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AbslraeL Neutron and x-ray diffraction measurements have been made on a series of 
amorphous Culi alloys produced by mechanical alloying (MA). Parent titanium powder 
was used that was tree f" hydrogen. The mpper-rich alloys were found lo be fully 
amorphous after 16 hours of MA, but the reaction was incomplete in the titanium-rich 
alloys after the same period and they consisted of intermetallic phases. This is in 
contrasf with lhe results for a wries of samples examined kj us previously, which had 
small mntaminations of hydrogen, but which all transformed to an amorphous state 
after the same period of MA. lhis suggests that the presence of hydrogen stimulates the 
amorphization maction and that in its absence the reaction is inhibited in the litanium- 
rich samples. It is also bund that the degree of chemical short-range order present in the 
fully transformed amorphous samples is also influenced by lhe hydrogen mntamination 
in the parent titanium. 

1. Introduction 

We have recently examined a series of amorphous copper titanium alloys produced 
by mechanical alloying (MA) using x-ray and neutron diffraction (Ivison ef a1 (1991b), 
hereafter referred to as I). The aim of this work was to establish the significance 
of chemical short-range order (CSRO) in the amorphization reaction. However, evi- 
dence was found in the neutron diffraction patterns of a small degree of hydrogen 
contamination in these alloys, which was not detected in the routine x-ray diffraction 
measurements made to check the state of the samples after the MA process. This 
contamination was estimated to be 15 at.% in the parent titanium which reduced to 
between 4 and 10% on the actual CuTi specimens. After suitable corrections had 
been made to the diffraction patterns, total structure factors S(Q)  were obtained 
that showed that these samples were truly amorphous. These S( Q) resembled those 
of CuTi glasses (Sakata et al 1982) and of CuTi molten alloys (He Fenglai d al 1986) 
examined by us in the past. The normalized height of the pre-peak in S( Q) was 
taken as a measure of the degree of CSRO present. The values for the MA samples lay 
below those of the metallic glasses and were comparable with those for the molten 
state. We have now taken the opportunity of examining a new series of CuTi samples, 
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made using uncontaminated titanium powder, during a second allocation of experi- 
mental time on the D20 difltactometer at L L  Grenoble. In this paper we will report 
the rather unexpected observation that the absence of hydrogen appears to inhibit the 
amorphization reaction in the titanium-rich alloys. 

P K Ivison et a1 

2. Sample preparation and experimental method 

The preparation of the samples and the diffraction experiments followed the same 
procedures as described in the previous paper (I), except that for the new specimens, 
325-mesh titanium powder of 2N purity supplied by ALPHA was used, instead of 
the titanium powder supplied by VENTRON. Seven samples were produced wer the 
same composition range as the original samples (75-30 a t %  copper) and the milling 
time for each was 16 hours, the same as for all but one of the first series. The 
first indication that there was a different outcome in the MA treatment, was provided 
by the routine x-ray measurements through the first broad diffraction halo, Seen in 
figure 1. It was observed that alloys with less than 50 at.% titanium gave a diffuse 
halo of the expected form, but [or the Cu,,Ti,,, Cu,,Ti,, and Cu,,Ti,, samples, 
broadened B r a g  peaks from nystalline phases were superimposed. 
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Flgvre L Neuvon diffraction patterns of lhe Seven Cu.liloo-, MA samples are shown. 
The exploratory x-ray dihc t ion  scans lhrough the firs1 broad halo are shown on the 
right of the figure. 2.9 h the sfaltering angle. 
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The neutron experiments were as close to the original measurements as possible. 
The difbaction patterns for the seven samples are shown in figure 1. They illustrate 
immediately that the samples are essentially hydrogen free-by the absence of the 
high sloping background due to incoherent neutron scattering from hydrogen that 
was observed in the previous study (see figure 1 of I, for comparison). However, the 
most important feature of the neutron, as opposed to the x-ray result, is the clear 
indication of sharp Bragg peak in the diffraction patterns of the three titanium-rich 
samples, out to a scattering angle of 20 Y 60". Close inspection of these patterns 
shows additional diffuse contributions from an amorphous phase.. Note that because 
the angular ranges of the neutron and x-ray data are different this gives a slightly 
false impression of the resolution of the two instruments. The peak half-widths for 
the Cu,,li,, are, in fact, about 8' of 28 for both radiations. However, the reasons 
for the rather large apparent differences between the x-ray and neutron difbaction 
patterns taken for the same sample materials will be discussed more fully below. 

3. Atomic scale structures of mechanically alloyed Cu,Ti,,-, 

It is convenient to divide the alloys examined into two groups either side of the 
equiatomic composition. 

