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R. D. Brown and J. R. Cost]

MECHANICAL PROPERTIES OF B00-McV PROTON-IRRADIATED METM.S2

ABSTRACT: Accelerator bcam linc components and spallation ncutron targets
operate In an irradiation environment wherc changes in mechanical properties
can adverc<ely affect component integrity. The present work presents a pre-
liminary study of the effects of low fluences (10!? to 1020 p/em=) of 800-

McV protons on the yicld strength, tensile strength, and ductility of samples
of 304 stainless steel, Alloy 718, molyhdenum, and tantalum. Tensile samples
(0.75 or 1.6 ma thick) were directly water cooled during irradiation and

were tested at room temperaturc. For the 304 stainless steel and anncaled
Alloy 718, the yicld strengths increased by about a factor of 3 and 1.0,
respectively, while the ductility decreased -30 and 40 percent. In the beo
metals (tantalum and molybdenum) the yield strengths increased by at least

a factor of 2. Tantalum samples retaincd significant ductility at room
temperature, while scveral molybdenum specimens bprohe at less than 0,0 percent
strain. These irradiation-inducced changes at low proton fluences should not
impair the usefulness of these materials f(other than molybdenum) in accelerator

environments.

ll.os Alamos National Laboratory, lLos Alnamos, NM RTH4R

2work performed under the auspices of the Y. S. Department of knergy.
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High current particle accelerators such as the Los Alamos Meson Physics
Facility (LAMPI) can produce significant radiation damage in beam line com-
ponents that either intercept the proton beam directly or receive a high flux
of scattercd particles. At LAMPF, compuiients such as the beam line window that
separates the vacuum of the main beam line from air receive the direct proton
flux, which, after a number of ycars operation, can rcach a fluence of
10°3 p/cmz. Irradiation by the direct proton bcam also generates significant
internal heating in such components, requiring that they be water cooled.

The beam line window, for example, consists of two 0.2-m-diam plates,
senarated By a l-mm-thick gap that allows continuous circulation of cooling
water.  Water pressures near 7,1 MPa (300 psi) impose additional stresses
and require that the window remain a sound pressure vessel despite changes
in mechanical properties resulting from the irradiation, By careful design,
it has generally been possible to limit temperature rises in such components
to about 300 K maximum. A sccond componeni that is directly irradiated is
the beam stop, consisting of copper plates inside a 304 stainless steel
cylinder 0.2 m diam and 0.6 m long. As with the window, gaps between the
plates allow wiuter circulation to remove the heat deposited by the beam.
Integrity of the stainless cylinder is important in preventing 1: rge water

leaks that could result in loss of cooling and melting.



In addition to the components considerad above, interest has been
expressed in using high atomic mass targets irradiated by the proton beam
as spallation ncutron sources [1]. These targets, using such materials as
tungsten and depleted uranium, cannot be directly water cooled, because
radiolysis of the water can result in high ccrrosion rates. Since these
componcits and targets must maintain structural integrity in this hostile
environment of stress, temperature, and irradiation, therec is a nced to
characterize the property changes under the,e condit.ons.

In this paper, we cxamine mechanical property changes in (04 stainless
stecl and Alloy 718, both useful as structural materials Jor beam line com-
ponents, at low proton fluences. Type 304 stainless steel is the material
usced for the beam stop cylinder and faces, while Alloy 718 was chosen as a
higher strength materiual that could be welded and was used in several models
of the beam line window, Tantalum was of interest as a spallation neutron
source target while being directly wiater cooled, since it i not strongly
corroded by the products of cooling-vater radiolysis., Molvbdenum, although
strongly attacked by radiolysis products, was chosen to allow compirison of

mechanicai property cnanges with tantalum.

LXPERIMENTAYL PROCEDURI.

