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BABSTRACT
K;Pd-Si metallic glasses have been utilized as catalysts in
the Fischer-Tropsch reaction. The glasses are selective of
ethane, whereas the in-situ crystallized glasses select a range
- of hydrocarbons cheracte:istic of conventional Pd catalysts.
This shift in selectivity has been observed in other
hydrogenation reactions. Surface crystallization caused by the

reaction conditions causes variable selectivity. Crystallization

1n reaction condltlons has been monltored by DSC.

During the course of the grant we developed the use of (+)-
apopinene (656-d1methy1—1R,5R—blcyclo[3.l.l]hept-2-ene) as a
molecular probe for determining the number and kinds of active
sites on metallic glass catalysts. To accomplish this we
conducted many experiments for comparison on other types of

catalysts. These were foils, powders, and highly dispersed

metals on several different supports. The glassy surfaces appear

'\.

to 'be three dimensionally random (hilly or rolling) with manyi

protuberances which crystallize into staircases of steps and

kinks.
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I.. Results and Discussion

A. Surface Analyses of Metallic Glass Catalysts

1. Computer Simulation ol

<

Much work has been done in recent years concerning the
characterization of glassy metals. Computer generated models of
the bulk structures of metallic glasses have been described which
successfully predict density, and whose model generated radial
distribution functions fit experimental results from neutron
diffraction and EXAFS. The atomic scale bulk structure has been
modelled by a dense random packing of hard spheres [1] and by the
sequential addition of single atoms to different seed structures
[2]. Clezxr improvement to the fit of the radial distribution
funétions tp ggperimental resu%ts was cobtained by Barker when the
resu;?ing égg;iguratidns were allowed to relax under the
influence of 'a simple potential energy function [3].

One way to characterize the roughness of the surface is to

introduce the fractal<dimension [4], D = log N , where N =DL2,
log 1/r

r = 1/« and Kis the number of subsegments, and r is the length
of the segment. For example, a Brownian Island, which represents
random walk, has a dimension D = 2.30.

_;Thémmetal—metﬁ}loid type of glassy ﬁetal exhibits some
unigue features. E% was found from EXAFS experiments that each
metalloid has a constant number of metal near neighbors [5].

This suggests that the metalloid sites form the center of some
kind of molecular unit, which is characteristic of the alld§
system. This idea was proposed by Gaskell [6], whq anaféééd the
bulk structure of Pd4Si glass constructed by packing NM6 trigonal

prisms (N-metalloid atoms, m-metal atoms).!



Only a little work has been done in the characterization of
the surface of metallic glass. The first attempt was by S. M.
Garofalini [7], whose model dealt with a theoretical single
component amorphous material. The distribution of the binding
energies of the surface atoms was found. This distribution
indicates the presence of a high density of high binding energy
sites, which were similar to those expected for adatoms at kink
sites on closed-packed surfaces. The energy profile of a
diffusing surface atom and the binding energies of surface atoms
indicate that the surface of amorphous' sorids™are rough. ~
However, an alloy glass exhibits chemical SRO, which does not
exist in Garofalini's model. Thus, Garofalini's model is not'
suitable to describe thc surface of an amorphous metallic glass
alloy.

In the case of crystalline materials, the TLK model shown in
Figure 1 is well known. The surface according to this model has

a high density of sites with coqrdination number 9 on the

v
\

terraces (A-site), and a lower density of low coordinated site§§
ledges (B—si;e), kinks (C-site), and adaggms {D~site). This work
presents a comp%ter simulation technique employed to study the ‘
surface characteristics of Pd4Si alloy metallic glass in terms of.
distribution functions of surface atom coordination numbers.

These distributions will be compared to those geﬁerated from

surfaces which occur on crystalline Pd, which fit the TLK model,

Figure 1 and to small crystalline particles, similar to supported

metal catalysts.



Figure 1. Térrace-Ledge-Kink (TLK) mode] showing-the -following
: sitas: =zarracz a-site, ledge b-site, kink c-sitz and
adatom d-sita. ’ )
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~a., Bulk Model Generation

.The computer generation procedure in thié'work is éimilar to
Gaskell's bulk model for Pd4Si glass [6]. The NMS‘frigbna1~prism
was chosen to form the basic structural unit of the bulk glass
structure (FigureHZ). The six palladiuh atoms are .at the corners
of the trigoﬁal prism and the silicon atom is put at the center

of the prism. Gaskell's trigonal prism, Fig. 2a, has a void of a

radius 0.725 A. Thus, in Gaskell's case, putting silicon atoms

{(1.117 A radius) inside the voids caused severe distortion of the
prism.. In our case the prism is such that it initially containé
the silicon atom. Gaskell's trigonal p;ism is shown in Figure
2a, and our modified trigonal prism is shown in Figure 2b. The
ne§txﬁhits are related to the original prism by clockwise
rotgfionﬁfthrough 221° 12° é;ound-the axis in the same plane,
whfle in Gaskell's case the rotation was 215.3°. Repeated
rotations around the axis in the same plane produéelthe edge-
sharing arranggment of trigonal prisms. The larger rotation
angle in our ;odel to produce edge sharing was necessitated by
the expanded trigonél prism as compared t6 Gaskell. 9

The result of s}arting ﬁith a trigonal prism and generating
the bulk structure by repetitive rotaﬁ;ons is.shown in Figure 3a,
a 78 atom wooden ball mcdel. The presence of silicpn atoms in
the prism causes more artificial voids, Figure 3a, than that
depicted by Gaskell, whose prisms were empty initially. A bulk
‘structure is built up in our cbmpﬁter model by adding successive
layers of trigonal prisms to.the original trigonal prism until
860 or 1200 total atoms.have been added. This proc¢edure is

continued until the most dense packed arrangement of trigonal
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prisms is reached. The generating prbcedura-maintains the NM6

.sho;f ranée.order, while packing th; t;igonal prism; as
effi;iently as possible. At each triéonal prism addition step,
the whole structure is checked for overlapping. If there is an
overlapping, the addifion of the whole the prism does not proceed
and, as a result pf this, artificial vdids appear.

at this stagé the model is not adequately physical and needs
a bulk relaxatioﬁ procedure. This goal was accomplished by
minimizing the internal energy. The cohesive energy of such a
system was‘assuméd to be adeguately represented by a sum of
‘pairwise interaéfions [8]. For the present work a 6-12 Lennard-
Jones.pot;ntiaifwas chosen. The interatomic potential-v

i °

Vﬁj[Rijlzn' Rijaﬁ,'where Rij = 2~1/6 jo, and Ty is the distance

between atoms i and. j and jo.is the equilibrium interatomic

4

distance. The: quantity ﬁij is the binding energy between atoms
3
in i and J which is assumed to be equal to cohesive energy. The

exp1101t form of this potential for our system is given by the
folloW1ng equations where values of\) and R, for Pd and Si

ij

-are taken . Erom Boudreaux [8]:

: r
N ~12 - -6 :
Vpaopg = 1.9 | | 2716 x 2,77 Y AR TN, (1)
e : L ’.‘r . r
) o~ ' —12 — =6
Vpdosi = 2:73 | 12716 x 2,47 - 2=1/6 y 2,77 (2)
&) r . e
. L 1 —
" T . —12 s - aated --;-6 )
Vei_si = 0.55 | 2716 x 2.65 o (28 a8 | (3)
r br "
. - [ Pl {

Compared-to Boudreaux's potential terms [8], the above



poténtrals do not.include terms due to truncation and in our case
"the total energy, Epr was calculated taking into account all

atoms in the model,

Ee = 1
t Z i,

l‘ 1=

Vij T, (4) .

by

The energy minimization was accomplished by steepest descents
methodf[g]. Each atom is simultaneousl& moving along the
direction of .the net force on that atom Lg]i' Tne atoms are moved
a distance proportional to the magnitude of thejforce on them.

After each such move, the forces are recalculated and the atoms
it

moved again. ,mhe force on atom i is given by . Fi = -AV. The

atoms are then moved according .o xl n = hiViVn.f

The constant h was chosen for each step separately. The values

of h in this.étudy were 0.1 to 1.0. The new set of coordinates

in the nth interaction Xi,h = Xi,0 4.Axi h. The new value of 4
energy is calculated in new coordinates. To assure that the "

minimum of the total energy is reached the average force:. ~

.
= N-l(.g Fk2)1/2

- k=1 .

was introduced, where N is the total number -of atoms in the

model. - The procedure is'etopped when F < %% wnich assures that

" (5)

the final energy E, is approached within 1% of the minimum value.

o
5

b. Surface Model Generation

2

The task of this work is to generate a surface of an
amorphous material corresponding to the solid-vacuum interface:
and a solid adsorbate interface.: The surface of the alloy glass
was generated by two approaches, one as smooth as possible and

the other as rough as possiole. The smoothest possible unrelaxed .



