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ABSTRRCT 
K 

Pd-Si metallic glasses have been utilized as catalysts in 
h 

the Fischer-Tropsch reaction. The glasses are selective of 

ethane, whereas the in-situ crystallized glasses select a range 

of hydrocarbons characte.ristic 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 

in reaction conditions has been monitored by DSC. 

During the course of the grant we developed th8 use of (+)- 

apopinene (6~6-dime%byl-iR,SR-bicyclo[3.1.1]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 ma~:? =~" 

protuberances which crystallize into staircases of steps and 

kinks. 
t. 
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I., Results and Discussion 

A. Surface Analyses of Metallic Glass Catalysts 

I. Computer Simulation ~ ¢ 

Much work has been done in recent years concerning the 

characterization of glassy metals. Computer generated models of 

the bulk structures of metal~lic 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 [I] and by the 

sequential addition of single atoms to different seed structures 

[2]. Clear improvement to the fit of the radial distribution 
o 

functions to experimental results was obtained by Barker when the 
.i 9 ": 

resul}ing configurations were ailowed to relax under the 

influence ofa simple potential energy function [3]. 

One way to characterize the roughness of the surface is to 

introduce the fractalodlmension [41, D = log N , where N =9< 2 , 
log 1/r 

r = 1/~, and ~tis 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. 

~.The~metal-metalloid type of glassy metal exhibits some 

unique features. ~t 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 alloy 

system. This idea was proposed by Gaskell [6], who anaIzijed the 

bulk structure of Pd4Si glass constructed by packing NM 6 trigonal 

prisms (N-metalloid atoms,' m-metal atoms). { 
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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 thatthe surfadeof amorp~6u~s6I£~s=are~r0~gh. "'- 

However, an alloy glass exhibits chemical SRO, which does not 

exist in Garofalini's model. Thus, Garofalini's model is not 

suitable to describe the surface of an emorphous 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 coordination number 9 on the 

terraces (A-site), and a lower density of low coordinated sites~ 

ledges (B-site), kinks (C-site), and adatoms (D-site). This work 

presents a computer simulation technique employed to study the 

surface characteristics of Pd4Si alloy metalllc glass An terms ~f 

distribution functions of surface atom coordination numbers. 

These distributions will be compared to those generated from 

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

Pigure 1 and to small cryst~911ine particles, similar to supported 

metal catalysts. 



F~gure i .  T~rrace-Ledge-Kink (TLK) model showing-thefolIQwing 
sites: terrace a-site, ledge b-sit~, kink c-site and 
adatom d-sit~. 

h 
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a.. Bulk Model Generation 

The computer generation procedure in this work is similar to 

Gaskell's bulk'model for Pd4Si glass [6]. The NM 6 trigonal prism 

was chosen to form the basic structural unit of the bulk glass 

structure (Figure 2). The six palladium atoms are at %he corners 

of the trigonal 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 

(I.117 A radius) inside the voids caused severe distortion of the 

prism.~ In our case the prism is such that it initially contains 

the sillconatom. Gaskell's trigonal prism is shown in Figure 

2a, and our modified trigonal prism is shown An Figure 2b. The 

next ~hits are related to the original prism by clockwise 

rotations:through 221 ° 12' around the axis in the same plane, 

wh~le in Ga~skell's case the rotation was 215.3 °. Repeated 

rotations around the axis in the same plane produce the edge- 

sharing arrangement of trigonal prisms. The larger rotation 

angle in our model to produce edge sharing was necessitated by 

6 > 

the expanded trigonal prism as compared to Gaskell. 

The result of starting with a trigonal prism and generating 

the bulk structure by repetitive rotations is shown in Figure 3a, 

a 78 atom wooden ball model. The presence of silicon 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 computer model by adding successive 

layers of %rig0nal prisms to the original trigonal pris m until 

860 or 1200 total atoms.have been added. This procedure is 

continued until the most dense packed arrangement of %rigonal 

7 
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prisms is reached. The generating procedure maintains the NM 6 

short range order, while packing the trigonal prisms as 
i 

i 

efficiently as possible. At each %rigonal prism addition step, 

the whole structure is checked for overlapping. ~f there is an 

overlapping, the addition of the whole the prism does not proceed 

and, as a result of this, artificial voids appear. 

At this stage the model is not adequately physical and needs 

a bulk relaxation procedure. This goal was accomplished by 

minimizing the internal energy. The cohesive energy of such a 

system was assumed to be adequately represented by a sum of 

pairwlse ±nteractions [8]. 

Jones potential;was chosen. 

~i~ [Rij 12 ..- ai~6],., "where ai~ 

For the present work a 6-12 Lennard- 

The intera~omic potential Vii = 4 

= 2 -1/6 R ° and is %he distance i J" rij 
o between atoms ~ and:J and Rij,.is the equilibrium interatomic 

distance. The!:quantity Pij is the binding energy between atoms 

in i and j which is assumed to be equal to cohesive energy. The 

explicit form~of this potential for our system is given by the 

following equations where values of~i j and Rij for Pd and Si 

are taken.~ro~ Boudreaux [811 

,' - -  ! Z  

Vpd.p d = 1.96 2 -1/6 x 2.77 

vpd-si - 2;73 [ {-2-I/6 x 2.47] 12 
• !_ I 

I,;- " -[z2 
VS'-S~ = 0"55 i2-1/6 x 2"6S!r 

=2-i/6 I x 2.7 ( i )  
r L 

r2 -I/6,x 2.77-!61 (2, 
!j 

-:6 

L "F I F'2"1/6 x 2,65.41, ,(3) 

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



i 

pot~nti:als do not,include terms due to truncation and in our case 
-o 

'the total energy, Et, wa-~ calculated taking into account ail 
,F 

atoms in the model, -.." 

E t ° 1  ' :, (;)  
z ~TJ V i i  " ' 

The energy minimization was accomplished by steepest descents 

method' [9]. Each atom is simultaneously moving along the 

direction of .the net force on that atom [9]. The atoms are moved 
C; ;' '-" 

a distance proportional to the magnitude of the force on them. 

After each such move, the forces are recalculated and the atoms 
.. f..% iI .: 

I,~, " 
moved a g a i n ,  j~rhe f o r c e  on  atom i i s  g i v e n  by,  F i  = -AV. The 

atoms are then moved according to x. = hiqiV n- 
~, l,n 

The constan~ h was chosen for each step separately. The values 

o f  h i n  t h i s .  s t u d y  w e r e  0 . ' 1  t o  1 . 0 .  T h e  n e w  s e t  o f  c o o r d i r / a t e s  

in the nth interaction Xi, h =" Xi, o + ~xi, h. The new value of '.":"" 
-j ,j 

e ~ e r g y  i s  c a l c u l a t e d  i n  new c o o r d i n a t e s .  To a s s u r e  t h a t  t h e  " 

minimum of the total energy is reached "the average force: '" 

k' 

F = f,,,-1( .N Fk21112 ' 
: ..~.. CS) 

k- i  ., 

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

model... The procedure is "stopped when F < ~ which assures that 

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

b .  S u r f a c e  Model  G e n e r a t i o n  
• 2 . 

The task o'f 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 possible. The smoothest possible unrelaxed 
;. 