The approach taken in studyirg changes in mechanical propoertic  was te
miachine sheet tensile samples (sce Figo V0 from the materials of wnterest and
stack the corrosion-resistant samples on an open fiature (big. 21, which was
then placed in a water-cooled somple holder and proton arvadiated,  Following
irradiation, the samples were removed from the fivture in a hot cell, pamma

scanned, and tepsile tested,



Irradiation

For irradiation, samples (sccured in their fixtures) were placed in
. r-cooled target holders uscd by the isotopc production facility. The
tary holders are at the end of ©¢-m-long horizontal, shiclded penetrations
known as stringers, and are inserted just upstrcam of the beam stop. Target
holders are attached to the stringers remotely, and the stringers have no
provision for clectricul feedthroughs; consequently, sample temperaturcs
could not be directly monitored. The high water flow rate in direct contact
with the samples, together with knowledge of volumetric hcating produced by
the proton beam, allowed us to calculate the maximum temperaturce rise for
the various materials. For this calculation, the beam current was assumed
to be 560 uA and a heat transfer cocfficient of 0.5 w/cm:.°c between the
sample surface and the flowing water was assumed.  The maximum temperature
at the midsec .on of cach metal tested is given in Table 1, assuming the
cooling water to be at 293 K. Accelerator operation is interlocked with
water flow in the isotope production stringers, so that a sharp drop in flow
immediately shuts down the proton beam.

To monitor the proton tluence reccived by the tensile samples, aluminum
foils were placed in line with the tensile samples.  Following irradiation,
the atomic fraction of ==Na produced by the BOO-MeV protons was determined by
gammi spectroscopy and the protor fluence was calculated assuming a production
cross section of 1.2 x 10°< barn.  Both the aluminum feils and the actual
samples were also vounted uning a scanning gamma spectrometer in which a
narrow slit is stepped along the sample while the total sumber of counts
(independent of energy) is recorded.  This provides a measure of the varation
in proton fluence from one end of a sample to the other, as well as the

variation from one samplc to another. A typical variation in fluence along



the pauge length for a stuinless steel sample was 20 percent.  For samples
stacked onc bchind the other in the proton bearm, fluences varied by at most

9 percent, but samples in different positions in the holding fixture reccived
fluences differing by factors of 2. Determination of the absolute flucnces
is expected to be within 250 percent.

Tensile Testing

The samples were highly activated following irradiation (often scveral
hundred R/h), requiring all handling and testing to be donc remotely i, a
hot «cl1l. Following disassembly of the specimen fixture and the gamma scanning,
the spacing of a previously placed pair of scribe marks was checked prior to
tensile testing., Samples were then placed ia the grips and the loading pins
inserted.  An cextensometer was clipped onto the gavge scction and the samplce
pulled to 1 percent strain, at which point the test automatically halted. The
extensometer was removed ond the test was resumed at constant crosshead speed
until the load peaked and started to drop. The ioad was then removed from
the sample and the spacing between scribe marks was measured and used to
determine the uniform clongation.,  Strain vialues were derived from the load-
time curve by cetting the strain at maximum load equal to the uniform strain

measured using the scribe marhks,

RESULTS

fable 1 proents the irradiation conditions of proton fluence,
displacements per atom (dpa), and maximum sample temperature. The dpa
values were computed by using the gamage energy cross sections computed
by Conl®er et al. [2]. Changes in yield strength (at 0.0 percent offsei),

tensile strength, and uniform strain are shown for all metals tested in

Table 2. In general, arradiation to the fluences attained here produces a



large incrcase in the metal's yicld strength and a smaller increase in
tensile strength., It was not possible to define the tensile strength for
molybdenum because only onc of four samples clongated beyond 0.01 strain
without fracturing brittlely. 1In all cases, irradiation reduced the uniform
strain, with the greatest decreases occurring in the bec metals. TFigure 3
comparcs engineering stress-strain curves for unirradiated and irradiated
304 stainless steel. Following irradiation, a yield drop is present in the
stress-strain curve. Changes in the stress-strain curves for molybdenum and
tantalum following irradiation arc shown in Fig. 3. Thesc bee metals show
vield drops prior to irradiation, and exhibit low uniform strain following
irradiation, particularly molvbdcnum.

