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AIISTRACT 

ii -Ni ~lIoys have been made amorphous over a broad co""osi ti on range by 
sputter deposition, ion iflJl1.l.ntat ion and e lectron i r radiation . Structural 
analysis of these alloys was mild!' by e l e~tron diffraction techniques. Micro
dens i tometer traces of diff raction patt erns produced scattering pro fll es from 
which radial distribution fUnctions (RDF's) were derivl!d . The results from 
t his ana ly sis ware c~arable t o t hose from x-ray diffraction studies on simi 
l ar al loys. It was found that the positions of the intensity maxima ~a ry 

systemati cally with alloy composition . flowe~er, ~al\1es of coord ination ramber 
were less precise due to experimental uncertainties. Furthermore, no dramatic 
differences were obser ~ed in the ~or ' s of the samples amorphi zed by the three 
t echniqueS . 

IIHROOUCTION 

Currently, there Is a wide interest i n the structure a nd properti@s of 
meta l l i c glasses . Novel techniques hav~ been developed for both the synthesis 
and analySiS ot' non- crystall i ne I113terials . For exa~le, amorphous TI-HI has 
been synthesized by ITeJt spinning D,2J, sputter deposition (3). Ion Implanta 
tion [4.~). and electron irradiat ion [6 , 7] . Among these techniques , t he 
-effective" quench ra te varies approximate ly sh orders of IMgnitude (8). It 
is therefore conceivable that dif ferent amorphous structures III(IY attain fro,n 
these methods. Structu ral Information f rom onetal1tc glasses is usually 
obtained by conventional x- ray or neutron dif fraction techniques when suffi 
cient quantities of material aN! availab le . Howeve r, i on implantation and 
electron 1r radhtion are only c~ p~ble of amorphlzing t hin su r face layers . For 
these cases , selected-area e lect ron diffract ion patterns can provide hig h 
quality st ru ctural data . The purpose of this paper 1s twofold: (1) to review 
our recent results on the synthesis of amorphous Ti - Nl , and (2) to outl ine the 
procedure used to characterize amorphous structures by t he ana lysis of electron 
diff ra ction patterns. 

EXPERIMENTAL PROCEDURE 

We have used sputter depOSi t ion. ion Implanta t ion, and electron I r radi 
ation techniques to amorphize Ji -Ni alloys. The e~perlonental details of t hese 
in~est i gatlons hhe been published e l sewhere (3 -7]; there fore , only the salient 
details will be outlined here • 

.......... _ . _ ........ v ... ~.· n" .......... _..-.. 
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Sputter Oeposition 

SClqlles were prepa red by sputter deplJOsi tion using two 1M9nelron sources of 
e l ~ntal Ti and Hi targets. Tile deposit ion I'fo f ile$ of the t'olO sources over
lapped which produced a deposit ."ith t he composition vary ing ~notonjcally ( rom 
Tl - rich to Hi-r ich. Deposition rat es were in the r an!Je of 1.0-1. 5 nm05e C I 
with an argoo gas sputtering atmosphere of J II 10-] T. 

Ion Implantation 

Ti 50N1SQ TEM samp les were Nj+ ;~lanted at room tefTll erature with Succes
sive bombardment at decreasing ene r gi es of 2:'0, 200, 100 , and SO keY. The 
correspondi ng dOS!!S were 2. 79 x 10 15 , 2. 16 It l OiS, 1. 23 It 10 15, and 6. 5 It lOI~ 

tons .cm- 2• Th1$ l rnp lantatlOfl scheme pro-duced a nearly flat Ion concentrat ion 
profi Ie from S.U to 80 nm. 

Elec tron Irradiat ion 

TEK sa~ l es were i r radiated in the 1.5 flleV high voluge elect ron mi cro
scope (HVEH) at the National Center for Elect ron Hi croscopy lI'I Berte ley . 
Several combinat ions of acce lerati ng potent i al (0.5 to 1. 5 HeV) , beam currents 
(0 .5 t o 20 A Clll- t), te~eratuN!s (90 t o 300 K), all oy conposition. and specilflen 
orienut ions were used . Dalllage rates we re C<llcul ated using damage cross 
seclions (0 d ) from weighted ~an v<llues b<lsed 01'1 effective displacemen t 
t hreShold energy va lues of 3U eV for fj and 40 eV for Ni [9]. At 1.5 /IIeV, 0 d 
Is approxlmdtely 27 barns: therefore, with a typ ica l elect ron dens ity of 
3 x 10 1' e .cm- 2·sec- l • the damage rat e is 2. 0 x 10- 3 dpa-sec- I• 