' surface was generated in ~h e following way. The boundary 

'condition in the Z direction is imposed 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 : 
7 

g e n e r a t i o n  p r o c e d u r e  a l l o w s  c o m p o s i t i o n  t o  be  m a i n t a i n e d  up  t o  
. ~  

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 Pd80Si20 utilizing a total of 860 atoms. By 

allowing the surface top layers to be formed without retaining 

the t r i g o n a l  p r i s m  s t r u c t u r e ,  t h e  s i l i c o n  a toms: :are  

preferentiafiy exposed to the surface. A rough surface boundary 

"," , T  

condition was generated by simply continuing the trigonal prism 

i structure up to the surface9 utilizing a total of 1200 atoms, and 
)' 

/ : " p r e f e r e n t i a l l y  e x p o s i n g  p a l l a d i u m  a t o m s .  T h e s e ~ o  b o u n d a r y  
: 

conditions impose a thickness range on the~surface layer 

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

prism (a total of two prisms), Figure 3a. The minimum roughness 
!' 

i s  t h e  amorphous e q u i v a l e n t  o f  a ~ s % a l l o g r a p h i c  p l a n e  w i t h  an 

adatom and a vacancy, and appears to be a reasonable minimum. 

The maximum of One trigonal prism would:'appear to be a 

reasonable l i m i t  f o r  m e t a l - m e t a l l o i d  g l a s s e s ,  whose  d e n s i t y  

approacNes a dense random packed liquid. 

The equilibrium surface-"segregation was finally reached by 

utilizing minimization of binding energy as the driving force for 

segregation, wh~le neglecting the .effect of entropy. ~ The entropy 
J. 

contribution to the total free energy can be shown to be 

10 
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f 

f 
• o 

a) b) 

h -  

Figure 3, Ball model representing: a) bulk simulation used to 
generate the rough surface, 6) dashed,:line represents 
the smooth surface boundary condition. Bozh conditions 
correspond to the unrelaxed case. 



neQligible in the following way. The total free energy for the 
f 

.syst?m can be formulated as follows: ' "  

Gt = H t - TS t. The pressure - volume term in enthalpy is assumed 

to be negligible, and instead of enthalpy we can consider the 

internal e~ergy: 

G t = E t - TS t. The binding energy between the atoms in the 

various pairs of atoms is expressed in terms of L-J potential. 

For our system containing 860 atoms~ the corresponding total 

energy was found to b~ E t = -2236 eV after the final relaxation. 

The driving force of surface segregation is the minimization of 

the total free energy of the alloy system at a given bulk 

composition. The segregation can be visualized as an exchange 

reaction: .. 

Asurf + Bbulk ~ Abulk + Bsurf (6) 

The entropy contribution to the total free energy, 

S t = [SA(surf ) + SB(surf ) + SA(bUlk ) + SB(bUlk) ] (7) 

Only the entropy of mixing S A = kXAln a A is considered, since, in 

an alloy system, this term is the most important with respect to 

segregation. For the ideal case S A = kxAln x A. Thus, 

S t = k(XpdSln apdS + xsiSln asi s + Xbpdln abpd + xbsiln absi)(8) 

11 



I~ ideal case, !7 .... 
. ~ 

. S t =. k(Xpdsln XpdS + xsiSln -Si~%~ ~.+ xbpdln Xbpd + xbsiln xbsi),(9) 

where x i is the concentration of i-th element, and a i 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 

to be -1.57 x 10-16erg/°K at 300°K, TS per atom was found to be - 

4.7 x 10 -14 erg = -2.9 x 10-2eV. Thermodynamic data provided by 

Kozlov e~ al [i0] for the Pd-Si system enable correct 

calculations of entropy from equation 8 for the non-ideal case. 

T h e  ~ 'n : t ropy  c o n t r i b u t i o n  p e r  a t o m  w a s  f o u n d  - 2 . 2  x l 0  - 1 6  e r g / ° K ,  ~t 

s o  t h a t  a t  3 0 0 ° K ,  TS p e r  a t o m  i s . - 6 . 6  x 10 - 1 4  e r g  ( - 4 . 1  x 10 - 2  

eV). The binding energy per atom is -2.5 eV. The contribution 

of ient halpy per atom is almost 100 times greater than the entropy 
.: 

c o n t r i b u t i o n  .a t  r o o m  t e m p e r a t u r e ;  t h u s ,  we c a n  j u s t i f y  u s i n g  o n l y  
i 

the energy term in the relaxation procedure. The final relaxed 

c o m p o s i t i o n  o f  t h e  P d 8 0 S i 2 0  a l l o y  f o r  t h e  f i r s t  s u r f a c e  l a y e r  i s  _: 
. : .L:  

Pd65Si35, as determined by the energy minimization calculation. 

In the second approach(riO generating the surface structure, 

an initially rough surface was obtained by the last "trigonal 
... 

prism layer when 1200 rgugh atoms were exhausted, Figure 3a. 

This procedure generated a surface with almost the bulk 

composition. Many Pd atoms were at prism corners where their 

coordination number is three (analogous to a large population of 

adatoms on a (Iii.) plane of fcc). This resulted in a. very-low 

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 %he same procedure as in the first 

12 



approach, the different surface generation procedure resulting in 

121~0 t o t a l  a t o m s .  The s u r f a c e  was a s sumed  t o  be  s e g r e g a t e d  and  

relaxed when the forces acting on the surface atoms are 

negligible (E t - Etmin/Etmin < i%) and the effect of entropy in 

this approach was again assumed to be negligible. The final 

composition of the first layer was 35% of Si and 65% Pd in our 

first approach, and 38% Si and 62% Pd in this second~:approach. 

The d i s p e r s i o n  ( s u r f a c e  a t o m s / t o t a l  atoms) was 0 .24  ~in the  second ~ 

approach and 0.36 in the first approach, since there are more 

total atoms in the second approach, which causes dispersion to go 

down. -" 

The bulk density of the model generated structure was found 

to be i0.i g/cm 3 for the smooth surface approach. The system is 

composed of 172 silicon atoms and 688 paladium atoms. ~he total 

mass m= 129 x l O - 2 1 g .  The t o t a l  v o l u m e  o f  t h e  m o d e l ,  

V = 128 x 10 -22 cm a. Thus, j = i0.i g/cm 3 with ~p= 0.3 as 

compared to an experimental value 10.3 g/cm 3 [11], which is 

within experimental error. 

f 

The model volume was calculated by finding the maximum 
: 

values of x, y and z which defined the model's boundaries. 

The volume is 33A x 30A x 13A = 128 x 10-22cm3. The total 

error in the calculated volume, arising from a O.6A 

uncertainty in the z plane, is 5%, which gives a 0.25 g/cm 3 
,= 

error in the d~nslty. Since the difference between the 

experimental and calculated density value is 0.2 g/cm 3, we can 

~-conclude that the reiaxation of the model was 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 



w~uld lower the density value. 

• c. Results ":,',-,. 

