
X-Ray Spectroscopic Studies on Fe4oNi38Mo4B18 Glassy Alloy 
During the Crystallization Process 
G. Cocco and S. Enzo 

Istituto di Chimica Fisica delF Universitä di Venezia 

L. Incoccia 

Istituto di Struttura della Materia del CNR and PULS-Laboratori Nazionali di Frascati 

and S. Mobil io PULS-Laboratori Nazionali di Frascati 
Z. Naturforsch. 38 a, 1391-1395 (1983); received August 1, 1983 

X-ray absorption spectroscopic measurements carried out on Fe40Ni3gMo4B18 glassy alloy 
undergoing crystallization are examined and discussed. Some trends in agreement with local-
order rearrangements revealed by more conventional approaches (RDF and SAXS) have been 
found. 

Peculiar features effected in the EXAFS and XANES spectra by increasing temperature treat-
ments, have been interpreted on the ground of different strength of boron interaction with Ni and 
Fe atoms. 

Introduction 

In previous works, Radial Distr ibut ion Funct ion 
analysis ( R D F ) [1] and Small Angle X-ray Scatter-
ing (SAXS) [2] have been concurrently employed to 
explore the short-range order and underlying tex-
ture of Fe4oNi38Mo4Bi8 glassy alloy dur ing the 
crystallization process. Both techniques suppor ted 
each other in the view that an amorphous phase 
demixes within the amorphous matr ix at an early 
stage in the kinetic process. Moreover, it was deter-
mined that a more stable structural condit ion, 
namely the fee y-phase, is achieved by collective 
atomic rearrangement of f ive-fold-symmetry basic 
units, already present in the amorphous state. 

In order to obta in fur ther insight into the local 
order of this mul t icomponent system and in the 
absence of partial correlat ion functions, it is inter-
esting to parallel the above studies by Extended 
X-ray Absorption F ine Structure (EXAFS) and 
X-ray Absorption N e a r Edge Structure (XANES) 
spectroscopies. These addit ional methods of in-
vestigation have become a promising local structure 
probe for non-crystalline materials [ 3 - 6 ] , and, 
providing informat ion on the local environment of a 
selected absorbing component in the amorphous 
structure, seems qui te suitable for the problem in 
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question. A prel iminary EXAFS analysis on the 
FeNiMoB amorphous system, with varying F e - N i 
concentrations has been reported elsewhere [7]; here 
we present the results obta ined on the same speci-
mens previously studied by R D F and SAXS dur ing 
crystallization with the pr imary concern of present-
ing the structural pat tern emerging f r o m the non-
common combinat ion of these very d i f fe ren t X-ray 
techniques. 

Experimental Details 

Samples 

Complete details of the specimen t rea tments are 
reported in (1) and (2). To summar ize briefly, the 
samples (Metglas B 2826 MB) cut f rom r ibbon rolls, 
were continuously heated under a protect ive argon 
atmosphere and quenched by direct admiss ion of 
liquid nitrogen into a Different ia l Scanning Calo-
rimetry (DSC) appara tus at 704.5, 711, 716 and 
777 K, i.e. through the first D S C peak relevant to 
the (Ni, Fe, Mo) y-phase appearance . Moreover , a 
further specimen was s tudied af ter anneal ing it at 
963 K, i.e. beyond the second D S C peak per t inent 
to the complete crystallization of the system: at this 
stage, the residual a m o r p h o u s part turns into a 
metastable boride, (Fe ,Ni ,Mo ) 2 3B 6 , having the 
complex cubic structure of the Cr23B6 c o m p o u n d 
[8], 
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Measurements 

EXAFS and X A N E S measurements were made , 
at room temperature , at the synchrotron facility 
(PULS) in the Frascati Laboratories . Synchrotron 
radiation emitted by the A D O N E storage ring, 
working at 1.5 Gev, was monochromat ized by a 
Si (111) channel-cut crystal. Typical electron current 
was 50 mA. EXAFS and X A N E S spectra for Ni and 
Fe K absorption edges were recorded in the same 
conditions for all the samples previously described. 
In the raw data reduct ion and da ta analysis [9], the 
same procedure was adopted for all the examined 
samples as regards background removal , t ransform 
ranges, effects of data cut-off and inverse t ransform 
range. EXAFS modula t ion is generally def ined 
as [10] 

fi-Vo sr NjAj(k) 
yM = 

M j k '• / 
2r,/m sin [2lcrj+q>j (k)], • e (1) 

where // and //0 are the solid state and the a tom-
ic absorption coefficients, respectively; k = 
[2m (E— E0)/lr]w2 is the wave vector of the ejected 
photoelectron of energy E, E0 being the absorp t ion 
threshold; /. is the photoelectron mean f ree pa th ; 
Aj(k) is the backscattering ampl i tude for each of Ay 
neighbours of type j at a distance r j away f rom the 
absorbing atom and tp, is the total phase shif t for 
the considered a tom pair. T h e exponential term 
accounts for inelastic losses in the scattering process. 