3.1. Amorphous CuTi alloys 

The total structure factors S( Q) have been obtained for the four copper-rich spec- 
imens using the methods described previously (I) with the exception, of course, of 
the correction for scattering from hydrogen. The S(Q)  curves derived are similar 
to those of the other disordered CuTi alloys obtained before (e.g. in I) and all have 
the characteristic pre-peak at Q = 1.9 A-' and main peak at Q = 3 A-l. Figure 2 
shows the S(Q) curves for the present MA specimens with the equivalent curves for 
copper-rich CuTi metallic glasses (Sakata a a1 1982) given as an inset. Figure 3 
shows the S(Q)  for just the copper-rich examples from the hydrogen-"aminated 
MA series investigated previously (I) with the equivalent curves for copper-rich CuTi 
molten alloys (He Fenglai er a1 1986) given as an inset. It is clear, by comparing 
the results for samples of the same composition, that the pre-peak is higher for the 
hydrogen-free samples (figure 2) than in the contaminated samples (figure 3) and 
that the features of the S(Q)  are generally better resolved in the region of the sec- 
ond split peak (5-6 k'). 'Ib quantify the degree of CSRO present in these samples 
requires, at the minimum, a determination of the Bhatia and Thornton (1970) par- 
tial structure factors (PSF), S,,(Q) and S,,(Q), and work on this is in progress. 
However, since there is ample evidence (Sakata er al 1982, Fukunaga er a1 1984, 
Ruppersberg et al 1980, Blktry 1978) that the pre-peak in S( Q )  can be associated 
with the PSF S,,(Q) describing CSRO (Bhatia and Thornton 1970) in the absence of 
a more detailed analysis, its height relative to the main peak can be used to estimate 
the degree of CSRO present. A ratio R,, normalized by the weighting factors W,, 
and W,, of the Bhatia and Thornton (1970) PSFS, can be used as previously in (I): 

Height of pre-peak/W,, 
- Height of main peak/WNN ' 

R -  
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Figure 2 ?he SINCIUTC lacton S(Q) for the four mpper-rich Cu.li~~o-, MA samples 
derived [rom the curves given in Kgpure I are shown. lbe S( Q) curves for mpper-rich 
C u , l i l o ~ - ~  metallic alloy glasses (after Sakata CI a1 1982) are given in the inset. Q is 
the scattering vector. 

The values of R, for all the CuTi alloys examined to date are given in table 1 
and plotted in figure 4. These graphs show that the values of R,, and presumably 
CSRO, vary with composition. In the case of the metallic glasses and the molten 
alloys this probably reflects the presence of strong unlike-atom correlations which 
are responsible for the eutectic minima in the CuTi phase diagram. The magnitudes 
of R, for the MA samples and their variation in figure 4(b) confirm the impression 
given by figures 2 and 3 that the S( Q) of the hydrogen-free MA alloys are similar to 
those of the CuTi metallic glasses while the S( Q )  of the hydrogen-contaminated MA 
alloys are similar to those of molten CuTi alloys. Thus a conclusion of this simple 
comparison is that CSRO is better developed in the present hydrogen-free samples 
than in the hydrogen-contaminated ones examined previously (I). 

In the previous study (I) it was explained how the Fourier transforms of these 
total S(Q)  curves can be presented either as a radial distribution function (RDF) 
when the Bhatia and Thornton (1970) weighting factor W,, is large or as a radial 
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Figure 3. Ihe structure factors for five hydrogen-contaminated Cu.li,oo-. MA samples 
studied previously (I )  are shown with the S(Q)  curves for molten Cu.'X,oo-, alloys 
(after He Fenglai et ol 1986) as an inset. 

concentration function (RCF) when W,, is dominant. This latter case occurs for the 
titanium-rich alloys. The evidence of true CSRO is a negative first peak in the RCF 
indicative of unlike neighbours and a strong positive second peak indicative of like- 
atom second neighbours. (This can also be understood in terms of Rber and Ziman 
(1965) partial structures since the weighting factor for Cu-Ti atomic correlations is 
negative and the factors for Cu-Cu and Ti-Ti correlations are positive, as explained 
in I.) It was found in the previous work (I) that only the RCF of the Cu,,Ti,, 
MA specimen showed a welldeveloped negative first peak, but since the alloy of 
that composition has not amorphized fully in the present case, a direct comparison 
cannot be made. However, the greater height of the pre-peak in the new series of 
samples will influence the relative heights of the first two peaks in the RCF in the 
way discussed above, and this is illustrated in figure 5. The RcFs of the present 
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"dbk L 'Ihe values 01 the normalized peak ratio RN. defined in the lext. are given for the 
presenl Cu.Xroo-. MA amorphous alloy6 the hydrogen-contaminated MA series studied 
previously (I); glassy C u , T i l o ~ - ~  alloys (Sabta U aI 1982) and molten Ql. ' l i~oo-~ 
alloys (He Fenglai U d 19%). These values are plotted in figum 4. 