Based upon this model,.:hDrobab.~J=%~ distributions of the 

,%lumber of nearest neighbors, C.N. :,~ for the atoms located on the 

surface were calculated and are plotted in Figure 4, Three types 

of distributions were analyzed, 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 Pd-Si nearest~heighbors, calculated at the 

distance 2.57A from a Pd atom at the origin, which corresponds to 

the sharp plateau in Pd-Si C.N. distribution, Figure 5a. Figure 

4c shows the vicinity of Pd surface atoms for both Pd and Si 
° . 

\ 

n e i g h b o r s  w i t h  t h e  r a n g e  o f  C.N. f rom 4 t o  l l .  The s i t e s  w i t h  

~'.N. I0 and Ii have very low probability. An average 

c~ordination number was C.N. = 5.94, as compared to 6.24 found in 

u r l r e l a x e d  c a s e ,  w h i c h  i s  shown i n  F i g u r e  6, a n a l o g o u s  t o  F i g u r e  
;I 

4c  ~; 

~: The surface segregation of silicon with respect to different 
/. 

C.N.:"S o f  s u r f a c e  s i t e s  i s  i l l u s t r a t e d  i n - ' T a b l e  1.  The r a t i o  

between silicon and palladium atoms for a given surface site 

decreases as the C.N. increases, thus showing the tendency of 

silicon atoms to segregatepreferentlally at low coordinated 

sites. The relaxation of the model shows that thesurface is 

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

14 
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graphics system the simulated unrelaxed surface is shown in 
t 

Figure 7. The simulated surface of the relaxed and segregated 

glass 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 determined by how many 

initial squares can be fo.~nd in the rectangles obtained from the 

surface simulation. In our case we assume that a rectangle 

becomes a square when a 2 ~ 1.5(ai), which leads to an error of 4% 

in D, or D = 2.3 + 0.09. 

At this stage surface reconstruction is induced by changing 

the length of the bond between the atoms on the surface first 

layer and the bulk compared to the bulk length. The R O parameter 

in the Lennard-Jones potential for the surface atoms is reduced 

compared to the bulk and the scallng 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 2.45A, 

Figure 5a (initially 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 

reconstructio~ on the properties of the glass is significant, as 
"~l o. 

evidenced by clear shifts in catalytic selectivity which occur 

upon reconstruction"of crystalline catalysts [18]. 
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A similar distribution of nearest neighbors on the 

reconstructed surface is shown in Figure 8, which shows that only 
e 

the Pd-Si distribution is changed. The effect on silicon 

segregation is shown in Table i. 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 characterize 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 physisorbedlayer of He. The nearest 

neighbor distributions are shown in Figure 9. 

In the second approach, using the rough boundary condition, 

the generated surface was rougher compared to th~ first approach 

with the CN = 5.64. This approach generated a Surface graphics 

simulation which ~ is indistinguishable from Figure 7. The 

distribution function corresponding to this case is shown in 

Figure 10a. The C.N. for unrelaxed model was 4.86. The 

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 
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TABL- ; 

C .,~I. "-. " 5 7 = B (: 

~.) Si 0 . 9 5  0 .93  0 . g 0  0.55 O.J.5 0 .28  

~) Sf 1 .05  0 .96  0 . 9 .  ~ 0 .50  ; 0 .42  0 . 2 8  

The relazion between coordination numbers and segregazion of silic~n 
• or (.a) the model relaxed from ~he i6'~tial ly smooth ~urfaca (b] -he 
segregated and relaxed model. 



ti,, II I llt~,,, ,,,~,,,,,: 

~igur~ 7, ~ne surface of the relaxed PdaSi metallic glass, di~played 
via 9rap~ics system as compared ~o ~epped single crystal 
surface, Balls representing atoms tn tme-single crystal 
surfa¢~ er~ 2A i~ diameter ~n ~e scale of :h~s pic:ure a~ 
cQmpa~d ~o 2,75~ of palladium atoms.and 2,23X of silicon 
azoms, Smoo~n surface boun~aKz condition. 
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the metallic glass' surface model presented in this paper. From 
| 

our model the c.N. distribution ranges from 4 to ii 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 zthis plane is 

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

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

same as on (lll)Ziplgne. A kinked-steppedreconstructed surface 
:4 

for the (i0 8 7) plane was rep~ted stable for platinum [13]. In 

~his case the C.N. tinges fr6~?6 to Ii, but C.N. = 8.5 (Figure 

lla), close to that for an fcc (Ill) terrace where C.N. = 9. In 

case Of small particles, Gillet [14] reported that for 20 A Pd 

particles, the fcc structure prevail~ Figure 12b shows that the 

distribution function has C.N.' = 6~'~bif~or the foc particles 

sErface atoms. Gallezot [15] reported £hat for platinum 

p~rticles under the influence of H 2 chemisorption, a normal fcc 
.~ 

bulk structure exists. The comparison of C.N. shows that the 

"small particle value of C.N.. = 6;85, much closer to the 

calculated glass ~ald~in this work of 5.96 than the highly 

stepped-kinked (10 8 7) platinum surface. 

The small particles can have a distribution ranging only 

from 6 to 9, in the oube-octahedron case and the fcc case, Figure 

II, since no concavities are present. The (10 8 7) surface has a 

wider distribution, ranging from 6 to Ii, 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 ii. 

It may be that with respect to catalytic applications, the glass 

can compete with small particles for reactions which require low 
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• coordinated sites and with the high-Miller indexed single crystal 
b 

l • 

stepped surfaces for reactions, which require high-coordinated 

sites. This makes the glass surface very versatile for catalytic 
l' .J.~ 

applicationJ~. It was foun'd by Ledoux [16] that the presence of 

low C.N. sites on a kin~d~stepped surface can account for the 

mechanism of olefin rogenation on transition metal surfaues. 

The selectivity of addition greatly depended on the presence of 

low coordinated sites. The reaction of olefins on Pd4Si glass 

carried out by Brower et al [17] showed a high selectivity for 

addition, thus supplying f:hrther evidence that the glass surface 

h a s  a h i g h  d e n s i t y  o f  low ~ o o r d i n a t e d  s i t e s .  
i 

The surface segregation illustrated in Table 1 shows that 

it • 

the segregation takes plac i,: preferent~ally: at sites with low 

c o o r d i n a t i o n  numbe r .  Thus  t h e  c o m p o s i t i o n  o f  t h e  s u r f a c e  o f  t h e  

Pd80Si20 alloy is enriched in silicon especially at low 

: coordinated sites. Because, on a real surface, contraction takes 

place, re=onstruction of the surface is necessary. This 

contraction is a function of coordination numbers [12]. The 

distribution functions show that a slight contraction is 
1 

introduced to the reconstructed surface. Only the Pd-Si 

distribution has changed, and thus the silicon segregation at low 

coordinated sites is enhanced. 

The physisorption of helium atoms on 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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i 

s~nce only a physical interaction exists between the surface of 

.the glass and 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 unrelaxed boundary conditions (4.86 and 6.25) is 

about 1.4. The difference between C.N. for a (Ill) close packed 

plane and a 10A particle, Figure 12, (9.00 and 6.85) is 2.2. The 

shift in catalytic selectivity as the surface roughness of a 

noble 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 An unrelaxed 

glasses are 0.78 in the rough surface case (4.86 ---> 5.64) and 

0.S0 in the smooth surface case (6.24 ---> 5.94). Both of these 

C.N. shifts are greater than the shift going from a (iii) 

close packed plane to a very rough, stepped and terraced (i0 

8 7) plane, 0.25 (g.00 ---> 8.75). Again, strong differences in 

catalytic selectivity 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 Fe80B20 

metallic glass. 

e. Conclusions 

The amorphous surface simulated in this paperis 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 ~ 
,, ,¢~ 

.planes ranging from 5-11~,and small particles ranging from 6-9. 