! sdrface was generated in‘the following way. The boundary

condltlon ln the Z direction is 1mposed such that no atom is
allowed to have the Z-component greater than a fixed number,
Figure 3b. This boundary condition is the equivalent of a

fracture surface at the dashed line in Figure 3b. This :

i
)

generation procedure allows composition to be maintained uﬁ to

the prism layer below the top surface.. In other words, up to the

surface, the structure consists of trigonal prisms which generate

‘the bulk composition Pdg,Si 20 utilizing a total of 860 atoms. By

allowing the surface top 1ayers to be formed without retai1ing

the trigonal prism structure, the silicon atoms: are

preferentiaiiy exposed to the surface. A rough surface boﬁndary

condition was generated by simply continuing the trigonal prism

fistructure up to the surface? utilizing a total of 1200 atoms, and

"
y

ﬁ“preferentially exposing palladium atoms. These two boundary

conditions 1mpose a thickness range on the surface layer

-"between atom (a total of one atom), ‘Figure 3b and 1 trigonal

prlsm (a total of two prlsms), Flgure 3a. The minimum roughness

lS the amorphous equivalent of a crystallographlc plane with an
adatom and a vacancy, and appears to be a reasonable minimum.
The maximum of oOne trigohal prism would appear to be a
reasonable 1imrt for ggyel—metalfbid glasses, whose density

approaches a dense random packed liquid.

The e&uilibrium surface- segregation was finally reached by
utilizing minimization 6f binding energy as the driving force for
segregatlon, while neglectlng the effect of entropy. The entropy
contribution to the tctal free energy can be’ shown to be

10



Figure 3.

-

b)

Ball model representing: a) bulk simulation used to
generate the rough surface, b) dashed.;line represents
tne smooth surface boundary condition. Both conditions
correspond to the unrelaxed case. -



neéligible in the following way. The total freé energy for the
,é&ségm can be formulated as follows:

Gy =-Ht - Tsé. The pressure -‘volume term in enthalpy is assumed
to be negligible, and instead of enthalpy we can consider the
internal engrgy:

Gy = Et - Tst' The binding energy between the atoms in the
various pairs of atoms is expressed in terms of L-J potential.
For our system containing 86Q atoms; the corresponding total
energy was found to béREt = -2236 eV after the final relaxation.
The driving férce of surface segregation is the minimlization of
the total free energy of the alloy system at a given bulk

composition. The segregation can be visualized as an exchange

reaction:

Asurs. * Boylk T Abutk * Bsurf E : (6)
The entropy contribu?ion to the total free energy,

‘ st'= [SA(surf) + SB(surf) + SA(bulk) + SB(bulk)] (7)
Only the_entropy of mixing SA = kxAln ap is considered, since, in
an alloj-system, this term ié the most important with respect to
segregation. 'For the ideal case SA = kxAln Xpe Thus,

S

_ s s s s b b b b
£ = k(xPd in 854 + Aoy in agy + X Pdln apg * X Siln a sj_)(8)

11



In ideal case, ’ ; e B
! vy
’ 3y

_ s s ] 7 b b b
. Se = k(253710 X547 + Xg 7 1n XSiﬁﬂf X pgqln X'pq * X

b
Siln b4 Si),.(9)
where x, is the concentration of i-th element, and a; is the
chemical activity of i-th element.

By assuming ideal entropy, equation 9, the entropy

contribution per atom for the smooth boundary condition was found

16

to be -1.57 x 10 ~erg/®k at 300°K, TS per atom was found to be -

4.7 x 10-14 erg = ~-2.9 x lO_ZeV.‘ Therm9dynamiq data provided by
Kozlov et al [10] for the Pd-Si system enable correct
calculations of entropy from equation 8 for the non-ideal case.
The éﬁ%rcpy contribution per atom was found -2.2 x10—16 erg/oK,g
so that at 300°k, TS per atom is,;6.6 x 10 erg (-4.1 x 1072
eV). The binding energy per atom is -2.5 eV. The contribution
ofzepthaléy per atom is almost 100 tiTes greater than the entropy
coétributioh gt room temperature; thus, we can justify using qply
.tﬁe'energy term in the relaxation procedure. The final relaxéd
composition o£ the PdSOSiéO alloy for the first surface.layer is

Pd658i35, as getermined by the energy minimization calculation.
In the second approachffo geneiating the surface structure,
an initially rough surface Jas sbtained by the last frigonal
prism layer when 1200 rough atoms were exﬂéusted, Figure 3a.
This procédure generated a surface with almost the bulk
compoéition. Many P4 atoms were at prism corners where their
coordination number is three (analogous to a large population of
adatoms on a (111) plane of fcc). This résulted in a.very;loﬁ
coordination number on relaxed surface, C.N. = 4.86. Again, the

whole bulk and surface of the initial model were subjected to the

L-J potential and relaxed in the same procedure as in the first

12



a?piéaéh, the different surface generation procedure resulting in
1200 total atoms. The surface was assumed to be segregated and
reléxed when the forces acting on the surface atoms are

/E

this approach was again assumed to be negligible. The final

negligible (é:,c -

Etmin tmin < 1%) and the effect of entropy in

composition of the first layer was 35% of Si and 65% Pd in our
first approach and 38% S1 and 62% Pd in this second'approach
The dlsper51on (surface atoms/total atoms) was 0. 24 in the second -
approach and 0.36 in the first approach, since there are more
total atoms in the Qecond approach, which causes dispersion to go
down. ' -

‘:_The fulk density of the model generated structure was found
to be 10.1 g/cm3 for the smooth surface approach. The system is
cqméosed of 172 gilicon atoms and 688 paladium atoms. The total
mass m= 129 x 10-21g. The total volume of the model,

v = 128 x 10722 cn3. Thus, 4 = 10.1 g/em® with Ap= 0.3 as
‘compared to an experlmental value 10.3 g/cm3 [11], which is

within experimental error.

-

The model volume was calculated by finding the maximum
valueé of x, v and z which defined the model's boundaries.
The volume is 33A x 30A x 13A = 128 x 10 22cn3. The total
error in.the calculated volume, arising from a 0.6A
uncertainty in the z plane, is 5%, which gives a 0.25 g/cim3
error in the Qénsity. Since the difference between the
ezperimental and calculated density value is 0.2 g/cma, we can
Cponclude that the réiaxation of the model wa% accomplished within

the expected error of the calculations. The discrepancy is due

to the fact that even the relaxed structure has some voids, which

13



would lower the density value.
.. Results TR,

Based upon this model,bnrobabrd—ty distributions of the

.....
~le.

\\J

Jumber of nearest nelghbors, C. N[: for the atoms located on the

surfacg were calculated and are plotted in Figure 4. Three types
of distributions were éhalyzed, each of which describes the
vicinity of the palladium atoms on the surface. Figure 4a shows
the distribution of Pd-Pd neighbors for the surface. The
distribution was ‘calculated at the distance 2.78A from the
original atom. This distance corresponds to the first plateau
position in the Pd-Pd C.N. distribution function, Figure 5b,
which corresponds the first coordination shell. : Figure 4b shows
the distribution of PA-Si nearest riéighbors, calculated at the
distance 2.57A from a Pd atom at the origin, which corresponds to
the sharp plafeau in Pd-Si. C.N. distribution; Figure 5a. Figure
, 4c shows the vicinity of P4 surface atoms for both P4 and Si
\nelghbors with the range of C.N. from 4 to 11. The sxtes with
Q.N. 10 and 11 have very low probability. An average
ééordination number was C.N. = 5.94, as compared to 6.24 found in
uéfelaxed case, which is shown in Figure 6, analogous to Figure

? The surface segregation of silicon with respect to different
C.ijs of surface sites is illustrated in-Table 1. The ratio
betwéen silicon and palladium atoms for a given surface site
decreéses as the C.N. increases, thus showing the tendency of
silicon atoms to segregate préferentially at low coofﬁinated
sites. The relaxation of the model shows that the'sufface is

further enriched in silicon, Table 1. By using a surface

14
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g;aphics system the simulated unrelaxed surface is shown in
Fiéure 7. The simulated surface of the relaxed and seéregated
gla;s is indistinguishable from Figure 7. The picture
illustrates the roughness of the surface in terms of
predominantly low coordinated sites. The roughness of the
surface was described by the use of the fractal.dimension, D.
For the surface depicted in Figure 7, D = 2.31, as compared to
2.30 for the Brownian surface [4]. D was d%termined by how many
initial squafés can be fqﬁnd in the rectangles obtained from the
surface simulation. In our case we assume that a rectangle
becomes a sqﬁére when a, 2 1.5(al), which leads to an error of 4%
in D, oxr D = 2.3 + 0.09.

At this stage surface reconstruction is 1nduced by changn.ng~
the 1ength of the bond between the atoms on the surface first
layer and the bulk compared to the bulk length. The Ro parameter‘
iﬁ the Lennard-Jones ﬁbtential for the surfaée aéoms is reduced
compared to the bulk and the scaling is directly proportional to
the C.N., i.e., the smaller the coordination number, the.larger
the contraction. The Pd-Pd surface average coordination number
distribution function exhibits a sharp peak at 2.72A from the
origin atom, Figure 5b (initially 2.78A, Figure 4a) ‘and the Pd-Si
pair distribution function exhibits the first peak at 2.453,
Figure 5a (in;tially 2.57A, Figure 4b). These shifts in peak
positions, eg.%2.78A to 2.72A, would be difficult to verify
experimentally. However, the effect of such surface
reconstructlon on the properties of the glass is significant, as
evidenced by clear shifts in catalytic selectivity which occur

upon reconstruction of crystalline catalysts [18].

15



A similar distribution of nearest neighbors on the
.rec;nstructed surface is shown in Figure 8, which shows that only
the Pd-Si distribution is changed. The effect on silicon‘
segregation is shown in Table 1. The segregation of silicon is
greatly enhanced at low coordinated sites, which is in agreement
with Somorjai [12].

