
E.Kuzmann, I.N.spiro\ 

~()SSBAПR STUDY 

11\IAIIIIIWI 
IICТRTJТ .... ,.wx 

ICCIIA113111 
AJ013 

Е14-81--339 

Of AMORJ>HOUS ALLOYS IRRADIA'I't:U 

WITH ENERGF.TIC HEAVY IONS 

SuЬmi tted to "Jourfl<tl of Nutle~ r 
~4tcrtalsн 

1 

'· 



1 • INТRODUCТION 

In the last ten years investigations of radiation d"""'ges 
in aмorphoua .aterials receive consideraЬle attention since 
these materiala can provide i oformation on their structure and 
structural changcs and can Ье used as the fir st vall of а therшo
nuclear reactor. 

Investigations bave a l ready been carried out on meta1-meta1 
and metal-metalloid amorphous systems (being in different 
states) irradiated vith electrons, neutrons, protons, ligltt 
and lteavy ions (having diffe.rent energies and doses) Ьу applyi ng 
а lot of methods, such as X-ray and electron diffrnction, calo
rimetry, electron microscopy , -dilatometry, e1ectrical reei,
tivity and poaitron annihilation , аз density measurcmcnts l - 261. 

The mate rials and methods used, and the results and conclu
sions of sotDe r·epresentat ive studies are suaaarised in Table I . 

lt is very difri cult to compare the resulta of different 
investigations, first of alt, because of differenc.es in the 
states оС the iovestig&ted syst~, as vell as in the interac
tions due to the various irradiations. 

lt is shovn that the aworphous alloys, coepared vith crystal
linc ones , have very high resistance to radiation damage. Hove
ver the significant changes in some physical properties caused 
Ьу irradiation demonstrate that ~tallic glasses can Ье st ruc
turatly modified Ьу irrad.iation. 

The Mбssbauer apectroзcopy is а useful tool for thc investi
gation of amorphous atloys because tlte interactlons (elect r ical 
mortOpole and quadrнpole, magnetic dipole) measured ·by this me
thod offer а unique possibi l itx of provid ing information about 
the surroundlng of а KossЪauer atom 127/. It was already applied 
successfully many times to study magnetic and structural proper
ties as well as the crystallisation process in amorphous шeta1s 
( f / 28-31/ ) see. e.g., re •· . 

During the last year some atteшpts vere aade to use the 10s
sbauer spectroacopy fof atudying radiat ion e f!ecta in aaorphous 
..ateriala, too / IS. r8•25' . 

Тhе aia of tbe present vork vas to obtaio infor.ation about 
radiation daaagea in ""'tal.....,talloid aшorphoua altoya irradiated 
vith energetic heavy ions vitb tbe help of ~aabauer apectrosco
PY• 
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2 о EXPRRIНENТAL 

All!orphous alloys Fo 401 Ni 40B~,SI , (О 5: х s 10) and 
Fe ,NI.._, P:zoo (5 s; • s; 20} 0 in the Corm of а cont inuous, rapidly 
quenched ribbon about 25 ~,. thick, vere investigatedo 

Sa111>les of the above-mentioned alloys were placed onto а CU 
target backing Ьу sticking vith а special silver glueo Some 
samples of all compositions were covered Ьу thin Cu foils (the 
th ickness of which was а little bit larger than the penetration 
depth of rad iation) o Тhese samples served for the control of 
irradiation. 

ТЬе irr~iation of &amples was carried out at room tempera
tura vitho Ar ~.: • 225 lteV) or I32Xe( Е= 120 II<!V) ions with 
doses 1013 -10 1 iona/cro2 at the U -300 cyclotron of the Labo
ratory of Nuclear Reactions of the J1КRo Тhс ion beaiD was 
scanncd on the wbole target in order to achieve homog~o~ous 
irradiationo Тhе different doses were obtained Ь~ screening 
different parts of Ll•e targeto Т11еrе was nn elevation of tcm
perature on the tarset bac'king meaзured Ьу а thermocouplco 

Тhе displacement per atom was estlmated very roughl y Ьу 
calculations /ЗG/ to Ьс Оо2-2 dpa and up to 5 dpa at peak for 
Az and Хе irradiation, respectivcly . 

