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ABSTRACT

Resistivity measurements were made on ordered snd
disordered Fe3Al samples while irradiated by neutrons.

In the ordered as well 2s the disordered state,
the different FeBAl samples were heated to 100, 150,
200, 250, and 300°C respectively, and were irradiated
by a fast neutron flux of 0,534 x 1010 neutrons/ecm°-sec,
The ordered FezAl measurements were characterized by an
increase in resistivity denoting an advancement toward
disorder., The disordered Fe3A1 messurements were charac-
terized by a decrcase in resistivity denoting an advance-
ment toward order. In the Fe3A1 ordered and disordered
samples irradiated at 300°C, the resistivities tended
to become constant as the fast neutron flux reached
19,2 x 1013 neutrons/cmE. This indicated that the amoun:
of disordering is in equilibrium with the amount of ordering,
and that the relatively high temperature of 300°C is the
cause for tnis. The other ordered and disordered FezAl
samples irradlated at lower temverstures did not show

this effect when the fast neutron flux reached 19.2 x 1013

neutrons/cmz. If these samples had continued to be neutron
irradiated, they too, at some higher flux, would have
experienced this effect of the amount of disordering
aporoximately equaling the ordering.

Two different long range order parameters were

obtained for both the ordered and disordered FeBAl samples.
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Reslstivity measurements were used to calculate one of the
parameters., In thls case, the resistivity at the eleva-
ted temperature was used. The second long range order
parameter was obtalned by integrsted intensities of the
x-ray diffraction psttern. In thils case, the order parac-
meter was obtained for room temperature. It was found
that the parameter obtained by the integrated intensity
method, for both ordered and disordered samples, was
substantially larger than the one obtalned by using the
resistivity method. This indicated that the point defects
produced during irradistion were annealed as the FeBAl
gsamples were cooled from the test temperature to room

temper=ture.
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CEAFTER I
INTRODUCTION
A. kadistion effects on order and disorder,

It 1s usuzlly necescary to conduct an investigation
of the nature of neutron rmdiatién carsg € In solids eitrer
on alloys having a peculiarity of value for the study
of the action of irradiation, or on well studied pure
metals.,

These alloys include ordered alloys (superlattice
structure), which are characterized by an ability for
regular distribution of the component atoms at preferred
points of the crystal lattice. It is convenlent to study
radiation effects on ordered and disordered alloys for
two reasons. It should be pointed out that certain phy-
sical properties of superlattice structures vary within
considerable limlts when they vpass from a disordered to
an ordered distribution of atoms(and vice versa). In the
first place, ordered and disordered alloys are very sen-
sitive to irradlation by neutrons, which vermits a quan-
titative study of radiation effects. In the second place,
any exchange of position by alloy atoms, a process that
remaine unnoticed in normal alloys and pure metals, such
as the return of atoms dlsvlzaced into the interstices
back to the l=sttice polints, leads to a change in the
degree of order or disorder. Consequently, a change in
the propvertles of the ordered or disordered alloy is

observed.



A study of the mction of neutron irrsdi=ztion on
ordered and disordered 2lloys is 21so of interest from
the roint of view of investigsting the very process of the
order-~disorder transform-tlion.

B. Resistivity.

Quantum mechanical treatments of the electrical con-
ductivity of alloys leads to the concluslion that a per-
fectly periodic structure would have zero reslstance =2nd
that the finite resistance of alloys is due to depzrtures
from perfect periodicity(l2). It is to be expected th=t
the presence or absence of order, being assocliated with
the presence or absence of a reguler arrangement of the
constituent atoms of an alloy, will have a pronounced
effect on the resistivity of an alloy. The results of
investigzations to determine the variation of resistivity
with neutron irradiation and temperature in Fe3A1 are
descrived in Chapter 1IV. Attempts to correlate neutron
radlaotion damage with degree of long range order in

Fe_Al are also revorted.
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CHAPTER II
REVIEW OF LITERATURE

The following 1s a review of the investigstions on
FeBAl which ere pertinent to the srecific problems of the
present study, nemely the superlattice encountered, the
electrical resistivity of F63A1 as a functlon cf the
temperature and fast neutron lrradiation, and measurement
of long raonge order as a2 function of temperature and fast
neutron irradiation.

A. Explanation of the term superlattice.

A crystal 1is composed of atoms arranged in a regular
three dimensional array. Since the array 1s regular, in
order to svecify a structure it 1s not necessary to indil-
cate the positions of all the atoms. It 1s necessary
only to specify that group of atoms which 1s reoeated
to form the whole crystal together with the three units
of translation. If these units of translastion are applied
to a single point, the lattice of the crystal 1s produced
which is the framework without the atoms. The figure of
which the three units of trsnslation are the edges 1s
called the unit cell, and a unit cell can be found by
joining any one atom to the three nearest atoms that are
similar and have similar enviroments, provided that the
four atoms are not in the same vlane.

The term lottice is used to represent the complete

structure, whereas, 1t 1s an abstraction useful only in



describing structures. The error hos srisen because many
metallic structures can be commletely snecified by placing
the same 2toms at each point of the lattice. For example,
corver has its atoms arranged on the noints of a face-
centered cublc lattice, and &~iron has its atoms arranged
on the points of a body-centered cubic lattice. These
lattices are both formed by egual, mutually nervendic-
ular, translstions, but the corper has extra lattice
points 2t the centers of the faces of the unit cells, and
the 1ron has an extra noint at the centef of gravity of
tne unit cell.

This concent 1s satisfactory for nure metals, but
reaguires modification for solld solutions. Sunrvose there
is 2 solid solution of 20 rercent of element B in element
A. If 2 B 2tom is placed at the lattice vnoint, the l-ttice
translations may not lead to a B a2tom. For solid solu-
tions, therefore, the lattice 1ls regarded as a collection
of atomic sites. Whether an 4 atom or a B atom occunies
a particular site depends uvron several factors, the chief
of which may be nure ch=nce. Thus it is assumed that the
z2toms are arrecnged at roendom.

There 1s another rnoint to be remembered. If the
two atoms zre of difTerent sizes they wlll tend to displace
each other from the lattice roints, and the structure will
not be quite regular. Thils factor is imvortant in the

theory of surerlattice formatlon.



In many a2lloy systems, chsnce anpezrs to be the
rein factor in deciding the avvortionment of the =2tom.
This is not always the czse, for there may be a particuler
reason why dissimil=zr atoms tend to avold or attract each
other. If, in a binary alloy, dissimilar atoms avoid
each other, a two phase system will be formed. If they
attract, a superlattice structure will be formed(1l7).

If in an alloy of ecual atomlc »nrovortions, the presence

of one tyve of atom on a 1lattice pvoint demands that e-ch
neighboring point shall be occupled by an atom of the

other type, the structure shown in Pigure 1 1is obtained.

A corresvonding structure with rondom distribution of atoms
1s shown in ®igure 2.

The structure shown in PFlgure 1 1s s=21d to be ord-
ered, and that shown in Figure 2 1s szid to be disordered,.
The former may also be said to be a superlattice structure,
the term originating in the following way. To find the
unit cell of the dilsordered structure, nezrest atomic
sites are Joined as shown in Figufe 2. Simil-r atoms
cannot be Joined, but with the ordered structure similazr
atoms can be Jolred ass shown in Figure 1. This leads
to a larger unit cell with axes inclined 450 to those
of the disordered unit cell, If the directlons of the
axes of t e disordered unit cell are to be retailned,

a centered cell which 1s still larger may be chosen.

These larger unit cells, which are derived from smaller
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ones, leads to the name superlattice(l7).

