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ABSTRACT

rHeliurn was injected into small tensile samples of Type 316
stainless steel by alpha-particle irradiation from a cyclotron.
Subsequent tensile testing in the temperature range 540 to 815°C
revealed a loss of ductility, as measured by elongation at failure.
The lowest temperature at which a ductility loss was manifestde-
pended upon the microstructure of the samples. A fine dispersion
of sigma particles within the matrix was capable of raising this
temperature by retarding the accumulation of helium at grain

boundaries.

Reduced ductility was always accompanied by partial or com-
plete intergranular failure and the presence of intergranular cracks.
These cracks originated as small voids adjacent to grain-boundary
carbide particles, presumably through the action of grain-boundary
sliding. Large helium bubbles found attached to carbide particles
are responsible for the relative ease of void formation, as com-

pared to samples without helium. J

L

AI-AEC-12670
5



I. INTRODUCTION

The behavior of helium in stainless steel has been the subject of several
investigations of mechanisms of bubble formation and embrittlement.(l-:s)* The
problem of He embrittlement is of great importance to fuel-cladding alloys in
nuclear reactors. In a fast breeder reactor all the major constituents (iron,
nickel, and chromium) of an austenitic cladding alloy transmute to other isotopes

by (n,x) and (n,p) reactions yielding He and hydrogen.(4)

Embrittlement is identified as a loss in ductility at elevated temperatures
and can be brought about with as little as 10-6 atom fraction He. This is due to
its insolubility in steel and the tendency of He bubbles to concentrate at grain
boundaries. Helium embrittlement in Type 304 stainless steel has recentlybeen
studied in detail with samples in which the He was introduced by & -particles from

(5)

a cyclotron. This approach is extended to Type 316 stainless steelinthe work

reported here,

[l. EXPERIMENTAL

The technique of cyclotron injection of helium into small tensile samples

(5)

and a cross-section of 0.009 in. x 0.040 in. During cyclotron injection the tem-

has been reported elsewhere. The samples have a gauge length of 0.50 in.
perature of the samples is kept below 150°C. The He concentration, based on
the total volume of the gauge portion of the sample, was determined by mass
spectrometry to be 4 £ 0.3 x 10-5 atom fraction. However, the He is distributed
uniformly only through the central two-thirds of the thickness. This distribu-~

tion was achieved by variable attenuation of the & beam.

The composition in wt % of the Type 316 stainless steel used was: chro-
mium 17.3, nickel 13.6, molybdenum 2.3, carbon 0.06, nitrogen 0.05, and the
balance iron. Before injection of He the samples were given one of the two fol-

lowing treatments:

No. 6: 50% cold rolled, annealed 1 hr at 980°C and for 8 hr at 760°C.

*Superscript numbers in parentheses are for References at back of this report.
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No. 13: Annealed 30 min at 1120°C, 25% cold rolled, annealed 24 hr at
480°C and for 144 hr at 705°C.

Between anneals they were cooled in vacuum.

The tensile tests were performed in vacuum and samples were held at test

temperature for 1 hr before the load was applied.
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lll. RESULTS

A, INITIAL MICROSTRUCTURES

During Treatment 6 precipitation occurred from the solution-annealed state
primarily on grain boundaries. Electron diffraction of these precipitates in
thin foils identified them as M23C(>; no g-phase was detected. The appearance
of these carbides is shown on a replica in Figure 1. The grain size after Treat-

ment 6 was 40u. Before cold rolling during Treatment 13 the grain size was 100u.

Precipitation occurred from the cold-worked state during Treatment 13.
Favored sites for the precipitates were slip bands, deformation bands, and
grain boundaries. Electron diffraction of thin foils revealed two kinds of pre-
cipitates, M23C6 and g. The majority of the grain boundary precipitates are
carbides but some ¢ is also present. The precipitates within grains on slip
bands and in deformation bands are 0. Epsilon martensite is also present to
some extent. The appearance of the precipitates is shown in Figure 2. Their
size lies between 500 and 3000} and they are present at a density of about 1013

em™3, Figure 3 shows the g-phase particles within a grain.

