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Defects produced in tungsten by B00 MeV proton bombardment have been studied on the atomic scale

wvith a Field 1Ion
rad{ochemistry, of 1

croscope.

The material

vas @subjected to a fluence, as measured by
(-0.1 displacements per atom) At a temperature of 300K. A vncungg

concentration of 10 ° was observed (calculated thermal equilibrium vacancy concentration is -10~
at a calculated temperature of 300K,. No vacangiea were observed in the unirradiated samples.

Since vacancice are e¢ssentially immobile (D, -

cn?/mec) at the irradiation temperature used in

tnis study, 1t is believed that the observed concentrations are those of the radiation produced

vacancies that did not spontaneouisly recombine.

The observed interstitial concentration was lowver

than the vacancy concentration consistent with a higher diffusion rate for interstitials.

Additiorally, a depleted zone was observed consisting of aprroximately 300 vacancies. This
"void" volume 1lfes along a [121] pole and ham an elongated shape. It {is postulated that this
damaged region was caused by a recoiling W atom after it had undergone an "internuclear cascade"
after collision with an incident proton. This type o{ defect may be the nucleus for subsequent void
growth when the irradiation is carried out in the void-growth temperature regime.

The irradiation was conducted at the Clinton P. Anderson Los Alamos Meson Physics Facility
(LAMPF). 'Tre Fleld Ion Microscopy was performed with a microscope at LAMPF that is dedicated to
studies of {rradfated materfal. The study forms a baseline for other planned experiments at LAMPF
vhich aim to provide further understanding of the atomic-scalc¢ damage caused by med{um-energy proton
beams. The application of medium-energy proton damage as a simulation for 14 MeV neutron damage, as

is  encountered 1in advanced energy systems

as in magnetically and 1nertially confined

thermonuclear reactors, has been addressesd elsewvhere.

1. TINTRODUCTION

Materials subjecred to irradiation
environments have been otudied to predict thelr
phynsical and morphologica: changea. TIrradiation
of metala resmuitea {n the production of pofint
defecta and transmutatfon products. Subsequent
diffusfon of the radlation-produced defecca
generally leada (o microatructural changea In a
water{al wii'" attendant mechaunical and physical
propevey changes.

The 1ife of the firrt wall will be dependent

on the pgeneratfon and  transport of  pofint

defectis, 1mplantation of van fons, aAnd cyclic
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fatigue reniatance of the first wall and/or
coatingm, caused by radf{atfon and the attendant
kineticu of

thermal cyclic streys. The

microstructural evolution under irradial fon
require¢ the determination of the rate of
transport of these defects to sinks such as void
nuclei, dislocations and grain boundaries. This
~ate Is in turn dependent on the rate of
production and concentration of point defects.
The moat fmportant conaideration for
eutimating microstructural evolution kinetics 1s
the concentration of poInt defects (vacaucles
and interst{tinle) and the tewperature. In =
metal under 1irradiation, the r~oncentration of

point defects can change with time depending on

the rate of production, abaorption at sinka, and




temperature of irradiation. The number of point
Jefects grnerated 18 dependent upon the flux of
particles, the interaction cross-section and the
energy transferred through collisinas. The
total number possible 1is described by the
“isplacements per wtom (dpa). Thie number
includes the number which recombine in the short
perlodl ((10-lz seconis) fol.iowing an initial
displaceuent cascade and/or thermal spike. The
nuber that recombine 1 important in
determining the number of point defects which
remain and are available for diffusion. It has
been theorized that as few as one percent of the
point defects predicted by simple cascade theory
actually result in ob3ervable radiation
effectl.z

The vacancies which are observed 1n this
enperiment are wost likely those which did not
spontaneously recombine following a cascrde
cvent. The other einks for vacanclies are
effectively eliminated from crontributing to the
reduction in t'ie number of vacancies because of
the low diffusion rate of \acancies in tungsten
at the temperature of frvadiation.

The thermal vacancy concentration can be

b}

calculsced from:
- F
c, = exp(-L" /kT)
wvhere c, 1» the ther al equilibrium vacancy

concentration, EP is the energy of 7ormation. k

is Bolirmann’a constant and T {a the Lemparature

in K. For tungsten, the value of EF js
annroximately 1.7 eV, Thear valusa yield a
the mal vacancy concentration of 1077 4t 300K

GClren thin low calculated thermal vacancy
concentratfon, the vacancies observed are Lonst
likely the remult of {rradfation. The vacancy

diffumsfon coefficient may be calculated fron:A

D - hw.-.,.(gn'/kT)

w

where I im the diffusion coel{ficlent, ”vu ia the

7 .
pre-exponent {n cm /aec and E® {a the activation

energy for vacancy mobility in eV. The values
foyr tungsten nre:a'5
D, = 3.5x 1072 caleec™!
E* = 3.3 eV
k = 8.6 x 1077 eV/K
T ° 300K
At 300K, D, ia found to be 1.33 x 10757 cnm

and from x = (Ath)O'S. where x 18 (he diffusion

2 1

sec”

distance, it is estimated that the vacancies
will move 1 lattice apacing (3.165 A) in 6 x
1033 years. This extremely srall value for the
diffusion distance indicates that vacancies ere
immobile and will not diffuse for the cond.tions
of this experiment.