For the 303 stainless stecl, the engineering stress-strain data woere
converted to true stress-true strain data.,  These data were then fitted o
the power law strain hardening equation - = Ke™, where K is the strength co-
etfficient and n is the strain hardening cxponent.  Curves of log (true stress)-
log (true strain; were voncave in shape so that the values of n and K were
found by a Teast-square fit to the data between true strains of 0,05 and
0.5, Values of the strength coofficient, strain hardening exponent, and uni-
y atv given in Table 3 for unirradiated and irradiated 304 stain-

fore <train, ‘4

less steel,

prseussioN
In general, yvield strenpths arve increased more than tensile stroengths,
result ng in a reduction in strain hardening,  This s coite noticeable trom

the ~tress-strain curves for 304 stainless steel, and is quantitative!l s shown



by the decrease in strain hardening eaponent. This exponcent should be
numerically equal to the uniform strain if the stress-strain curve fits
the equation o = Ke™. Comparing preirradiation values of n and ¢, shows
good agrecment, but following irradiation n is 19 percent less than (g,
indicating that the truec stress-truc strain curve is concave, with a higher
slope at higher strains [3]. We did not choose to quantitatively comparc
strain hardening behavior bhetween yield and 0.05 true strain, because
data in this range were obtaincd assuming the strain to be proportional to
the crosshead displacement, which is not a gocd assumption at strains less
than 0.05. A gualitative cxamination of the truc stress-true strain curves
(at strains between 0.002 and 0.05) shows the strain hardening exponent 10
be significantly decreased in the irradiated samples. A factor of 2 increasc
in fluence led to a small (7 percentj--but significant--increase in yicld
strength,  Work is now underway to prepare transmission electron microscopy
spoecimens of irradiated 304 staialess steel in both the undeformed and
strained states, Lxamination of the undeformed materjal should clarify the
nature of the damage, while the strained material will be examined for the
presence of features such as dislocation channeling.

A qualitative comparison can be made between our results on changes an
vield strength, tensile strength, and uniform clongation, and the resalts of
others (4] for neutron-irradiated samples.  In that work, 304 stainless stecl

camples were neatron irradiated at temperatures less than 375 A to neutron

b}
. -0 .- . .
fluences hetween 1.0 x 1(']3 and 1.4 x 10 n/em™ (1~ 1 MeVy,  Pxamaination ot

. : . 2 19 -
those stress-strain curves shows a viceld dreop at fluences of 1,3 v 1077 noen
o . . lo .0
and above, simjilar to the drop we ob:erve, At a fluence of 0 a 10 n. ™, the

vield strenpth increased by a factor of 2.2, the tensile strength by 1.1, and the
uniform strain by 0,7, For our samples, these factors were 2.9, 1.2, and 0,75 -

sugpesting that the same protor fluence miy have been slightly more effective in



strengthening the material. A more valid comparison would require knowledge
of the ncutron fluence as converted to displacements per atom.

Comparison of the stress-strain curves for this study with others suggests
that the yield stress is raised by irradiation-produced vacancy clusters

and dislocation loops. The prescence of such defect agglomerates has been
shown to preoduce similar features in the stress-strain curves of fcec and bec
materials [5,6].

For the Alloy 718 samples, irradiation of the anncaled material raised
the yicld stress, while irradiation of hardened material lowered it. For
the anncaled material, the increase in yield strength is undoubtedly caused
by dislocation interaction with the irradiation-produced microstructure. The
decrease in yield strength and tensiie strength following irradiation of the
precipitation-hardened material is not presently understood.  Previous
results |[7] at fluences of 5-10 x 10-! n/on= and an irradiation temperature
of 673 Kk, with testing at roum temperature, have shown cither little change
or an increasce in the vield and tensile strengths.,  Our unirradiated heat-

e

treated material showed uncharacteristically low clongation, which may be
an improper heat treatment,

In addition to large increascs in yvield strength, dirradiation of the beg
metals tantatum and molybdenum reduced the unitorm strain for both metal: .

