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ABSTRACT

Ti-Ni alloys have been made amorphous over a broad composition range by
sputter deposition, ion implantation and electron irradiation. Structural
analysis of these alloys was made by electron diffraction techniques., Micro-
densitometer traces of diffraction patterns produced scattering profiles from
which radial distribution functions (RDF's) were derived. The results from
this analysis were comparable to those from x-ray diffraction studies on simi-
lar alloys. It was found that the positions of the intensity maxima vary
systematically with alloy composition. However, values of coordination number
were less precise due to experimental uncertainties, Furthermore, no dramatic
differences were observed in the RDF's of the samples amorphized by the three
technigues.

INTRODUCTION

Currently, there is a wide interest in the structure and properties of
metallic glasses. MNovel technigues have been developed for both the synthesis
and analysis of non-crystalline materials. For example, amorphous Ti-Ni has
been synthesized by melt spinning [1,2], sputter deposition [3], ion implanta-
tion [4,5], and electron irradiation [6,7]. Among these techniques, the
"effective" quench rate varies approximately six orders of magnitude [8]. It
is therefore conceivable that different amorphous structures may attain from
these methods. Structural information from metallic glasses is usually
obtained by conventional x-ray or neutron diffraction techniques when suffi-
cient quantities of material are available. However, ion implantation and
electron irradiation are only capable of amorphizing thin surface layers. For
these cases, selected-area electron diffraction patterns can provide high
quality structural data. The purpose of this paper is twofold: (1) to review
our recent results on the synthesis of amorphous Ti-Ni, and (2) to outline the
procedure used to characterize amorphous structures by the analysis of electron
diffraction patterns.

EXPERIMENTAL PROCEDURE

We have used sputter deposition, ion implantation, and electron irradi-
ation techniques to amorphize Ti-Ni alloys. The experimental details of these
investigations have been published elsewhere [3-7]; therefore, only the salient
details will be outlined here.
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Sputter Deposition

Samples were prepared by sputter deposition using two magnetron Sources of
elemental Ti and Ni targets. The deposition profiles of the two sources over-
lapped which produced a deposit with the composition varying monotonically from
Ti-rich to Ni-rich. Deposition rates were in the range of 1.0-1.5 nmsec~!
with an argon gas sputtering atmosphere of 3 x 10-3 T,

Ion Implantation

TigNi o TEM samples were Nit implanted at room temperature with succes-
sive bombardment at decreasing energies of 250, 200, 100, and 50 keV. The
corresponding doses were 2,79 x 1015, 2,16 x 1015, 1,23 x 1015, and 6.6 x 1014
ions+cm=%. This implantation scheme produced a nearly flat ion concentration
profile from 5.0 to 80 nm.

Electron Irradiation

TEM samples were irradiated in the 1.5 MeV high voltage electron micro-
scope (HVEM) at the National Center for Electron Microscopy in Berkeley.
Several combinations of accelerating potential (0.5 to 1.5 MeV), beam currents
(0.5 to 20 A cm~2), temperatures (90 to 300 K}, alloy composition, and specimen
orientations were used, Damage rates were calculated using damage cross
sections (o d) from weighted mean values based on effective displacement
threshold energy values of 30 eV for Ti and 40 eV for Ni [9]. At 1.5 MeV, od
is approximately 27 barns; therefore, with a typical electron density of
3 x 1019 e.cm=2.sec~ !, the damage rate is 2.0 x 10-3 dpassec-l.

Transmission Electron Microscopy

Images and selected area diffraction patterns of the sputtered and ion-
implanted amorphous samples were recorded on photographic film with 120 or 200
kV TEM's, These samples were then crystallized in situ with a heating stage,
and the same regions were again recorded. The electron-irradiated samples were
imaged at selected time intervals during the frradiation experiments. Several
exposures were taken of each SADP to optimize the contrast levels for subse-
quent analysis. Microdensitometer traces of these diffraction negatives pro-
vided curves of raw intensity as a function of scattering angle, s{= d4mine/)).
Scattering data were collected up to s = 14 & L,