The equation which describes the

concentration of vacancies dus to 1irradiation
13:(6)
o
Cv = (1 - )P - onCv - Cva(ﬁwrva + Zvlpd
+ 2'(rllN11 + rlevlll
+ bne N,DCO expl(2Y/r, - B )b%/kT))

vVVvVvVvYy

+2,C,0%{p] + 2xlry Ny exp{-(1 ¢ + Fyy)b2/KT)

+ rlevlexp((y.f + Ptl)bz/kT]]).

This equation describes the dources of vacancies
from irradiation and their possible minks. The
symbole’ meaningzs sre defined in Table 1. Thix
equation can be simpllified for the conditions of
this experiuent eince Dv is very wsmell and the

fluence was low. The equation reduces to:
C - - - aC
Cy (1 )P alyl,.

It fa the purnose of this atudy ro ava.uate
data which yleld .he nwnber of delects which d-
not spontaneously reco bine after a cascade
event. This et.ly, therefore, is aimed at the
banice of vacancy pgeneratfon resulilng froa
{rradfation. Tungmten was cho1en an the
material for examination because of ite eape of
prepavation for the Field Jon Microscops (FIH),
1ow thermal vacancy concentration al Lhe

temparature of frradiatfon and low difiuaion

rate st a convenfent frradiation termperature.



I1. EQUIPMENT

The equipment use is study was a Pileid
Ien Microscope. Ths Alamos, Clinton P.
Anderson Meson Physice "4ry, (LAMPr), was
the sourca of protons used i1 he irradiation.

2.1 Tield Ion Microscope

The Field lon Microscope was 1| (it at the Los
Alamos Mational Laborstory for :he wstudy of
rediation effects to materiasls. It s o
stainleas steel aystem consiating of two cold
traps vhich use efther liquiu aitrogen or liquid
helium as the crycgenic liquid. The outer cold
trap pre-cools the imaging pas wvhile the iuner
cold trap cools the tip. A micro channel plate
(MCP) is {incorporated into the sys-em to reduce
photographic exposure time and allow for
controlled fleld-evaporstion of the tip. The

systex {s disgrammed in Figu.e 1.

TABLE 1

void radiue

Ty

Nv nunber of voidas

D diffusion coefficient

C concentration

Y surface energy

Pg internal gas pressure ip a void

b Burgers vector

P Frenkel palir production rate

[; cascade efficlency for producing
vacancy loops(e << 1)

T Lemperature
biae factor

o direct recombination coefficient

Yo stac«ing fault energy
F,1 elactic wstrain aenergy of a curvad
dislocaticn
Pa network dislocation line length
superscript for thermal aequilibrium
values of D and C
x,1,v1,11 eubmcripte for wscancy, f{nterstitial

and their loops respectively

2.2 Irradiation

The irrsdiation was conducted with the LAMPP
beam of protons in Line D. The average
intensity of the bean {n this area is 2 yA. The
cslculated temperature of the specimens ar this

current is approximately 3}OCK.

1I1. PROCEDURE

Tne experimental sequence 1is &s followse: 1)
{irradiation of the annealed tungsten and
companion aluminum wires; 2) dimaging the
irradiated tungeten wire snd the unirradiated
control in the FIM; 3) evaluating any induced
danage; and 4) observing the transautation
product zan by 1re decay in cthe aluwminum
sample, reasuring an accurate fluence for the
tungsten.

3.1 Specimen Irradiation

Thin wires (7.6 x 1077 u diameter) of

tungsten were vacuum annealed (residual g3as

pressure < 10”6 torr) for one hour by resistive

heating to

L

approximately 2300k  prior to
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irracistion., The wire vas sectioned into 7.5 x
1002 lengths and wmounted in a holder (Figure
2) for 4insertion into the proton beam for
irradiation. Each tungsten ssmple was supplied
with a compsnion aluninum sanple to determins au

accurately seasured dose by determination of the

samount of 22“1 produced in the aluminum.
3.2 Specimen Autoradiography and
Radiochemistry

Following 1rrsdiation, the epecimens were
reaoved from the esample holder. They were
placed on a photograrhic platea so that the
radioactive transmutation piroducts expose the
film. The result 1s shown in Figure 3. This
procedurr determined the region of highest
activicy aid therefore the higheat fluence.

zle is a transmutstion product wnich can
occur by tne spailotion of & helium atom from
aluminum. PFrom the activity of this product and
from the known cross-section for its production,
the flueice can be determined. The
displacements per atom (dpa) can then be
calculated for the tungsten yielding an implied
damage level! in the tungsten. This process hae

been deacribed allewherc.(7)
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Figure 2