The formation of the verfect superlattice occurs
at relatively low temperatures. Therefore, in order for
a suverlattice to form, thie ordered arrsngement of atoms
must be more favored ener;etically than the random dis-
tribution (attraction between unlike atoms must be greater
than attrsction between like atoms). As the temperature
increases, the amplitudes of the thermal vibratlions of
atoms about thelr equilibrium positions will become greater
and palirs or small groups of atoms will acquire suffic-
ient energy to break away from thelr original places 1in
the lattice and exchange vpositions. Therefore, zccording
to free energy considerations, at nigh temperzstures, the
disordered arrangement of atoms willl become more stable
than the ordered one. Thus, we expect a trzansition temp-
erature at wirleh the superlattlice ceased to be gstroble.
This tenperature 1s called the criticsl temperature for
the order-disorder transformation. The critical temp-
erature for FeszAl 1s about 540°G(23).

According to the above considerations, some kind
of thermodynamic equilibrium distribution of atoms over
lattlce points of the alloy will be expected to exist at
each temperature after sulitable heat treatment. As stated
earlier, the extreme cases are the perfectly ordered dis-
tribution at very low temperatures and the disordered one

above the critical temperature. Between these two ex-



tremes, any intermedisate state is vnossible at corresvond-
ing temperatures. This behavior 1s 1in marked contrast

to that of tr=nsitions between liquid and solid in which

the substance does not pass through intermedisate states,

In order to speclfy the degree of order of the arrenge-
ment of atoms over l1lattice points in any stste mentioned
above, an order narameter necessary for a theoreticsl
understending of the mechanism of the transition from
the ordered to the disordered state in FezAl will be intro-
duced. Such a varameter 1s called 2 long range order
parnreter, S, which was introduced by Brezgg and Williams(5).

When the verfectly ordered arrangement of atoms in
binary alloys ls realized, the lattice voints occuried
by A atoms will be called &« sites and those by B atoms
will be called @ sites. If a binary alloy of AB having
2 body centered cublic structure is considered, the posi-
tions on cube corners of a unit cell become & sites and
tnose on cube centers becore ¢ sites. Let the totnl
ﬁumber of atdms, which is also the total number of sites,
be N. Then F, shall denote the fractlion of A atoms, and
Fg = 1 = Fy the corresponding quantity for B atoms,.

Next, the fraction of « sites occupled by A atoms(right
atomg) is rq. The fraction of & sites wrongly occupied
by B ators 1s Wxgz= 1 - r,. Similarly rg and Wg= 1l - rg
represents the rignhtly and wrongly occunied @ =sites

respvectively. The number of 4 atoms on @ sites 1s



weFpN and 1is equal to the number of B atoms on o< sites,
meAN. Then the Bragg-Williams order parameter or long-

r=nge order S may be wrlitten as

S = Yo = Fp = r'g - Fp (equation 1)

wnich is defined so that it i1s unity for perfect order
and zero for the disordered state.

On the basis of the work of Bradley and Jay(4),
Hansen and Anderko(14) proposed for the so0lid solution
region in Fe-Al alloys the phase dlagram illustrated in
Filgure 3. In the phase fleld «xf a D03 superlattice
based on the stolchlometric Fe3A1 exists. This structure
is shown in Figure 4.

Recently Taylor and Jones(29) mzde precision lattice
parameter measurements over a broad range of temperatures
and comvoslitions. They deduced the phase boundaries from
discontinuities in the slopes of the isothermal plots
of lattice parameters vs. composition. Thelr investiga-~
tion confirmed the suverlattice conflguratlion provosed by
Bradley and Jay.

McQueen and Kuczynski(20) have proposed an eguil-
ibrium dlagram based on differential dllatometric heating
curves of several alloys. Figure 5 indicates the phase
limits determined by McQueen's and Taylor's investigations.

Sykes and Banpfylde(28) found that alloys containing

from 12 to 16 atomic percent aluminum underwent a remark-
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able change Iin resistlivity wrnen slow cooled from nirh
temmeratures.  The maxirum effect, occurring st 13.9 weight
~ercent aluminum (corres—onding to the stolichiometry of
FeBAI), rebresented o divergence of apvproximztely 50
percent between resistivities of samples guenched from
700°C and those slow cooled from 7OOOC.

Eennet(l) studied FezAl by measuring the electrical
resistivity at temmeratures under v-rious rates of heating
2nd cooling. The results of his determinations are shown
in Figure 6. The evident increase in resistivity result-
ing from cooling the FezAl from 540°C to 450°C is unex-
pected, since the accompanying increase in long range
order would ordinarily decrease resistivity. 3Bennet
attributes this abnormality to boundary effects between
ordering nuclel.

Rauscher(23) employed resistivity measurements at
elevated temperatures to determine a general outline of
the atomic ordering vprocess 1in FejAl. The slow conling
curve of resistivity vs. ternerature thst Rauscher ob-
toined, Figure 7, 1s similer in shape to that revorted
by Bennet.

Neciueen and Kuczynski(20) conducted a resistometric
study of the kinetics of ordering in the FeBAl alloy.
They calculated the equllibrium order paremeter, 3, for

this alloy by Muto's relationshin(2l):
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S = a-/ (equation 2)
a~Po

where‘fd is the equilibrium value of resistivity for an
alloy isothermally annealed and quenched to room temp-
erature; P, 1s the resistivity corresponding to the order
parameter S = 1; and /2 1s the resistivity of the zlloy
equllibrated at the desired temperature and quenched to
room temperature. Figure 8 is 2 plot of the order param-
eter S vs. temperature as determined by this investigction.

Leighly(16) has determined a theoretical apprlication
of the number of right atoms in "right" sites =nd the
number of right atoms in "wrong" sites. If N is the

number of atoms and S 1s the order parameter, tnen the

number of Fe atoms in « sites(right) eauals:

(3 + S)N
8 p

The number of Fe atoms in @ sites(wrong) eqguals:

(3 - s

The number of Al atoms in @ sites(wrong) equals:

(1 - 8)N
8

The number of Al atoms in @ sites(right) ecuals:

(1 + S}N

This can be tabulated as 1llustrated in Table I.
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FPe Iin &« sites

Fe In @ sites

Al In « sites

TABLE I
Fe and Al in « and/or @ sites
Ordered (S=1) Disordered (S=0)

N/2 3/8N

13_§_§_m N/4 3/8N
(1 - 8)N 0 N/8

i
*
)]
g

Al in @ sites = (1 + S)N N/4 N/8

Total N N

He also determined the number of Fe-Fe, Al-Al, and

Fe~-Al bonds

Fe-Fe bonds

Fe-Fe bonds

Fe=-Fe bonds

When S = 1,
When S = O,
Al=-Al bonds
Al-A1 bonds

Al~Al bonds

When 8 = 1,

s follows:

= (Fe in = sites)(Coordination #){(Fe in @ sites)
(# of @ sites)

+ S)N x (8) x (3 - 8)n

N/2

(9 - s2)N
1

one obtains 2N Fe-Fe bonds.
one obtains 9/4N Fe-Fe bonds.

= (Al in @ sites)(Coordination #)(Al in & sites)
(# of &« gites)

(1 + 8N x (8) x 1 - SN

/2

(1 - s2)N
N

one obtains N/4 Al-Al bonds.



When S = 0, one obtzins 0O Al-Al bonds.

