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Postirradiation tensile properties of annealed and cold-worked type 316 stainless steel*

riiifc
Tensile properties of annealed and cold-worked type 316^stainless steel Irradiated at temperatures
between 450 and 850°C to a maximum fluence of 2.7 * 1022 neutrons/cm2 (E >0.1 MeV) have been com-
pared to those of unirradiated type 316 stainless steel in the as-annealed, annealed-and-aged
(4000 h ) , as-cold-worked, -and cold-worked-and-aged (4000 h) condition. The results show that fast-
neutron Irradiation substantially reduces the ductility of the annealed material. The postirradia-
tlon work-hardening rate and ductility in the annealed as well as cold-worked material >ras highest
at an Irradiation end test temperature of about 500°C. At this tenperaeure dynamic strain aging
took place in both the annealed and cold-worked'specimens' irradiated at about 50G'C while no such
contribution to the work-hardening rate could be observed for unirradiated, cold-worked specimens
at any temperature. The postirradiation ductility of cold-worked specimens was, therefore, signif-
icantly higher than that of unirradiated specimens in the cold-worked and cold-worked-and-aged con-
dition at temperatures between 430 and 550°C.

INTRODUCTION

1. The effects of fast-neutron irradiation on
the mlcrostructure and tensile properties of
annealed types 304 and 316 stainless steel are
veil documented (refs. 1 through 7). For irra-
diation and test temperatures where a void and
dislocation structure is formed and is stable,
the observed increase in strength and decrease
in ductility has been attributed to and corre-
lated with lattice hardening (refs. 2, 4, and 6).
At high irradiation and test temperatures, a
loss of ductility due to helium embrittlement
is observed. Recent studies have shown that
the presence of a high sink density such as is
produced by cold working may delay the onset
and/or reduce the magnitude of the swelling due
to the formation of the void-dislocation struc-
ture {ref. 8). Such a reduction in swelling is
desirable If these alloys are to be used for
fast-reactor cladding and structural components.
An investigation has been initiated to examine
the effects of fast-neutron irradiation on the
deformation and fracture of cold-worked type
316 stainless steel and compare its behaviour
to that of material irradiated in the annealed
condition.

EXPERIMENTAL PROCEDURE

2. Buttonhead tensile specimens with a gage
length of 2.54 cm (1 in.) and a diameter of
0.318 cm (0.125 in.) were machined from 0.66-
em- (0.26-in.) diameter- rods of type 316 stain-
less steel, the composition (in wt. Z) was as
follows: 0.05 C, 0.05 V, 0.8 Si, 1.9%),
18.0 Cr, 2.6 Mo, 13.0 Ki, bal. Fe.

3. All rods were annealed in argon fur 1 hour
at 1200*C, reduced 50Z in area by swaging at
room temperature, and annealed (in argon) for
1 hour at 1050°C. This was followed by swaging
(20X reduction in area) at room temperature for
cold-worked specimens. Thermal-control speci-
mens were obtained by aging annealed and cold-
vorked specimens, respectively, for 4000 hours
at 450, 550, and 650°C (in static argon). Unir-
radiated specimens were tested in the following
conditions: (a) as-annealed, (b) as-cold-worked,
(c) annealed-and-aged, and (d) cold-worked-and-
aged. Postirradisrlon tensile data have been
obtained from annealed and cold-worked specimens
irradiated at temperatures between 450 and 850°C
to fluences of 1.5 to 2.7 x 10 2 2 neutrons/cm2

(E >0.1 MeV). Details of the irradiation exper-
iment design have been reported elsewhere
(ref. 5). The irradiation temperatures have
been calculated and the uncertainties estimated
to be ± 15* at 450'C, ± 30° at 600°C, and ± 50°
at 750*C (ref. 6 ) . All tests were performed in
air at the respective aging and irradiation
temperatures.using an Instron tensile testing
machine at a nominal strain rate of 0.002 min~'.