The model first represented the glass-vacuum interface. The

model was then used to chd%acterize the influence of

physisorption on the surface structure. The physical adsorption

&

of helium was achieved by minimizing the binding energy of the
surface interacting with helium atoms. After a relaxation of the
surface induced by interaction with helium atoms, the Pd-Pd pair

distribution exhibits the first peak at 2.74A and the Pd-Si

distribution at 2.48A. Surface .contraction is slightly reduced

by the presence of a physisorbed layer of He. The nearest
neiéhbor distributions are shown in Figure 9.

In the second approach, using the rough Boundary condition,
the generated surface was rougher éoﬁpéred to the first approach
with the CN = 5.64. This approach generated a surface graphics
simulation whichlis indist;nguishable from Fiéure 7. The
distribution function corresponding to this case is shown in *
Figure 10a. The C.N. for unrelaxed model was 4.86. The

fn

corresponding distribution function is shown in Figure 10b.
d. Discussion ‘

A description of the metal-metalloid alloy glassy surface
was accomplished by examining the distribution of surface
coordination numbers. The comparison is made among a single

crystal surface, the surface structure of small particles, and

16
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) Si 0.35 n.93 0.90 0.33 0.45 n.28
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The relation beiween coordination numbers and segregation of silicen
for (a) the model relaxed from the initially smooth surfaca (5) che
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Fiqure 7. The syrfacz of the relaxad Pd,51 metallic glass displayed
via qrapiics system 45 compared o stapped single crystal
surtaca. 8alls reorssenting atams in the single cryszal
surface are 28 ig diameter in tn2 scale of this picture as
camparsd ta 2.754 of palladium atoms.and 2,23R of silicon
atoms. 3Swoatn syrfaca boundary condition.
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the metallic glasé‘surface model presented in this paper. From

our model the C.N. distribution ranges from 4 to 11 and the mean

’

value is about 6. One type of high Miller index plane, the (331)
_plane'of palladium, is thermodynamically stable [13]. The

:distribution for .surface coordination numbers for-this plane is

“given in Figure 12b. It shows the existence of sites with

coordination numbers 7, 9 and 11, but the mean value is 9, the

same as on (111);p1§ne. A kinked-steppe@-reconstructed surface
for the (10 8 7) plane was-repgrted stable for platinum [13]. In
'thls case the C.N. ranges frdﬂ G‘to 11, but C.N. = 8.5 (Flgure
lla), close to that for an fcc (111) texrace where C.N. =9, 1In
case of small particles, Gillet [14] reported that for éo A P4

partlcles the fcc structure prevalls. Figurzs 12b shows that the

distrlbutlon function has C.N. = 6-8

_*ror the fcc particles
surface atoms.. Gallezot [15] reported that for platinum
particles under the 1nf1uence of H2 chemmsorptlon, a normal fcc
bulk structure exists. The comparlson of C.N. shows that the

" small particle value of F.N;i; 6.85, much closer to the
calculated glass valug in this work of 5.96 than the highly
stepped-kinked (10 8 7) ﬁlatinum surface.

The small partieles can have a distribution ranging only
from 6 to 9, in the cube-octahedron case and the fcc case, Figure
11, since no concav;tles are present. The (10 8 7) surface has a
wider distribution, ranging from 6 to 11, since concavities are
present (C.N.‘= 10, 11), but no convexities are present (C.N. = 3
to 5); only the glass has a distribution ranging from 4 to 11.

. It may be thar with respect to catalytic applications, the glass

can compete with small particles for reactions which require low
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~c95rdinated sites and with the high-Miller indexed single crystal

stepped surfaces for reactionsa which require high-~coordinated

sites. This makes the glass surface very versatile for catalytic

[N

applicatioﬂé. It waf fcuﬁ@ by Ledoux [16] that the presence of
low C.N. sites on & kiﬁﬁaﬁzstepped surface can account for the
mechaniém of olefin h§a;ogénation on transitionémetal surfaces.
The selectivity of addition greatly depended on the presence of
low coordinated sites. The reaction of olefins on Pd4Si Qlass
carried out by Brower et al [17] showed a high selectivity for
addition, thus supplying fﬁrther evidence that the glass surface
has a high density of low ?oordinated sites.

The surface éegregatibn illustrgted in Table 1 shows that
the segregation takes éiac% prefgrentially at sites with low
coordination number. Thus:the composition of the surface of the
PdBOSi20 alloy is enriched in silicon especially at low
¢ coordinated sites. Becaugg, on a real surface, contraction takes
place, reconstruction of the surface is necessary. This
contraction is a function of coordination numbers [12]. The
distribut}on functions show that a slight contraction is
introduced to the reconstructed surface. Onlyﬁthe ?d-si
distribution has changed, and thus the silicon segregation at low
coordinated sites is enhanced. !

The physisorption of helium atoms oﬁ the amorphous surface
showed +that physisorption does not have any significant effect on
the surface structure or composition. Reconstruction and surface
segregation were not induced by physisorption. The physisorption
can only slightly reduce the contraction of the surface. This

can be understood in the light of the nature of physisorption,
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since only a physical interaction exists between the surfage of
the glass ahd‘the helium atoms, a much smaller cohesive energy
than Pd-Pd and Pd-Si.

The model of the Pd-~-Si glassy surface predicts very
significant shifts in C.N. For example, the difference between
C.N. for the two unrelaked boundary conditions (4.86 and 6.25) is
about 1.4. The difference between C'§5 for a (111) close packed
plane and a 10A particle, Figuré 12, (5.00 and 6.85) is 2.2. The
shif@ in catalytic selectivity as the surface‘roughness of a
noblé metal surface structure changes from a close packed plane
to a small particle is dramatic [19], and is the basis for the
concept of structure sensitivity‘in catalyzed reaction [20]. The
shifts of C.N. upon relaxation of the two extremes in unrelaxed
glasses are 0.78 in the rough surface case (4.86 ---> 5.64) and
0.30 in the smooth surface case (6.24 ---> 5.94). Both of these
. C.N. shifts are greater than the shift goihg from a (111)
close packed plane to a very rough, stepped and terraced (10
8 7) plane, 0.25 (9.00 ---> 8.75). Again, strong differences in
catalytic séiectivity over such planes have been observed by
Somorjai and workers [21].

The calculated fractal dimension of the glassy surface of
2.3 implies a surface roughness on the atomic scale, as shown in
Figure 7. This scale of roughness was observed by Huntley et al

[22] by Low Energy Ion Scattering measurements on Fe80820

metallic glass.

e. Conclusions

The amorphous surface simulated in this paper 'is rough on an

atomic scale with an coordination number ranging from 4-11. This
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surface coordination number can be compared to high Miller index
_plahgs ranging from %—1£\§nd small particles rangiﬁg from 6-9.
The roughness of the metaﬁ?ic glass surface is described in terms
of distribution functions ;f the surface coordigation numbers and
by a fractal surface dimeﬁ%ion of 2.3. The average surface
coordination number of‘iﬂ;-glass is lower than that for a small
particle and mﬁch lower than that of a nominally flat
crystallographic plane.
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2. HVEM at Argonne National Laboratory

Amorphous Pdg,Si,, flakes produced by.the shock tube
technique have been used as catalysts in hydrogenation and
isomerization reactions of olefins [1,2]. Amorphous PdBOSiZO
exhibits altered selectivity with respgct to a cf;stalline Pd
catalyst [2] and amorphous FeBOBZD [3]. +the Fischer-Tropsch
reaction requires a temperature of 360-40000, which is in the
range of crystallization temperatures for FeBOBZO glass in inert
atmosphere and vacuum. Thus, knowledge of the kinetics of
crystallization both in inert and reactive atmospheres is .
essential, if such non-equilibrium catalysts are to be ﬁaintaineﬁ
as glasses in hydrocarbon reactions.