T rans~lsslon Electron Microscopy 

Images and selected area di ffr act ion patterns of th e sputt ered and ion
llT1planted amorphou s samples were reco rded on photog r<l.phic fl1m with 120 or 200 
kV TEM' s . Th ese sampl es were then crys tallized i n situ with a heati ng stage, 
and the H ili!! regions were aga in recorde d. The electr on-ir radiated s M~les we r ~ 

I maged at selected tllll!! Int erval s during the irradiation eKPerlments . Se veral 
eJ(posures were taken of each SAO? to optimi ze tile contras t le vels for subse
quent ana lys i s . MlcrOdensi t omet er tr~ces of these di f fracti on nega t i ves pro· 
vi ded curves of raw Int ens ity as a fu nct.ion of scattering angl e, s(- ~ lISl n e/l.) . 

Scattering data WeN! collected up to s '" l4 A- I. 

AMORPHOUS STRUCTURE ANALYS IS 

Bade grOund 

Amorphous structures may be def ined as atomic arrangements wh ich dO not 
p.ossess any long· range periodicit ies but rather on ly short -range at Otlic orde r. 
Hence, di f f raction patternS rrom amor phous alloys contai n a series of broad 
lIIaxlll'la i n cont rast to t ile sharp l ines observed for crystalline II'laterlal s . This 



b ro~den ing is due t o both t he v~r la t ion of the fi rs t ne ighbor di s t ance inherent 
in the amorphous structur e and to t he di fference In atomi c sizes . As s uch , 
dl f fr~ctton data from amorphous structures provide only st ~ t l stical ! nfor~t ion 

on the at omic struct ure . The usu al met hod for representing amo rphous st r uc
tural data is with ~ radi al dis tr ibuti on fun ction (RllF) . Thi s f un ction i s a 
r adial dens ity of at oms aver aged o ~e r all atoms taken at the or i gi n. If ~(r) 

is the local atomic density, then RDF(r) is 41l1"2p(r} . Int egrati on of ROF{r) 
gi ves the aver a'}e nuRlber of atOOlS at distances between rand r+q fr om the 
tn E! chosen orilli n. Additi onally, j)ositions of maxi ma in RDF{ r) cu r ves ind ica t e 
freq uent ly occur r i ng at om-at om sepantio ns . It i s these t wo pa rameters, i .e., 
coordination number and peak pos i tions, whiCh are used to character ize the 
amorphous struct ures. 

The RDF( r ) curves are derived from t he scatter i ng data, the an~ lytica l 

methods for t hese ca lcul ations are presented in t he followi ng sect ion. In 
th i s repor t , we follow the for~l i sm of Ca rgill [ IDJ and Mandra ~ nd Grundy 
[ II ) . 

An~lyt lc al Method 

Th e inte r fe rence functio n is def ined ~s ; 

where N I s 

K "/~i) i s 
t he square 
Int ensity , 

IN ~s) - N<f 2) 
• _ .. N<f>2 -_ . ( \ ) 

the numbe r of at oms , and for the H·ff; system. «2) ("'xn f fi + 
t he mean square scatterin\l facto r, and <f>2 ["( ~T i f Ti ... xNl f N. ) 2) is 
of the mean sca tteri ng facto r. The observed cohe ren t scatt eri ng 
I N,obs (s ) i s comprised of t wo contribut i ons: 

(2) 

lObS (s) is t he raw scatte ri ng inlens I ty f r om t he Ini crodens i tolllE!te r t races , ~n d 

li ncoh{S) inc l udes cor rec t ions for absorption, polar ilat ion, mu l tiple 
sca t ted n\! . and incohe rent sca t tering. It is t herefore nec-essary t o isol ate 
t he cohere'lt scatt eri ng .. hi ch .... i 11 be used i n t he ROF cal cul ations . In the 
absence of ene rgy f i lte r ing (12), the t e r~ l if) oh{S) f rom equation 2 is ~ssumed 
to be equival ent t o t he background t 'ltensity , Ycs(s) , of t he cryst all i ne SADP . 
As such . the i nter fe rence function Is 

lobs . a ICfI - 6 «(2) . - ----_._-. (3 ) 
5 <f > 2 

The nor mal i zation cons tant a takes Into account an e ventual difference in t he 
over~l l densi ty of t he photo\lraphic negl:ltives from t he amorpl'lous and c rys ta l 
li ne fi l ms . l he val ues of '" and $ a re adjusted s uch th~t the curve 
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passes midloay thrOllgh tile max i ma and min illl/l of I b (s). and (;oinc.ides with 
lobs(S) at larye values of s . The lero-illtens1t~ fevel Of the photographic 
negatiYes cannot be accurately determined. Tller-efore, II constant C is added to 
equat i on 4 such that 