4. The data were analyzed both to determine
the engineering properties and to assess irra-
diation induced changes in the work-hardening
exponent, n, from the well-known Hoilomon
relation (ref. 9)

O - Xc", [1]

where a Is the true stress, e the true strain,
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and K ttxt so-called "strength factor." The
work-hardening exponent, n, was determined from
a regression analysis of eight equally-spaced
points of the log o-vs-log c curve between and
Including the 0.22 offset-yield-strength and
the ultimate-tensile-strength values. It can
be shown that n is mathematically equivalent to
the true strain at maximum load, - ( U T S V How-
ever, deviation from a straight, line of the
actual log O-vs-log £ curve results in a differ-
ence between the computed n and the true strain
at Maximum load, £(UTS)-

EXPERIMENTAL RESULTS AND DISCUSSION

As-irradiated alcrostructure

5. Below 600*C, the postlrradiation microstruc-
ture of annealed type 316 stainless steel was
characterized by predominantly faulted disloca-
tion loops and voids often associated with M23C6
precipitate particles. Formation of voids was
suppressed in cold-worked material except in
soae regions where recovery h»d taken place at
irradiation temperatures close to 600°C. Above
65O*C, large M J 3C 6 precipitate particles, sigma
phase, and helium bubbles were the prevailing
•icrostructural features. Cold working changed
the type, amount, and distribution of precipi-
tate particles; also, precipitation of slgma
phase was enhanced and Laves phase precipitated
along stacking fault bands. Additional details
are given elsewhere (ref. 10).

6. Tensile data of as-annealed, annealed-and-
aged (thermal control), and annealed-and-
Irradiated type 316 stainless steel are given
la Table 1.

7- CTnirradiated specimens. The stress-strain
behaviour of as-annealed and annealed-and-aged
specimens at and below 5S0*C was strongly
affected by dynamic strain aging. Interstitial
solute atom-dislocation interactions ac 450 aid
55O*C revealed themselves in heavily serrated
stress-strain curves. Figure l(a) shows that
tlae yield strength of as-annealed specimens
Increased very little with increasing tempera-
tare between 350 and 800°C, and that long-time
aging below 650°C had virtually no effect on
the yield strength. Aging at 65G°C, however,
produced a 30 to 40Z increase in yield strength
at that temperature over the corresponding
value of unaged specimens and those aged and
tested at lower temperatures. Intragranular
precipitates, primarily M23CC having a defi-
nite crystallographic orientation relationship
vlth the matrix are considered responsible for
this effect. This Is in agreement with obser-
vations made by Weiss ahd Stickler (ref. 11)
who measured a significant increase in hardness
of a type 316 stainless steel after an identi-
cal aging treatment of 4000 hours at 65O*C.
The ultimate tensile strength of annealed-and-
aged specimens was lower than that of as-
annealed specimens at all temperatures,
Fig. l(a). The microstructures produced by
long-time aging are shown in Fig. ?. No

precipitation took place P'C 450*C; at 550*C
grain boundary precipitates could be observed,
and at 65O°C extensive precipitation occurred
within the grains as well as at their boundaries.

8. The effect of aging and test? temperature on
uniform plastic strain and elongation is shown
in Fig. K b ) . The as-annealed material exhib-
ited maxima in both uniform plastic strain
(36.6Z) and elongation (43.3%) at 450°C and
showed no change in the contribution of necking
strain to elongation up to 55O°C. Above that
temperature, the uniform plastic strain
decreased going through a minimum (12.0%) at
700*C and another peak (13,3Z) at 750°C, while
the elongation values increased from a minimum
(36.52) at 650°C to a new maximum (53.0Z) at
750*C. The uniform-plastic-strain peak at 750*C
is believed to be due to precipitation taking
place during the test. Brindley and Barnby
(ref. 12) have shown that a high dislocation
density can be generated (with smooth stress-
strain curves) when precipitates can grow to a
visible size on dislocations. The large
increase in elongation above 650°C is apparently
caused by dynamic recovery.

9. The work-hardening behaviour of as-annealed
and annealed-and-aged specimens is adequately
described by equation [1]. However, the differ-
ence between the computed work-hardening expo-
nent n, and the measured true strain at maximum
load, 6(UTS)> F 1S- l(c), indicates that the log
O-vs-log C curve is not a straight line but
slightly curved. The fact that £(ujS) i s always
less than n - <i(log o)/a'(log f) points to a
convex-shaped curve having a smaller slope at
high and, consequently, a steeper slope at low
true strain values than the average slope, n,
determined by the least-square method. The
peaks In the resn°ctive cf(log a)/d(log e)-vs-
temperature and Eflj^gj-vs-temperature curves
coincide with one another, Fig. l(c), and also
occur at the same temperatures at which the
respective uniform plastic strains exhibit
maxima, Fig. l(b).