Тhе НOssbauer sp~ctra of nonirradiated, irradiated and con
trol eamples vere recoтded with two conventional constant ac
ca1eration НOssbauer spectrometers v ith an asymmetrical trian
gutar drive using S 12 channelso Тhе t!1issbauer measurements 
were carried out at room temperature and at the temperature of 
1 Lqu id nitrogen. The spectr'a werc obt3ined in transmission 
geometry and sometimcs in reflection geomctryo Тhе samc СЕМS 
detector vas used 41 previously1321 о 67 mCi and 30 mCI activity 
S?Co sources in Rh utrix, kept at rooas temperature, provided 
y-rays . Тhе velocity calibration was eadc using а 7 ,,. very 

pure •-Fe foil o 
Thc evaluation of al l МГos sbauer spect ra vas carried out Ьу 

least-squares fitting оС Lorentzianso In the case of fer
ro~gnetically splittcd spectra the magnetic hyperfine fie ld 
distribution vas а1во ob~i?ed Ьу Fouricr analysis vith tho 
same prograш, as used in 33 

• Тhese cзlcu1ations were perfromcd 
:~t the СОС-6500 computer of the JIКRo 

3о RESULTS 

Figurc 1 вhows t1н~ transmission IO:Ss&bauer spectrв. recordP.d 
at room tomperature, of Fe.oNi40 в 1,,sJ 10 amorphous "amples · 
(noni rradiated, control) with shielding on the t arget backing 
(and irradiated with 225 lteV 40~, · ions with different doses), as 
r~presentative ones. Тhе spectтa. vhich are typical Cor fer-
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Fig.J. МUssbauer spectrs , recoтded at room cemperaturc, 
of Fe41)NI<IQBJo s;10 . amorphous alloys А) nc:>ni tradiated, 
В) control: being with shielding on the target backing, 
С) -Е) i rradi3ted with 40 Лr ions (Е = 225 МеV) with 1013 , 
3·10 l3 and 10 1• ion/cп?- doses, respectivelyo 

romagnetic ..,tall ic glasses, exhiЬit magnetically spli t .ted p.at
terns with six broad absorption lines. Тhеу can Ье considercd 
as superposition• or а variety о Г spoc~ra belonging to iron 
atoms hav ing different neighbourl1oodo Hence а distribution in 
l1yperfine parameters occurs , name 1 у in the magnetic hyperfine 
field, Н isomer shift , lio a.nd quadrupole splitting 6 EQO The 
average hyperfine parameters of spectra were determined Ьу 
Jeast-squares fitting of lines, as in1341

0 Тhе НOssbauer pa
rameters obtained Ьу least-squares fitting served as input pa
rameters for the evaluation of the hyperfine field distribution 
Ьу Pourier transformation. 

No changes vere observed in the КВssbaucr spectra of control 
samples compared to that of nonirradiated onea, in any case. 
This means that the changes in the spectra of the irradiated 
sample are due to irradiation. 

Тhе spectra of the irradiated amorphous saиples exhiЬit the 
folloving chaпges o 

7 



A.s 
д,. 

1 
t-

- ·- ·- -·-·--·-·-., 
1 

-
1 Е,, ,, . ,_" -

'·•-·-··-·-·-·- ·- ·-· -о ', '-. -....."'--.. ........ 

t-

""-..... .......... 0.

8~ -"'--- -~~------=-=-=-=--~ -~----~-~-- J 

-

" 
.. 1 

о 1013 10 14 

D ion/cm• 
Fig.2. Dose dependencc of rel4tivc areas of absorpt ion 
lines (Л2.s and Л 1 .r.) of I'I!Sssbauer spectra of some 
Ar-irradiated Fe40 Ni.ю Bzo_, Sl , amorphous alloys 
(о х = о. 1 - 5. • х • 10). 