It was reported by Masumoto et al. [3] that the
crystallization temperature of FeBOBZO amorphous ribbon was
lowered by 132° ¢ during the Fischer-Tropsch reaction. They also
observed_up-tdfa'hundréd times lower reaction rate after
cryétallization. It was found by E. E. Alp et al. [4] that the
crystallization of FeBOBZO glass in the presence of inert gas

differs from the crystallization in wvacuum. Wagner et al. [5]

found a difference in the crystallization kinetics as a function
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of annealing atmosphere for Fe78Mosz0 metallic glass alloy. The

_crystallization temperature was higher in one atmosphere of argon
7

as compared to 10 ’ torr vacuum.
+Here we report the study of the crystallization of PdBOSiZO
alloy glass in vatuum and in a cyclohexane atmosphere by using

the High Voltage Electron Microscope (HVEM) in conjunction with

an in situ environmental cell available at Argonne National

Laboratoryl

a. Experimental Procedure

The samples were prepared by using "shock tube" rapid
solidification technique [6] from a master alloy of the
composition PdSOSizo; The use of the HVEM at Argonne National
Laboratory, which is equipped with 1.2 MeV accelerating voltage,
enables the study of unthinned flakes produced by out shock tube
splat cooler: due to the useful depth of penetration of the
electron beam of ;/Um. The reéolution of the HVEM in the imaging
mode is 3 angstroms. Using unthinned samples prevented: spurious
crystallization effects due to the electrolytic thinning process
[7] and allows an evaluation of adsorption effects on the glassy
surface whiéh would be inserted into a reactor. The shock:Fube
produced flakes are'néminally 5 microns thick, but have an
irregular thickness with occasional holes. Large areas of the
unthinned fiakes are thin enough to become electron transparent

at the high electron energies available in the HVEM. Two samples,

of Pd808120 were studied, one in normal TEM column vacuum of :LO"6

torr, and the second in the presence of 20 torr cyclohexane. The
first sample in thé vacuum was heated in a stepwise.procedure by

successive 20 minute isothermal treatmenfs at 150°C; 300°C,
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F16. I4:(2) Transmission eleciron micrograph of PdgSiy unthinned sample as quenched. showing
small crystallites immersed in an amorphous matrix. 24,000 %. (b] Diffraction patiern of PdySix sample
in (a). The glassy band is very faint. '



4Q0°c,-_§30°c, 600°C, and 630°C, shown schematically in Figure 1.
,Héat;xéhto the next higher holding temperature took 1-2 minutes.
'Tﬁe‘second sample was heated by the same procedure up to 450°c.
The difference between -the two actual temperatures, 400°C and
405°¢ (both nominally 400°C),ﬁérose from differenced in resetting

the hot stage power supply.

b. Results
i) Vacuum Aging

The diff;action pattern and the image of the unaged PdBOSi20
sample in vacuum at room temperature are shown in Figure 14. A
low density of small crystallites can usually be detected in some

sections of the as quenched sample by imaging, but not by

diffraction. The diffraction pattern showed only two diffuse

bands indicating an initially glassy structure. The apertures

used in the HVEM Environmental Cell prevent viewing diffraction
at higier'scaftering angles. ,The same-diffraction pattern and
image were obtained at each i;othermal vacuum aging step up to
‘600%. At 6309C the diffraction lines attributed to Pd9$12 and
Pd3Si appeared in place of the glassy bands. The emerging
diffraction pattern of PdBGSizo sample at 630°C is shown in
Figure 3b. The corresponding image shown in Figure 3a shows a
dense population of 500 A crystallites. The measured d spacings

and estimated relative intensities of the observeﬁ diffraction

lines are shown in Table 2. Shown for comparison in Table 2 are

the results of the Duhai et al. [9] and Masumoto and Maddin [10]
for vacuum aging of Pd80§120. '
Two of these lines match (221) and (404) lines of PdQSiz,

according to crystallographic data provided by Nyland [8]. Duhai
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[é]'also reported (221) and (404) Pngi2 lines in TEM diffraction
studies of crystallized PdBOSiZO' Except fér the first line,
with corresponding lattice distance 2.80 A, all other lines have
corresponding d-spacings in good agreement with data provided by
Masumoto and Mad@in [10] for MS II and Pdssi. ME II is a
metastable phase formed f£rom PdBOSi20 glass with an unknown
crystal structure [10]. However, the comparison of inﬁénsities
for our two strongest observed lines in vacuum, 2.50 A and 2.10
| A, gives a good agreement only with Masumoto and Maddin's data
for Pdasi.

Three other lines, 1.63, 1.43, and 1.36 A cannot be compared
with the Masumoto data for Pdasi, because in that work the ‘
smallest lattice distance is‘l?BOO A. Line 1.63 A can be only
attributed to MS II. The intensity comparison also gives a good
agreement.

Lines 1.43 and 136 A are also in good agreement with MS II
lines in terms of both latice distance and relative ih%ensity.
They can also match Pd98i2 (404) and PdQSi (004) from D&hai's
work.

ii) Cyclohexane Aging

The same heating procedure shown in Figure 13 w;s repeated
with another unthinned PdSOS}zo flake in the presence of 20 torr
of cyclohexane in the HVEM environmental cell. The rcom
temperature diffraction pattern of this second sample was
identical to the pattern shown in Figure 14b for the wvacuum agé%
sample of PdSOSiZO' During aging at 150°¢ tﬁe image darkened,
apparently due to the adsorption of cyclohexane on the metallic

glass surface. Below 405°C no crystalline diffraction lines
Y
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Fic 4872) Transmission electron micrograph of PdgSix; sample heated to 630°C in vacuum, showing
a dense population of 500-A crystallites, 240.000X. (b) The diffraction pattern of PdwSix sample
from (a). :

F1646.(a) Transmission electron micrograph of the unlhinnec[ Pd.Siy sample heated 10 405°C in the
presence of cyclohexane. showing a dense population of 1000-A crystallites, 24.000x. (b} Diffraction
pattern of the PdySiy sample from (a).
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eﬁerged. at 405°c dlffraction lines emerged .as shown in Figure
" 16b;* the image showed a dense populatlon of 1000 A cryastallltes

\‘~

rlgure’lsa s

The measured d-spacings and:estimated relative 1ntensxt1es
of the observed diffraction lines from cyclohexane ag%ng ars:also
shown in Table 2 for comparison to the vacuum aging résulfs:i The
relative intensities of the Ewo strongest l;nes, 2.40 A and 2.27
A, are in good agreement only wifh PdSSi [10]. Tﬁe measured d-
spacings for the first five lines matchlﬁoth'Pdssi and MS 1I
[10]. In the‘presence of cyclohe#ane seven new lines appeared,
all of which are in-the d-spacing range for measured diffraction

oines in the vacuum aged sample. Two lines at 2.80 A°and 2.10 &
which appeared at medium and very strong intensities during
vacuum aging,!did not appear dufing aging in cyclohexane. Three
of the new lines are in good agseement with data for PdSSi [10]
in terms of ooth d-spacinés and relative intensity. Four of them .
are in gooa ééreement with MS II [10] in terms of both relative
intensity and d-spacings.
¢. Discussion . _
The environmental cell and ths hot stage of the HVEM made
possible the study of the crystallizatlon of PdSOSiZO glass in
situ both in vacuum and in conditions simulating a reaction. The
crystallization temperature was found to be 630°C in vacuum. The
transformation of PdBOSiZO +o PdSSi was reported:before in vacuum
at 500°C [9]. The presence of cyclohexane had a significant
effect on the crystallization of PdeSiZO glass sample. The

crystallizafion temperature was lowered by about 200°C, Figure 1.

This kind of adsorption effect on the bulk crystallization of a
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métallic glass was reported before Masumoto et al, [3], who
'repd;ted a 132% lowering of “the crystallizatioﬁ temperature of
FeBOBZO glass during the Fischer-Tropsch reaction. )
‘The other effect of. cyclohexane adsorption was tozalter the
‘éath éf the ghaée transfgrm?tion of the PdBDSi20 metallic glass
itself. As can be seen &n Table 2, four diffraction iines are
éomﬁon to both aging atm%spheres. Three out of these four lines

v .

index well to Pdssi. Tﬁf&of the lines in the vacuum aging

'.patterﬁ do not appear in the cyclochexane pattern Z.ib A,
assoéiated with Pd Si, and 2.80 A associated with PdgSi,. Thus,
it appears that the Pd3 Si phase is common to both atﬁospheres,
but the Pngi2 does not appeér in cyciohexane. Since all seven
new lines in the cyciohexane pattern can b9 éssociated with MS Ii
and PdSSi, the cyclopexane aging atmoéphére apparently induces
fhe c;ystallization of a MS II second phgsé with Pdssi, whereés
the wvacuum aging inducesﬁg Pd3Si and P':ngi2 twb phase structung.
Althougp the above interpretation of the  crystal structures -
appearing on aging is not without\ambiguity, the strong
differences between the two diffraction patterns clearly indicate:
"a different cfystaliization path fgr PdBOSi20 glass in vacuum as
opposed tc'cyclohexane.

The change of the crystallization path for PdaOSi20 glass in
the preséncg of cyclohexane differs from the effect of adsorbed
reactants observed by Masumoto et al., where the reaction
conditions lowered the crystallization temperature of FeBOBZO
glass, but did not effgct the structure of the trapsformed glass.

The darking of the TEM image after exposuré to cyclohexane

indicates at least physiosorption and probably chemisorption of
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‘ tﬁé cyclohexane occurred. Such chemisorption induced glass
'cryétallization could be the analog of chemisorption induced
léurface segregation as observed by Sachtler and coworkers [11].

The authors feel that the enhancement of c;ystallization

kinetics by the pressnce of chemisorbed cyclohexane may be
evidence for a sort of catalysis in reverse. Just as the
reactant molecules are faced with an activation energy barrier,
the metastable glassy structure, which comprises.the PdBO-SiZO
alloy catalyst, is attempting to crystaliize by surmounting the
activation barrier for crystallization. Thg usual case for the
rate 1imiting §%ep in phase transformations of alloys in the solid
state is diffugion of solute. Thus, it appears that the
chemisorbed cyclohexane weakens the bonds between surface

palladium énd silicon atoms and allows surface diffusion and the

_~subsequent crystallization at a higher rate than the wvacuum case.

d. Conclusions

The adsorption of cyclohexane has a strong effect on the
crystallization kinetics of thé‘metastable PdaOSizo metallic
glass. The crystallization temperatiure was lowered byvzoo°c as
compared to vacuum conditions. In addition, the path of‘the
crystallization was altered from vacuum conditions, which
“apparently generate a mixture of PdSSi and %dgsiz, to cyclohexane
conditions, which generate a mixture of Pd3Si and MS II.
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3.” Ion Scattering Spectroscopy - Oak Ridge National
Laboratory (with S. Overbury and D. Huntley)

Amorphoué materials such as metallic glasses do not have
*long raﬁge order and as such their structure is not describeable
by a repeating unit cell as for crystalline materials. They do,
however, exhibit short range order, as observed by x-ray
diffraction studies, indicating that the local environment is
.similgf from atom to atom. There is also evidence that there are
"associations" of atoms in some met-glasses as well as a certain
concentration of microcrystallites. It is interesting to
consmder the following questions.