10. Irradiated specimens. The effect of irra-
diation on the strength of type 316 stainless
steel is shown in Fig. l(a). The yield strength
of annealed-and-irradiated specimens was much
more temperature sensitive and, below 650°C,
significantly higher than that of the unirradi-
ated specimens. At 650°C, the yield strength of
the annealed-and-aged specimen approached that
of the irradiated material. Figure l(a) also
shows that above about 75O"C irradiated speci-
mens had a lower yield strength than specimens
In the as-annealed condition. The ultimate
tensile strength of the specimens irradiated and
tested above 55O*C was less than that of the
unirradiated annealed and annealed-and-aged
specimens. This is believed to be due to the
reduced ability of the irradiated material to
work harden. Poseirradiation uniform plastic
strain and elongation values, Fig. l(b), were

' lower than those of the unirradiated specimens
at all temperatures. The highest values (20.1
and 26.42, respectively) were obtained at an
Irradiation and test temperature of SOO'C, the



Table 1. Tensile data of annealed type 316 stainless steel

Heutron
(E >0.]
neutroi

1.5 x
1.2 x
2.3 x
2.3 x

•

Fluence
I MeV)
is/cm

10"
10"
10"
10"

Temperature, *
Irradiation Test"

510 500
630 600

680-725 700
790-070 850

350
450
550
650

. - •

350
450
550
6S0
700
750
800

C
Aging

350
450
550
650

Strength, MN/m2(psi)
Yield (0.22 Offset) Ultimate Tensile

Irradiated

376.4(54,600)
235.1(34,100)
161.3(23,400)
80.0(11,600)

Agedc

140.6(20,400)
135.1(19,600)
126.2(18,300)
185.5(26,900)

As-Annealed

157.9(22,900)
143.4(20,800)
131.0(19,000)
122.0(17,700)
125.5(18,200)
126.9(18,400)
126.2(18,300)

633.6(91,900)
425.4(61,700)
237.9(34,500)
84.1(12.200)

*

600.0(87,000)
569.5(82,600)
529.5(76,800)
332.3(48,200)

608.8(88,300)
606.7(88,000)
568.8(82,500)
390.9(56,700)
251.0(36,400)
231.0(33,500)
143.4(20,800)

Uniform
Plastic
Strain

Z

20.1
12.0
8.6
1.0

42.2
31.8
34.8
12.7

• 34.2
36.6
34.7
22.6
12.0
13.3
6.1

Elongation
Z

26.4
14.7
15.5
2.6

46.0
36.1
41.8
.36.6

40.6
43.3
39.8
36.5
49.2
53.0
52.1

One hour at 1050*C in argon.

Crosthead speed 0.005 cm/min(0.002 in./min).

*4,000 hours.
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lowest temperature for which data exist and the
only temperature at which serrations were
observed in the stress-strain curve. As the
temperature Increased, the uniform plastic
•train decreased continuously while the elon-
gation values exhibited a peak at 700°C. This
peak is considered to be due to the opposing
effects of helium bubble formation, on the one
hand, and dynamic recovery a-> well as the reduc-
tion of radiation hardening .u the matrix with
Increasing temperature on tho other hand.
Figure l(b) also shows that there Is a marked
transition from a steep slope to a less steep
•lope in the strain-vs-teaperature curves of the
irradiated specimens between 600 and 700°C.