Fe-21 bonds = (Fe in e« sites)(Coordinstion #)(Al in g sites)
(# of « gites)

+ (Fe in @ sites)(Coordination #)(Al in « sites)
(# of @ sites)

Fe-AL bonds = (3 + S)N x (g) x (1 + S)N

/2
3 = SN (8) x 1 - S)N
$.L_.8__L. i__g__L_
N/2

Fe-Al bonds = (3 + 82)N
2

When S = 1, one obtains 2N Fe-~-Al bonds.
When S = O, one obtains 3/2N Fe~Al bonds.
This information is illustroted in Table II.
TABLE II
Number of Fe-Fe, Al-Al, and Fe-Al bonds

Ordered (S8=1) Disordered (S=0)

Fe-Fe bonds = (9 > S€)N 2N 9/4N
Al-Al bonds = (1 -'SQ)N o) N/4
4
Fe-Al bonds = (3 + S°)N oN 3/2N
2
Total » 4N 4N 4N

Rauscher(23) utilized x-ray diffrzction measurements
of superlattice line intensities from single crystsls of
FezAl to determine the relative equllibrium FezAl long

range order parameters =z=s a functlion of temperature.
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These x-ray determinations of long r-nge order nrrometers
indicste that thre FezAl disorders in a monner similor to
that predicted by the Bragg~Willliams theory of surerlat-
tice transformztions. HKeuscher found a precivitous dron
from S = 0.45 at 530°C to 5 = 0 2t 550°C.. This can be
seen in Figure 9. Rauscher's diagram closely narallels
McQueen's and Kunczynskl's dlagram. This precipitous
drop, fauscher found, infers a critic:l temperature neo-r
540°C for the FezAl.

The F63A1 superlattice, shown in Figure 4, contains
16 atoms. Of these, 12 are iron at (0 0 0), (1/2 0 0),
(0 1/2 0), (0 0 1/2), (0 1/2 1/2), (1/2 0 1/2), (1/2 1/2 0),
(/2 1/2 1/2), (1/4 1/4 1/4), 1/4 2/4 3/4), (3/4 1/4 3/4),
and (3/4 3/4 1/4). The four zluminum atoms are at
(3/4 3/4 3/4), 3/4 1/4 1/4), (1/4 3/4 1/4), and (1/4
1/4 3/4). The supé;lattice reflections (ordered state)
will occur for planes whose indlices are elther 211 odd
or all even and whose sum 1s not a multi=le of 4., The
main lattice reflectlons will occur for »lanes whose
indices are all even and whose sum is 2 multiole of 4
(reference 17). It should be noted here, that the main
lattice reflections have Millerﬂindices twice those
occurring in &-iron because el ht unit cells of body-
centered cubic symmetry are required to define the Fe3A1
structure(1l7). The Miller indices of the main and suver-

lattice lines of Fe3Al are gilven in Table III.
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TABLE III
iller indices of the main and superlattice lines of FezAl.
Yelin Lines Surerlattice Lines
220 111
400 200

422 311
440 202

331
420

333
511

531

442

600
Be. Effect of neutron irrzsdiation.

The ﬁsllowing dliscussion of neutron irrsdiation w-s
taken in part from Dienes and Vinegzrd(l0), 2illincton
and Crawford(3), and Cottrell(8,9).

Everything in the core of a nuclezr reactor is bom-
barded by neutrons, and it 1s these neutrons thot —re
ultimately responsible for knocking atoms out of vnloce
and producing transmutations in the nuclei. The inten-
sity of the neutron bombardment is meosured by the "“fiux",
the number of neutrons that pass through a surface of unit
area in unit time. If, in a reactor, the neutrén flux
is a little greater than 1012 neutrons/cm@-sec and since
the cross sectlonal area of an atom in a solid is about
10-15 em?, each atom in the core of such a reactor has
a neutron pass through 1t about once in 15 minutes.

A neutron is an electrically uncharged particle and

so, in passing through an atom, 1t 1s unaffected by the
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électric¢1 fields centered on the nucleus ond electrons
of the =2tom. Thus, most neutrons vass str-oirnht throug:
without the sligntest disturbsnce to elitnher themselves

or the ztom. Occasionally, however, one collides with
the nucieus of the atom. Because the nucleus has 2 smnll
scattering cross section, on the order of 5 barns%*, the
probabllity for such a collision is =z2lso small. This
scattering cross section does not very widely from one
type of nucleus to another(30). The rate at wnhich scatt-
ering tokes place is given by the equation R = @€ where

§ is the cross section and @ is the neutron flux. This
rate thus becomes equal to scatters/nuclei-sec. If a
material was irradiated in a flux of 2 x 103° neutrons/
cm?-gec and its scattering cross section is 5 barng, the
rate would then be 10"13 scatters/nuclei-sec.

Two things can havren when a neutron strikes a nuc-
leus. The neutron may be scattered away by the nucleus
into some other direction of flight; or 1t may be absorbed
into the nucleus 1tself. These are distinct processes
and, in general, a gliven nucleus has quite different
cross sections for scattering and absorptlon.

As stated earllier, the scattering cfoss section
is on the order of 5 barns. Although neutrons of all
speeds are scattered by nuclel, only the "fast" ones,
freshly created from nuclear flsslion, produce radiation

% 1 barn = lO"24 cm2.
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damage by scattering, because only these are capable of
glving a large recoil energy to the struck nucleus. The
scattering of slow neutrons (i.e. moderated neutrons)
forms the basls of important techniques for studying
the structures of solids, but the recoil energy is too
small to displace atoms.

Neutrons are usually classified in speeds according
to thelr kinetlc energles, measured in units of electron
volts ( 1 eV is the energy =acquired by an electron in

ntin2l of 1 volt)., A fast neutron

[

falling tirough 2 20U

(

tyrlic+1lly has =n energy 2bout 2 MeV, at fission, which
corresponds to a speed of 2 X 10° cs/sec. A slow neutron,
on the other hand, has an energy typlcally about 0.025 eV,

5 cm/sec. In this

which corresponds to a speed of 2 x 10
energy range, 1t is often referred to as a2 thermal neutron.
The energy given to a nucleus by a scattered neutron
’can be calculated from elementary mechanics. The conser-
vation of energy and momentum limits the maximum kilnetile
energy E_ .y that a neutron of mass My and initial energy

E can give to a nucleus of mass M, to:

Eax = 4M3M2E 5 (equation 3)
(M1 + M2)

This is for a head-on c¢ollision. For collisions at other
angles, the average energy transterred is # Ep,ye I1n
aluminum, the value of Ep,yx for a 2 MeV neutron is 0.28

MeV, while for iron, Epsx is 0.14 MeV.

It 18 seen that a struck nucleus'receives a kinetic



energy far in excess of the minimum value Eg (25 eV)
necessary for 1t to Jump out of its lattice site. It
becomes a fast moving ion, called a primary knock-on,
travelling through the materlal at a speed initially

over 100 times faster than the speed of sound in the solid.
In the face of such high energies and sneeds, the lattice
forces are unimportant, and the ion ploughs a track through
the/material in much the same way as 1if it vere travelling
through a dense gas.

The feature that must now be taken into account 1s

that a fast ion, created by a fast neutron collision

or by a nuclear disintegration, carries a positive elec-
trostatic charge and so interacts electrically with the
electrons and nuclel that 1t meets on its Journey. Since
strong electrostatlc forces are exerted between atomic
/;articles over distances of the order of the atomic diam-
eter, the cross section for electrostatic collisions is
large and the 1lon 1s brought qulickly to rest.