How is the bulk structure terminated at the surface°

Is the surface "rough" on an atomic scale, or is it smooth
due to minimization of surface free energy?

Are there facets corresponding to the boundaries of
associations?

Does crystallization begin at the surface?

28



Is the composition of the surface the same as the bulk?

' Are there differences between the rapidly cooled side and
the free surface side of the guenched ribbon or splat?

Although virtually nothing is known about such surfaces,
catalytic studies on PdBOSiZO glasses have indicated that the
surface is very "rough" as indicated by selectivity differences
between amorphous and crystalline surfaces. We have applied low
energy ion scattering to study the surface of FeBOBZO glass
(Allied Chemical, Mgtglass 2605) in an attempt to measure and
ultimately define and quantify this roughness. Ion scattering is
an ideal tool since it is structure éensitive and probes local
ordering. One way in which surface roughness affects ion
scattering is in the indicent angle dependence. Consider an
experiment in which the intensity of scattered ions is measured
at a fixed scattering angle (600) as a function of the angle of
incidence. At very grazing angles of incidence (yyi 100),
scattering from any atom in a single crystal surface is not
possible due to shadowing by its neighbors. Similarly, graging
exit angles ()kz 500) are blocked by nearest neighbors. On an
amorphous surface scattering may occur from atoms which protrude
above the surface and are unshadowed by neighbors. It is
therefore expected that for a single crystal the intensity will
drop off the very low values at small and large incidence angles,
while scattering from an amorphous surface is expected to be
relatively more intense at these extremes. Averaging 6ver many
configurations of atoms should also broaden and smooth out the
angular distributions. These ideas can be tested on a single

crystal. In the Figure 17 the dependence of the single
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sqéttering peak height for Li+ scattering from Mo(00l) is shown

,as a function of incident angle. The annealed surface gives a

distribution characteristic of all single crystal surfaces, which
shows a sharply peaked maximum and-an abrupt éut—off at more
grazing incidence angles. The distribution shows also a drop in
intensity af low exit angles (large incidence angles). If the
surface is roughened, for example by sputtering, the distribution
is broadened considerably although a remnant of undamaged surface
remains. The dependence upon incident angle was measured for aﬁ 
amorphous FeBOBZO foil. The angular distribution is very broad
as shown in the Figure 18, and exhibits a relatively high
intensity at small and large incidence angles as expected for a
rough surface. The surfaée was cleaned by sputteiing, removing
most but not all impurities and was gradually crystallizéd by a

sequence of annealing steps. The angular dependence was measured

repeatedly as a functionvcf these treatments. Annealing briefly
to 300°C, was sufficient to cause changes in the Fe/B
concentration ratio (according tn-2ES), but did not change the
shape of the angular distribution. Only very minor changes are
observed.after éxtensive annealing at 400°c or f£inally to 600°C,«
sufficient to crystallize the bulk. Both sides of the amorphous
ribbon were éxamined. The "bottom" side is the side closest to
the cooling substrate when the net-glass is quenched from the
melt; There have been contradictory reports as to whether the
free "top" sidg of the ribbon which cools slower than the bottom
side, is partially crystallized in the as-guenched state. The

angular distribution for the top surface is shown in Figure 19.

The distribution changed slightly with increasing sputter dose,
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exhibiting a slight increase in relative intensity at low gith

. increasing dose. The distribution obtained after: the lérgest
sputter dose is shown. No annealing was done on this sample.
Thé distribution is relatively less intense at low and high
compared to the bottom side consistent with a higher
crystallization fraction.

To'interpret the angular distributions, it i% nécessary to
know more about the effects of surface impurities and macro;copic
roughness (undulations, scratches, etc.). It is also interesting
to consider whether an average of the many crystallite grains in
various orientations present in a polycrystalline material would
give rise to such a broadened angular distribution. In an
attempt to answer this last question, a .polished polycrystalline
Fe foil was examined and the resulting.angular distribution is
shown in Figure 20. This sample exhibited a cuf-off which was
sharper than that for the ambrphous samples. However, changes in
the angular disfribution were observed when the ion beam was’
moved to other points on the surface. Thus the’desired goal of.
averaéiﬁg over many grains was not achieved.‘ The effect of
surface impu;}tieé was dete;mined by exposure of the
polycrystalline Fe to oxygen. The impurity resulted in a shift
in the maximum to higher but a fairly sharp cut-off, and low
reiative intensity at low-and high remained. '

The angular distributions are expected to be gééected by
microscopic roughness which could cause large-scale shadowing and

blocking at low incident or exit angies. To check for this

) ﬁéssibility the cross ;ections of represenﬁétive-FeBOBzo ribbon

were examined by SEM. Undulations on the bottom side of up to

]
[N
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6% ?rom the macroscopic surface plane were observed Figure 21,
.while the top side was considerably smoother. Such undulations
could,be partly responsible for the observed differences in the
angular éistribut%Pns of the top compared to the bottom side of
the ribbon. )

Differences in composition were also observed between the
two sides as determinéd from measuring the B/Fe Auger intensity
ratio az a function of varioué treatments of the samples. The
results are summarized above. Both surfaces exhibitéd an
increase in B/Fe ratio with sputteéing while the bottom gide
showed rélative enrichment iﬁ B compared to the top surface.
This enrichment &ecreased with annealing. It has been proposed
that during the crystallization of FesoBza;od-Fe crystéilizes on
the surface resulting in the loss of B from the surface. These

results from extensive annealing experiments are consistent with

this proposal.

a. Conclusions

1. >The angular dependence cf the ion scattering“intensity shows
sensitivity to roughness on an atomic scale.

2. >The ion scattering data for the Fe B2 foil indicates that
the surface is rough at an atomic §gve9 and that this

roughness is only slightly affected by bulk crystallization.

3. >The surface becomes deplieted of boron with crystallization,
suggesting a phase distribution where the surface is !
enriched with alpha iron. )

4. >There are differences between the top' and 'bottom' sides
of the foil. >Both the ion scattering and Auger data suggest

that the 'top' side is somewhat more crystalline than the
'‘bottom’ side.

4., Conversion Electron Moessbauer Spectroscopy
Conversion Electron Moessbauer Spectroscopy, CEMS, along

=

with conventional transmission Moessbauer spectroscopy is used to
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determine near surface crystallization behavior of FegaByp (MG

,2605) metallic glass. Single roller quenched samples were heat

treated isothermally under inert atmosphere’ and in vacuum. The
relative amounts of residual amorphous phase and crystallization
products are determined. As predicted by Newtonian splat cooling
conditions,. no preferred qrystallization is observed at the top
or bottom of the sample as compared to the bulk during the course
of the isothermal cry§ta11ization. The predominant crystalline
product in the as quenched glass Fe3B, indicating such short
range ordering in the glassy state. However, upon isdfhefmal

aging, substantial amounts of -Fe crystallize both near surface

and in the bulk.

a. Introduction

The crystallization of FeBOB20 mééallic glass is probably
one of the most extensively studied phase tfansformation in
recent years. The superior mechahical and magnetic properties of
Fe-B based metallic glasses make them technologically very

attractive. However, it is also known that upon initiation of

" crystallization they become very brittie, and high permeability

and the low éoercive force are lost. On the other;hand,
crystallization of Pd4Si glass does not substantiaily diminish

¢

the unusually selective behavior in hydrogenationfﬁeaction.’
Similarly, the corroéion resistance of Fe-Ni—Cr—w(élloys upon
pértial crystallization is initially maintained. However, later,
due to a redistribution of major metallic components between
amorphous and crystalline phases, corrosion resistance degrades.
Therefore, it is important to compare surface and bulk

crystallization kinetics in metallic glasses. In this work 57Fe
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£ransmission Moessbauer spectroscopy has been used simultaneously

,with CEMS to monitor the relative rates of near surface versus

bulk crystallization.

b. Experimental Procedure

Based on our previous Moessbauer spectroscopy and
differential_scanning calorimetry, DSC, work, FeSOBZO
.metallic glass ribbon (obtained from Allied Chemical Co., NJ,
Usa) wag isothermally heat treated under vacuum (5 x 10"5 torr)
at 603 and at 638 K, and under helium atmosphere at 663 K. - CEMS
measurements on both sides of the ribbon were taken using the
flow-type back-scattering detector. A He-10% CH, gas mixture,
flowing at a rate of 70 cc/min was used to detect 7 keV
conversionlelectrons. The escape depth is found to be

approximately 2500 A by CEMS analysis. A 0.21 m layer of iron

" is vapor deposited on a 5 m thick stainless steel control

specimen. The thickness of the film is being measured by a
crystal monitor. Figure 22(a) shows CEMS of the coated sample and
Fiél 22(b) shows the transmission spectrum of the same sample.
From the relative intensity of nearly supressed stainless steel
peak, the escape depth Es approximated as 0.25 m. Since the

FeBOBZO metallic glass ribbons are 35 m thick, the CEMS sampling

depth comprises less than 1% of the total sampile.

c. Results and Discussion

Figure 23 shows CEMS and transmission Moessbauer spectra
were taken of the quenched and heat treated samples. The
relative amounts of amorphous and crystalline phases aze
determined according to a procedure described by LeCaer. This

method allows decoupling of amorphous phases from the crystalline
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Table 3. M&ssbauer parameters for FesB used in
this study (T = 298 K).