11. The above difference in temperature depend-
ence of postirradiation mechanical properties
ts considered to be related to the irradiation-
produced microstructure. "its effect on the
uork-hardening exponent, n, is shown in Fig. He).
At low irradiation and test temperatures (below
about 600"C) n was about 0.16 to 0.18 compared
to 0.32 to 0.36 for unirradiated specimens.
Hot only Is the work-hardening rate of the irra-
diated steel drastically reduced, the agreement
between the computed work-hardening exponent
[n - d(log a)/d(log e)] and the true strain at
naximuBt load, E(uTS)' *s a l s o worse for irradi-
ated than for unirradiated specimens. The fact
that £((jxs) alwa>'s yielded a lower value than
n, computed as the average slope of the log
O-vs-log e curve, was due to the slightly convex
curvature of that curve indicating that the
work-hardening rate decreased with increasing
strain. This behaviour was also observed for
Irradiated material with one exception, however.
At 500*C, the true strain at maximum load was
larger than n » <£(log a)/d(log e), which means
that the actual log o-vs-log e curve has a
slightly concave shape and that the work-
hardening rate at large strains was larger than
the average work-hardening rate. This observa-
tion is considered important since only speci-
mens irradiated and tested at that temperature
chawed such a behaviour and serrated stress-
Strain curves, Fig. 3, and because it has been
confirmed by at least five additional tests
with cold-worked as well as other annealed-
specimens which will be discussed below.

12. Serrations observed in stress-strain
curves of as-annealed and annealed-and-aged
specimen* tested at 450 and SSO°C are due to
Interstitial solute atom-dislocation inter-
actions which make a significant contribution
to the work-hardening rate. The serrations
found in stress-strain curves of specimens irra-
diated and tested at 500"C may not only be
caused by carbon and nitrogen atoms interacting
vith moving dislocations but may also reflect
the interaction of dislocations with radiation-
produced defects and/or*their complexes.

Cold-worked material

13. Tensile data of as-cold-worked, cold-
yorked-and-aged (thermal control), and cold-
vorked-and-irradiated type 316 stainless steel
•re given in Table 2.

14. Unirradiated specimens. The yield and
ultimate tensile strengths of the as-cold-
worked and cold-uorked-and-aged specimens varied
predictably with temperature. Both declined
rapidly as the temperature increased and exhib-
ited a similar (parallel) temperature depend-
ence, Fig. 4(a). Recovery and partial recrys-
tallization (about 20% at 650°C) during aging
caused the yield and ultimate tensile strengths
to be lower and the elongation and uniform
plastic strain values to be higher for the cold-
worked-and-aged material than for the as-cold-
worked steel, Fig. 4(b). However, the latter
values were far below the ductility measure-
ments for (he corresponding annealed specimens.
Moreover, as-cold—worked and cold-worked-and-
aged specimens did not exhibit any peak in their
respective strain-vs-temperature curves, and
the absence of serrations in the stress-strain
curves of all unirradiated cold-worked speci-
mens indicates that dynamic strain aging did
not take place. This is also revealed in the
very low work-hardening exponents shown in
Fig. 4(c).

15. Irradiated specimens. For cold-worked-
and-irradiated specimens, the relationship of
yield strength to ultimate strength was differ-
ent below 600"C firom that above 650°C, Fig. 4(a).
As for the annealed material, this is believed
Co be due to the difference in radiation-
produced microstnucture below about 600°C and
above 650"C (ref. 10).

16. It is interesting to note that the ductil-
ity of the irradiated steel is higher than that
of the unirradiaced material below about 600°C,
Fig. 4(b). unlfcnrra plastic strain and elon-
gation actually exhibited peaks at 500°C, the
same irradiation .and test temperature at which
the annealed material was most ductile,
Fig. l(b). If aavta for specimens irradiated in
the annealed condition at temperatures below
500°C had been available, it is quite possible
that those straim-vs-temperature curve's would
have shown peaks at 500°C as well, Fig. l(b).

17. As for the annealed material, the work-
hardening rate £s highest at 500"C. The only
temperature at wliiich the true strain at maxi-
mum load is larger than the average work-
hardening exponemt, n » <?(log a)/d(log e), as
shown in Fig. 4fe), and for which the stress-
strain curves arc serrated, Fig. 3(a) and (b).
None of the as-ould-worked or cold-uorked-and-
aged specimens had serrations in its stress-
strain curve at $50 or 550*C, or any other
temperature. The unusually high stress level
at which serrations occurred in the cold-
worked-and-irradiiated material, Fig. 3(b)
suggests again tthat radiation-produced defects
either facilitate the interaction of disloca-
tions with Interstitial solute atoms at 500*C
or that they themselves interfere with moving
dislocations in such a way as to increase the
•uork-hardening rante.