AMORPHOUS STRUCTURE ANALYSIS

Background

Amorphous structures may be defined as atemic arrangements which do not
possess any long-range periodicities but rather only short-range atomic order.
Hence, diffraction patterns from amorphous alloys contain a series of broad
maxima in contrast to the sharp lines observed for crystalline materials. This
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broadening is due to both the variation of the first neighbor distance inherent
in the amorphous structure and to the difference in atomic sizes. As such,
diffraction data from amorphous structures provide only statistical information
on the atomic structure. The usual method for representing amorphous struc-
tural data is with a radial distribution function (RDF). This function is a
radial density of atoms averaged over all atoms taken at the origin, If p(r)
is the local atomic density, then RDF(r) is &m2p(r). Integration of RDF(r)
gives the average number of atoms at distances between r and r+ar from the
tne chosen origin. Additionally, positions of maxima in RDF(r} curves indicate
frequently occurring atom-atom separations. It is these two parameters, i.e.,
coordination number and peak positions, which are used to characterize the
amorphous structures.

The RDF(r) curves are derived from the scattering data; the analytical
methods for these calculations are presented in the following section. In

Ehis report, we follow the formalism of Cargill [10] and Nandra and Grundy
11].

Analytical Method

The interference function is defined as:

I (s) - N<F 2>
= M,obs*>’ 7 7
I(s) N2 ; €8]

where N is the number of atoms, and for the Ti-Ni system, <f2 (=x . fZ +

X .fﬁ.) is the mean square scattering factor, and <f>?2 [=(x.|.1.fTi + xNifNi]zj is
the square of the mean scattering factor. The observed coherent scattering
intensity, IN,obs{S) is comprised of two contributions:

In,obs (5) = Tobs(s) = Tincon{s)e (2)

Iobs(s) is the raw scattering intensity from the microdensitometer traces, and
‘incoh(s] includes corrections for absorption, polarization, multiple
scattering, and incoherent scattering. It is therefore necessary to isolate
the coherent scattering which will be used in the RDF calculations. In the
absence of energy filtering [12], the term 11I1 uh(s} from equation 2 is assumed
to be equivalent to the background intensity, ?ca(s), of the crystalline SADP.
As such, the interference function is

= = 2
5 3 & EQES a IE&. g <f 2> . -
48 g <f>?

The normalization constant « takes into account an eventual difference in the
overall density of the photographic negatives from the amorphous and crystal-
line films. The values of « and g are adjusted such that the curve
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Im{s) =a ICB{s) + p<fd (4)

passes midway through the maxima and minima of Iob (s), and coincides with
lobs(s) at large values of s. The zero-intensity ?Eue'l of the photographic
negatives cannot be accurately determined, Therefore, a constant C is added to
equation 4 such that

[m[s] - ulw(s) = g<fd +C, (5)

For each value of a {0.5 < a < 1.2), gand C are calculated by a least square
method. The retained value of « (and the corresponding 8 and C) is that which
minimizes the chi-square test. Corrections for multiple scattering were not
attempted.

The radial distribution function is related to the interference function
through the reduced radial distribution function, G{r). This latter function
is simply:

6(r) = 4w [p(r) - o] = ROF(r) - 4arZp J/r (6)

where p is the average atomic density. G(r) is calculated from the Fourier
transform of [m(s] as

s
G(r) = % e 1_(s) exp(-B s2) sin(sr)ds. (7)

[+]

The term exp(-Bs), where B = 0,015, is a damping factor. The coordination
number is calculated from the integral

n= 7 ROF(r) dr (8)
i
[+]

where r' is the first minimum after the first maximum in the function

ROF(r) = 4nar?n . Furthermore, non-linearity effects in the photographic nega-
tives at large values of s produce inaccuracies in Im(s}. Due to these experi-
mental uncertainties, the integral was terminated at s ~10&" L According to
Waseda [13] the positions of the resultant ghost peaks are functions of the
upper limit of integration, i.e., s ___. These ghost maxima should appear at

distances ar = z51125max = anizsmax from the main peak.
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RESULTS AND DISCUSSION