The roughness of the metal~'lic glass surface is described in terms 

J 

of distribution functions t~f the surface coordination numbers and 
,L 

by a fractal surface dimen'sion of 2.3. The average surface 
"~::_: >" 

coordination number of the glass is lower than that for a small 

particle and much lower than that of a nominally flat 

crystallographic plane. 
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2. HVEM at Argonne National Laboratory 

Amorphous Pd80Si20 flakes produced by,he shock tube 

technique have been used as catalysts in hydrogenation and 

isomerizatlon reactions of olefins [1,2]. Amorphous Pd80Si20 
A 

exhibits altered selectivity with respect to a c@ystalline Pd 

catalyst [2] and amorphous Fe80B20 [3]. the Fischer-Tropsch 

reaction requires a temperature of 300-400°C, which is in the 

range of crystallization temperatures for Fe80B20 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 maintained " 

as glasses in hydrocarbon reactions. 

It was reported by Masumoto et al. [3] that the 

crystallization temperature of Fe80B20 amorphous ribbon was 

lowered by 132 ° C during the Fischer-Tropsch reaction. They also 

observed up to ahundred times lower reaction rate after 

crystallization. It was found by E. E. Alp et al. [4] that the 

crystallization of Fe80B20 glass in the presence of inert gas 

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

found a difference in the crystallization kinetics as a function 
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of annealing atmosphere for Fe78Mo2B20 metallic glass alloy. The 

crystallization temperature was higher in one atmosphere of argon 
J 

as compared to 10 -7 torr vacuum. 

~Here we report the study of the crystallization of Pd80Si20 

alloy glass in vacuum and in a cyclohexane atmosphere by using 

the High Voltage Electron Microscope (HVEM) in conjunction with 

an in situ environmental cell available it Argonne National 

Laboratory~ 

a. Experimental Procedure 

The samples were prepared by using "shook tube" rapid 

solidification technique [6] from a master alloy of the 

composition Pd80Si20 ~ 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 l~m. The resolution 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 which would be inserted into a reactor. The shock tube 

produced flakes are nominally 5 microns thick, but have an 

irregular thickness with occasional holes. Large areas of the 

unthinned flakes are thin enough to become electron transparent 

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

of Pda0Si20 were studied, one in normal TEM column vacuum of 10 -6 

torr, and the second in the presence of 20 tort cyclohexane. The 

first sample in the vacuum was heated in a stepwiseprocedure by 

successive 20 minute isothermal treatments at 150°C, 300°C, 
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FIG./Y-(a) Transmission eleclron mieroBraph of Pd~Si.,o unthlnned sample as quenched, showing 
small crystallitcs immersed in an amorphous matrix. 24.000 x. (hi Diffraction pattern of Pd~Si.~ sample 
in (a). The g!assy band is very faint. 



4Q0°C,.500°C, 600°C, and 630°C, shown schematically in Figure i. 

.Heating to the next higher holding temperature took i-2 minutes. 

The second sample was heated by the same procedure up to 450°C. 

The difference between the two actual temperatures, 400°C and 

/ 

405°C (both nominally 400°C),/arose from differenced in resetting 

the hot stage power supply. 

b. Results 

i) Vacuum Aging 

The diffraction pattern and the image of the unaged Pd80Si20 

sample in vacuum at room temperature are shown in Figure 14. A 

low density of small orystallites can usually be detected in some 
L 

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 higher scattering angles. ,The same~diffraction pattern and 

image were obtained at each isothermal vacuum aging step up to 

~600°C. At 530°C the diffraction llnes attributed to Pd9Si 2 and 

Pd3Si appeared in Place of the glassy bands. The emerging 

diffraction pattern of Pd80Si20 sample at 530°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 observed 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 [10i 

vacuum aging of Pd80Si20. for 

Two of these lines match (221) and (404) lines of Pd9Si 2, 

according to crystallographic data provided by Nyland [8]. Duhai 
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[9]" also reported (221) and (404) PdgSi 2 lines in TEM diffraction 

studies of crystallized Pd80Si20 . Except for 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 Maddin [10] for MS II and Pd3Si. ME II is a 

metastable phase formed from Pda0Si20 glass with an unknown 

crystal structure [i0]. However, the comparison of intensities 

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 Pd3Si. 

Three other lines, 1.63, 1.43, and 1.36 A cannot be compared 

with the Masumoto data for Pd3Si, because in that work the 

smallest.lattlce distance is':l~800 A. Line i~63 A can be only 

attributed to MS If. The intensity comparison also gives a good 

agreement. 

Lines 1.43 and 136 A are also in good agreement with MS il 
f~ 

lines in terms of both latioe distance and relative intensity. 

They can also match PdgSi 2 (404) and Pd9Si (004) from Duhai's 

work. 

ii) Cyclohexane Aging ;~ 

The same heating procedure shown in Figure 13 was repeated 

with another unthinned Pd80Si20 flake in the presence of 20 tort 

of cyclohexane in the HVEM environmental cell. The room 

temperature diffraction pattern of this second sample was 

identical to the pattern shown in Figure 14b for the vacuum agel~ 

sample of Pd80Si20. During aging at 150°C the image darkened, 

apparently due to the adsorption of cyclohexane on the metallic 

glass surface. Below 405°C no crystalline diffraction lines 
~.. 
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"F~G O~,(t'~a) Transmission electron micrograph of PdmSi:o sample heated to 630°C in vacuum, showing 
a dense population of 500-,~, crystailites. 240.000x. (b) The diffraction pattern of Pd~,oSi..o sample 
from (a). 
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FIGl~.(a) Transmission electron micrograph of the umhinned Pd,~Si.,o sample heated Io405+C in the 
presence of cyclohexane, showing a dense population of 1000-~ crystallitcs, 2<~,000x. (b) Diffraction 
pattern of the PdmSi:o sample from (a). 



, emerged. At 405°C diffraction lines emerged ~as shown in Figure 

' 16b;" the image showed a dense pop{dlation of 1000 A cryastallites, 

Figu 16a. ~<":, : 

The measured d-spacings and~estimated relative intensities 

of the observed diffraction lines from cyclohexane aging are also 

shown in Table 2 for comparison to the vacuum aging results. The 
t 

relative intensities of the ~wo strongest lines, 2.40 A and 2.27 

A, are in good agreement only with Pd3Si [i0]. The measured d- 

spacings for the first five lines match both Pd3Si and MS II 

[i0]. In the presence of cyclohexane 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 ASand 2.10 A 

which appeared at medium and very strong intensities during 

vacuum aging, ldid not appear during aging in cyclohexane. Three ~ 

of the new lines are in good agreement with data for Pd3Si [i0] 

in terms of both d-spacings and relative intensity. Four of them 

are in good agreement with MS II [i0] in terms of both relative 

intensity and d-spacings. 

c. Discussion 

The environmental cell and the hot stage of the HVEM made 
¢ 

possible the study of the crystallization of Pd80Si20 glass in 

sltu both in vacuum and in conditions simulating a reaction. The 

crystallization temperature was found to be 630°C in vacuum. The 

transformation of Pd80Si20 to Pd3Si was reported before in vacuum 

at 500°C [9]. The presence of oyclohexane had a significant 

effect on the crystallization of Pd80Si20 glass sample. The 

crystallization temperature was lowered by about 200°C, Figure i. 