(5 ) 

For ucl'! value of <> (O . ~ < .. ( 1.2) . Band C ar-e calculated by a least squar e 
method . The reUineoi value of " ("nd the corr espondi ng 8 and C) Is t hat which 
minimi zes the chi -square tes t. Corrections for mul t iple scattering werE! not 
attempt ed. 

The r ad i al distribution function Is related to the 
thrau9h the r educed r adia l di stributlOIl function, G(r). 
is simply: 

I nterfe rence function 
This latter function 

(6) 

wliere "0 h the average .n omic; density . G(r) i s ca l culated f r om t he Fourier 
transform of I (s) as • 

G( r ) = ~ 
• 

, 
J OfflilX S lm(S) exp(-8 s 2) sin(sr)ds . (1) 

The tern exp( -Bs) , where B : 0 .015, is a da!T\li ng factor . The coordinat ion 
number is calculated fro m the i ntegr~l 

N ~ (' RDF(r) dr 
'0 

where r' Is the fi r st mio i rrun after the f irst max illlYm 11'1 the funct ion 

(8) 

~or( r ) - 4"r 21'>0 ' Furthermore, non- linearity effects in the photographic nega
tives at l arge values of s produce inaccuracies i n Im(s) . DUe to these experi 
men U I uncertaint ies , the integral was tertnlnated at s _ IDA-I. According to 
Waseda [13J the posit ions of the resultant yhost peaks are func t ions o r the 
upper li mit of Integration. i.e . • smax ' These ghost maxilla should appear at 
distances t:I' • t5,./2s

mu 
~ t9w/2sII\iIX f r om the "",in peak . 
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RESULTS AND OISCUSSION 

r--

CCApOS it i ons of AlIIOrphous T 1-Ni A 11 Oy5 

", 

Figure 1: Pa r tia l T1-N1 ph~se 

di ag ram .. hlch s how s the tCllpo s !
tio~ ranges of amorphous all oys 
produced by sputt erjn~ (s ). e lec
tron irradiation (el , and 100 
l~lantatjon (1) from th is study . 
and by l iquid quenching (1) from 
references 1 and 2. 

The partial Ii _Hi phase dhgr~m in Figure 1 illust rates the conposition 
ranges whi ch have been made amorphous by sputter deposition (s) , ion- l~hnta 

tion (il, and electron ir raoiation (e) . The amorphous Tj ... tii al l oy range fO f 
liquid quenChing (1) [1,2) I s also shown. Specifi cally, amorphous alloys f r om 
sputter depos i tion we re observed in t he broad compos it ion range of 25 · 65 at.' 
Ni. This mIly be co~ared to tne r~ther limited co~ositlon ra nge of 30·40 ~t . ' 

Ni by liQuid Quenching . Ot her alloy systems show this same t rend, which can be 
attribu ted to the faster "effective" quench rat e of sputter liepos i t ion. This 
a l so holds for the ton - ,Wi elect ron-i r radiated specimens. Turnoo ll (8 ) esti 
mated rapid l iqui d quench ra tes to be on the order of 10 s to 10 a K -seC I, 
whereas, the "quench" rates for sputtering and i rrad iat ion a re approx ilMte ly 
1U 12 K.sec- I• For sputtered ~terhls. th i s ra t e is based on the arriva l li lAe 
of the atoms, whereas, fo r i r radiated samples, i t is proport iona l to the time 
requi red for restoration of 10ul thenntl l equ ili bri um fo l lowing the Implanta
tion. 

As is seen In Figu re I the compositi ons of the irra di ated samples a re near 
TlsoHi so which co r respond t o the c~osition range of the crystal line alloys 
which exhibit t he shape-~mory e f fects . Some applications o f these shape
!lleQlOf'}' alloys requ i re exPOSure to host I Ie envi ronments s uch as for bl o ~di ca I 
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applications and in nuclear reactors. Recent results indicate that corrosion 
[14J and wear [15J resistance of ion- illl'l anted Tl sJil so wHh an amorphous 
surface l11yer is iqJfoved ove r those pr operties of f ully c rysu l 1ine 
IJIaterlals. 