Because of its greater mass, an ion moves slowly

compared with an electron of the same energy, and it

must be examined whether a moving ion will have enough
speed to exclte electrons. If an electron in an atom
makes a large number of oscillations during the time that
the ion prasses through the atom, 1t absorbs little energy
from the ion, because the energy galned durlng the inward

swing of an oscillation mostly 1s lost during outward swing.
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Excert at extremely high speeds, an ion will tr-vel,
not as a bare nucleus but 2s a charged ion with electrons
in its inner étomic orbits. A rough criterion is that
the ion will shake off all electrons whose speed in
their atomlc orbits is smaller than that of the ion 1it-
self,

Consideration must now be given to collisions between
the moving ion and the lattice atoms, which ca2n lesZd to
the knocking df atoms out of position (secondzry knock-
ons). If the moving ion has sufficient energy, it can
penetrate the electron cloud of an atom, so bringing the
two bare nuclei face to face, unscreened by intervening
electrons. The collision is then said to be of the Ruth-
erford type, because the two nuclel interact electrostat-
ically according to Rutherford's scattering law. But
1f the moving lon has insufficlent energy for thils, its
electron cloud will not penetrate fully into that of
the lattice atom, and the collision is then similzar in
some respect to that between hard srheres. The critical
guantity 1s the electrostatic repulsion of the two ions
at the spacing 2t which their nuclei are jJjust screened
by the electrons.

For primary knock-ons and for fission frezgments,
its energy 1is well ahove the energy Ed for producing a
secondary knock-on. Thus, under these clrcumstances,
all Rutherford collisions result in the displacement of

the struck atom. The 1inlitlal energy E thus becomes



27

shared out amongst more and more moving ions in a cascade
(Figure 10).

As the zverage energy per ion decreases, tne col-
lisions sapproximate more and more closely to the he=rd
sphere typé. The two 1lImportant chsaracteristics of the
latter zre: 1. increased cross section so that the dam-
age becomes very densely grouved at the end of ezch branch
of the treck, and 2. r-ndom partitioning of the “inetic
energy between the striking and struck atoms. The
cascsie of disvli-mced atoms thus grows by herd svhere
collisions, until no atom has sufficient energy to dis-
rlace another one. It is suvrosed that the minimum kin-
etic energy at which a moving atom can displace another
one, wlthout getting itself trazpred in the wvacancy thus
created, is 2 E4(15). Each branch of the cascede thus
ends on a displzced atom with an energy of 2 Eg or less.
The number of branches is thus about E/2Ed. If E ecuels
5Epax 18 taken, the number, n, of displaced atoms (vacancy/
interstitial pairs) produced from each fast neutron col-
lision is gilven Dby?

n ¥ Ep./4Eg (15) (equation 4)
in materials where no energy is lost by ionization.
The total concentration, ¢, of displaced atoms produced
in a time, t, by a fast neutron flux @ in a material
with a scattering cross section &g 1s given by:

c ¥ neg@dt (15) (equation 5)
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0O Interstitial Atom
¢ Vacancy
A Cascade of Displacements Produced by a Fast Ion

Figure 10.
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For example, if n = 103 and &g = 4 barns, about &4 per-
cent of the atoms are dilsplaced during an irradistion
for 107 seconds in a flux of 1012 n%ptrons/cmz—sec.

The processes that occur in the final stages of the
cascade are very complex, for a large vrovortion of the
displaced atoms undoubtedly return to lattice sites before
the energy released in the cascade has dispersed. The
number, n, calculated above 1is thus misleading to the
extent that many of the dilsplaced atoms are unlikely to
survive the first few atomic vibrzstions of the disturbed
region.

Ezch branch of the cascade ends at an atom that was
displaced with an energy of about 2 Eqe At each collis-
ion, the dlisplaced atom gives up about one-half of its
enerxgy to a lattice atom, which 1s then shored out amongst
its neighbors in the form of atomlc vibrations. After
10 such collisions, the atom would hnve =n energy of
less than 0.1 eV and could no longer move without receiv-
ing energy from its nelghbors. It thus becomes an inter-
stitial atom lodged within 2 few atomiec srecings of the
vacancy from which 1t was knocked.

The distribution of dlsplaced atoms a2t the end of
the track 1s pictured a2s a pear-shaped cluster cont=ining

7

2n point defects spaced about 10" ' em apart, with vac-
ancles grouped preferentially toward the center, and

interstitizls toward the rim. If 2n = 2000, the cluster
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is about 40 stomic spacings =cross and contains about
60,000 atoms of which 1000 have been displaced. Since
only a small vart (about 5n eV) of the energy of the
vrimary knock-on 1s stored in noint defects, the rest
of the energy must be relesnsed to atomic vibrations in
the cluster. At 1 eV/atom, this is equivzlent to s temp-
erature rise (if such a macroscopic concent as heat can
be used for processes on this sczle) of 4000°C. The
lattice foreces cannot withstand such energies and, for
the short period of time (10-12 to 10~<0 seconds) that
is necessary for the thermal pulse to disperse, the
materizl in the cluster behaves more llike a liquid than
a solid.v Brinkman(5) in fact, has proposcd that it melts
and freezes r»pidly, forming a "displacement spike".
During this process, the point defects in the cluster =z=re
mostly eliminated and the region freezes back on to the
surrounding lsttice, containing only a few gueénched-in
vacanclies and interstitisls, and perhsps a disloccotion
loop. If a somewhat less extreme view is tzken and it
is assumed that those point defects near the surface of
the cluster escape annihilatlion in this process, then,
of the n displaced atoms in the cluster, only about n2/3
survive the disvlacement spike.

If a cascade of polnt defects can be partly annealed
out by its associated thermal spike (self-annealing in

the spilke), then point defects may also be annealed out
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by othner spikes formed in the neighborhood. There 1is
evidence for the latter in an effect known as r=ciation
annealing(7).

Three types of annezling processes can now be dis-~
tinguished. They are: 1. self-heoling in the svike;
2. radlation annealing; 3. ordlnary thermal annealing.
Radiation annealing and thermsl annezling cz=n be sepa-
rated experimentally by comparing the rates of annealing
in the presence or absence of r-diation. Self-healing
can be recognized by the property that, in the initial
stages of radiation, each svike anneals l1ltitself indeven-
dently, so that the rate at which dsmzge accumulates in
the specimen 1s lower than 1is anticipated purely from
collision calculations. In both radistion annealing and
thermal annealing, the annrnealing becomes faster the more
defects there are present. Thus, during an irradiation
made under constant conditions, the rate at which damag
accumulates should diminish wilth increasing doses of
irradiation and eventuvally a saturated state should be
reached in which a constant level of cameage 1s maintalned.
Such effects are actually observed at large doses(1l5).
Self-healing in the spikes thus apvears to be the main
reason why there are so few survivors from each collision.

The extent to which atoms change thelr positions

from one lattice site to another is a result of irradi-
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2tion and is important since it may =ffect diffusion,
phase changes, and creep in irradisted solids. There
are two baslically different processes by which the atoms
can be redistributed: 1. by rearrangements in the thermal
spike, 2nd 2. by thermal migrations of those point defects
that survive the spike. The first tends to randomize
the distributions of the a2toms through the lattice znd can
occur at 211 temperatures, since the energy needed to
make the rearrangements 1s proviced by the splke itself,
The second occurs only at temperatures where the »oint
defects are moblle and tends to establish the eguilibrium
constitution at those temperatures. Since they crn 2ct
in opposite directions on the constitution of =2l1lloys,
and since thelr relative strengths vary with the temper-
ature of irradiation, the effects they produce c=2n be
complex. Two of these effecté are order and dlsorder.
Good evidence for rearrangement in thermal svikes
is obtained from superlattice alloys which rapidly becone
disordered by fast neuvutron irradistion at low temveratures
(27) (11).
Observations on superlattice alloys hzve been made
by Glen(l3), and 1t has generally been supposed that the
disordering is eaused by r=pild heating and cooling in the
thermal spike.
The idea that the dlsordering occurs by rapid heating

to a temperature where the random state is stable, fol-
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lowed by the quenching-in of this random stute during

the rapid cooling of the spike, has been disputed. Kin-
chin snd Fease(1l3) have srgued that the lifetime of such
3 spike 1s too short to use the notion of tempersture
reliably, and they hove developed instead a theory of
"revlzcement collisions", which most of the disorder

is produced by moving interstitials at the end of the
cascade. These have enough energy to knock other atoms
into interstitial positions, but not enough to avoid
getting caught in the vscancies so created. The rcsult
is thst one moving interstitial atom is replaced by another.
Ihe minimum energy needed to make such a revlisicement is
expected to be small, perhaps about 1 eV, so that the
number of replacements thst can occur 1s large, of the
order of 104. Seitz and Koehler(26) have expressed
doubts whether the high terperstures in the spike could
persist long enough to produce disordering by the heating
and cooling mechanism and have argued instead that the
thermal stress around a spike may be sufficient to cazause
plsstic flow in the imrediuate nelghborhood, and tust this
may be the source of disordering.