Sehenat fc of {roadiaticen arrangesant

Pigure 3
Autoradiography of W wire

3.3 Specimen Preparation

The tungsten wire was first sectioned at the
center of the area of hignest fluence as
determined by autoradiography. A sample was cut
from the center (0.5 cm langth). This wase
attached with @ eilver paste onto & nichrome
wire loop. The wira loop, in turmn, was spot
welded onto a 3.18 x 1073 ereel rod which could
be 1insertad into the ip Ilwlder in the
microscope. To epchieve a .uitable end roru, the
tungataen vas electrochemicaily polished in a 1 K
votasssiun hydroxide solution using 2 to & volis
A.C, By reprsted immersion of the sample into
the solution, & sharp, conical end furm could be
achieved. The tip formed was visually checked
at )60 X in an optical microscope to verify o
auftably sharp ead form.

3.4 Imaging

™ - {pe wverea {maped in the FIM at liquid
nitrogen (78K) temperature.

vacuun was 1078 torr. The imaging gas wusad,

Inftial eystem

heliuw, was back{illed into the asystem to 1073
torr.
The tip was conditioned by fic1d srzporation

in the FIM to achieve an atomically esmooth,



regular surface on the tip. This surface, and

esch subsequent {110} layer was photographed.

IV. RESOLTS
4.1 Control
To verify that any defects observed vere most
likely the vresult of {rradiation, seversl
control weamples of same tungaten were not
irradiated. These vere imaged in the FIM and
their micrographs examined. In this manner, the
initial,
could be determined.

unirradiated vwacancy concentration
The four most prominet
{112} were examined for dJdefects (vacancies and
interstitials). Out of approximately 5 x lO3
atomic 2ites examined, no point defects were
observed in the unirradiasted, control specirens.

4.2 Irradiated Specimens

Bombardment with 800 MeV protons caused
damage 20 the tungsten and a low concentration
of vacancies (approximately 10-3). In addition,
a void and interstitials were also observed.

The atabie vacancy concraitration in the
Jiradiated waterial vas found to be
approxinately 2.5 x 10—3. The number of atomic
sites examined was about 5 x 10‘. The
displacements per atom (dps) for the irradiated
sanples fo calculated to be 1.13 x 107! aa
detailad below.

The void, Figure 4, consisted of
approximately 300 vacant lattice wsites. The
void in three dimensions appesred to have an

elongated pear shape.

V. DISCUSSION
Medfum energy proton bombardment resnlts in
the producticn of wacancices and interetitiale.
Also, one vold was obhserved.
Thie irradiation waa conducted at a
temperature (approximately 300K) at which the
fomobile. The

vacanciew are essent ially

calculated vacancy diffusion di¢ntance {n

tungeten at this temperature {s approximstely
l()*'w rn?/-nc, as indicated in the introduction.

It 1@ therefore unlikely that 2 large mimber of

the vscancies could diffuse to a eink. Only a
few interstitials were observed indicating they
are wmore mobile and diffuse ar lower
temperatures.

For a metal 1t 1s poseible to provide an
implied damage level in dfsplucenents per atom

from a modified Kinchin end Prase equation:
dpa = 0.80,/2E,

where 94 is » displacement energy croms section
and E; 1s the displacement energy of the meral
atom. Multiplying this equstion by th. fluence
gives the total dpa. Some constants ne:8

oy = 1478 barns-keV

Eq, = 47 oV
which gives & dpa of 0.113 for the fluence 1w
this experiment.

From the calculated dpa, approximately 2I to
3X of the displaced atoms as calculated from
simple cascade theory rrntribute to the final
vacancy concentration. These are ths vacancies
available for vacancy activated mechanisms, such
ae void growth and vacancy loop formation. The
increase in vacancy concentration can therefore
be approximuted for this experiment by the rate

dependent equation given bhelow:
dC /at = (1 - ©)P - al{C

vhere C; 1s the intersti fal concentration, o
is the vacancy concentration, a 1s the
recombinatfion coefficient and P i the
production rate of vacuncies. This implies that
approximately 97T of the vacancies as predicted
by the dpa crlculations above rvecombine. ‘The
rata st which voids and Joops grow undar
frrudistion 1a proportional to the number of
vacancies svailable to them, which correspounds
to approximataly 31 uf the dpa.

The void obarrved is thought 1o be the result
of either a primary proton or secondary particle
interactfon. Due to the amnll Uffusion rate of

the vacancies, it fa 1fke y that the vo'd could



Figure 4

Void in tungsten, Figures A - H are each ] - {110} layer apart

not have nucleatzd and grown to this size by
vacancy condensation. The void is not sphericcl
in ehape but rather appears to have an elongated
pear ohape. It 1s postulated that such a void
would provide an ideal nucleation site for voll
conditions of

growth under temperature where

vacancies are mobile, (T > O.JT-. T_ ie e

temperature at the melting point).
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