Effect of various) annealing temperatures

18. Tensile data of type 316 stainless steel



Heutron Fluenct
(E >0.1 MeV)
neutrons/cm2

1.2 *
5.9 *
1.5 *
1.2 x
2.3 *
2.7 x

1 0 "
10M

10"
10"
10"
10"

Table 2. Tensile data

Temperature, °C
Irradiation Test" Aging

46S
510
510
630

680-725
790-870

450
500
500
600
700
850

450 450
550 550
650 650

350
450
550
650

of cold-worked

Strength,

type 316 stainless :

MN/m2(psi)

steel

Uniform
Plastic

Yield (0.2Z Offset) Ultimate Tensile Strain
Z

Irradiated

753.6(109,300)
547.4( 79,400)
634.3( 32,000)
483.3( 70,100)
260,6( 37,800)
93.8( 13,600)

Agedd

794.3(115,200)
626.0( 90,800)
303.4( 44,000)

As-Cold-Worked

903.9(131,100)
890.8(129,200)
809.4(117,400)
539.2( 78,200)

809.4(117,400)
• 660.5( 95,800)

747.4(108,400)
539.2( 78,200)
262.0( 38,000)
95.8( 13,900)

821.2(119,100)
672.9( 97,600)
350.2( 50,800)

942.5(136,700)
937.7(136,000)
852.9(123,700)
581.2( 84,300)

2.3
6.2
8.4
•3.7
0.4
0.5

0.6
1.6
4.2

0.6
0.7
0.9
1.3

Elongation

X

8.2
9.4

11.4
6.4
0.8
4.3

4.7
8.0

24.7

•

5.1
5.2
5.4

20.9

20Z reduction in area by swaging at room temperature.

Crosshead speed 0.005 cm/min(0.002 in./min).

CData omitted in figures because of lower neutron fluence.

4,000 hours.
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annealed for 1 hour at 950, 1000, 1030, and
1100'C, respectively, and Irradiated at about
SIO.'C to a maximum fluence of 5.9 x 1021

neutrons/cm1 (E >O.l MeV) are listed in Table 'J.
Figure 5 shows that varying the annealing tem-
perature did not result In a significant varia-
tion of postirradiation mechanical properties.
This can be explained as follows: As a result
of the high-temperature solution treatment at
1200*C (see Experimental proceijre), it can be
assumed that all carbides have been dissolved.
Since no precipitation can take place during
cold working at room temperature, all samples
vere essentially in the as-solution-annealed
condition before the final heat treatment.

19. It is well-known that precipitation in
stainless steels occurs at a maximum rate
between 700 and 900°C. Weiss and Stickler
(ref. 11) recently confirmed this for annealed
type 316 stainless sceel. For a 502 cold-
worked type 316 stainless steel this maximum
is shifted to even lower temperatures in time-
temperature precipitation diagrams, so that
one can state with reasonable certainty that
no precipitation will have taken place at
950*C, the lowest annealing temperature during
aa annealing time as short at 1 hour. This
temperature is, however, above the recrystalli-
zation temperature of 502 cold-worked type 316
stainless steel so that the only variation in
tensile data, one could reasonably expect,
would have to be due to differences in grain
size.

20* Consistent with other observations for an
irradiation and test temperature of 500°C, all
stress-strain curves were serrated, the work-
hardening rates, ultimate tensile strengths,
and uniform plastic strains were high, and the
true strains at maximum load, £(uTS) were always
higher than the computed average slopes of the
respective log o-vs-log e curves, Fig. 5(b).

Fracture behaviour

21. Scanning electron micrographs' show that
specimens in the as-annealed, Fig. 6, and
annealed-and-aged conditions, Fig. 7, failed by
transgranular shear-type fracture when tested
at 6SO°C. Annealed specimens irradiated and
tested at SOO'C yielded the highest postirra-
diation ductility and failed by ductile frac-
ture, Fig. 8. However, when the irradiation and
test temperature was increased to 700*C inter-
granular fracture occurred. Fig, 9. Figure 10
shows how the cracks followed the sigsa-phase-
decorated grain boundaries of a specimen irradi-
ated and tested at 850*C without fracturing the
•igma-phase particles, i.e., the cracks propa-
gated along the slgma phase-austenite interface.