This kind of adsorption effect on the bulk crystallization of a 
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• metalllc glass was reported before Masumoto et el, [3], who 

'repdrted a 132°C lowering of'%the crystallization temperature of 

Fe80B20 glass during the Fischer-Tropsch reaction. 

'The other effect of: cyclohexane adsorption was to alter the 

path of the phase transformation of the Pd80Si20 metallic glass 

itself. As can be seen in Table 2, four diffraction iines are 
? 

common to both aging atm~)spheres. Three out of these four lines 
. . . . . . . .  :"- "" - - 4 "  ~:~'~" -= - -" "='='- - - - . . . . . . . .  

index well to Pd3Si. T~::of... the lines in-%he vacuum aging 

pattern do not appear in the cyclohexane pattern 2.10 A, 

associated with Pd3Si, and 2.80 A associated with PdgSi 2. Thus, 

it appears that the Pd 3 Si phase is common to both atmospheres, 

but the PdgSi 2 does not appear in cyciohexane. Since all seven 

new lines in the cyclohexane pattern can be associated with MS II 

and Pd3Si , the cyclohexane aging atmosphere apparently induces 

the crystallization of a MS II second phase with Pd3Si, whereas 

the vacuum aging induces ~a Pd3Si and P~gSi2 two phase structure. 

Although 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 crystallization path for Pd80Si20 glass in vacuum as 

opposed to'cyclohexane. : 

The change of the crystallization path for Pd80Si20 glass in 

the presence of cyclohexane differs from the effect of adsorbed 

reactants observed by Masumoto et el., where the reaction 

conditions lowered the crystallization temperature of Fe80B20 

glass, but did not effect the structure of the transformed glass. 

The darking of the TEM image after exposure to cyclohexane 

indicates at least physiosorption and probably chemisorption of 

1 
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• th~ cyclohexane occurred. Such chemisorption induced glass 

cry6tallization could be the analog of ohemisorption induced 

surface segregation as observed by Sachtler and coworkers [11]. 

The authors feel that the enhancement of crystallization 

kinetics by the presence 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 Pdeo-Si20 

alloy catalyst, is attempting to crystallize by surmounting the 

activation barrier for crystallization. The usual case for the 

rate limiting step in phase transformations of alloys in the solid 

state is diffusion of solute. Thus, it appears that the 

chemisorbed cyclohexane weakens the bonds between surface 

palladium and silicon atoms and allows surface diffusion and the 

~subsequent crystallization at a higher rate than the vacuum case. 

d. Conclusions 

The adsorption of cyclohexane has a strong effect on the 

crystallization kinetics of the metastable Pd80Si20 metallic 

glass. The crystallization temperature was lowered by.200°C as 

compared to vacuum conditions. In addition, the path of the 

crystallization was altered from vacuum conditions, which 

:~apparently generate a mixture of Pd3Si and Pd9Si 2, to cyclohexane 

conditions, which generate a mixture of Pd3Si and MS IX. ~ 
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3. IonScatterlng Spectroscopy - Oak Ridge National 
: Laboratory (with S. Overbury and D. Huntley) 

Amorphous materials such as metallic glasses do not have 

~iong range 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 

similar 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 miorocrystallites. It is interesting to 

consider 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 tSere facets corresponding to the boundaries of 
associations? 

Does crystallization begin at the surface? 
%1 . 
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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 quenched ribbon or splat? 

Although virtually nothing is known about such surfaces, 

catalytic studies on Pd80Si20 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 Fe80B20 glass 

(Allied Chemical, Metglass 2605) in an attempt to measure and 

ultimately define and quantify this roughness. Xon scattering is 

an ideal tool since it is structure sensitive 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 (60 °) as a function of the angle of 

incidence. At very grazing angles of incidenue (~ I0°), 

scattering from any atom in a single crystal surface is not 

possible due to shadowing by its neighbors. Similarly, grazing 

exit angles ( ~ 50 °) 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 over many 

configurations of atoms should also broaden and smooth out the 

angular distributions. These ideas uan be tested on a single 

crystal. In the Figure 17 the dependence of the single 
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s~attering peak height for Li+ scattering from Mo(001) 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 andan abrupt cut-off at more 

grazing incidence angles. The distribution shows also a drop in 

intensity at low exit angles (large incidence angles). If the 

surface is roughened, forexample by sputtering, the distribution 

is broadened considerably although a remnant of undamaged surface 

remains. The dependence upon incident angle was measured for an 

amorphous Fea0B20 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 surface was cleaned by sputtering, removing 

most but not all impurities and was gradually crystallized by a 

sequence of annealing steps. The angular dependence was measured 

repeatedly as a function of these treatments. Annealing briefly 

to 300Oc, was sufficient to cause changes in the Fe/B 

concentration ratio (according tg~SES), but did not change the 

shape of the angular distribution. Only very minor changes are 

observed after extensive annealing at 400°C or finally to 600°C, ~ 

sufficient to crystallize the bulk. Both sides of the amorphous 

ribbon were examined. 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" side of the ribbon which cools slower than the bottom 

side, is partially crystallized in the as-quenched 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 with 
i 

• increasing dose. The distribution obtained after: the largest 

s p u t t e r  d o s e  i s  shown .  No a n n e a l i n g  w a s  d o n e  on  t h i s  s a m p l e .  

The distribution is relatively less intense at low and high 

compared to the bottom side consistent with a high?r 

crystallization fraction. 
c~ 

To interpret the angular distributions, it is necessary to 

know more about the effects of surface impurities and macroscopic 

roughness (undulations, scratches, etc.). It is also interesting 

to consider whether an average of the many crystallite grains in 

various orientations present in a polycrystalllne material would 

give rise to such a broadened angular distribution. In an 

attempt to answer this last question, a pollshed polycrystalline 

Fe foil was examined and the resulting~:angular distribution is 

shown in Figure 20. This sample exhibited a out-off which was 

sharper than that for the amorphous samples. However, changes in 

the angular distribution Were observed when the ion ~eam was 

moved to other points op the surface. Thus the~desired goal of 

averaging over many grains was not achieved. The effect of 

surface impuritie§ was determined by exposure of the 

polycrystalline ~e to oxygen. The impurSty resulted in a shift 

in the maximum to higher but a falrly sharp cut-off, and low 

relative intensity at low and high remained. 

ThE angular distributions are expected to be affected by 

microscopic roughness which could cause large-scale shadowing and 

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

possibility the cross sections of representative Fe80B20 ribbon 

were exam!ned,~by SEM. Undulations on the bottom side of up to 
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6 ° from 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 distributions of the top compared to the bottom side of 

the ribbon. 