Results and Discussion 

Representative radial correlat ion funct ions, ob-
tained by t ransforming the k y (k) reduced func-
tions. are shown in Figs. 1 and 2 for the F e - K 
and N i - K edges, respectively, for the indicated 
annealing temperatures. Significant correlat ions 
rapidly fade after the first correlat ion sphere, and 
speculation beyond the nearest ne ighbours appea r s 
unreliable when dealing with complicated systems 
like these amorphous alloys [11], Thus, with regard 
to the location of the main m a x i m u m , and restrict-
ing our initial attention to the sample as received, 
the atomic distr ibutions in the envi ronment of Fe 
and Ni atoms center at 2.04 ± 0.02 A and 
2.09 ± 0.02 A. respectively, and appea r in contrast 
with the value of 2.55 A obta ined by d i f f rac t ion 
measurements [1]. The discrepancy between EXAFS 
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Fig. 1. Fourier Transforms of EXAFS on the iron K edge 
for the amorphous Fe40NL8Mo4Bj8 undergoing crystalliza-
tion. FT's of the k/(k) reduced functions were computed 
over the finite k ranee 3 to 12 A - 1 . 

A Ni 

j 963 K 

4 777 K 

"If\ 711 K 

1 a s r e c e i v e d 

1 2 3 4 r, A 
Fig. 2. Ni-K edge FT's of EXAFS signals for the speci-
mens of Figure 1. 

and conventional R D F analysis was found in a 
great variety of metal-metalloid glasses [3, 8. 
12-15] and was at tr ibuted to: i) a large cont r ibu-
tion of the metal-metalloid pair correlat ion funct ion 
to the first peak of the EXAFS Four ie r Trans fo rm 



(FT), [16], or ii) an asymmetr ic meta l -meta l pa i r 
distribution function [17], The d iscr iminat ion 
between the above models is a hard task in these 
multicomponent alloys, and we will not discuss it 
here. Rather, it may be pertinent to note the 
difference in the bond distance obta ined at the Fe 
and Ni edges: this feature appears consistent with 
the previous results [7] and . accordingly, d i f fe ren t 
average coordination a round the two absorbing 
atoms may be advanced. Fu r the rmore we want to 
focus attention on the changes in the E X A F S 
spectra as the system evolves towards crystall ization, 
monitoring the First peak position in the F T 
(Table 1). The position of the dominan t m a x i m u m 
in the Ni-K spectra remains approximate ly constant 
for samples annealed up to 716 K. while the 
samples annealed at 777 K display an increase of 
0.08 A with respect to lower- tempera ture t reated 
samples. The Fe spectra, on the other hand , show a 
progressive increase in the peak posi t ion up to 
777 K; moreover a fur ther shift up to 2.22 A occurs 
for the sample annealed beyond the second D S C 
exotherm only for the Fe spectrum. All da ta being 
subjected to the same collection and reduct ion 
procedures, these peak shif ts seem significant. 

In order to understand these E X A F S data we 
recall briefly some R D F and SAXS results. T h e 
R D F analysis showed that the sample treated at 
704.5 K maintains the general fea tures of the 
sample as received and that only relaxat ion 
processes are accomplished at this stage of heat 
treatment. Although no impor tan t short range order 
rearrangements are therefore involved, the SAXS 
integrated intensity, varying with heat t rea tment , 
concurrently suggests that the system is engaged in 
the early stage of phase demixing. Fur ther , even 
though the constancy of the integrated intensity is 

Table 1. 

Sample First maximum location in the 
Fourier Transform (A) 

Fe K edae 
(E0 = 7112 eV) 

Ni K edge 
(E0 = 8333 eV) 

As received 2.04 2.09 
704 K 2.04 2.08 
711 K 2.08 2.08 
716 K 2.08 2.10 
777 K 2.14 2.16 
963 K 2.22 2.16 

already reached for the sample treated at 711 K. 
thus manifesting accomplishment of the nucleat ion 
process, the related separated phases still retain an 
amorphous configuration, as shown by lack of 
crystalline details in the pertinent s t ructure factor 
and by R D F features. At this thermal stage, in fact, 
progress toward a more def ini te structural state 
takes place through topological arrangements , with-
out metric changes between the ne ighbour ing 
atoms. Fitting this structural f r ame reasonably well, 
the relevant EXAFS features do not change within 
this field of thermal t reatment , suppor t ing a con-
stant distance of atomic distr ibution in the nearest-
neighbour coordination sphere. It may be noted that 
these results are in keeping with EXAFS f indings of 
Wong et al. [18] for Fe -Ni based a m o r p h o u s alloys. 
Particularly, it has been reported that anneal ing up 
to 598 K does not modify the local envi ronment of 
Fe and Ni in Fe^Ni^B^o as far as metrical values 
are concerned. 