Mi crostructtl res 

A bright - fie ld image ~nd se lected- area diffraction pattern of an amorphous 
sputte~d Ti~~Nis, spec i men is shown in Figure Za. The micros tructure is 
characterized by a typ i ca l mottled appedfMlce of amorphous ,"aterials . Struc
tural lmhomogeneities (e.g. small crystal lites) were not observed in these 
films by either amplitude- or phase-contrast imaging techniques. The SAOP is 
also typical of amorphous structures, (lnd reveals three diffuse rings . In situ 
crystallization of thi s sa~le at 550 Q C produced tne mi crostructure seen in 
Figure 2b . Thi s is a mixture of the B2 phdse , (ordered bec) Hi 3T1 (DD 24 
structure) and Phase X (3] . The crystal structure of this latter phase has not 
been fully determined; ho,::,e ver, it appears to be a metastable Hi - rich phase 
with a distorted fcc structure and a l .attice parameter of 15.93 A [16J . 
Additional details of the crystall izat ion behavior of tnese sputtered films is 
presented by Kim, et al . [17] . 

fl9ure 2: Microstructures <lnd diffraction patterl'ls of sputter-deposited 
TI ... NI 5S l>efore (a ) <lnd after (b) i n situ crysta llization . 
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Fi gure 4: Microstructures 
and after (b) electron irr~d i at j on 



The as-implanted a~d re-crystallized microstructures of Ti SoNi 50 are shown 
in Figures 3a and 3b, respectively. TMis sample was implanted with Ni+ ions to 
a dose of 7 x 1015 ions.cm 2, and was subsequently crystallized in situ at 550"C 
to form the R-phase , which is a rhombohedral distortion of B2 [18J. The nature 
of the ion (Ni+, Si+, Fe+, N+) does not appear to influence the crystalline to 
amorphous transformation in these al loys. The minimum dose for arno rphization 
with Ni+ is 5 X 10 12 ion ,cm- 2 which corresponds to 3 x 10- 2 dpa. 

Figure 4 shows the images and dHfraction patterns from a Ti soNi ~!e3 
sample before and after electron irradiation at 500 kV and 90 K. The initial 
structure is R-phase. which became amorphous afte r approximately ten minutes. 
Under these conditions, the tota l dose was _10 20 e -em"2 which corresponds to 
approximately 10- 2 dpa. The degree of amorphi city was lI'o nitored by the degra
d~tion of the extinction contours and the sinlJ ltaneous appearance of diffuse 
rings in t he SAOP. 

Previous investigations have shown that near equi-atomic Ti-Ni alloys 
readily become amorphous upon electron irradi~tion with a HVEM [6,7]. Two 
factors which greatly influence this cfjstalline-to-amorphous transformation 
are accelerating potential of the HVEM and saJlllle te~erature [7]. The 
kinetics of the transformation are increased with higher voltage (> 1.0 MeV) 
and lower temperatures « 150 K) . 

Tne amorphous structures of the three saJlllles qualitatively appear to be 
similar. In the next section we will present the results of the ana lySiS of 
these diffraction patterns to al l ow quantitative comparisons to be made. 
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Figure 5: Intensity profiles of alnorphous ~nd crystallized diffraction 
patterns of sputtered Ti ""Ni 5~' 



Electron Diffracti on Pattern Analysis 

The starting point in this analysis is to convert the diffraction in t en
sities on the negat ives to inte nsity versus scattering-angle curves . A typ i ca l 
analogue output f r Oin t he mic rodensitometer trace is shown 1n Figure 5 for t he 
aiTlO rphous aod cryst allized stat es of s puttered Ti ~ ~Ni St. Thes e traces cor re
spond t o the conditions of Fi gure 2. Also s how n are t he c rysta lline ba ckgrou nd 
curve ICF!(s) and the fitted scattered intensity cu r ve lm( s ). Accurate calibr a
tion of the abscissa was made by i ndexing the crys t alline diff ract ion pat t e r n . 