Differences in composition were also observed between the 

two sides as determined from measuring the B/Fe Auger Intensity 

ratio as a function of various treatments of the samples. The 

results are summarized above. Both surfaces exhiblted an 

increase in B/Fe ratio with sputtering while the bottom side 

showed relative enrichment in B compared %o the top surface. 

This enrichment decreased w~th annealing. It has been proposed 

that during the crystallization of Fe80B202C<-Fe cryst~llizes on 

the surface resulting in the loss of B from the surface. These 

results from extensive annealing experiments are consistent wlth 

this proposal. 

a. Conclusions 

I. >The angular dependence of the ion scattering intensity shows 
sensitivity %o roughness on an atomic scale. 

. >The ionscattering data for the Fe ^B^. foil indicates that 
the surface is rough at an atomic ~v~ and that this 
roughness is only slightly affected by bulk crystallization. 

3. >The surface becomes depleted 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 ofystallizatlon behavior of Fe80B20 (MG 
i • 

2505) metallic glass. Single roller quenohed samples were heat 
e 

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 crystallization is observed at the top 

or bottom of the sample as compared to the bulk during the course 

of the isothermal crystallization. The predominant crystalline 

prqduct in the as quenched glass Fe3B, indicating such short 

range ordering in the glassy state. However, upon isothermal 

aging, substantial amounts of -Fe crystallize both near surface 

and in the hulk. i 

a. Introduction 
! 

The crystallization of Fe80B20 metallic glass is probably 

one of the most extensively studied phase transformation in 

recent years. The superior mechanical and magnetic propertles of 

Fe-B basedmetsllic glasses make them technologically very 

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

orystallizatlon they become very brittle, and high permeabillty 

and the low coercive force are lost. On the other~hand, 
:9 

crystallization of Pd4Si glass does not substantially diminish 

the unusually selective behavior in hydrogenationi~eaction.- 

Similarly, the corrosion resistance of Fe-Ni-Cr-W ~lloys upon 

partial crystallization is initially maintained. However, later, 

due to a redistribution of ma~or 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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tnansmission 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, Fe80B20 

:metallic glass ribbon (obtained from Allied Chemical Co., NJ, 

USA) was isothermally heat treated under vacuum (5 x 10 -5 torr) 

at 603 and at 638 K, and under helium atmosphere at 66S K. • CEMS 

measurements on both sides of the ribbon were taken using the 

flow-type back-scattering detector. A He-10% CH 4 gas mixture, 

flowing at a rate of 70 cc/min was used to detect 7 keV 

conversion electrons. 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 

Fig. 22(b) shows the transmission spectrum of the same sample. 

From the relative intensity of nearly supressed stainless steel 

peak, the escape depth is approximated as 0.25 m. Since the 

Fe80B20 metallic glass ribbons are 35 m thick, the CEMS sampling 

depth comprises less than 1% of the total sample. 

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 are 

determined according to a procedure described by LeCaer. This 

method allows decoupling of amorphous phases from the crystalline 
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Table 3 .  N6ssbauer parameters for  Fe3B used in 
th is  study:>[T = 29B K). 

ra~,i e ~/. 

eOVzz {m_~_.m) 6 (mm/sec) 
Site II [kOe) ~ sec 

1 29Z -0.018 0.061 

2 280 :~ O.OZ2 0.061 

3 268 0.019 0.028 

4 255 0.07 0.028 

5 266 - 0 . 0 3  0.105 

6 217 -D.03 0.105 

A.,:rage magnetic field of the amorphous phase and Lh-~ relative distr i :ut ion of phases i,; 
Fe6,)B~O metallic glass after isozhermal heac t,'eatmenz. 

I_ 
if ,-e- ::nell t 

~5 
quenched 

~hei,} at 
i.'33 ~ for 
30 rain. 
i n vacuum 

held at 
638 K for 
2 hrs. in 
v&c~uln 

held at 
663 K for 
15 min. 
in He 
iatmosphere 

held at 
663 K for 
30 min. 
in He 
atmosphere 

Specimen . 

rough side"! 

~nlny side 

bulk 

,-ougn side 

shiny side 

bulk 

rough side 

shiny side 

bulk 

rough side 

shiny side 

bulk 

rough side 

shiny side 

bulk 

(koe) 

253 

253 

250 

269 

260, 

251 

252 

277 

250 

241 

2q7 

249 

235 

248 

249 

-~re Pooulazion I 
in zhe 

crystalline phase 

6 ! 

8 

5 

9 

12 

9 

33 

29 

35 

I in 
• . c~-Fe 

i n  

Fe3=. 

- -  6 

2 6 

3 

25 

22 

25 

1 

6 

5 

6 

8 

7 

10 

4 

3 

4 

I Filase Amounts 
I T "r 

~-Fe Fe3B" 

- -  6.4 

1.6 6.4 

- -  5.3 

-- 9.6 

2.4 g.6 

-- 9.6 

20 B.5 

17.6 7.5 

20 i 1D.6 
0.8 4.3 

4.8 3.2 

-- 4.3 

4 3.2 

4.B 3.2 

-- 4.3 

Composition ol 
, the re~nainir:g 

glass, F=~ -,,3.- 

I 0  -" ~°f. f  

20.0 

19.7 

19.3 

20.0 

19.3 

26.4 

25.5 

26.6 

ZO.O 

16.7 

19.7 

16.5 

16.7 

19.7 
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phases, provided that the line positions and widths of the 

.existing crystalline products are known. The llne positions of 

FesB with bct structure varies somewhat in the literature. Since 

Fe3B(t) is a metastable product formed through crystallization 

from amorphous phase, its crystal and magnetic structure is not 

well resolved. In this study, we have predicted the line 

positions by solving the combined electrical quadrupole 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 ~eat and fluid flow during splat cooling. 

Under Newtonian cooling conditions, no temperature gradients in 

the splat exist during solidification. Therefore, such splats 

should be homogeneous through their thickness. Model 

calculations indicate that Newtonian cooling conditions exist up 

to a value of Nusselt number:of 1.4. For a thickness, d = 

35 m of Fe80B20 , for interface heat transfer coefficient, h = 

2.0 oal/cm2-sec-k, and for a thermal conductivity, K = 0.12 cal- 

cm/om2-sec-K, the Nusselt number NNu = h'd/k is well within 

the Newtonian range. By monitoring crystallization 
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simultaneously with CEMS and transmission Moessbauer 

.spectroscopy, we have determined that, indeed, neither side of 

the splat ispreferred 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 quenched FeSoB20 showed a 

slighly higher crystallization near the surface region with no 

substantial preference to either shiny or the rough side. The 

shiny side of the specimen 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 variation 

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)), neither 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 Fe80B20 (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 quenched glass contains some crystallization 

in the form of Fe3B. 

B. Bulk Analyses 

I. Moessbauer Spectroscopy 

Moessbauer spectroscopy has been utilized to examine the 
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bulk. structur~ej~, of the Fe80B20 metallic glass. Figure 24 shows the 

.spectra and hyperfine field distributions for the as-recelved 

Fe80B20 glass (Allied Chemical Metglas 2605, single roller splat 

cooler),:and the same alloy remelted and quenched at about 

107°C/see. in our shock ~ube splat cooler. The two Moessbauer 

spectra are not distinquishably different, and both the hyperfine 

field distributions indicate a glassy structure. In Figure 25 the 

spectra of the splats produced in our hammer and anvil splat 

cooler at lower cooling rates (105-106 °C/see) show significant 

crystallfzation. The Moessbauer spectra of the as-recelved glass 

and the fully crystallized glass are compared in Figure;~2G.<~he 

sharp peaks of the crystalline structure correspond to %he two 

equilibrium phases, almost pure bcc ~Fe and the very boron 

enriched Fe2B phase. 