Тhе main difference betveen tha spectra of nonirradiat ed 
and irradiated samples were obsarved in the change of intensity 
of the 2nd and 5th lines, 41 can Ье seen in Fig.l. From t he 
comparison of spectra of irradiated &amples (Fig.IC- E) with 
that of nonirradiated or control samples (Fig.IЛ, В) not only 
the decrease of tbe intenaity о! thesc lines, but its dose de
pendence is also visiЫe. Such а dose dependence of the rela
tive areas о( absorption lioea (Л2 ~ and Л 1,6 ) are plotted in 
Pig. 2 in tbe case of s0111e Лr -irraC!1ated Fe40 Ni40 B:zo_, SJ• 
3D10rphous alloys. 

Siailar changes ~~~ау Ье observed in the case of IЗ!J<.e ion 
irradiation. Тhese are repreeented in Fig. З, vhere the МOssbauer 
spectra of mnorpboue samples IPig. ЗА nonirradiated and Fig.3B 
irradiated with fluence 5·101 ion/ca2

) are shown. 
Dose dependent changea of the evaluated МOssbauer parameters 

were also found. ТЬе average byperfine field decreases with 
increasing doses, as illuetrated in а representative case in 
ТаЬlе 11. ТЪе avcrage isoшer shift changes within the experimen
tal error . 

Тhere are dose dcpcndent differenccs betveen the hyperfine 
field distributione of tbc nonirradiated and the irradiated 
samples. For illustration the byperfinc field distributions of 
the nonirradiatcd and лr-irradiated amorphous alloys are shown 
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Fig.3. НOsebauer spectra, recorded at room temperature , 
of aшprphous alloy А (nonirradiated, В) irradiated < 

vitb 1 32 Хе ions (Е • 120 MeV) with а fluence of 
5·10 13 ion/ca2 . 

ТаЬlе ц 

Кeasured averaae hyperfine fields of Fe
40 

Ni
411 

в10 s; 10 aD~Drpbous alloya 

State Кеаs. Hyperfine field 
(МА(m) Temperature 

lnitial 
lrradiated with 
40 At ion.s 
10 13 ion/ca2 
З-10 13 ion/c112 
10 14 ion/cm 2 

19.173~0.035 

19.058+0.037 
19.039+"0.035 
18.980~0.035 

room 

roota 
room 
rоош 
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ТаЬ\а III 
Нeasured average quadrupole aplittings of f'e 10 Ni711 Р20 

81110rpbous alloy 

State 

Initi.al 

Irradiated vi th 
411 Az ions 

/& • 22S НеV/ 

Quadrupole splitting 
/m./ s/ 

0 . 559 + 0.0034 

о. 542 + о. 0029 

Меаs. 
Temperature 

room 

room 

in Fig.4. А broadening of the distribution appears to Ье due to 
irradiation. The maximum of the distribution shift& to the low 
field region, and ' it lowcrs with increasing doscs : In the 
sl>ape of the distr ibution emall changes can Ье seen around t he 
maximum. 

Тhс НO&sbauer spectru~, rccorded at room temperature, of 
••e10Nt79 Р20 par31D0lgnetic aJDOrpi>ous alloy is shown in Fig. 5. 
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Fig.5. Mossbauer зpectrum of f'e 10N~0 P20 paramagnetic 
amorphous alloy, recorded at room temperature. 

Тh~ spcctruw consista of slightly as~trical pairs of tines 
corresponding to а paramagnetic a.шo-rphous state. Тhе cvaluated 

, аvнаке quadrupole splitting slightly decrcasee duc to irradia-
P!IO 1 ,, -~ -..._ 1 tion, as can Ье scen in ТаЬ\е liJ. 
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• 
f.. DISCUSSION 

First of all the results toкethcr with other Mossbauer 
results / 13,1~.25/ indicote the applicabil ity of Мбssbauer spe-
ctroяcopy as а promising mcthod for investigation of radiation 
effects in amorphous alloys . 