Treatment 13 is similar to one used by Garofalo et a1(6) to improve the
creep strength of Type 316 stainless steel. These authors did not identify their
fine matrix precipitates as 0. Blenkinsop and Nutting(7) have recently reported
in detail on the morphology of g -phase precipitation in a low-carbon Type 316

stainless steel. Qur observations are in accord with their work.

B. TENSILE TEST RESULTS

The total elongation as a function of test temperature for samples with and
without He is given in Figure 4 and all the tensile data appear in Tables 1 and 2.
The strain rate was constant at 0.02 min-1 and the values shown in the tables
are the average from two samples. Treatment 13, as expected, strengthens
the alloy and reduces the ductility., The presence of He has no effect on either
yield or tensile strength but does markedly reduce the ductility. Ductility loss
begins above 540°C for samples given Treatment 6, but for samples given Treat-
ment 13 loss of ductility begins above 650°C. The displacement damage from
the a-particles, a possible source of hardening, appears to be annealed out at

the lowest test temperature.
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TABLE 1

TENSILE TEST DATA OF TYPE 316 STAINLESS STEEL
WITH TREATMENT 6

TENSILE TEST DATA OF TYPE 316 STAINLESS STEEL
WITH TREATMENT 13

Atom F‘raction Test Yield Tensile Elongation (%)
Helium Temperature Strength Strength
(x 10-5) (°C) (kpsi) (kpsi) Uniform Total
0 540 13.5 56.6 32.2 33.4
4 540 15.9 55.7 28.4 30.0
0 650 14.6 40.7 27.6 41.5
4 650 11.8 38.6 16.8 17.8
0 760 11.2 24.0 14.1 51.4
4 760 10.3 21.3 6.7 10.7
0 815 10.5 17.6 8.7 47.3
4 815 12.1 17.0 3.6 5.9
TABLE 2

Atom Fraction Test Yield Tensile Elongation (%)
Helium Temperature Strength Strength g 2
(x 10-5) (°C) (kpsi) (kpsi) Uniform Total

0 540 19.1 68.2 7.0 7.8

4 540 13.3 68.3 8.0 9.1

(one sample)

0 650 13.8 55.1 5.1 9.5

4 650 14.0 52.7 5.0 10.8

0 760 13.9 36.6 1.6 14.7

4 760 17.0 34.9 1.4 5.0

0 815 14.4 26.0 1.4 19.2

4 815 12.8 26.6 1.4 2.7
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C. METALLOGRAPHY OF TESTED SAMPLES

At 540°C all samples given either treatment with or without He failed trans-
granularly. The mechanism of shear-rupture was operating as evidenced by the
shear-rupture dimples in Figure 5 which typifies all fractographs of samples
tested at this temperature. The mode of failure of samples given Treatment13
with or without He, and of samples given Treatment 6 without He was trans-
granular at 650°C. However, samples gi‘ven Treatment 6 with He showed a

mixture of transgranular and intergranular failure.

At 760°C all samples with He failed intergranularly, Of the samples with-
out, those given Treatment 6 still failed transgranularly, whereas those given
Treatment 13 had a mixed failure. Intergranular cracks were readily detectable
in helium-containing samples, especially in those given Treatment 13, but were

relatively rare in samples without He. Figure 6 shows such cracks.

Replicas for electron microscopy were taken of tested samples on a plane
parallel to the tensile axis and to the broad surface of the samples. By this
method incipient cracks or voidsas small as 30004 can be detected. These neg-
ative replicas reveal a depression on the sample surface by the presence of a ‘

light shadow adjacent to a dark area.

Figure 7 shows voids in samples with He tested at 760°C. They ére situ~

'~ ated on grain boundaries adjacent to carbide particles. The tensile axis is
parallel to the direction of the white shadow. The relative frequency of these
voids parallels that of grain-boundary cracks as stated above. The great major-
ity of voids were associated with grain-boundary carbide particles, and even
those which appear isolated on a grain boundary may be next to a carbide particle

in another plane.

Helium bubbles were found in samples given either treatment after testing
at 760°C (bubbles were not detected after tests at 540 and 650°C) and were gen-
erally located on grain boundaries, dislocations, and precipitates. Figure 8
shows He bubbles in samples given Treatment 6. The average bubble size is
less than 1004 although some bubbles 10004 and greater are present on grain

boundaries and attached to carbide particles (see Figure 8c).