Compositions of Amorphous Ti-Ni Alloys

The partial Ti-Ni phase diagram in Figure 1 illustrates the composition
ranges which have been made amorphous by sputter deposition (s), fon- implanta-
tion (i), and electron irradiation (e). The amorphous Ti-Ni alloy range for
liquid quenching (1) [1,2] is also shown. Specifically, amorphous alloys from
sputter deposition were observed in the broad composition range of 25-65 at.%
Ni. This may be compared to the rather 1imited composition range of 30-40 at.%
Ni by liquid quenching. Other alloy systems show this same trend, which can be
attributed to the faster "effective" guench rate of sputter deposition. This
also holds for the ion- and electron-irradiated specimens. Turnbull [8] esti-
mated rapid liquid quench rates to be on the order of 105 to 108 K sec™ 1,
whereas, the "quench" rates for sputtering and irradiation are approximately
1012 Kesec™1.  For sputtered materials, this rate is based on the arrival time
of the atoms, whereas, for irradiated samples, it is proportional to the time
required for restoration of local thermal equilibrium following the implanta-
tion.

As is seen in Figure 1 the compositions of the irradiated samples are near
TigoNig, which correspond to the composition range of the crystalline alloys
which exhibit the shape-memory effects. Some applications of these shape-
memory alloys require exposure to hostile environments such as for bio-medical
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applications and in nuclear reactors. Recent results indicate that corrosion
[14] and wear [15] resistance of ion-implanted Ti MNi ., with an amorphous
surface layer is improved over those properties of fully crystalline
materials.

Microstructures

A bright-field image and selected-area diffraction pattern of an amorphous
sputtered Ti  Ni . specimen is shown in Figure 2a. The microstructure is
characterized by a typical mottied appearance of amorphous materials, Struc-
tural imhomogeneities (e.g, small crystallites) were not observed in these
films by either amplitude- or phase-contrast imaging techniques. The SADP is
also typical of amorphous structures, and reveals three diffuse rings. In situ
crystallization of this sample at 550°C produced the microstructure seen in
Figure 2b. This is a mixture of the BZ phase, (ordered bcc) Ni Ti (DO,,
structure) and Pnase X [3]. The crystal structure of this latter phase has not
been fully determined; however, it appears to be a metastable Ni-rich phase
with a distorted fcc structure and a lattice parameter of 15,93 A [16].
Additional details of the crystallization behavior of these sputtered films is
presented by Kim, et al. [17].

T
4
]

Figure 2: Microstructures and diffraction patterns of sputter-deposited
Ti,Nigg before (a) and after (b) in situ crystallization.
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Figure 3; Microstructures and diffraction patterns of ion-implanted Ti  Ni
befure {a) and after fhﬁ in situ Crysta1l1zat!on.

“500 n

A_, _A_'

Figure 4: Microstructures and diffraction patterns of T‘] era before (a)
and after (b) electron irradiation at 500 kV.



The as-implanted and re-crystallized microstructures of Ti SJH g are shown
in Figures 3a and 3b, respectively. This sample was implanted with Nit ions to
a dose of 7 x 1013 jonsecm?, and was subsequently crystallized in situ at 550°C
to form the R-phase, which is a rhombohedral distortion of B2 [18]. The nature
of the jon (Nit, Sit, Fe*, N*) does not appear to influence the crystalline to
amorphous transformation in these alloys. The minimum dose for amorphization
with Nit is 5 x 1012 jorecm=2 which corresponds to 3 x 10-2 dpa.

Figure 4 shows the images and diffraction patterns from a Ti gt -Feg
sample before and after electron irradiation at 500 k¥ and 90 K, The initial
structure is R-phase, which became amorphous after approximately ten minutes.
Under these conditions, the total dose was ~ 1020 e.cm 2 which corresponds to
approximately 10-2 dpa. The degree of amorphicity was monitered by the degra-
dation of the extinction contours and the simultaneous appearance of diffuse
rings in the SADP.

Previous investigations have shown that near egui-atomic Ti-Ni alloys
readily become amorphous upon electron irradiation with a HVEM [6,7]. Two
factors which greatly influence this crystalline-to-amorphous transformation
are accelerating potential of the HVEM and sample temperature [7]. The
kinetics of the transformation are increased with higher voltage (> 1,0 MeV)
and lower temperatures (< 150 K},

The amorphous structures of the three samples gualitatively appear to be
similar, In the next section we will present the results of the analysis of
these diffraction patterns to allow guantitative comparisons to be made.
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Figure 5: Intensity profiles of amorphous and crystallized diffraction
patterns of sputtered TfuuNiss



Electron Diffraction Pattern Analysis

The starting point in this analysis is to convert the diffraction inten-
sities on the negatives to intensity versus scattering-angle curves. A typical
analogue output from the microdensitometer trace is shown in Figure 5 for the
amorphous and crystallized states of sputtered Ti,  Ni.. These traces corre-
spond to the conditions of Figure 2. Also shown are the crystalline background
curve ICB{S) and the fitted scattered intensity curve I (s). Accurate calibra-
tion of the abscissa was made by indexing the crystalline diffraction pattern.