Our results cannot Ье compared with tbe result of the cited 
investigations / IЗ,IB/ because oi the fundamental differenu 
between the groups of atoms observed using differept measure
ments te~hniques. f~ the work of Nasu and Fujita 1 1~ and 
Goldanskii e t at. 1 1 radiation effects were found only in 
а V6ry thin sur f ace layer or in iron atoms involved in nuclear 
reactions Ьу monitorin& them with specitl, selectively sensitive 
Ндssbauer techniquee. !n our case the MOssbauer apectra vere 
recorded in trsnsшiasion geometry~ providing inttgтal informati
on about the iron atoa. (and its surroundings) being in tbe 
whole sample, tbc thicknasa (25 l'm) of which was slightly larger 
than the penetration depth о{ ene~getic beavy ions (23 ,. 18 for 
40At ) used for irradiation. Consequently we cannot distringuish 
betveen the effect of e\ectron excitation (tharmal spike) and 
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an 4tomic colliaion (cascades), which are the шain i nteractions 
in the case of cncrgetic heavy iqn irradiation. 

However,by analysingour spectra we са? obtain sоше i nforma
tion, e.g., about the magnetic anisotrogy •t. the topological 
and cheari.cal sbort-range order (е . g. , 12 • !IOI ) , which deterari.ne 
the fundamental physical properties of amorphoue materials. · 

Тhе observed intensity changes of the 2nd and 5th lines 
of НOssbauer sp~ctra (Fig. 2) of ferr~gnetic aaorphous alloys 
due to irradiation are connected .vith tha changes of tbe avera
ge direction of aagnetic moment / 41/ , which vere deterari.ned from 
the relative areas of absorption lines ( А 2.5 and А 1 •6 ) Ьу the 
fonaula 

A2.s I A•1 .6 • 4oln2 11/3(1 • cos 20), (1) 

where д is tbe angl e between tbe у ray direction and the average 
direction of magn~tic moment. 

~~е results obtained from the data presented i n Fig.2 arc 
sl10wn in l'ig. 6 . Tl1ey gi ve information about the !113gnetic ani
sotropy dua to the distribution of spin direction (domen struc
ture) or preferred spin orientation (spin texture), in tl>ese 
msterials. 

Тhе у ray direction, which was parallel to that о( the inci
dent ion beam, was perpendicular to the sur!ace of tbe amor
phous samp\es. As is known, tbere exists а magnetic anisotropy 
(attributaЫe mainly to shape anisotropy) in tbe quenched state 
of aмorphous alloys, wben the average direction of spin is 
(relatively) closer t o the ribbon plane ( А 2 ,/А 1 6

> 2/3 and 
11 > 45°) tbon to tbe normal (e.g., I <A>I) . ·• · 

Our resulto show а dose dependcnt decreasa of .agnetic ani
sotropy in amorpbous materials irradiated with energetic heavy 
ionз . 

In rapidly quencbed , amorphous ferromagnetic alloys tbe domen 
pattern and ФOgnetization processes are governed Ьу topolopical 
de[ects ond their s tress fields, as shown Ьу Kronmi.iller/3 7 . 
Тhе domen patte~n reflects t!1e arrangement of tensilc and сот- . 
pressive stresses. The defects formed during the rapid que.n
ching process Ьу а special distributi~ Jf free volume were 
considered ns the sources of Stresses 36 • 

Our fioding can Ье associated wi th the defecte induced Ьу 
irradiation bec.ause of the corresponding chanaes in the orienta·
tion of spins depending on the direction of etresses occurring 
around tbesc defccts (see Fig.7). On the other hand, SOQO con
tributiot\ froa spin rcorientation around the atress centres 
formed duтing the inhomogeneous solidific.ation process as а con
sequence of шixing of atoms due to i~adiation bas to Ье taken 
into consideration. 
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Fig. 6. Dose depende.nce of fl angle (Ъetween tbe у ray 
direction and the average direction of magnetic moment) 
for so111e Ar-irradiated . Fe40 Nl.o B2o-,SI , amor pbous alloys 
(о • - о. .. • 5. • • = 10). 