Returning to Fe4oNi38Mo4Big, a part icle-coarsen-
ing mechanism occurs in samples annealed at h igher 
temperatures: according to the evolution of the 
particle size distribution functions f rom SAXS, a 
critical size is achieved for which five-fold sym-
metry is no longer allowed. Concurrent ly , fee 
domains appear in the samples treated up to 716 
and 777 K, where the crystalline a r rangement is now 
clearly recognizable. It is here that the fcc-y-solid 
solution segregates, without boron, f rom the still 
amorphous matrix. At this stage the envi ronment of 
the Ni atoms, present for the most part in the solid 
solution, appears to have reached its final con-
figuration, while Fe atoms are still in a two-phase 
site: the crystalline solid solution and the amor -
phous matrix with boron. When the residual 
amorphous part turns into the second crystalline 
phase, i.e. the metastable (FeNiMo) 2 3B 6 for which a 
complex cubic form has been resolved, the final 
shift at 2.22 A is observed in the Fe FT. On the 
basis of only qualitative considerations, the appl ica-
tion of the F e - F e phase shift correction to the 
position of the maximum of the FT yields the value 
of ~ 2.55 A very close to the di f f ract ion results, 
manifesting the crystalline environment of Fe 
atoms. 

For convenience of fur ther considerat ion. X A N E S 
measurements were also per formed. Figures 3 and 4 
show the near edge structures of Fe and Ni as well 
as the relevant first derivatives. As can be seen, the 
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Fig. 3. Experimental trend of absorption coefficients 
(dotted line) and their First derivative (full line) for 
Fe XANES spectra of specimen studied. 
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Fig. 4. Experimental trends of absorption coefficients 
(dotted line) and their first derivative (full line) for 
Ni XANES spectra of specimen studied. 

Fe K XANES spectra display a behaviour which 
changes with thermal treatment. The ratio of the 
first to second peak increases with increasing 
temperature, and only in the case of the sample 
annealed after the second DSC peak does the 
spectrum approach that of crystalline Fe. The 
reduction of the first structure in the edge shape 
with respect to crystalline Fe has recently been 
observed for the Fe 4 0Ni 3 8B 6Pi 4 amorphous system, 
where a strong reduction of intensity of the first 
peak in the XANES spectra was observed, due to 
the metalloid presence [19]. This peculiar fea ture 
has been related to a charge transfer f rom B to 
Fe atoms, inducing a decrease of the empty density 
of state of the metal. Thus the changes in the 
XANES of Fe shows that the initial F e - B 
privileged interaction becomes less impor tan t 
during the 7-phase appearance owing to the gradual 
impoverishment of iron in the amorphous matrix. 

As far as the Ni K edges are concerned, the first 
derivative of the experimental absorpt ion coef-
ficients does not seem to display important changes 
with thermal treatment. This result confi rms that 
the average environment of Ni atoms does not 
change appreciably upon crystallization. The 
avoidance of Ni by boron a toms is supported by the 

edge features, which do not show the decrease of 
strength of the first transition with respect to 
crystalline Ni. When the Ni a toms are coordinated 
by metalloid atoms (as in the a m o r p h o u s NiP , for 
example) an effect s imilar to the one at the Fe edge 
is present [20], 

The results of the present work could be inter-
preted on the ground of the d i f ferent strength of 
boron interaction with Ni and Fe respectively. The 
formation heats of M2B. MB and MB 2 borides of Ni 
are predicted to be at least 15% lower than those of 
Fe [21], Moreover, nickel segregates preferential ly 
during the first stage of crystallization in the boron-
free fee solid solution [22] leaving out boron in the 
still amorphous matrix. Fur ther observations can be 
made about the stabilizing effect of Mo on the 
complex Cr2 3B6-type boride in the presence of a 
concentration of at least 15% at. Ni [23], Depend ing 
on the Mo content, a m i n i m u m crystallization 
temperature and a m a x i m u m crystallization heat 
were found for a content of 4 - 5 % at. Mo in the 
concentration range within which the Cr2 3B6- type 
boride format ion is allowed. Moreover , especially 
important, some N i - M o ordering in the alloys has 
been surmised and the hypothesis that N i - M o 
pairs could already be present in the a m o r p h o u s 



state has been conclusively advanced to account for 
the whole thermodynamic and kinetic da ta set [23] 
and for the relevant X-ray absorp t ion results 
pertinent to the Fe78-.vNi .vMo4B,8 (x = 38, 20, 10, 0) 
system [7], Finally, it is to be remarked that the 
formation of intermetall ic c o m p o u n d s such as 
MoNi 4 and MoNi 3 in the equi l ibr ium phase dia-
gram is indicative of the strong tendency toward 
NiMo coupling. 

Some new details emerge consistent with and 
supporting previous accounts and it appea r s to 
us that the crystallization behav iour of the 
Fe4 0Ni3 8Mo4B1 8 glassy alloy has been clarif ied. 
When XANES and EXAFS results are paral le led 

by complementary techniques and the occurr ing 
phenomena are regarded f rom di f ferent points of 
view, it is possible to acquire a satisfactory under-
standing of the structural condit ions and f ine 
chemistry involved in spite of the complex na tu re of 
the system under study. 
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