The inte rference func t ions for the three samples we r e calculated f r om 
equations 3- 5, and the r esultant curves are shown in Figu re 6. These cu r ves 
are qu i te si milar in terms of ove rall shape . peak positions , and i nt ensities . 
The shape is typ i cal of many meta ll ic gl-asses; in parti cular, the shoulder on 
t he second peak is a fundamental characterist i c. These res ult s indicate that 
t he amorphous structure may be mo<1eled as dense r andom packing of hard spheres 
[10] . The peak pos i tion values from t he interference functions are presented 
in Tab l e 1. Also inc l uded in t his tab l e are the results from x-ray diffract io n 

experiments with Mo Kn r adia t ion . The first ITIiI xilTllm of the sputt ered Ti ~ ~Ni 56 
sampl e has a peak position at 3. 0,1,- 1 wi t h bot h x- ray and ele ctron di ffrac t ion. 
The ot her peak posi t ions in this specimen are also nearly identical. However, 
the peak positions in t he ion -i mplanted and e l ectron - irradiat ed sampl es are 
sliyht ly less t han those of the sputtered film. Spe ci f ica lly , the fi rst pea k 
appears at 2 . 95 and 2 . 92,1.- 1, respect i vely . Thes e results al s o corrvar e 

favo r ably with those reported by Wagner , et al. [20J on x- ray diff r action 
studies of melt - spun Ti 6sNi ~s metallic glasses . For exampl e , the shape of the 
inte rference f un ction cur ves from the two st ud i es is simi lar i n the range 
2_6,1. -1. Fu rUerlOO re , t hey observed the first two maxima in the interference 
function at 2.85 and 4 . 85 ,1.- 1. These small shift s in peak position may re fl ect 
t he difference in co~ositions used in the two studies . The ef fect of composi 
t i on on diffraction ITl(!xima position i s a function of atomic sizes of the alloy 
cons t ituents. The Goldschmi dt diameter of Ti atoms is 2.95,1, compared with 2. 5,1, 
for IIi . Thus, the Ti-r ich glasses Should have l ower pea k pos i tion va lu es in 
t he i nt erfe rence functio ns and correspondingly higher values in t he distribu 
tion f unctions than Ni - rich meta llic glasses . Our pre l imi nary res ults on 

TAIlLE I: CAlCULATEO STROCTURE DA TA 

UlfFRACT ION I (~) P EA~ RDF(r) PE AK COORDINATION 
SPECIMEN TECHN IQUE POSTTlONS (~- l) POS ITIONS I" NLM BER 

, , " c , C, 

Sp u tter~d X-R.y 3. 0 '.2 2. 58 U 13. 2 
Ti "Ni 56 Elect ron 3. 0 ' .2 2. 57 U 13. 0 

Ni + ill"4'lan t ed 
Ti ~oNi ~~ El ectron 2. 95 ,. , 2.58 U 13. 4 

Elect roo Ir radj -
ated (501) .. ~) E l ~ ct r on 2. 92 '-' 2. 61 U 14. 6 
T; soN; '7Fe l 
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sputtered T1 30 N; 70 indicate a first maxirrum in the interference function at 
2.87,,-1, This is certdinly consistent with the predicted trend. 

Addit ional structural information is revealed from inspection of the 
~OF(r) curves in Figure 7 and the cOlT'{lilation of data in Table I. These curves 
are also characteristic of diffraction s tudies of metallic glasses. The posi
tions of the first pea~ range from 2,58 " for Ti ~"Ni 56 (from both x-ray and 
electron diHractlon) to 2.6U for electron-irradiated Ti sell; "Ie 3' The first 
peaks in these curves are rather broad and non-sYFJrnetric. This is likely to be 
an effect of the termination satellites as discussed earlier. These errors are 
reflected in the calculated coordination numbers, N, which are listed in Table 
I, Ii is approximately 13 for the sputtered and ion-i~lanted saorp les a~d 
greater than 14 for the electron-irradiated salTllles, These values Illily be com
pared to the global coordination nll;l1ber, Nnn , of Ti ~oNi 60 wh ich r anges from 
12,1 to 12.8 [21]. 

Hen ce, there are no dramatic differences in t he radia l distribution 
functions of the samples discussed here which could be at tributed to di ffer
ences in the amorphization processes. This is a somewhat surprising result 
since t he synthesis techniques are Vastly differe~t. Furthermore, the dis
placement mechanisms for ion ana electron irradiation differ (e.g. there are no 
cascades with electrons). It was therefore thought that high volt age electrons 
would induce a more homogeneous damaye state than would ion ilTll lantation [22]. 
If this were so, the electrons could destroy the long-range cryst alline perio~ 
dicities, but not necessarily the short~range order [19]. This could result in 
a change in the coordination number. Un fo rtu nately, the data from the 
electron~irradiated sample was not deemed precise enough to provide a basis for 
convarison. However, these results indicate that the degree of amorphi city is 
not path dependent. Additional results from other cOlTpositions and treatments 
are forthcoming. 
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