Consideration is now glven to the second Trocess
whereby irradiation causes the atoms to be rearranged
amongst their lattice sites -- the 1ong range migrztion
of point defects that survive the splkes, These nmigrs-

tions contribute to the diffusion coefficlient of the
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material and help to establish or maintain the ecuilibrium
constitution of the mzoterlasl at the temperature concerned.
They are lmvortant only in limited temperature rsonge; for

1f 1t is too high, the contribution of ordinary thermslly

Infuced vecancles predominates over theat of the radiation-
induced defects.

Quantitative trestments hrve been given by HNabarro(2.)
cnd by Lomer(18). The point defects are pictured moving
about randomly by thermally actliveted Jjumps from site to
'site, the interstitials Jumplng more often than the vac-
ancies. Each defect eventually meets a2 site where it
becomes coptured or annihilated, such sites being vrovided
by other point defects, dislocations, grain boundaries,
free surfaces, and 1n some cases impurity atoms. The
travping occurs mainly on the type of slites in greatest
abundance and hence in the esrliest stzges of irradiation
most of the defects are anniﬁilsted or captured at bound-
aries, dislocations and impurity atoms. If the material
is pure, and dislocations are the main sinks where the
point defects are absorbed, then the number of jumps
made before capture 1is initially of the order of 107,
since in 2 typical annealed metal, one atom in 107 or
108 lies at the center of a2 dislocztlon. If, on the
other hand, the material contains impurity atoms that
can trap interstitials and vacancies(19), the number

of jumps may be reduced to 104, even in rather pure

(99.999%) material.
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That dislocztions can trap vacancies is shown by the
work of Roswell snd gsrwick(24), who found that the rate
of snnealing out of point defects increases with the den-
sity of disloc:stions. Lomer znd Cottrell(l9) and Seitz
and Koehler(26) hove shown thsat some of the discrevancies
between vsirious annealing experiments on radistion dam-
sged metals can be explained in terms of the tra»ping
of interstitials at impurities.

The effect of neutron irradiation on the resistivity

of Fe_ Al was investignted by Betts(2). He found that,

3
2t constant temperatures, the resistivity of ordered
FeBAl would increase during irradiation and the resig-

tivity of the disordered Fe_ Al would decrease during

3
lrradiation.

Saenko(25) also measured the resistivity as a func-
tion of fast neutron irradiation. Saenko found thast the
change in the electrical pronerties of the ordered alloy
occurs as though the irradistion had disrupted the long
range order existing there. He found that the ratio of the
intensities of the superlattice and main reflections
I(111) / I(220) corresponded to an order parameter of
S = 0.9 for the inlitially ordered alloy. When the alloy
was irradiated with a flux of 3 x 1018 neutrons/cm?, the
order parameter became S = O.4, After irradiation by
an integrated flux of 7 x 1012 and 1.35 x 1020 neutrons/
cm©. there was complete disavpearance of the superlattice
lines.

In Figure 11, Saenko showed the results of the an-
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nealing of ordered and disordered samples. Both the
original samples and those irradiated by a dose of 1.35

x 10<0 neutrons/em® znd showm. It c'n be seen from the
figure that the nature of the temperature cnznge in the
resistivity of the irradisted samples depends substan-
tially on the initisl state in which they were irrsiiszted.
The resistivity of the irradiated disordered alloy at
first does not decrease upon heating, but increases,
which 1s evidence of a return of part of the disvlaced
atoms to thelir initial positions. It should be noted
that Saenko's figure for the non-irradizted ordered alloy
is completely different form Rauscher's(Figure 7) and
Bennet's(Figure 6). Also Saenko's figure for the dis-
ordered sample 1s in complete disagreement to Bennet's
(Figure 6). This tends to indicate that the rest of the
data in Saenko's Figure 11 is in error.

Saenko found that the greatest change in properties
is due to the disruvtions that sre agnnealed out a lower
temperatures. He also found that the superl-ttice lines,
which he sz21d disavppesred as s result of irraciztion,
resvpeared when the ordered irr diated alloy was grad-
ually heated to tempers:ures of about 200°C. This is also
an indication of the return of part of the stoms disvlaced
during irradiastion to their original plasces. It has
been shown by determining the intensity of the superlst-
tice and main lines, that 17% of the aluminum atoms (of

their total number of 25%) are arranged in their "“proper"™



places after the first stige of the annealing hss been
completed. At the same time, suvplementsry lines amnesred
when the disordered irradisted alloy was hested to 400°%¢.
In Figure 12, Saenko followed the —sth of the resis-
tivity as a function of the integral flux. He noted thot
they tend toward aprroximately the ssme limit. Subse-
gquent annealing showed that the part of the reverse
change of the resistivity is quite different. This is
evidence of an actual difference in the rhysical states
arising during the irradiation vrocess in the oriered and
disordered alloys, in spite of the saporoximate equal
vzlues of the resistivity. The defects r»roduced by
irradistion con zccelerste the nrocess of ordering oS8

well =s do the tnermal vocancles frozen in durilng cuencuing.
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CHAPTER III
EXPERIMENTAL PROCETLURE
A. Preparation of the Fe3A1 in the ordered and dlscrdered
stotes.

The alloy was obtained from the Hav:1l Ordnance Lab-
oratory in sheet form avrproximately 0.038 inches thick.

The composition of the FezAl was 25 atomic percent alu-
minum, O0.04% carbon, 0.03% sulfur, slight traces of silicon
and phosphorus, and the remainder iron. The sheet was cut
into strips aprroximastely 0.5 inches wide by 10.75 inches
longe.

The ordered state was obtained by means of slow coolins
of the alloy strips in the temperature intervzl 300 - 250°0¢,
The strivs were held at 800°C for 24 hours then cooled =t
a rate of 30°9C per hour until a temperature of 530°C wzas
reached. The alloy was then held at this temperature
for 12 hours and was then slov cooled 2t a r-te of 10°C
per hour until 1t reached 500°C. The alloy wss cooled at
this rote for the criticcl temwerature is in the viclinity
or 540°¢. After the 500°C temperature wes resched, the
alloy waos slow cooled at 30°C vper hour until a temrerature
of 250°C was reached. The furnace was then shut dovn a2nd
the alloy strins were allowed to come to room temverature.

The disordered state wss obtained by means of
quenching the strips from 800°C. The strips were held

2t 800°¢ for 24 hours and then cuenched in = water bsth.
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B. Encapsul=stion.