Alloy Composition RN Alloy Commasition RN 
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mntaminated ~ s o ~ s o  

a 5 5 m 4 5  
Cu601i10 
a 7 O T k O  

a 7 5 % S  

0.11 
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0.24 
0.37 

0.00 
a02 
a03 
am 
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0.17 
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Molten a 5 7 n 4 ,  0.21 
alloys 0.19 

Cu,,Ti,, and Cu,,Ti,, are interposed between a series of similar curves from the 
hydrogen-contaminated samples (I), in order to try to create a series of RCFs that 
show a sequence of changes as regards the relative and the absolute magnitudes 
of their features. It appears hom this sequence that the increase in CSRO in the 
new hydrogen-free samples is equivalent to a shift of about 10% in composition 
between the f i t  and second series. However, a more detailed statement must await 
a derivative of at least S,,(Q) and S,,(Q). 

3.2 CytnUine CuTi alloys 

The significant differences between the diffraction patterns of the titanium-rich crys- 
talline alloys when examined with x-rays and with neutrons are chiefly attributable to 
the differences in scattering amplitude with the two radiations, which determine the 
visibility of the alloy constituents (table 2). It can be seen that with x-rays, copper 
scatters twice as effectively as titanium and one thousand times more so than hy- 
drogen, but for neutrons, hydrogen scatters (coherently-see I) slightly better than 
titanium and the factor between them and copper is only five. Average values of the 
scattering amplitudcs of the constituents of the amorphous phases can be used as a 
measure of their visibility. In the case of crystalline compounds suitable combina- 
tions of the scattering amplitudes, b, and 6 - ,  Le. [rb, i~ (100 - z)b,]/100 give an 
indication of the relative intensities of fundamental and superlattice peaks. 

It can be seen from table 2 that with x-rays, TI$ scatters only one tenth as 
effectively as either the amorphous alloys or the two intermetallic crystalline phases 
while, with neutrons, the factor is about one half. Note that with neutrons the 
intensities of superlattice peaks relative to fundamental peaks of the CuTi phases are 
the reverse of those in the x-ray case, as the negative value of influences the values 
of b, and b- .  Table 2 shows that the fundamental peaks of CuTi, are virtually absent 
with neutrons on account of the almost complete cancellation of the scattering from 
one copper and two titanium nuclei. Also for TiH,, both constituents have negative 
values of nuclear scattering amplitude, so the behaviour with neutrons is the same as 
in the x-ray case. 
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CSRO is better developed in the hyarogen-free sam- 
ples r is the radial distance. 

The crystalline phases present in the titanium-rich CuTi alloys can be difficult to 
identify if present in a severely disordered form, contributing only indistinct features 
to the x-ray diffraction patterns. However, in our previous x-ray investigations (Cocco 
el a1 199Oa, b) the phases were identified by arresting the amorphization reaction and 
annealing the alloy produced. The phases present in titanium-rich alloys after h u  
treatment are y-CuTi, B11-type, P4/nmn, a = 3.113 84 c = 5.904 8, (Karlsson 
1951) and CuTi,, SO,-type, I4/mmm, a = 2944 8,, c = 10.786 8, (Mueller 
and Knott 1963). In figures 6 and 7 the x-ray and neutron diffraction patterns of 
the titanium-rich alloys, taken from figure 1, are shown together with the simulated 
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Tnbk 2. Values of Ihe wauering amplitudes and their squares are given for capper 
titanium and hydrogen, for x-ray (at Q = 0) and neutron radiation. Avenge values 
and mmbinations of scattering amplitude are given to help illuSlrate the visibility of the 
amorphous and crystalline phases. 