ТЬ.а results of the density 161 , electrical resistivity 1261 
and profilometry l tt! \lleasure1\Jents were interpreted аз radiat ion 
induced deflects in amorphous alloys, and tЬie confirms our 
conclusion. 

Тhе changes of tbe hyperfine field distribution, as vell as 
of tbe average byperfine parameters, can Ье interpreted as 
changes in tbe short-range order, because in these systems the 
iron hyperfine f ield is ,propotional to tbe iron magnetic moment, 
which is de(.ermined mainly Ьу а numЬer of nearest metalloid · 
neighbours 42• 39

• 431 . The quantitative correspondence of the 
field with tbe coordination and geome~rical arrangements of 
ato111s in four component Fe-Ni-Si- В metal-metalloid amorpbous 
alloy ia not clarified yet, but it is possiЫe to suppose а si
milar tendency of changes in tvo component Fe-~~stems, for 
vhicb case an empirical relationship vas found . It follovs 
qualitativcly that the hyperfine field decreases as tbe distance 
b~rween tbe iron and metalloid atoa. decreaees, and vice versa. 
Тhus tbe hyperfine field distribution ia dete~ned Ьу the 
metalloid distribution around the iron ato=s and it provides 
the probaЫlity for the presence ot an iron atow with а given 
n.....Ьer of шнalloid neighbours. Тhе ieomer shift gives sim.ila.r 
information vith less sensitivity. 
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Тhе geometrical a rrangeшent of metalloids and transi t1on 
metal ne ighbours (mainly the geometrical symmtery} is re f lected 
in tchc quadrupole in teraction ЛEiJvhich co1n Ье expressed in 
tbe form / '17/ 

' 1 

ЛЕQ• ~ koo е. Q. V ( 1 + 1/3 . ,12) Т 
•• о 

(2) 

vhere v •• is the princi pal co=PQnent of diagonali~ed electric 
field gradient tensor at the site о[ t he nuc leus, Q is the 
nuclear quadrupole moment , q • V н - Vy,fV." 1 v •• l ~ 1 V11f ~ f V.,l , 
is the asyшmetry parametero In the casc of the poi.nt cns.rce 
nюdel approximation, in whicb the char ges of distant atoms·, 
surrounding the КOssbauer ato111 in PJ>n:cuЬic symmetry, v •• and q 
can Ье cOIII\)uted usiog the fonoulae l t ?/ 

v •• 

14 

I q1 о 'iз. (З . са.2о1 - 1}
0 

1 

: 1/ v •• ~ q
1 

о r 1-~ 3 о sin 2в. о со.2ф. о 
1 ' ' 

(3) 

(4) 

where r1 is tbe charge distonce, ф; and о, are tbe polar angles, 
q1 ie the effecti.ve charge vith respect to I!Ossbauer atomo · 
Hence it сап Ь" understood that the quadrupol e splitting can 
provide information about the homogenQOU8 change of interat~ic 
distances in &DOrphous alloys in а spQcial casQo 

Тhе observed broadening of the byperfine field distribution 
of the irradiated samples compared with that of nonirradiated 
ones is attributoЫe to the increasing degree of disorder becau
se it represents iron аtоШ$ having а vidcr variety of arrange
ments of neighbourhoods in the irradiated alloyз, than that 
of nooirradiated ones. 

Нoreover it may reflect some decrease of the chcmic71 sbort
range order existing in our caseo Namely Vincte et al. 391 
have concluded that the substituti on of Ni i n to Fе-З amorpbous 
increases significantly the degree of ordering because В 
atOJIIS pr Qfer to Ье surrounded Ьу Ni atoaso Accordingly tbey 
found the hyper(ine field distributiona of Ni subetitutcd amor
phous metals to Ье narrower compared to thQse i n whic1'1 Ni j s . 
ab.sмto · 

Our lattQr conclusion can Ье confirmcd Ьу the ob&erved sbift 
of thc maxi~111 of the byper f ine f ield dis tribution in the casc 
pf irradiated sampleso ТЬе hyperfinc fi e ld can, f or example, 
decrease when а metalloid atom being near to Ni (ае а consequ
encc of chemicnl short- range order) comee nearer to Fn at oms 
due to irradiat iono Consequently, the ehift of the maximum as 
~cll as the decrease of the ovcrage magnctic field can Ье 
attributed ~~~ainly to tche decrcase or chc111i ca1 short-range order 
due Lo irradiation. 