2. DSC/DTA - 8ICC 

The crystallization kinetics for the Fe80B20 and Zr2Ni 

glasses have been determined by a combination of differential 
i 

scanning calorimetry (DSC) and isothermal vacuum aging. As- 

received Zr2Ni glass, (Phillips Corp., Eidhoven, The 

Netherlands, single roller splat cooler) was found to be slightly 

crystallized via transmission electron microscopy, whereas the 

remelted Zr2Ni alloy which was quenched in our shock tube splat 

cooler, Figure 27, was completely amorphous (19). Similar to the 

Zr2Ni results, Matyjaszczyk:.; observed the as received Fe80B20 

glass (Allied Chemical, single roller splat cooler) to be top 

surface crystallized via x-ray diffraction (6). Such partial 

crystallization upon quenching from the liquid may affect the 

performance of metallic glass catalysts. In addition, the 
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stability, of the glassy portion o;f the'splat cooled ribbon is 

also affected in subsequent thermal treatments (e.g., reaction 
5 

conditions, isothermal vacuum aging). Figure 28 compares the 

results of DSC measurements on FesoB20 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 crystallization 

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 Processing - Splat Forming Methods 

i. Hammer Anvil Discs 

Work continues on this method of achieving intermediate 

cooling rates between the shock tube flakes and the single ~oller 

quenched strip. The hammer and anvil, being a two-sided cooling 

technique, differs from theother two methods in %hat the most 

rapidly cooled location is the center of the splat, •whereas for 

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

the top surface. 
l 

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 velocities. The former straight bore nozzle design 

is limited to Math I. 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 more difficult, like 

Pt-Si. 

3. Single Roller Quenching 
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Work continues on the Fe80B20 alloy strip, Metglas 2605, 
a 

produced by Allied Chemical. Additionally, Zr2Ni metallic glass 

alloy strip, produced by Phillips Corporation in Eindhoven , The 

Netherlands, has ~ been investigated as to its structure and ............ 

stability in the as-recelved condition as re-splatted in the 

shock tube.splatter. As with the Fe80B 2 the shock tube reduces 

the amount of as quenched crystallization in the Zl~Ni. 

D. Catalytic Measurements 

i. Fischer-Tropsch Reaction 

Here we report the near exclusive selectivity of an Fe80B20 

metallic glass catalyst for the production of ethane from the 

hydrogenation of carbon monoxide. This unusual selectivity 

arises, we believe, from the equally unique surface structure and 

composition of the Fe80B20 alloy metallic glass. The fractal 

dimension of a model metallic glass surface has been calculated 

to be 2.3, which indicates a scale of roughness on the atomic 

dimensions, both in protruberances out of the surface and in the 
O 

w a v e l e n g t h  o f  t h e  P r o t r u b a r a n o e s  i n  t h e  p l a n e  o f  t h e  s u r f a c e .  

Thus, such a metallic glass surface appears to be able to achleve:~-~ - 

high selectivity through sterric hindrance of the adsorbing and 

s desorbing 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 high 

activity (i, 2) and unusual selectivity (3, 4, 5) in a number of 

hydrocarbon reactions. In each case, the glassy catalysts, were 

the most selective of hydrogenation over isomerization. Komlyama 
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hav~ reported about 60% selectivity of ZrNi glass for ethane in 

the 'Fischer-Tropsch reaction. (6). The results given below, show 

:'"an e v e n  h i g h e r  s e l e c t i v i t y  f o r  e t h a n e ,  u p  t o  99%, a n d  a 

persistence of that selectivity for 20 hours at 320 deg C. 

The metallic g.lasses specimens used in this work were 

produced by two different %ezhniques. Strip sampl~s were 

produced by the Allied Chemical Corporation (Metglas 2605) and 
• ? - • '~.:. 

• ; wer~ used as received. "The flake specimens were produced in ~-our 

[,i~ !i 
s~'~ck tdbe splat cooler by using the 2605 glass as master alloy. 

. ,J ..'... 

Di~e to £he higher cooling rate associated with the shock tube 
// 

~echnique, 107 °C/sec, as compared to the,single roller 

technique, 105 °C/sec, partial crystallinity was present to a far 

lesser extent in the flake samples than the strip samples, as we 

will show below. 

The Fischer-Tropsch reaction was run in'a Pressure 
0 

Differential Scanning Calorimeter (PDSC) utilized as a'flow 

reactor (7). Use of the PDSC allowed in situ crystallization of 

the metallic glass and the reevaluation of the catalytic 

selectivity and acti~$i%y of the same catalyst by re-runnlng the 

Fischer-Tropsch reaction over the crystallized glass. Small 

quantities (5-10 mg) of various catalysts'glasses, crystallized 

g l a s s e s ,  p u r e  m e t a l  f o ~ . l s  and  p o w d e r s ,  and  c o m m e r c i a l  c a t a l y s t s ,  
% 

'%,,, • 

were evaluated to allow the comparison between Fe20B80 metallic 
% 

--gi-asses and various forms of crystalline iron catalysts. 

Comparisons of Fisoher-Tropsch reaction results 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 the glassy FeB shock tube flakes exhibited a 99% 
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• selectivity for ethane, whereas other shock tube flakes showed a 
I 

selectivity similar to the results over single roller FeB strip, 

crystallized flakes, Fe foil, and the supported Fe/graphlte ~ 

commercial catalyst. Upon in situ crystallization in He in the 

PDSC, the ethane selective 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 3G 

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% 

ethane, 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 
• ? 

crystallization on the surface and in the bulk of some of the 

shook 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 unique 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 (S, 5). However, the selectivity of the metallic 

glass which we report here is significantly higher for ethane 

than any previously reported studies on crystalline Fe catalysts 

(9, i0). A difference which could account for this uniqueness is 

the lack of neighboring terrace sites on the glassy surface as 

compared to the ledge and kink sites on the bulk crystalline 

surface even for small particles. The placement of high 

coordination number surfaces sites (active sites according to 

Falikov and Somorjai (li)) 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 next 

protruberance is 3-4 angstroms for the calculated fractal 

dimension of 2.3 (12, 13), about the size of~n-propane. Such 

roughness shown in Figure SO, may equivalently cause fast 

desorption.of 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 surface 

may force hydrogenation via 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 Fe80B20 

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 
t 

thought 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 C0 over a conventional oxide supported 

nickel catalyst are compared to those over the as-received Zr2Ni 

and Fe80B20 metallic glasses. Sample sizes for the Dupont 990 

system thermogravimetric analyzer experiments were as follows: 

Ni/SiO2, A1203, 18 mg; Zr2Ni, 5-10 mg; Fe80B20, 29 mg. The 

surface area, Sv, of %he supported nickel is assumed to be that 

observed by van Meerten (16), 325 m2/gm; the S v of the Zr2Ni 

splats is assumed to be that measured by Yokoyama, et al. (9) 

for Zr65Pd35 splats, 0.i m2/gm; the S v for the Fe8oB20 sp~ats is 

assumed to be that measured by Yokoyama, et al. (5) for the same 

Fe80B20 splats, 0.3 m2/gm. 