. eQVZZ mim .
Site H (kOe) — (?é'c' § (mm/sec)
1 292 -0.018 - 0.061
2 280 v 0,022 0.061
3 268 0.019 0.028
4 255 0.07 0.028
5 266 -0.03 0.105
6 217 ~0.03 0.105

Teol= . Avcrags magnetic fisid o the awerchous phase and the relavive discrizution

. of pnases in
Fey,Bzg metallic glass after isotharmal heat treatment.

3 _ - __S7fe Pooulazicn Phase Amounts Composition of
jresTnent Ssecimen | y in the in in ar, 't i the remaining
) (kQe) crystalline phase | =-Fe | Fes? | o-Fe | Fesd glass, FeziBy
: %
rough side-l 253 .- 6 . -~ 6.4 14.€
ausacnad | Shiny side | 253 8 2 6 1.5 6.4 22.9
bulk . | 280 - 5 -~ -] 5.3 19.7
heis at rougn side 262 g - 9 -- 9.6 19.3
g",j"’m".(nf"" sniny side| 260 12 3 9 2.4 | 9.5 20.6
in vacuum | bulk 251 -- 9 - 9.6 19.3
b
held_at rough side 252 33 25 8 20 8.5 26.4
g3§r§_f§; shiny side| 277 29 22 7 1 1761 7.5 25.5
vacuum bulk 250 35 25 10 20 10.6 26.6
re P Eor | rough side| 2a1 5 1 |- 4 0.8 { 4.3 20,0
!5 Ein. shiny side 247 9 6 3 4.8 3.2 16.7
in He
atmosphere bulk 249 4 -- 4 - 4.3 19.7
gg].idl(a;or l'OUgh side 235 ’ 4 3.2 16.5
30 min. shiny side 248 9 6 3 -4.8 3.2 16.7
in He
atmosphere bulk a8 4 - 4 - 4.3 19.7

T
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pha§es, provided that the line positions and widths of the
,existing crystalline products are known. The line positions of
FeSB with bet structure varies somewhat in the literature. Since
FeBB'(t) is a metastable product formed through crystallization
from amorphous phése, its crystal and magnetic structure is not
well resolved. In this study, we have predicted the line
_pdsitions by solving the combined electrical gquadrupole and
magnetic dipole interaction Hamiltonian, by assuming 6

different magnetic lattice positions. The relevant Moessbauer
parameters are given in Table 3.

What can be extracted from Moessbauer spectra is actually the
relative population of 57Fe in different phases. This relative
distribution is then related to the phase amounts in atomic
percentages, i.e., number of atoms in the respective phases
divided by total number ©f atoms. Table 4 gives the results for
both 57Fe amount in the relevant phases and the phase percentages
for different specimens.

An overall view of the results support the expectations.of
mathematical models of heat and fluid flow 'during sblat cooling.
Under Newtonian cooling conditions, no temperature gradients in
the splat exist dufing solidification. Therefore, such splats
should be homogeneous through their thickness. Model
calculations indicate that Newtonian cooling conditions exist up
t0o a value of Nussel? number .of 1.4. For a thickness, d =
35 m of FeSOBZO’ for interface heat transfer coefficient, h =
2.0 cal/cmz—sec-k, and for a thermal conductivity, K = 0:12 cal~-
cm/cmz-sec-K, the Nusselt number - N, = h'd/k is well within

the Newtonian range. By monitoring crystallization

35



simyltaneously with CEMS and transmission Moessbauer
spectroscopy, we have determined that, indeed, neither side of
the splat is preferred over the bulk for crystallization, within
the precision limits of the data which is estimated to be 3%.

As can be seen in Table 4, the as quenéhed FeBOB20 showed a
slighly higher crysfallization near the surface region with no
substantial preference to either shiny or the rough side. The
shiny side of the specimén is in contact with the atmosphere,
while the rough side is in contact with the roller during
quenching. One should also note that the statistical wvariation
in the CEMS is higher as compared to transmission data due to the
lower effeciency of the flow-type detectors. In fact, even in
the specimen heat treated at 638 K for 2 hrs. in vacuum, with a
substantial crystallization (Fig. 23(b)), ﬂeither side or the bulk
is preferred for crystallization. The low temperature inert
atmosphere heat treatments at 663 K were prepared with the
expectation that any initial difference between the surfaces and

bulk can be arrested. However, the results indicate otherwise.

c. Conclusions

We have shown that the as quenched FBBOBZO {MG 2605)
metallic glass has a uniform structure through its thickness.
Furthermore, it crystallizes uniformly with no appreciable
preference on either surface, both in vacuum and under inert

atmosphere. The as gquenched glass contains some crystallization

in the form of Fe4B. -
B. Bulk Analyses
1. Moessbauer Spectroscopy
Moessbauer spectroscopy has been utilized to examine the

36



v

. bulg struc%qgg of the FeBOBZO metallic glass. Figure 24 shows the

. spectra and‘ﬁyperfine field distributions for the as-recei@ed
FeaoB20 glass (Allied Chemical Metglas 2605, single roller splat
cooler)..and the same alloy remelted and guenched at about
107°C/sec. in our shock éube splat cooler. The two Moessbauer
spectra are not distingquishably different, and both the hyperfine
field distributions indicate a glassj structure. In Figure 25 the
spectra of the splats produced in our hamﬁer and anvil splaf

cooler at lower cooling rates (105-106 °

/:Z
érystallization. The Moessbauer spectra of the as-received glass

C/sec) show significant

and the fully crystallized glass are comparéd in Figure;Zﬁ.q:mﬁe
sharp peaks of the crystalline structure correspond to the two.
equilibrium phases, almost pure bcc =~Fe and the very boron |
enriched FeZB phaée. )
2. Dsc/DTra - 8ICC

The crystallization kinetics for the Fe80820 and.Zeri
glasses have been determined by a combination of differentia;
scanning calorimetry (DSC) and isothermai vacuum aging. As-
reqeived Zeri glass, (Phillips Corp., Eidhoven, The
Netherlandé, single roller splat cooler) was found to be slightly
crystallized via transmission electron microscopy, whereas the
remelted Zeri alloy which was quenched in our shock tube splat
cooler, Figure 27, was completely amorphous (19). Similar to the
ZrZNi results, Matyg?szczyk observed the as received FeBOBZO
glass (Allied Chemiégl, single roller splat cooler) to be top
surface crystallized via x-ray diffraction (6). Such partial
crystalliéation upon quenching from the liguid may affect the

performance of metallic glass catalysts. In addition, the
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Figure ,}7 TEM micrograph of a shock tube splatted z:—zrn metallic glass.
Magnification: 21,0001
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. stapility of the glassy portion 6f the‘splat cooled ribbon is

. also affected in subsequent thermal treatments (e.g., reaction
c;nditions, isothermal vacuum aging). Figure 2B compares the
results of DSC measurement§ on FeBOBZO metallic glasses produced
by the single roller method and the shock tube method. The pre-
existing crystallization in the single roller®produced glass
apparently has lowered the activation energy for crystallizatién
of“the glass‘phase to 2.44 eV from 2.83 eV in the more completely
glassy shock tube produced glass.
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C. RSM Procgssing - Splat Fo;miﬁg-Methods
1. Hammer Anvil Discs
Work pontinues‘on this method of achieving intermediate
.cooling ?ates-betweeh the shock tube flakes and fhe single roller
guenched strip. The hammér and anvil, being a.two-sided éooling
technique, differs from the cother two methods in that the most
rapidly cooled locatlon is the center of the splat ‘whereas for

the shock tube and single roller, the slowest cooled location is

the top surface.
2. Shock Tube Flakes

The shock tube device has been modified by a converging-
diverging nozzle design, which causes the droplets to‘be ejected
at supersonic velocitie§L' The former straight bore nozzle design
is limited to Mach 1. The flake mean thickness is reduced from 8
microns for the subsonic design to 5 microns for the supersonic
design. Higher cooling rates should result from the reduced
thickness, and this effect is being investigated by splat cooling
alloys for which glass formation has proven mora difficult, like
Pt-Si.