The interference functions for the three samples were calculated from
equations 3-5, and the resultant curves are shown in Figure 6, These curves
are quite similar in terms of overall shape, peak positions, and intensities.
The shape is typical of many metallic glasses; in particular, the shoulder on
the second peak 15 a fundamental characteristic. These results indicate that
the amorphous structure may be modeled as dense random packing of hard spheres
[10]. The peak position values from the interference functions are presented
in Table I. Alse included in this table are the results from x-ray diffraction
experiments with MoKe radiation. The first maximum of the sputtered Ti  WNi ..
sample has a peak position at 3.0A-1 with both x-ray and electron diffraction.
The other peak positions in this specimen are also nearly identical. However,
the peak positions in the jon-implanted and electron-irradiated samples are
slightly less than those of the sputtered film. Specifically, the first peak
appears at 2.95 and 2.92A-1, respectively. These results also compare
favorably with those reported by Wagner, et al. [20] on x-ray diffraction
studies of melt-spun T165N135 metallic glasses. For example, the shape of the
interference function curves from the two studies is similar in the range
2-6&-1. Furthermore, they observed the first two maxima in the interference
function at 2.85 and 4,855 1, These small shifts in peak position may reflect
the difference in compositions used in the two studies. The effect of composi-
tion on diffraction maxima position is a function of atomic sizes of the alloy
constituents. The Goldschmidt diameter of Ti atoms is 2.95A compared with 2.54
for Ni. Thus, the Ti-rich glasses should have Tower peak position values in
the interference functions and correspondingly higher values in the distribu-
tion functions than Ni-rich metallic glasses. Our preliminary results on

TABLE I: CALCULATED STRUCTURE DATA

DIFFRACTION Im(s) PEAK RDF (r) PEAK COORDINATION
SPECIMEN TECHNIQUE POSITIONS (A°1) POSITIONS (A) NUMBER
51 % "1 'y
Sputtered X-Ray 3.0 5.2 2.58 4.5 13.2
Ti g N g Electron 3.0 5.2 P 4.5 13,0
Nit Implanted
Ti oM 5p Electron 2.95 5.1 2.58 4.5 13.4

Electron Irradi-
ated (500 kV) Electron 2.92 5.1 2.61 4.5 14.6
Tig N, Fe 5
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sputtered Ti, Ni,, indicate a first maximum in the interference function at
2.874&1, This is certainly consistent with the predicted trend.

Additional structural information is revealed from inspection of the
ROF(r) curves in Figure 7 and the compilation of data in Table I. These curves
are also characteristic of diffraction studies of metallic glasses. The posi-
tions of the first peak range from 2,584 for Ti  Ni .. (from both x-ray and
electron diffraction) to 2.61& for electron-irradiated Ti g Ni L Fe s The first
peaks in these curves are rather broad and non-symmetric. 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
[. N is approximately 13 for the sputtered and ion-implanted samples and
greater than 14 for the electron-irradiated samples. These values may be com-
pared to the global coordination number, N of Ti M .o which ranges from
12.1 to 12.8 [21].

Hence, there are no dramatic differences in the radial distribution
functions of the samples discussed here which could be attributed to differ-
ences in the amorphization processes. This is a somewhat surprising result
since the synthesis techniques are vastly different., Furthermore, the dis-
placement mechanisms for ion and electron frradiation differ (e.g. there are no
cascades with electrons). It was therefore thought that high voltage electrons
would induce a more homogeneous damage state than would ion implantation [22].
If this were so, the electrons could destroy the long-range crystalline perio-
dicities, but not necessarily the short-range order [19]. This could result in
a change in the coordination number, Unfortunately, the data from the
electron-irradiated sample was not deemed precise enough to provide a basis for
comparison. Howewer, these results indicate that the degree of amorphicity is
not path dependent. Additional results from other compositions and treatments
are forthcoming.
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