Other manifestations of
dynamic strain ageing in 316 stainless steel like serrated

j flow, the dependence of critical strain for serrations on
j grain size, strain rate and temperature and the activation

energy for dynamic strain ageing etc. have been reported
: elsewhere £12]] .

i

-\ 4.2 Creep Results
! Creep tests performed on AISI 316 stainless «

steel at 873 and 973 K over a range of stresses (70-260 M m )
on specimens with grain sizes in the range 0.04-0.650 mm
have led to the following conclusions.

1. Loading strain in creep tests has been
found to increase with grain size and applied stress.
This assumes special significance in determining creep
rate under conditions of testing in which no subgrain or
cell formation occurs.

2. The variation of steady state creep rate
with grain size has been found to depend on applied stress
and test temperature. Grain boundaries contribute to
strengthening at high stresses (180-260 M m~d) at 873 K.
The strengthening due to grain boundaries is found to be
less than that predicted by models which attempt to
incorporate a Hall-Petch strengthening effect into the
high temperature strain rate equations,

3. The ci-eep rate is not significantly
influenced by grain size variations for stresses in the
range 90-140 MN m~2 at 973 K in general agreement with the
model of Barrett et al r34j] , which considers the influence
of grain boundaries in terms of the grain boundary sliding
contribution to creep. At an applied stress of 70 MN m
there is a definite minimum observed in the creep rate-grain
size curve as predicted by McLean £35.3 .

4. The difference in the grain size effects
on creep at the two temperatures is attributed to the
difference in the substructures developed during creep;
at 873 K, the creep substructure is one of tangled dis-
locations with profuse carbide precipitation whereas at
973 K, a subgrain structure is formed»

»' 2 4 5
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