:. 

a. Supported Nickel 

The supported nickel was reduced in 30 ml/min, of H 2 at 

400°C to reduce surface oxides. Over each of the six supported 

nickel samples run at various reaction temperatures the weight 

loss due to H 2 reduction was 14%. After the weight loss due to 

H 2 cleaning stopped, the H 2 was removed from the system by a 5 

ml/min, flow of He. The absence of H 2 in the gas system was 

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 2, Ch 4 and H20 were 

detected at 380°C and 405°C by the Gow-Mac GC utillzing a thermal 

conductivity detector. At later times, no further~CH4 was 

detected. At the lower temperatures, no CO 2 or Ch 4 and only 
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Table. 

Catalvs: 

Dissoci~clon kinetics o[ CO as measured by the~ogravimecric analysis 
fur mecaitic glasses.and a conventional ¢aca]ys~. 

~eacc~on ~L. of 
TemOerature Catil~s~s AssWmee 5 v m/t RAte 

, .,°C nq m£/~ ~9/min em/m ~ nin 

1~ 325 1.7170 4.~ x I0 "6 Iz|/SiO?t A1203 320 

Z~2~I~ - ne~all ic 32Z 
glass 

Zr2~li - ~ecal I |¢ E~O 
glass 

- metal l ic 322 
Fe~oE2Q glass 

10 0.1 0.076/50 5.2 x I0": 

5.6 0.1 0.022160 6.5 x 10 °4 

29 0.3 0.057195 7.0 x 10 .5 

B I 

!Y-26b 



Figure 30 Surface Simulation of Fe-B Glass Yla Trans-section Lines, 2 
Lines/Fe Atom. 
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t~aces 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 
O 
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 %o CO at 322 ~ 2°C for the supported nickel 

catalyst and the Fe80B20 and Zr2Ni 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 

the splats, the product gas volumes were off scale for the GC 

thermal conductivity detector. The mass gains 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 i0 - i00 times greater than that of the supported 

nickel. 

Measurements An the activit~ of Pd4Si and Fe80B20 metallic 

glasses were carried out in the thermogravimetric anaiyzer. The 
u 

rate of weight gain in the presence of a flowing atmosphere 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 STERICAL~Y 
COMPLEX ORGANIC MOLECULAR PROBE (+)-APOPINENE 

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

We measured the ratio of double bond; isomerization to "~ 

addition, k/k • for (+)-apopinene during liquid phase 
;3 

hydrogenation conditions at room temperatures and atmospheric 

p r e s s u r e s  o n . a  l a r g e  n u m b e r  o f  Pd c a t a l y s t s  a n d  o n  a s m a l l e r  
, 

' i  
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' number of Pt catalysts. This ratio was obtained from 
¢ 

experlmental data from a plot of ln(l-2Iso) vs. in(l-Add) 

according to the equation : ,•.-. 

l n ( 1 - 2 I s o )  ; k-'--P- i n ( l - A d d )  
a H 

derived in our publication describing this method (i). The 

ratios of ki/ka were compared for different catalysts and the 

differences were interpreted in terms of the kinds of sites 

thought to catalyze is~merization (edge type) and addition 

(corner type). 

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

(~)-Apopinene was hydrogenated over glassy (amorphous) and 

crystalline Pd-Si and Pd-Ge alloys as well as over splat cooled 

pure Pd, Pd foil, and Pt foil. The catalysts are differentiated 

from each other by their differing abilities to catalyze 

isomerization and addition of (+)-apopinene. Heat treatment of 

the rapidly cooled alloys results in relative increases in 
'7 

isomer~zation activity over addition.activitywhich is 

interpreted 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 high coordinative unsaturation (protuberances) with few; 

: nearest neighbors while the crystailine surfaces resulting from [~i~;~'~' 

heating the former contain fewer such~sites but more sites of 

relative lower ooordinative unsaturation. Thus, the data favor a 

glassy surface structure which is not two-dimensionally random 

(flat), but is three-dimensionally random (hilly or rolling). 

Therefore, the fiassy surface does not appear to crystallize into 
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terraces, as it would if it were flat, but to crystallize into 

. s t a i r c a s e s  o f  s t e p s  a n d  k i n k s  b e c a u s e  i t  c o n t a i n s  m a n y  

protuberances.(2;3) i(/" 
{. 

Additionally, the selectivities for half-hydrogenation of 

p h e n y l a o e t y l e n e ,  l ~ o c t y n e ,  a n d  4 - o c t y n e  w e r e  e x a m i n e d  o v e r  P d - S i  

and Pd-Ge glassy (amorphous) and crystalline, catalysts and, for 

c o m p a r i s o n ,  o v e r  s p l a t  c o o l e d  p u r e  P d ,  r e d u c e d  PdO 2, P d  f o i l ,  P t  

foil, Pd/AIaO 3, and Pd/C. 0nly the Pd/C and Pt foil gave less 

than 90% selectivities. Terminal alkynes comminute~Pd-struc~ures 

a n d  e x p o s e  new a c t i v e  s i t e s .  T h e s e  new s i t e s  a r e  d i f f e r e n t  o n  

the rapidly cooled catalysts and the regularly crystal~[ze d 

catalysts. Although no significant 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 addftion and isomerization of (+)-apopinene increase, 

but the ratio of the two rages remain almost the same. In 

contrast, the splat cooled catalysts show a higher rate increase 

for isomerization than'for addition.(4) 

c) The Characterization of PtCatalysts with (+)-Apopinene 

Six Pt/SiO 2 and four Pt/AlzO 3 catalysts were characterized : 

by CO chemisorption and H2-O 2 titration and by electron 

~microscopy. Five of the Pt/SiO 2 catalysts originated at 

Northwestern University and hadbeen similarly characterized 

before. Over these catalysts the hydrogenation reaction of (+)- 

apopinene was used to evaluate the change in the mix of active 

sites as a function of percent exposed Pt atoms (percent 

dispersion, %D). The ratio of isomerization to addition, ki/k a, 
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g~s through a:maximum at approximately 60%D, which corresponds 

• tO a miximum in:edge sites (C 7 sites) on foe octahedra. These 

sites are identified as Siegel type 2M sites which catalyze 

essentially isome~ization whereas adatoms and vertices (C 
4 

sites), Siegel typ~ 3M 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 palladi13m atoms (percent dispersion, %D) from 

~16.7% to i00% have been examined with the hydrogenation reaction 

of (+)-apopinene. The ratio of isomerizatlon to addition, 

~kj/ka, goes through a maximum at approximately 60 %D, a maximum 

which isf~dnd<also for supported Pt catalysts ~ This maximum 

occurs approxima"~ely at the~aximum in the number of edge sites 

for fcc truncated ootahedral crystallltes as:~a~function of %D. 

Based on the data a scale of Percent edge character is ~'~ 

derived.(6 ~) ,- 
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