Our conclusion is in agrccment with tltose dravn from thc 
results of investigation of radia·tion cffects using other 
methods l 1o 20о 26 /0 

Indirect evidence for our interprctaLion is obtained in the 
case of low temperature rclaxation of amorphous alloys (vheo 
oppos i tc processe s were considered, as in our case) 1hcn op
posite changes of ltBssbaucr pвrametcrs w~re found ~~ о 

Thc clмnges of the shape о[ the hyperfinc field distri hution 
can Ьс associated with dcfect s being in thc forш of rzgions 
baving different uss densi t i es (as was proposed /Но 4 ) о Тhе 
right-hand side of the maxiJIIUIII may repreaent such regions (witb 
increased metal-metalloid diatanccs) having positive free volu
me, tO t1\e left sidc from the maximum c:sn contributc to such 
rcgior1s (with d~creascd e>etol-meta:Iloid distancea) having nego
tivc free volumes. Prom the c omparison o f shape diat.ortions 
on tbe !ert- co-the-rigbt side of the .axi8Um in the hyperfine 
field distribution of thc irradiatcd sample with the oonirradia
tcd sample, even if we neglect the contribution of changes in 
tt1e chemical sltort-range order • we can observe t hst the right
hand aide overcompensates the left оче. Тhis means that t .he 
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exce&s free voluшe introduced Ьу the irradiation exists in the 
trтadiated saaples. ТЬis is in agreeшent vith other authors's 
findings 16• !6/. 

Our conc1usions dravn from the КOssbauer result s of the 
studies of aaorphous samples are confi..ed Ьу the changes cau
sed Ьу i rradiation in the НOssbauer parameters of Fe-NI-P amor
phous alloys, being in paramagnetic states . Тhе observed quad
rupole splitting decrease due to irradiation can Ьа attributed 
to the decrease of the cheмical ehort-range order as vell as 
to the increaee of the averagc interatomic distances. From thc 
COIIIPar ison of the paramagnetic apectra of Nl substituted 
amorphous vith those in vhich the Ni vas absent/39/ it is found 
that the quadrupo1e splitt i ng is higher in Nl subatituted al
loys as а r esult of the increased as~try due t o the orderi~. 
According to this resu1t, our oppositcly directed change of 
quadrupole sp1itting requires an opposite interpretation, 
n.a~~e1y the decrease in che11ical short-range order. 

Вeside tbis , thc homogeoeous increaee of the interatomic 
distances can also Ье ref1ected i n t he decrease of average 
quadrupole splitting due to irradiation. Ву neglecting the 
contribution of а change in cheмical short-range order ve can 
estimate using eq. (2-4) the upper limit of an increase of the 
average interatoмic distance to Ье 1%. Ву taking into account 
the contribution of chemical short-range order changes in the 
decrease of averagc quadrupole splitting , ve can obtain data on 
а cbange of average inceratomi c distances, wbich are in good 
agreement vith those of tbe density meaaurements .of Kramer 
et al. 161 

5. CONCLUSIONS 

Тhе folloving conclusions can Ье dravn froe the chaoges of 
the НOsabauer parameters of the Fe..,Ni.,q В:ю.., S1, and Fe,Niae~-.-f>:ю 
amorphous alloys irrndiated with 40Лr {Е = 225 МеV) and 
132Хе (Е - 120 MeV) ions, comparad to those of nonirradiated 
ones: 

1. Тhе degree of disorder increases. · 
2. Defects are introduced, the excess free volume and the 

averagc interatomic distance increase. 
3. The magnctic anisotropy decreases with а change in spin 

orientation around the radiation-induced defects, as well as 
the quenched in stress source. 

4 . Тhе chemical short-range order decreases as а result 
of remixing of a toma due to irradiation. 
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