f 2 ( O )  b b2 
E‘emenu (10- f(”’l2 cm) an2) ( 1 0 - l ~  an) m*) 

cu ai7 66.74 0.7718 0.5957 
a 620 38.41 -0.3438 0.1182 
H azs 0.08 -0.3741 0.1m 

Amorphous (f(o)2) (b2) 
phases (IO-** ~ m 2 )  (10-2‘ cm2) 

c u 4 5 3 S S  51.16 0.3331 
Cu*oTiao 49.14 0.3092 
a 3 0 % ? 0  46.91 0.2615 

~~ ~~ ~~~~~ ~~~ ~~~ 

cuTi2 ~~ 47.01 1.99 awl 0.237 
CuTi 51.62 0.97 0.046 0.311 
TiH2 5.08 3.53 0.132 0.018 

patterns for T-CuTi and CuTi, to aid the identification of the phases. The simulation 
has been obtained with a conventional program for Bragg peak intensities with a 
provision for drawing Gaussian peaks of appropriate breadth. It can be seen that 
the agreement between experiment and simulation is good and that the presence of 
some transformed (amorphous) material in these alloys can be inferred because the 
background scattering is not flat, particularly in the neutron case. 

4. Conclusions 

This study forms part of our long-term investigation of the amorphization reaction by 
mechanical alloying. It has involved CuTi alloys produced using titanium powder that 
was essentially hydrogen bee, and has led to observations that are of general interest 
in this field. 

The first is that in the copper-rich regime, genuine amorphous alloys have been 
produced, but in the titanium-rich regime, the amorphization was incomplete and 
intermetallic compounds were observed. This suggests that hydrogen may act as a 
catalyst to the reaction. This is an important observation which offers a connection 
between amorphization by mechanical alloying and amorphization by hydrogen ab- 
sorption (Yeh er a/ 1983)-for which relatively few candidates are yet !mown. It is 
possible that the fast diffusion of hydrogen through the starting materials, in addition 
to the asymmetric diffusion of the constituents, might assist a collapse of their crystal 
lattices into a disordered state via local structural relaxation. It is known, for exam- 
ple, that hydrogen atoms cannot occupy the favoured interstice of a Ti,H tetrahedron 
unless the titanium atoms are pushed apart with an increase of the order of (54% in 
the Ti-Ti bond distance (Sidhu er a/ 1956). 
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Second, a comparison of the present hydrogen-free CuTi alloys and the hydrogen- 
contaminated series examined by us previously (I) shows that the degree of CSRO 
present in fully amorphous alloys can be influenced by the starting material, and 
specifically that the CSRO is better developed in the hydrogen-free samples. This 
is potentially a dficult Observation to explain. Given that hydrogen atoms prefer 
to occupy Ti,H tetrahedra, one might expect that the presence of hydrogen would 
stimulate the segregation into titanium-rich regions, through normal diffusion, rather 
than leading to true CSRO with unlike neighbours. In addition, as one referee has 
pointed out, the largest differences in the normalized peak ratio R between the two 
series of samples shown in figure 4(6) are observed for the copper-rich alloys where 
the hydrogen contamination is presumably smallest. A tentative explanation, which is 
suggested by measurements currently under way, is that in the absence of hydrogen 
the reaction may proceed by the creation and subsequent destruction of intermetallic 
phases as opposed to a direct transformation from the crystalline parents to the 
amorphous phase (see, e.g., Cocco er a1 lWOa, h). The CSRO present may then 
reflect the atomic ordering in these intermetallic phases rather than being directly 
related to the concentration of hydrogen present. 

More generally, this observation that the CSRO present may be influenced by the 
starting material is quite important if it Will allow the structures and the properties of 
the resulting alloys to he tailored to suit particular requirements. Work on metallic 
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alloy glasses has shown that it is sometimes necessaly to choose an alloy of a given 
composition and then give it a special treatment to optimize a special properly. One 
example is that of giving a structural relaxation treatment to a ferromagnetic metallic 
glass whose composition has already been chosen to maximise the magnetization. In 
the melt-spinning technique the range over which the controlling parameters can be 
vaned is relatively narrow, because of the high quench rate required to produce a 
metallic glass successfully. Extensive attempts have been made to alter the degree of 
quenched-in CSRO in individual metallic glasses and hence their properties by heat 
treatments (e.g. Ruppersberg 1984) and by cold-rolling and annealing (Gardner et 
a1 1985). Since these have been largely unsuocessful, this must indicate, given the 
sensitivity of neutron diffraction in these cases (see I for details), that the quenched-in 
C s R o  is clme to its optimum value. The possibility of varying this state in samples 
produced by the MA method is therefore of interest, with reference to controlling the 
physical properties for specific applications. 

Finally, same reasons for the large differences between the x-ray and neutron 
diffraction patterns of identical sample materials have been discussed. These are due 
chiefly to the variations in the scattering amplitudes of the alloy constituents for the 
two radiations, complicated by the ‘negative scattering’ (see I) for neutrons. 

P K Ivison d a1 
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