3. Single Roller Quenching
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Work continues on the FQBOBZO alloy strip, Metglas 2605,
prodhced by Allied Chemical. Additionally, ZrZNi metallic glass
alloy strip, produced by Phillips Corporation in Elndhoven, The
Netherlands, has been investigated as to its structure and
stability in the as~received condition as re-splatted in the
shock tubersplatter. As with the Feg,B, the shock tube reduces
the amount of as guenched crystallization in the ZléNi.‘

D. Catalytic Measurements
1. Fischer-Tropsch Reaction

Here we report the near exclusive selectivity of an FeSOB20
metallic glass catalyst for the pﬁqduction of ethane from the
hydrogenation of carbon monoxide. This unusual selectivity
arises, we believe, from the egually unique surface structure and
composition of the Fe80320 alloy metallic glass. The fractal
dimension of a model metallic glass surface has been calculated
toc be 2.3, wﬁich indicates a scaie of roughness on the atomic
dimensions, both in protruberances out of the surface and in the
wavelength of the protrubarances in the plané of the surface.
Thus, such a metallic glass surface appears to be able to achieve =
high selectivity through stefric hindrance of the adsorbiﬁ% and
desorbiné molecules. The selectivity for ethane production
correlates with the amount of glassy phase present. Conversely,
methane production correlates to the level of crystallization_of
the glassy phase. ' .

Metallic glass catalysts have been observed to have Ligh
activity (1, 2) and unusual selectivity (é, 4, 5) in a number of
hydrocarbon reactions. In each case, the glassy catalysts were

the most selective of hydrogenation over isoﬁerization. Komiyama
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have reported abeut 60% selectivity of ZrNi glass for ethane in
the Fischer-Tropsch reaction. (6). The results given’below~show

“én\even higher selectivity for ethane, up to 99%, and a

-
W,
N,

pergistence of -that selectivity for 20 hours at 320 deg C.

The metallic glasses specimens used in this work were

=

prodﬁced by two different techniques. Strip samples were

produced by the Allied Chemlcal Corporatlon (Metglas 2605) and

By

were used as received. The flake speclmens were produced in‘:our
%ck tube splat cooler by using the 2605 glass as master alloy.
Dre to %ﬂ; higher cooling rate associated W1th the shock ‘tube
?echnique, 10 C/sec, as compared to the.single roller
50

technique, 10° °C/sec, partial crystallinity was present to a far

lesser extent in the flake samples than the strib samples, as we
will show below. -

The Fischer-Tropsch reaction was run in-a Pressure
bifferential Scanning Calorimeter (PDSC) utilized as a'glow
reactor (7). Use of the PDSC allowed in situ crystalllzation of
the metallic glass and the reevaluation of the catalytic

" selectivity and actiwity of the same catalyst by re-running the

Fischer-Tropsch reaction over the crystallized glass. Small

.§\

quantities (5-10 ﬁg) of various catalystseglasses, crystallized
glasses pure metal foils and powders, end commercial catalysts,
were evaluated to allow the comparison between FezoB80 metallic
*“grasses andlvarlous forms of crystalline iron catalysts. -
Comparisons.of Fischer-Tropsch reaction resulrs are given in
Figure 29 for ethane selectivity and in Table 5 for several:
reaction products at a constant 1.5% conversion. As can be seen,

some of tﬁe glassy FeB shock tube flakes exhibited a 99%"
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selectivity for ethane, whereas other shock tube flakes showed a
seléctivity similar to the results over single roller FeB strip,
crystallized flakes, Fe foil, and the supported Fe/graphite»
commercial catalyst. Upon in situ crystallization in He in the
PDSC, the ethane seiective FeB glass crystallizes with an
enthalpy of crystallization, H = 36 kcal/mole, much higher than
the methane selective FeB flakes and the FeB strip, 10-30 and 28
kcal/mole respectively. However, if the strip of Fe-B glass is
abraded heavily, the enthalpy of crystallization increases to 36
kcal/mole. This shift in H correlates to a dramatic shift in
selectivity - an increase in the ethane selectivity from 16% to
51% as a result of abrasion. The same flakes that selected 99%
etﬁane, select only 24% ethane after in situ crystallization.

Some of the as-quenched flakes and all of the strip samples
show selectivity very similar to the Fe foil and the Fe/graphite
catalyst. The similarity of all these selectivities to that of
the intentionally crystallized glass indicates the presence of
crystallizatiﬁn»on the surface and in the bulk of some of the
shock tube flakes and all of the single roller strip. Since H
of crystallization increases dramatically upon abrasion of the
strip, heavy surface crystallization, probably due to atmospheric
effects, has occurred, which could be similar behavior to our
experiments with cyclohexane (8). The lower H of the abraded
Fe-B strip as compared to the most glassy flakes may indicate a
higher volume fraction of bulk crystallization in the strip than
the more glassy flakes.

Such unigue selectivity as exhibited by the metallic glass

catalysts surely implies a corresponding uniqueness of the
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surface structure of such a glass. The large density of low
coordination surface sites on both the glass and the supported
metal catalysts indicates at least a partial reason for both
types of catalysts' high selectivity for hydrogenation over '
isomerization (3, 5). However, the selectivity of the metallic
glass which we report here is significantly higher for ethane
than any previously reported studies on crystalliﬁe Fe catalysts
(9, 10). A diﬁference which could accoﬁnt er this uniqﬁeness is
the lack of neighboring terrace sites on the glassy surface as
compared to the ledge and kink sites on the bﬁlk crystalline

surface even for small particles. The placement of high

i

coordination numbef surfaces sites (active sites according %o
Falikov and Somorjai (11)) adjacent to low coordination sites is
a geometry which does not appear on the small particles. Sterric
hindrance on the glassy surface may prevent formation of propane
and higher hydrocarbons, since the spacing of the ﬁéxﬁ
protruberance is 3-4 angstroms for the calculated fractal
dimension of 2.3 (12, 13), about the size ofié—propane. Such
roughness shown in Figure 30, méy equivalently cause fast
desorption-éf ethane. We are left with trying to rationalize the
remarkable lack of methane production of the glassy surface. If
hydrogen is preferentially chemisorbed on terrace sites, the lack
of such sites on the proposed model of the metallic glass éurface
may force hydrogenation wvia hydrogen adsorbed directly on the
chemisorbed carbon atoms, i.e., a Rideal-Eley mechanism rather
than the traditional Langmuir-Hinshelwood mechanism for Fischer-
Tropsch synthesis. Alternatively, composition wise, the FeBOB20

glass is a metastable solid solution of B in Fe. The boron
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‘., disrupts Fe ensembles on the glassy surface; these ensembles are

thoﬁght to be required to generate methane (14 ~ 16). Thus, the

glassy surface topology and composition may control the degree of

polymerization to a discrete level, in this case to two.
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2. Boudouard Reaction

TGA results for CO over a conventional oxide supported
nickel catalyst are compareq +o those over the as-received Zeri
and FeBOBZO metallic glasses. Sample sizes for the Dupont 990
systemathermogravimetric analyzer experiments were as follows:
Ni/SiOz, Alzos, 18 mg: Zeri, 5-10 mg; FeBOBZO’ 29 mg. The
surface area,‘sv, of the supported nickel is assumea to be that
observed by wvan Meerten (16), 325 mz/gm; the Sv of the ZrZNi
splatg is assumed to be that measured by Yokovama, et al. (9)
for erspdas splats, 0.1 mz/gm; the s, for the FegnBsg splats is
assumed to be that measured by Yokoyama, et al. (5) for the same

FeBOBzo splat;, 0.3 m2/gm.

a. §upported Nickel

The supported nickel was reduced in 30 ml/min. of Hz at
400°C to reduce surface oxides. Over each‘of the sig supported
nickel samples Tun at various reaqtion temperatures the weight
loss due to H, reduction was 14%. After the weight loss due to
H2 cleaning stopped, the H2 was removed from the system by a 5
ml/min. flow of He. The absence of H, in the gas system was A
confirmed by GC analysis of the gas flow. CO was then admitted
at 25 ml/min. at the following temperatures: 280°C, 320°C,
340°c, 380°C and 405°C. Initially CO, CO,, Ch, and H,0 were
detected at 380°C and 405°C by the Gow-Mac GC utilizing a thermal
conductivity detector. At later times, no further'CH4 was

detected. At the lower temperatures, no CO2 or Ch4 and only

45

&



Tavle, Dissociation kinetics of CO as measured by thermogravimetric 3nalysis
. for metaliic glasses.and a conventional cataiyse.

m/t
;g/min

1.7/70

0.026/50

0,022/60

Reaction we. cf .
Temperature  Catalysts Assgmed S,
Cazalyst o ng me/ca
ni/SiOZ. ;-1203 329 2 325
(605 )
ZrzHi - metaltic 322 10 0.1
glass
2ryili - metallic 230 5.6 0.1
glass
Fegniag - metallic 322 29 0.3

glass

0.057/95

Aate
om/m nin

2.2 x10°¢
5.2 x 107
6.5 10"

7.0 x 1078

1v-268.
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. traces of H20 were detected. After an initial temperature

. independent weight gain assumed to be CO adsorption, the average
weight gain rates at the five reactions temperatures yielded an
G

average activation energy of 26 kcal/mole.

b. Metallic Glasses

Table 6 shows a comparison of results of weight gains in the
TGA after exposure to CO at 322 + 2°C for the supported nickel
. catalyst and the FeBOBZO and ZrZNi metallic catalysts. ‘"Adsorbed
and absorbed hydrogen apparently was present in and on the
supported nickel, after the He flush; the glassy splat strips were
exposed only to the He flush to avoid hydride formation. For all
tﬁe splats, the product gas volumes were off scale for the GC
thermal conductivity detector. The mass gaiﬁs of about 0.002-
0.006 mg are near the'sensitivity of the TGA - 0.0015 mg. THe
rate of weight gain per unit surface area (BET determined) for

the splats is 10 - 100 times greater than that of the supported

nickel.