AI-AEC-12670
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Figure 6. Light Micrographs of Type 316 Stainless Steel
With 4 x 10-2> Atom Fraction Helium Tested at 760°C,
Showing Intergranular Cracks
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Figure 9 shows He bubbles in samples given Treatment 13. Their average
size is also less than 100% but a very large bubble (>2000.ZX in one dimension)
has formed on a grain boundary (see Figure 9b). Most of the small bubbles are
attached to g-particles. Large bubbles were significantly less prevalent in

samples of Treatment 13 than in 6.

Fractured carbide particles were found in samples given Treatment 6, with
or without helium, after testing at all temperatures (except 815°C, for which no
metallography was done). No fractured carbides were found in samples given
Treatment 13. Figure 10 shows several examples of fractured carbides on
grain boundaries and also decohesion or separation at the carbide-matrix inter-
face. The cracks formed in the carbides were not observed to grow into the

adjacent grain.
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IV. DISCUSSION

Loss of ductility due to helium is always accompanied by a failure that is
partially or completely intergranular and by the presence of intergranular cracks
along the gauge length. These cracks in their incipient state are located adja-
cent to grain-boxindary carbide particles (Figure 7). Grain-boundary sliding,
which probably occurs during testing, is obstructed by the presence of these
carbide particles. In this situation voids are nucleated at the particle-matrix

interface, and the mechanism has been described for a variety of alloys .(8_10)

This mechanism is valid whether or not He is present; when it is, grain-
boundary voids and cracks are present to a much greater extent for equivalent
amounts of strain. The stress necessary to nucleate a void at an obstacle on

(11)

the grain boundary was estimated to be

1247,
o = mL ’

where Y is the shear modulus, Y is the interphase surface energy, and L is the

length of sliding boundary between obstacles. A He bubble on a grain-boundary
carbide could effectively reduce o to zero since a He bubble is truly a void al-
ready and no nucleation is necessary. Growth of the void to a crack will occur
by further sliding and through the action of a stress normal to the boundary.
Figures 8b, 8c, and 9b are examples of bubbles on grain-boundary carbides
which have the potential of growing into cracks. This mechanism of He em-
brittlement was also concluded to operate in the case of Type 304 stainless

steel.(s)

Another factor responsible for intergranular crack initiation at carbide
particles (in the absence of He bubbles) is the probable low value of Vg This
allows separation of the carbide-matrix interface at low values of o, - It is also
likely that cracked carbide particles are another source of grain-boundary
cracks. Decohesion at the carbide-matrix interface and cracked carbides are
more important in the mechanisms of failure when He is absent. At low tem-
peratures, Barnby(lz) has shown how cracked carbides start a transgranular

failure.
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Samples given Treatment 13 show loss of ductility beginning above 650°C,
while at this temperature those given Treatment 6 have already lost more than
half their ductility. This is due to the effectiveness of the high density of
O-particles (1013 cm—3) in trapping He (seen in Figure 9a as bubbles attached

to the particles), thereby delaying the accumulation of He at grain boundaries.

It is unlikely that trapped He bubbles leave the particles at higher tempera-
tures and migrate to the boundary. Rather, untrapped He eventually arrives,
as atoms or very small bubbles, at the boundary to yield a concentration high

enough to form large bubbles on carbide particles.,
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V. CONCLUSIONS

The following conclusions can be drawn from this study:

1. Cyclotron injection of helium into tensile samples of Type 316 stainless
steel at concentrations of 4 x 10-5 atom fraction results in ductility loss at test
temperatures above 540 and 650°C for samples given a precipitation anneal

from the solution-annealed or cold-rolled condition, respectively.

2. Loss of ductility, as measured by elongation at failure, is associated
with premature intergranular cracking which originates at grain-boundary car-

bide particles, presumably through the action of grain-boundary sliding.
3. Helium aids grain-boundary cracking by forming bubbles on carbide

particles, thus greatly reducing the amount of grain-boundary sliding needed

to form a void.

4. A fine dispersion of precipitates is effective in trapping helium bubbles,

thereby raising the temperature at which ductility loss appears.
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