22. Specimens in the as-told-worked and cold-
vorked-and-aged conditions also failed by duc-
tile fracture when tested at 650'C, and tht
scanning electron micrographs (Figs. 11 and
12, respectively) seem to show that the dimples
are finer for cold-worked than for the corre-
sponding specinens in the annealed condition,
Figs. 6 and 7. The fracture characteristics of

the cold-worked specimen Irradiated and tested
at 500"C, Fig. 13, were the same as for the cor-
responding annealed specimen. Fig. 8; both failed
in a ductile manner. Figure 14 shows the frac-
ture surface of a cold-worked specimen irradi-
ated and tested at 700°C. These conditions lee!
to the lowest uniform-plastic-strain and elonga-
tion values for any co.ld-«orked-and-irradiated
specimen, and failure occurred by intergranular
fracture.

SUMMARY AND CONCLUSIONS

23. Tensile properties of annealed and cold-
worked type 316 stainless steel irradiated
between 450 and 85O°C to a maximum fluence of
2.7 x 1022 neutrons/cm2 (E >0.1 MeV) have been
compared to those of unirradiated type 316 stain-
less steel in the corresponding as-processed and
thermal-control conditions. The principal
results and conclusions can be summarized as
follows:

24. (a)In the annealed condition, the post-
irradiation yield strength was higher below
650°C and lower above 75O°C than the correspond-
ing values for unirradiated material. In the
cold-worked condition, the postirradiation yield
strength values vere lower than the correspond-
ing values of unirradiated specimens below 650°C.

25. (b)The ductility of annealed type 316 stain-
less steel was significantly reduced at all tem-
peratures when irradiated.

26. (c)Cold-worked type 316 stainless steel is
characterized by lov work-hardening rates and
low ductility. Because of- recovery and recrys-
tallization the ductility of unirradiated mate-
rial is improved above about 600°C and higher
than that of irradiated specimens. However,
below that temperature irradiated specinens
show better ductility.

27. (d)The highest postirradiation ductility
values were obtained for specimens irradiated
and tested at 500*C independent of whether or
not they were originally in the annealed or
cold-worked condition. At this particular
temperature dynamic strain aging altered the
postirradiation stress-strain behaviour. No
evidence of dynamic strain aging, such as
serrated stress-strain curves, was observed
for unirradiated cold-worked specimens at any
temperature. 'The possibility of radiation-
produced defect-dislocation interactions has
been considered.
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j
j Table 3. Postirradiation3 tensile data of annealed type 316 stainless steelb

• t

! * Uniform
j Temperature. *C Strength. MN/m*(psi) Plastic
j Annealing0 Irradiation Yield (0.2% Offset) Ultimate Tensile Strain Elongation
! Z Z

i 950 510 230.3(33,400) 526.8(76,400) 27.9 31.6
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! 1100 510 222.0(32,200) 541.2(78,500) 27.8 29.7

i *Kectron fluence: 5.9 x 10J1 neutrons/en2 (E >0.1 MeV).

I Tested at 500*C at a crosshead speed of 0.005 cm/rain(0.002 in./min).

; Annealed 1 hour.
j .
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M S T OF FIGURES
# .

Flg.l The effect of temperature on the tensile properties of annealed, annealed-and-aged, and
annealed-and-irradiated type 316 stainless steel. [Aged (4000 h) and irradiated <.1.2 to 2.3 * 1022

neutrons/cm2; E >0.1 MeV) specinens were tested ac their respective aging or irradiation tempera-
tures.} (a) Yield and ultimate tensile strengths, (b) uniform plastic strain and elongation, and
(c) the work-hardening exponent n.

Fig.2 Electron micrograph:; showing the microstructure of annealed (1 h at lOSO'C) type 316
stainless steel aged (4000 h) at (a) 450, (b) 550, and (c) 650°C.