For tantalum, all samples were still capable of about 14 percent strain

\ , , o . 20 , . o _ _
foilowing irradiation to 1.5 x 10 p/em= (Lo dpad.  Strain hardening was

to

preatly reduced compiared with the unirradrated material, and the vield strength

was Jdoubled For molybdenum samples tested after irradiation to



1.5 x ]()]9 p/cmz (0.08 dpa) the yiceld strengths had more than doubled, but
only onc of four samples reached 0.02 strain before fracturing. Other
workers [B] have observed similar decreases in strain following irradiation
and room-temperature testing. It is likely that the Jductile-brittle
transition temp: rature has been raiscd above room temperature by the irradia-

tion.

SUMMARY

Samples of 304 stainless stecel irradiated to low proton fluences near
ambient temperatare display a 200 percent increasce in the vield strength and
a 30 percent decrease in uniform strain.  These changes are similar in
magnitude to those observed during neutron irradiations at =imilar temper-
atures, and will not impair the uscfulness of thiz material for beam line
components.  \ similar conclusier applics to the annealed Alloy 718, which
showed o 60 percent incvease in yicld strength and a 30 percent decreasce in
uniform <longation. A\ testing program is regquired to extend these results
to highor fluences and to tenmperatures in the 600 K range.

The use of tantalum for spallation neutron targets is possible from a
materials standpoint, although the ductility will Tikely Jdectine further
at higher fluences,  Molvbdenum 1= clearly a poor choice for beam line com-
ponents, because it becomes brittle at room temperaturs following ceven a

short-term irvvadiation.



TALTE 1-——-l1rradiatjon Conditions
Maximum Temperatures and Proton Fluence

Sample Maximum Proton
Thickness Temperature Fluence Fluence
Mctal (mm) (K) (p/em=) (dpa)
304 Stainless Steel 1.6 535 2 x 1019 0.06
Alloy 718 1.6 340 2.2 x 1019 0.0
Tantalum 0.7 330 1.5 x 10%0 1.50
Molybdenum 0.8 320 1.3 x 1019 0.08




TABLE

— Preirradiation and Postirradiation Mechanical Properties

Material

Yicld Strength

Tensile Strength

Uniform Plastic Strain (%)

Preirradiation
MPa (psi)

Postirradiation
MPa {psi)

Preirradiation
MPa (psi)

Postirradiation
MPa (psi)

Pre-
Irradiation

Post-
Irradiation

304 Stainless

Steel

Alloy 718

Alloy 718

Tantalum

Molybdenum

134 (19 500)
Anncaledd

552 (80 000)
Annecaled

1570 (228 000)
Heat Treated ©

141 (20 500)

Stress Relievedd

200 (42 000)

Stress Relicvedd

383 (55 00

889 (129 000)

410 (205 090)

290 (42 000)

690 (100 000)

516 (71 900)

017 (147 50M

706 (247 000)

230 (33 300)

H83 {55 50M

1 040

1520

602 (87 300)

(150 800)

(220 000)

285 (41 350)

~1
~1

38
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K, gas conoled.

slow cooled.

rapidiy gas cooled.

aged 8 h at 990 K, furnace cooled to 891 K and held for total aging time cf 18 h.



TABLE 3 — Strain Hardening in 304 Stainless Steel

Strength Strain
Coefficient Hardening Uniform
Condition K MPa (psi) Expoaent, n Strain, ¢
Unirradiated 1170 (169 700) 0.53 0.57

Annealed

Irradiated 1 200 (174 000) 0.35 0.40
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FIG. 1—Dimensions of a typical tensile sample. Nonstandard specifications
were required to fit the samples into the water-cooled target

holder for proton irradiation.
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sdequate water flow during irrsdistion.
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FIG. 53—-Typical engineering stress-strain curves for 304 stainless stecel,

both unirradiated and irradiated to a fluence of 2 x ]019 p/CN:-
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F1G, 4— Typical cnpinecring stress-strain curves for molyhdenum and

tantulum, both unirradiated and irradiated to fluences of
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1.3 x 10 and 1.5 x luzo p/cmg. respect ively,
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