When investigntions in the nuclesr rezctor -re mrde,
meterials with 2 low capture cross scection must be used.
If a material was used that did not hnve 2 low capture
cross sectlon, less neutrons would rpass throurh the mat-
erizl, more will be c=ptured, and the caepnsule will become
too r=zdiocecctive. Aluminum was picked for the carsule which
would hold the Fe3Al strip. Because the Fe3A1 striv weos
to be he-ted while inside the capsule, AlpO3 and S10p
were used as insulation. The capsule had to be woter
tight, so removable plugs were machined to fit both ends.
The heating wire was constantan which 1s an alloy of conrn-er
and nickel, It was choosen for it exhibits a low canture
cross section. A nicture of the vnzrts comprising the
entire capsule is showvn in Figure 13. A c¢ross sectional
view of the capsule is illustrated in Figure 14.

C. Temperature control.

Since the Fe3A1 strip was to be heated wnhile it
was being irradlated, the tempverature had to be control-
led. A Honeywell controller in line with a 74 amp power-
stat was used. The powerstat was of sufficient ammersge
to hent the sample to the temperature desired.

A cbpper-constantan thermocounple was to be used
instead of a chromel-zlumel thermocouple, so the con-~
troller had to be standardized for the new thermocounle.

A micture of the controller and powerstat is shown 1in

Figure 15.



Encapsulation
Figure 13.
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D. Resistivity measurements.

A Kelvin double-ratio bridge resistivity arparatus
with a sensitivity of 1 micro-ohm resistance was utilized
in determining the resistivities as the heated Fe;Al
strip was irradiated by neutrons. Copper leads were
spot welded to the ends of the samples and served as
current leads to the bridge. Coprrer votential lezds were
also spot welded to the sample to provide a test length.
The schematic diagram for resistivity mezsurements 1is
1l1lustrated in Figure 16.

After the lends were attached to the bridge, the
heater was turned on. When the »roper temperature was
reached for that particular run, the bridge was then
balanced. Temperatures of 100, 150, 200, 250, and 300°cC
were used in this investigation. Readings of resistance
were then taken as the Integrated fast neutron flux in-
creased. Curves of electrical resistivity wvs. fast flux
were obtalned for the elevated temperatures.

The resistivity, A, of a conductor is given by

/# = RA (equation 6)

where R is the resistance of the conductor, A is the
cross sectional area and L is the length of the test
semple. The accuracy to which /# is determined 1is,
therefore, heavily dependent upon the accuracy to whlch

the sample can be measured. Random readings of the
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scmole's thickness were tiken with s micrometer noving
graduatlions of 0.001 inches. Similsrly, rondom rezcdings
of the sample's width were made. neadings were made
directly to 0.001 inches. Ihe sample's ares was calcu-—
l:ted from an average of these readings. The freatest
error in calculating resistivities w s introduced@ '‘n the
measurements of the test length. Bec:ouse the potential
lecds were spot welded to the sample, the dist:nce be-
tween the leads could be measured only tc un ccurscy

of 0.02 incihies.,.

E. Order parameters.

After the Fe3A1 was In the ordered and disordered
states, plileces of the 3lloy, 1., inches long, were electro-
lytically polished. X-ray diffraction vatterns were then
made on these samples. A North American Pnhillips Com-
pany quadrant unit with an iron target wss used,

The FeBAl in the ordered and disordered state
exhibited uniaxisl grains of about 1/32 to 1/16 inches
in dismeter. Because of this grain size, a spinner wss
used to rotate the test s-~mole while the xX-ray diffrsction
pattern wrs being produced. The test sample was rota-
ted on the guadrant unit from 90° to 30©, A scanning
speed of 1° per minute was used in conjunction with a
chart speed of . inch per minute. After the x-ray dif-
fraction pattern was nroduced, the test sample was

vlaced in the czpsule along with the test sumple for
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the resistivity measurements. After it was irrasdiated,
X-ray diffraction vatterns were again made on the sample.

The strip charts for both the ratterns, before and
after irradiation, were integrated using a volar plani-
meter. The integrated intensities of the (200) reflec-
tions for eazch sample were obtailned in tnis manner.

The long range order parameter ot a s—ecific amount
of neutron irrsdlation at the elevated temperature was
then calculated relative to the intensity vslues obtain-
ed from the zlloy before irrediation. If 1954 1s th
integrated intensity of the (20C) suverlattice reflection
before irrzdiation, and IX2OO i1s the intensity after
irradietion, then the corresponding value of the long
range order parameter, S, 1is calculated from:

5 = Vixgoo

(equation 7)

"~ 1200
The Bragg-Williams treatment of suvperlattice transfor-
mation leads to the conclusion thzt perfect order (S = 1)
is obtained only at absolute zero. The above method of
calculating S 1s based on the assumption that perfect
atomic order is attained at room temperature (thaot

1° corresponds to 8 = 1). The assumptlion was made

200 _
to eliminate the problem of accurately correcting the
errors introduced by the flat crystal geometry and other
factors(21).

A long range order parameter will a2lso be obtained
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by the use of Muto's relationsuinp (see equation 2).

Since Futo's relstionship requires resistivities in the
calculation of the long range order mnarazmeter, the resis-
tivities of the samvples are taken =2t the designated test
temperatures. The long range order rarazmeter obtained

by integrating the intensities are taken at room temp-
erature after the sample has cooled. Ry comparing the

two long range order psrameters, we can see tne difference

that the cooling makes.
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CHAPTER IV
EXPERIIMENTAL RESULTS
A. Resistivity measureme+ ts.

The Iinvestigaiion shows thoet the resistivity of
the Fe3A1 changes differently under the action of neutron
irradiation, derending on its initiszl state. Thus, the
resistivity of ordered(annealed) FezAl, which 1s the lecst
in comparison with the resistivity of the FeBAl in other
states, increases grezatly as the Integrated fast flux
increases. At the same time, the discordered(guenched)
Fe3A1 exnibits a decrezse in resistivity.

In Figure 17, a power level of 10 KW was uscd to
determine the nature of the curve when resistivity meas-
urements were made at 200°C for the ordered FezAl. It is
seen tht most of the chsnge ocours within the first two
nours of irradiation 2t 10 KW. Therefore, it was decided
to run the reactor at a power level of 2 KW for 10 nours
and we would be 2ble to determine whot was harn-ening during
the enrly staoges of demnge.

In Figure 18, resis:ivity of ordered FezAl at 100°¢
was measured. The initizl zero reading was mede at 100°C
and before the neutron irradlation was started.

In Figuvres 19, 20, 21, and 22, the resistivities
were measured at temperatures of 150, 200, 250, and BOOOC,
respectively, and at a power level of 2 KW. As was seen

in the resistivity measurements at 10 KW, the gre=test
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change also avpeared during the initial irradiation

at 2 KW. The initial resistivity measurements(at zero
flux) correspond to the resistivity of the FezAl at the
elevated temperatures.

In Figure 22, where the resistivity vs. integral
fast flux was measured at 30000, the curve begins to
avproach a constant resistivity.

In Figures 23, 24, 25, 26, and 27, the resistivity
vs. integral fast flux for the disordered FezAl was
messured at temperatures of 100, 150, 200, 250, and
300°¢ respectively. ©Since the samples were cuenched
from the same temperature, ;he initial resistivities
are aprroximately the same. It should be noted that
after an irrsdiation of 19.2 x 1013 neutrons/cm2,
the curves arrived zt the same approximate resistivity
of 142 wohm-cm. As the temperature increases, the rate
of ordering increases and the higher the temperature,
the more the curve tends toward a constsnt resistivity.

If the curve for the ordered FezAl at 300°C (Figure
22) and the curve for the disordered FezAl at 300°c¢C
(Figure 27) are taken, it is seen that they both tend
toward approximately the same limit.