Fig.3 Engineering stress-strain curves of type 316 stainless steel specimens irradiated to
fluence levels ranging from 1.2 to 1.5 * 1022 neutrons/cm2 (E >0.1 MeV) and tested at the irradia-
tion temperatures and a crosshead speed of 0.005 cm/min (0.002 in./min) in (a) the annealed, and
(b) the cold-worked condition.

Fig.4 The effect of temperature on the tensile properties of cold-worked, cold-worked-and-
aged, and cold-worked-and-irradiuted type 316 stainless steel. [Aged (4000 h) and irradiated
(1.2 to 2.7 x io22 neutrons/cm2; E >0.1 MeV) specimens were tested at their respective aging or
irradiation temperatures.) (a) Yield and ultimate tensile strengths, (b) uniform plastic strain
and elongation, and (c) the work-hardening exponent, n.

Fig.5 The effect of preirradiatlon annealing temperatures on (a) the yield and ultimate
tensile strengths, uniform plastic strain and elongation, and (b) the work-hardeniug exponent,
n, of type 316 stainless steel specimens irradiated to a fluence level of 5.9 x 1021 neutrons/cm2

(E >0.1 MeV) and tested at 500°C and a crosshead speed of 0.005 cm/min (0.002 in./min).

Fig.6 Scanning electron micrograph showing the fracture surface of an as-annealed type 316
stainless steel specimen tested at 650°C and a crosshead speed of O.OOS cm/min (0.002 in./min).

Fig.7 Scanning electron micrograph showing the fracture surface of an annealed-and-aged
(4000 h at 650°C) type 316 stainless steel specimen tested at 650°C and a crosshead speed of
0.005 cn/oin (0.002 in./min).

Fig.8 Scanning electron micrograph showing the fracture surface of a type 316 stainless steel
specimen irradiated In the annealed condition at 5l0°C to a fluence level of 1.5 * 1022

neatrons/cm2 (E >0.1 MeV) and tested at 500*C and a crosshead speed of 0.005 cm/min (0.002 in./min).

Fig.9 Scanning electron micrograph showing the fracture surface of a type 316 stainless
steel specimen irradiated between 680 and 725°C to a fluence level of 2.3 * 1022 neutrons/cm2

(E >0.1 MeV) and tested at 700°C and a crosshead speed of 0.005 cm/min (0.002 In./min).

Fig.10 Optical micrograph showing the microstructure and formation of intergranular cracks
close to the site of fracture in a longitudinal section of a type 316 stainless steel specimen
Irradiated between 790 and 870*C to a fluence level of 2.3 * 1022 neutrons/cm2 (E >0.1 MeV) and
tested at 850*C and a crosshead speed of 0.005 cm/min (0.002 in./min).

Fig.11 Scanning electron'micrograph showing the fracture surface of an as-cold-worked type
316 stainless steel specimen tested at 650*C and a crosshead speed of 0.005 cm/min (0.002 in./min).

Fig.12 Scanning electron micrograph showing the fracture surface of a cold-worked-and-aged
(4000 h at 650*C) type 316 stainless steel specimen tested at 650°C and a crosshead speed of
0.005 cn/min (0.002 in./oin).

Fig.13 Scanning electron micrograph showing the fracture surface of a type 316 stainless
steel specimen Irradiated in the cold-worked condition at 510°C to a fluence level of
1.5 x 1O22 neutrons/cm2 (E >0.1 MeV) and tested at 500*C and a crosshead speed of 0.005 cm/min
(0.002 in./min).

Fig.14 Scanning electron micrograph showing Che fracture surface of a type 316 stainless
fluence level
of 0.005 cm/min

steel specimen Irradiated in the cold-worked condition between 680 and 725 C to a fluence level
of 2.3 x 10** neutrons/cm2 (E >0.1 MeV) and tested at 700*" and a crosshead speed
(0.002 in./min).
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Fig.l The effect of temperature on the tensile properties of annealed,
annealed-and-aged, and annealed-and-irradiated type 316 stainless steel. [Aged
(4000 h) and irradiated (1.2 to 2.3 x 1022 neutrons/cm2; E >0.1 MeV) specimens
were tested at their respective aging or irradiation temperatures.] (a) Yield
and ultimate tensile strengths, (b) uniform plastic strain and elongation, and
(c) the work-hardening exponent, n.,
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Fig.2 Electron Micrographs showing the microstructure of annealed (1 h at
1050°C) type 316 stainless steel aged (4000 h) at (a) 450, (b) 550, and (c) 650°C.
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Fig.3 Engineering*stress-strain curves of type 316 stainless steel specimens
irradiated to fluence levels ranging from 1.2 to 1.5 x 1 0 2 2 neutrons/cm2