Measurements in thg activity of Pd,Si and FegaBoq metallic
glasses were carried out-in the thermogravimetric anaiyzer. The
rate of weight gain iniihe presence of a flowing atmosphege of CO
was taken as a measure of the rate of deposition of carbon on the
.catalyst as a result of the dissociation of CO.
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'3) CHARACTERIZATION OF METALLIC GLASS CATALYSTS WITH THE STERICALLY

COMPLEX ORGANIC MOLECULAR PROBE (+)-APOPINENE

a) The Method for Using (+)-2popinene for Characterizing Surfaces.

‘We measured the ratio of double bond'isomerization to ~

adEEfionll&/ku, for (+)-apopinene during liquid phase

hydrogenation .conditions at room temperatures and atmospheric

pressures on.a large number of Pd catalysts and on a smaller

B
%
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' number of Pt catalysts. This ratio was obtained from

ekpérimental data from a plot of 1n(1-2Iso) vs.- 1n(1l-Add)

according to the equation

-
- m..
J

1n(1-2Is0) = f{"Pi 1n(T<ndd)
a H

derived in our publication describing this method (1). The
ratios of kyﬂg were compared for different catalysts and the
differences were interpreted in terms of the kinds of sites_
thought to catalyze iecﬁerization (edge type) and addition

(corner type).

b) Hydrogenation of (+)-Apopinene over Metallic Glasses

(+)—Apopineae QES hydrogegated over glassy (amorphous) and
crystalline Pd-Si and Pd-Ge alloys as well as over splat cooled
pure Pd, Pd fcil and Pt foil. The catalyste are differentiated
from each other by their dlfferlng abilities to catalyze
isomerization and addition of (+)—apopinene. Heat treatment of
the rapidly cooled alfoys results ia refative increases in

o,

isomerization actlvity over additlon activity which is

;iinterpreted as surface structural changes. Such changes do not

occur for the rapidly cooled pure Pd. The results are

interpreted to indicate that the glassy surfaces contain many

sites of hlgh coordinative unsaturation (protuberances) with few1
nearest neighbors while the crystalllne surfaces resulting from;ﬁ“*
heating the former contaln fewer such sites but more sites of
relative lower coordinative unsaturation. Thus, the data favoo a

glassy surface structure which is not two-dimensionally random

(fiat), but is thtee-dimensionally random (hilly or rolling).

Therefofe, the'giassy surface doés not appear to crystallize into




terraces, as it would if it were flat, but to crystallize into.
.staircases of steps and kinks because it contains many
protuberances.(ZfB) 4?

Additionally, the selectivities for haif-hydrogenatien of
phenylacetylene, lioctyne, and 4-octyne were examined over Pd-Si
and Pd-Ge glassy (amorphous) and crystalline catalysts and, for
comparison, over splat cooled pure ?é, reduced Pdoz, Pd foil, Pt
-foil, Pd/Alzos, and Pd/C.: Only the Pd/C and Pt foil gave less
than 90% selectivities. Terminal alkynes comminute.Pd- structures
and expose new active sites. These new sites are different on
the rapidly cooled catalysts and the regularly crystalllzed
catalysts. Although no SLinflcant changes are detected in alkyne
hydrogenation selectivities after several hydrogenations,
significant changes are revealed by‘(+)—apopinene; On the
terminal acetylene—treated foils and on the reduced Pd oxide the
rates of addition and iscmerlzation of (+)-apopinene increase,
but the ratio of the two rates remain almost the same. In
contrast, the splat cooled catalysts show a higher rate increase

for 1somer1zatlon than for additlon (4)

¢) The Characterization of Pt Catalysts with (+)-Apopinene

Six Pt/SiO2 and four Pt/A1203 catalysts were characterized

- by CO chemisorption and Hz—o2 titratioﬁ and by electron
emlcroscopy. Five of the Pt/SiO catalysts originated at
Northwestern Unlver51ty and had been 51m11ar1y characterlzed
before. Over these catalysts the hydrogenation reactlon of (+)-
apopinene was used to evaluate the change in the mix of actlve
smtgs as a function of percent exposed Pt atoms (perceat
dispersion, %DS. The ratio of isomerization to addition, ki/ka'

“
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,Eased on the data a scale of percent edge character is

goés through‘a?meximum at approximately 60%D, which corresponds

,to a maximum 1ﬂgedge sites (C7 sites) on fcc octahedra. These

sites are identified as Siegel type “M sites which catalyze
essentially isome%}zation whereas adatoms and vertices (C
sites), Siegel typé n sites, catalyze addition and

isomerization.(5)

d) The Characterization of Pd Catalysts with (+)~Apopinene

A series of fourteen supported palladium catalysts ranging

in percent exposed palladiuym atoms (percent dispersion, %D) from

.16.7% to 100% have been examined with the hydrogenation reaction

of (+)-~apopinene. The ratio of isomerization to addition,
=k /k goes through a maximum at approximately 60 %D, a maximum
whlch is found~also for supported Pt catalysts. This maximum

occurs approximately at the Tax timum ln the rumber of edge‘sites

for fcc truncated octahedral crystallites “ds aufunctlon of %D.

derived. (6)
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28. G, V. sSmith, F. Notheisz, D. Ostgard, and M. Bartodk,
"Characterization of Highly Dispersed Supported Palladium
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G. Theses
Five M.S. theses were completed by S. C. Megli, K. M,
Simon, and S. Karoglanian, graduate students in Engineering and
T. Pettit and Z. Ali in Chemistry. Mr. Megli's thesis was
completé&}in May 1983, and was a model of the heat and fluid fiow
\ ¥

\‘
during splat cooling for two sided, hammer and anvil type spiat

cooling. Variations of superheat and ha;mer velocity were -
compared for PdBOSiZO and FeBoBZB metallic glasses. The model
calculdtions showed that the fluid flow is egsentially complete
before cooling.begins. Experimentally deter;ined variations of
splat thicknesses versus superheat and hammer speed were in
agreement with the model predibtions; This wor@Nhas been
accept;d for publ}cation in Metallurgical Transactions A. Mr.
Simon's thesis concerned characterization of metallic glasses as
to their structure, stability, and activity in the dissociation '
of CO. A manuscript concerning the structure and stability of
Zeri metallic glass has been accepted for publication in
Metallurgical Transactions A. Mr. Simon's work is also part of
the work p;ésented in the paper pres%nted at the Eighth
Inte:gational Congress on Catalysis. Mr. Karoglanian's work on
supersonic nozzle splat cooler design was presented at the annual
meeting of AIMé. Mr. Pettit performed the first catalytic
studies on metallic glasses. Ms. Ali measured the.heat of

hydrogenation of (+)-apopinene.
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S1. M. Matyjasiczyk, "Metallic Glasses as Catalysts", 1982.
2. E. E. Alp, "The Structure and the Thermal Stability of
FegoBag Metallic Glass by Moessbauer Spectroscopy", 1984.
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1. Research Associates

Dr. A. D. van Langeveld has worked on the project working
with Dr. Brower from 11/1/83 to 5/15/84.. H§=graduated from Prof
Vladmier Poned's group in Leiden, The Netherlands, and is
presently with Phillips Corp in Eidenhoven.

Dr. Noritetsu Yoshida worked in Dr.NSmith's laboratory from
December 1982 thru March 1984 while on leave from the Department
of Chemistry, Kobe University, where he is an Assistant
Professor. He holds a Doctor of Science degree in Physical

Chemistry from Alaska University.

-Br. Eipad Molndr an Assoclate Professor at Jozsef Attila
University in Szeged Hungary worked with Dr. Smith from June 1982
thru August 1983. He is with the research group of Professor M.
Bartok. Thére is an active collaboration between the laboratorées
of Professors Bartok and Smith thru an agreement between the

National Science Foundation and the Hungarian Academy of Science.



i Dr. Ferenc Notheisz of Jozsef Attila University worked at
«SIULC from July 1983 thru September 1984. He received his Ph.D.

in 1970. ”
Also, from Jbzsef Attila Univérsity, Dr. Agnes Gregus worked

in Dr. Smith's laboratory from August 1984 thru October 1985.

-2"\§ .
she received her degree in 1980.

N

The most recent researcher to work in Dr. Smith's laboratory
thru fhe collaboration with Professor Barték was Mr. Istvan
Palinkd. He was employed at SIU-C from November 1985 thru
October 198B6. He received his University diploma in June 1983.

2. Ph.D. Students

Four Ph.D. students (three in Molecular Sciencé and one in
Engineering)zthat work with Dr. Brower have contributed to the
praject, Macie]j Matyjaszczyk, Witold Kowbei, Ercan Alp and Pawel
Tlomak (Ph.D. in progress). ¢
’ Five Ph.D. students (in Chemistry) that work with Dr. Smith
have contributed to.the project, M;hib Khan and Boris Rihter
(Ph.D.s completed), Daniel Ostgard, éarfait Likibi, and Rouzhi
Song (Ph.D.s in progress).

3. M.S. students

Three M.S. students; working with Dr. Brower, Kirk Simon,
Stéven Megli, and Sefop Karoglanian have contributed.to the
project.

Three M.S. students, working with Dr. Smith, Thomas Pettit,
Zawiah Ali (degrees completed), and Sariwan_Tjandra have

contributed to the project.
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