If the samples for both the ordered and disordered
Fe3A1 a2t the same temperatures, had been irradiated more,
they should also tend toward‘the same limit,.

B. Order parameter.

One of the order parameter vs. temperature curves
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for initially ordered FezAl, 1llustrated in Figure 28
was obtained by Muto's relationship (see ecuation 2).

fa vas taken as the average resistivity of the five
initially disordered FezAl samples at zero flux and is
equal to 154.7 gohm-cm. @ was taken as the initial
resistivity of the ordered sample 2t 100°C and zero flux
and 1is equal to 90.4 g ohm-cm. @ 1s now the resistivity
of the F63A1 szmple irradisted hy a dose of 19.2 x 1013
neutrons/em? at 100, 150, 200, 250, and 300°C.

The other curve in Figure 22 was obtained by the
integrated intensity of (200). Iogoo, vhic: corresrnonds
to zn order parsmeter of S = 1, w=s arnroximately the
same Tfor the five initially ordered FezAl samples that
were irradiated 2t 2KW 2nd is equal to 210 mm<. IXEOO’
which 1is the integraled intensity after irradiation by a
dose of 19.2 x 1013 neutrons/cmz, has values of 150 mm2
for the sample irradiated at 100°C, 165 mm® for the sam-
vle irradiated at 150°¢C, 170 mm© for the samprle irradiasted
at 200°C, 190 mm® for the sample irradiatea at 250°C, and
190 mm<© for the sample irradiated at 300°C.

If Muto's relationshi~ is used to determine the or-
der parameter for the initially disordered FeBAl, a stralight,
almost horizontal, line is obtained (Figure 29). This hap-

rens because the resistivities of the disordered F93A1

sam~les, after an irradiation of 139.2 x 1013 neutrons/cm2,

are approximately constante..
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For initially disordered Fejﬁl, tne order parameter
obtzined by use of the integrzted intensities is also
illustrated in Figure 29. Again the value of ICp00
was taken as 210 mm2, The values of I¥pgg are 80 mme
for the sample irrndiated at 100°C, 70 mm?, for the sample
irradiated at 150°C, 80 mme for the sample irradiated at
200°C, 85 mm? for the sample irradlated at 250°C, and

135 mme for the sample irradiated at 300°cC.
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CHAPTER V
DISCUSSION OF RESULTS

This investigation on FezAl was the first one carried
out at elevated temveratures during néutron irradiation.
Other experiments, Betts(2) and Saenko(25), were carried
out at ambient temperatures. It is, theréfore, difficult
to compere the results obtained in this investig-tion
with the other investigztions.

It can be stated, though, thst this investigation
showed that the ordered FeBAl became more disordered when
irrzdiated by neutrons and that the disordered FezAl
became more ordered when neutron irradiated. Also, the
resistivities of the ordered snd disordered Fe3Al at
the same tempersture, tend to become constant, indicsting
that the amount of ordering and disordering reached
equilibrium. This equilibrium is aporoximately one-half
the way between the initial resistivities (before irra-
diation) of the ordered and disordered FezAl. This w=as
quite apparent in the investigotion at 300°C, for the
regsistivities of both the initially ordered and dlsor-
dered FeBAl became constant at aphroximately the same
resistivity which was one-half the way between the ini-
tial resistivity measurements.

The resistivities of the initially disordered FeBAl,
upon irradiation of 19.2 x 1013 neutrons/cm®, 211 tended

toward thé& same value of 142 gohm-cm. The only
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difference in the curves obtained for the irradiation

of disordered Fe3A1 at vorious temperatures was in the
initial rate of ordering. The higher the test termmerature,
the faster the initial raote of ordering.

For disordering to take nlace, the mechanisr is
attributed to the formation of vacencles and interstitials
which =2re sufficiently mobile to allow necessary micro-
diffusion. The vacancy/interstitial nair generated 1is
celled a Frenkel defect. Other metals that do not exhi-
bilt an order-disorder transformation as does FezAl, have
thelir resistivities increase much more slowly than ord-
ered FeBAl, when 1lrradiated by neutrons. Therefore,
i1t must be assumed that the neutron irradiation of FezAl
vroduces atomic rearrangements that are more extensive
than can be accounted for by displaced atoms alone.

Thus, the change in resistivity comes from a change in
the degree of long range order. A thermal spike cannot
cause the change in long range order, for it just excites
the atoms in thelr lattice sites and does not give them
enough energy to Jump out of the lattice site.

A displacement splke is characterized by a large
amount of energy being imparted to an atom in a lattice
site. This energy will be transferred to the atom's
neighbors which now become abnormally excited. If this
lmparted energy is large, the atoms will leszve their lat-
tice sites and take up interstitial positions. So by

this process, the long range order could be disrurted.
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With a renlacement collision, the long range order
con also be disrupted by a "wrong™ mobile atom, which
does not have enough energy to cause a displacement,
but does have enough energy to substitute for a "right"
atom ~nd push the "right" a2tom ints an interstitial
nrositione.

It should be pointed out that the vacancy/interstit-
121 produced by a disvplacement or the interstitial pro-
duced by a repl-cement collision must be a metastable
configuration =2t the elevated temperatures, for when
the Fe;Al was cooled to room temperature, the order para-
meter increased, thus indicating a tendency toward order
at the lower temperatures. The vacancies are annihilated
and the "right" atoms move back to the "right" sites.

This is evident when the long range order parameter
calculated by Muto's relationship and by integrated in-
tensity 2re campared(both in initislly ordered and dis-
ordered states). Muto's relationship method of calculat-
ing long range order used the reslstivitlies at the ele-
vated temperatures. The long range order parameter cal-
culated by integrated intensity wos obtained at room
temperature. The long raonge order parameter from inte-
grated intensity 1s substantially larger than the one
calculated from Muto's relationship. This definitely
indicntes that the vwoint defects formed during irradiation

at the elevoted test temperature are annealed out on

subsequent cooling.
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The effect the temperature has on the resistivity,
znd thus the order, of F93A1 must be connected with the
mobilities of the wvacancles and interstitials alreecdy
pregsent and =2lso on the vocancies and interstitisls Ten-
ernted during irrsdiation. The temperature also increases
the energy of =toms in the lattice sites thus making it
easier for another atom to revl-ce them.

As was stated earlier, the resistivity oflthe FeBAl
at 300°C almost became constant. This could only hapven
if the vacancies annihilated equaled the number of vacancy/
interstitial vairs produced and of the number of "rignt"
atoms renlaced ecualed the number of "“wrong" atoms revlsced.

In this investigation, activation energics for F63A1
in initially ordered and initlally disordered states
were calculated(see appendix B). The activation energcy
for the initlally ordered Fe3Al as 1t moved toward disorder
was 0.,0417 eV and for the initially disordered FeBAl as
it moved toward order was 0.0662 eV. These energies =are
subs£antially lower thah normally determined activation
energy. It must, therefore, be concluded thot this 1s a
pseudoactivation energy. Port of it belng obtained from

the elevated temveratures and part from the neutron irra-

diation.
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CAAPTER VI
CONCLUSIONS

Resistivity me=-surements obtzined in this investi-
gatlon indicate that disordering increases by the oro-
duction of disprlacement spilkes and replacement collisilons
which disrupnt the long range order that existed.

Long range order parameters czlculated from Muto's
rel=tionshioc and integr:a:ted intensitiles from x-ray diffrazc-
tion patterns show that vacancy/interstitial pairs snd
interstitials »nroduced by rerlacement collisions are
metastable =2t the elevated temperatures for the order
is incressed when the temrerature 1s lowered.