(E >0.1 MeV) and tested at the irradiation temperatures and a crosshead speed
of 0.005 cm/min (0.002 in./min) in (a) the annealed, and (b) the cold-worked
condition.
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Fig.4 The effect of temperature on the tensile properties of cold-worked,
cold-worked-and-aged, and cold-worked-and-irradiated type 316 stainless steel.
[Aged (4000 h) and irradiated (1.2 to 2.7 x 10 2 2 neutrons/cm2; E >0.1 MeV)
specimens were tested at their respective aging or irradiation temperatures.]
(a) Yield and ultimate tensile strengths, (b) uniform plastic strain and
elongation, and (c) the work-hardening exponent, n.
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Fig.5 The effect of preirradiation annealing temperatures on (a) the
yield and ultimate tensile strengths, uniform plastic strain and elongation,
and (b) the work-hardening exponent, n of type 316 stainless steel specimens
irradiated to a fluence level of 5.9 x 10*J neutrons/cm2 (E >0.1 MeV) and
tested at 500°C and a crosshead speed of 0.005 cm/min (0.002 in./min).



Fig.6 Scanning electron micrograph showing the fracture surface of an
as-annealed type 316 stainless steel specimen tested at 65O°C and a crosshead
speed of 0.005 cm/min (0.002 in./min).



Fig.7 Scanning electron micrograph showing the fracture surface of an
annealed-and-aged (4000 h at 650°C) type 316 stainless steel specimen tested
at 650°C and a crosshead speed of 0.005 cm/min (0.002 in./min).
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Fig.8 Scanning electron micrograph showing the fracture surface of a
type 316 stainless steel specimen irradiated in the annealed condition at
510°C to a fluence level of 1.5 * 1022 neutrons/cm2 (E >0.1 MeV) and tested
at 500°C and a crosshead speed of 0.005 cm/min (0.002 in./min).



Fig.9 Scanning electron micrograph showing the fracture surface of a
type 316 stainless steel specimen irradiated between 680 and 725°C to a fluence
level of 2.3 * 1022 neutrons/cm2 (E >0.1 MeV) and tested at 700°C and a cross-
head speed of 0.005 cm/min (0.002 in./min).
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Fig.10 Optical micrograph showing the microstructure and formation of
intergranular cracks close to the site of fracture in a longitudinal section
of a type 316 stainless steel specimen irradiated between 790 and 870°C to
a fluence level of 2.3 * 1022 neutrons/cm2 (E >0.1 MeV) and tested at 850°C
and a crosshead speed of 0.005 cm/min (0.002 in./min).



Fig.11 Scanning electron micrograph showing the fracture surface of an
as-cold-worked type 316 stainless steel specimen tested at 650°C and a cross-
head speed of 0.005 cm/min (0.002 in./min).
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Fig.12 Scanning electron micrograph showing the fracture surface of a
cold-worked-and-aged (4000 h at 650°C) type 316 stainless steel specimen
tested at 650°C and a crosshead speed of 0.005 cm/min (0.002 in./min).



Fig.13 Scanning electron micrograph showing the fracture surface of a
type 316 stainless steel specimen irradiated in the cold-worked condition at
510°C to a fluence level of 1.5 x 1022 neutrons/cm2 (E >0.1 MeV) and tested
at 500°C and a crosshead speed of 0.005 cm/min (0.002 in./min).-



Fig.14 Scanning electron micrograph showing the fracture surface of
a type 316 stainless steel specimen irradiated in the cold-worked condition
between 680 and 725°C to a fluence level of 2.3 * 1022 neutrons/cm2

(E >0.1 MeV) and tested at 700°C and a crosshead speed of 0.005 cm/min
(0.002 in./min).