Calculations of the activation energies for initially
ordered and disordered FezAl, after Dbeing lrradlated,

are pseudoactivation energiles.
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RECOMMENDATIONS

Study of order-disorder in FezAl 2t very low temper-
atures when neutron irracisted. The damsge incurred by
the FeBAl will then be solely radliation damzge.

Heutron diffrzsction of neutron irradisted ordered
»nd disordered FezAl to determine better order varameters.

Annezling investigeotions after neutron irradisction
of F63A1 to determine a true activation energy and better
understanding of the nature of the point defects incurred

during irradiaction.



APPENDIX



73

APPENDIX A

Experimental Data

Ordered FezAl 10 KW 200°¢
Length of Specimen - 5.44 in. wWidth --0.507 1n.
Thickness - 0,039 in.

Timo’(hours) Reslstance (yohms) Resistivity (4ohm-cm)
0] 11720 108.2
1 12700 117.2
2 13240 - 122.2
> 13400 124,0
4 13600 125.8
5 13760 127 .4
6 13940 128.9
T 14100 130.4
8 14280 132.1
9 14420 133.4

10 14540 134.5



Ordered FezAl 2 KW 100°¢C
Length of Specimen - 5.51 in. wWidth - 0.505 1in.
Thickness - 0.038 in.

Time {(hours) Resistance (yohms) Resistivity (yohm-cm)
o) 10180 90.4
1 10520 93.1
2 10700 94,7
3 10820 95.7
4 10920 96.6
5 11000 973
6 11100 98.2
7 11220 99.3
8 11320 100.1
9 11440 101.2

11520 101.9

)
(&)
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Ordered FesAl | 2 KW 150°¢
Length of Specimen - 5.14 in. Width - 0.503 in.
Thickness - 0.038 in.

Time (hours) Resistance (yohms) Resistivity (yohm-cm)
O 10700 101.0
1 11080 104.6
2 11220 105.9
3 11360 107.2
4 11500 108.6
5 11600 109.7
6 11700 110.4
7 11820 111.6
8 11940 112.7
9 12040 113.7

12160 114.8

[
o
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Ordered FezAl 2 Kw 200°¢
Length of Specimen - 5,20 in. Width - 0.505 in.
Thickness - 0,039 1in.

Time (hours) Resistance (yohms) Resistivity (yohm-cm)
o) 11140 107.2
3 11380 109.5
1 11500 110.6
13 11600 111.6

11660 112.2
3 11780 113.3
3% 11860 114.1
4 11920 114.7
4% 11960 115.1
5 12020 115.6
5% 12060 116.0
6 | 12120 116.6
6% 12180 117.2
T 12240 117.7
75 12300 118.3
8 12360 118.9
8% 12440 119.7
9 12500 120.3
9% 12560 120.8

10 12620 121.4



(4

Ordered F-3Al 2 KW 250°¢
Length of Specimen - 4,67 in. wWidth - 0.505 1in.
Thickness - 0,038 in.

Time (hours) Reslstance (4yohms) Reslstivity (gohm-cm)
o) 11500 120.1
1 11880 124,0
2 12060 125.9
3 12200 127 .4
4 12340 128.8
5 12460 130.1
6 12580 131.3
7 12700 132.6
8 12800 133.6
9 12920 134.8

10 13040 136.1
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Ordered Fe;Al 2 KW 300°¢
Length of Specimen - 5.76 1in. width --0.506 in.
Thickness - 0.038 in.
Time (hours) Resistance (fohms) Resistivity (4ohm-cm)

O 15700 133.1

1 16080 136.3

2 16320 138.3

3 16460 139.5

4 16560 140.4

5 16600 140.7

6 16620 140.9

7 16640 141.1

8 16660 141.2

9 16680 141.4

10 16700 141.6
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Disordered FezAl 2 KW 100°¢C
Length of Specimen - 5.25 in. wWidth -~ 0.510 in.
Thickness - 0.039 1n.
Time (hours) Resistance (yohms) Resistivity (4ohm-cm)

) 17000 154.9

1 15740 151.4

2 15500 149.2

‘3 15320 147.4

4 15180 146.1

5 15080 145.1

6 15000 144,3

T 14940 143.8

8 14880 143.2

S 14820 142.6

14780 142.1

)
o
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Disordered FezAl 2 KW 150°¢
Length of Specimen - 4,90 in. Width - 0.510 in.
Thickness - 0,038 in.

Time (hours) Resistance (4ohms) Resistivity (yohm-cm)
o 15400 154.8
1 15020 151.0
2 14740 148.1
3 14620 146.9
4 14540 146.1
5 14460 145.1
6 14380 144.5
T 14340 144.1
8 14280 143.5
9 14220 142.9

10 14180 142.5



81

Disordered FezAl 2 KW 200°¢

Length of Specimen - 5.51 in. Width - 0.506 in.
Thickness - 0.039 in.

Time (hours) Resistance (yohms) Resistivity (4ohm-cm)
o) 17040 154.5
1 16580 150.5
2 16280 147.8
3 16160 146.7
4 16060 145.8
5 15960 144.9
6 15900 144.3
7 15820 143.6
8 15760 143.1
9 15720 142.7

10 15680 142.4
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Disordered FesAl 2 KW 250°¢
Length of Specimen - 5.20 1in. wWidth - 0.503 in.
Thickness - 0.038 in.

Time (hours) Resistance (4ohms) Resistivity (yohm-cm)
o 16600 155.0
16080 150.1
2 15820 147.7
3 15640 146.0
4 15500 144,7
5 15380 143.6
6 15320 143.0
7 15280 142.7
8 15260 142.5
9 15240 142,3
10 15220 142.1
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Disordered FezAl 2 KW 300°C
Length of Specimen - 5.72 in. Width - 0.509 in.
Thickness - 0.039 in.

Time (hours) Registance (¢yohms) Resistivity («vohm-cm)
o 17500 154,.2
16800 148,0
2 16480 145.2
3 16260 143.3
4 16200 142.7
5 16140 142,2
6 16100 141.9
T 16080 141.7
8 16060 141.5
9 16040 141.3
10 16040 141.3
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APPEILIX B
Activaetion Energy Data

To cazlculate the activation energy for the initially
ordered FeBAl going toweords tne disorcered state and the
irnitially disordered F63A1 going toward the ordered
state, the change in resistivity(ae) vs. 1/T°K wo2s plot-
ted. Figure 30 is the curve for the initially ordered
FezAl going toward the disordered. a¢ wes obtained by
subtracting the initial resistivity from the resicstivity
sfter 3 hours of irradistion for each temwmerature. The
af Tfor 300°C was not taken due to the smaller change
when the resistivity became constant. Figure 31 1s tne
curve for the initially disordered FezAl going toward
the ordered.state. nere the resistivity measured after
1 nhour of irradiation was subtrzcted from the initial
resistivity(at zero flux).

If two polnts are taken on the curve, such as f1

and €2 the activation energy can be solved for by

using the following:

f 1 = A exp-E./kTq
e 2 A exp-Eg/kT»

The constant A cancels out and @1/@2 = exp-E,/k(1/T1 - 1/T2)

is left. Since we know the value of €31 and @2 and the
vzlues of T1 and T,, Ez can be calculated.
Samnle Calculations
2.95/6.20 = exp-Eo/k(1/376 - 1/576)
1n(.492) = -E,/k(.925 x 1072/°K)

: ~1€ /oK) »
79255 x 10-J/0K)(1.602 x 10-12erg/eV) 2
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0.06562 eV = E,
This was the value obtained for the 1nitielly disordered
FezAl golng toward the ordered state. By using the snme
process, an activeotion energy of 0.0417 eV can be obtained
for the initlally ordered FezAl going toward the disor-

dered state.
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