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Resum6 : La spec t romet r i e  Mossbauer e t  l a  d i f f r a c t i o n  des rayons X o n t  e t 6  u t i l i s e e s  pour 
c a r a c t f i r i s e r  l e s  changements m ic ros t ruc tu raux  qu i  se p rodu isen t  pendant l e  broyage de 
m6langes de poudres de f e r  e t  de Vanadium d'une p a r t ,  de f e r  e t  de g r a p h i t e  d ' a u t r e  p a r t .  
Des hetf i rog6nPit f is p e r s i s t a n t e s  de composit ions chimiques son t  observees dans l e s  deux 
cas. La synthese de presque tous  l e s  carbures e t  s i l i c i u r e s  par  broyage e s t  br ievement 
d e c r i  t e .  

Abs t rac t  : Mossbauer spectroscopy and X-ray d i f f r a c t i o n  have been used t o  c h a r a c t e r i z e  t h e  
m i c r o s t r u c t u r a l  changes which occur  d u r i n g  b a l l  m i l l i n g  o f  m ix tu res  o f  i r o n  and vanadium 
on t h e  one hand and o f  i r o n  and g r a p h i t e  on t h e  o t h e r  hand. The chemical compos i t ions o f  
t h e  a l l o y s  a re  inhomogeneous d u r i n g  a l a r g e  f r a c t i o n  o f  t i m e  o f  t h e  synthes is .  Almost a l l  
ca rb ides  and s i l i c i d e s  may be syn the t i zed  by mechanical a l l o y i n g .  

1 - Introduction 

Many unanswered quest ions remain about how mechanical a l l o y i n g  (MA) occurs  and 
p a r t i c u l a r l y  about t h e  t r a n s i t i o n  f rom t h e  comminution o f  t h e  o r i g i n a l  p a r t i c l e s  t o  
i n t e r a t o m i c  i n t e r m i x i n g .  l4ossbauer spectroscopy i s a techn ique which i s  p a r t i c u l a r l y  
s u i t e d  f o r  t h a t  purpose as i t  i s  s e n s i t i v e  t o  phenomena occu r ing  a t  t h e  nanometer sca le .  
Th i s  techn ique has a l ready  been used i n  mechanochemistry by L e f e l s h t e l  e t  a l .  /l/ t o  
c h a r a c t e r i z e  t h e  fo rma t ion  o f  z i n c  f e r r i t e  by  pro longed d r y  g r i n d i n g  o f  s t o i c h i o m e t r i c  
powder m ix tu res  o f  z i nc  oxyde and hemat i te .  Mossbauer spectroscopy was a l s o  used t o  
exp lo re  t h e  compos i t ion  range o f  amorphous phase f o r m a t i o n  o f  Fe-Zr a l l o y s  /2/. I n  t h e  
p resen t  study, we f o l l o w  t h e  e v o l u t i o n  o f  t h e  l o c a l  compos i t ions d u r i n g  t h e  mechanical 
a l l o y i n g  o f  Fe and V powders on t h e  one hand and o f  Fe and C powders on t h e  o t h e r  hand 
t h a t  i s  f o r  s u b s t i t i o n n a l  and i n t e r s t i t i a l  elements r e s p e c t i v e l y .  More d e t a i l e d  r e s u l t s  
/3 /  and synthes is  o f  almost a l l  ca rb ides  by mechanical a l l o y i n g  a re  descr ibed elsewhere 
/4/. 

2 - Ex~erimental  Methods 

Elemental  powders o f  Fe hav ing a p u r i t y  o f  99.0 % and a p a r t i c u l e  s i z e  o f  60 pm, o f  V 
hav ing a p u r i t y  o f  99.7 % and a p a r t i c u l e  s i z e  o f  44 pm and o f  g r a p h i t e  (45 pm) f rom Strem 
Chemicals I nc .  (USA) have been mixed i n  t h e  r e q u i r e d  p ropo r t i ons ,  t h a t  i s  Feso V50, FegO 

C20, Fe75 C25, Fe50 C50. The powders were sea led i n  tungsten c a r b i d e  v i a l s  w i t h  tungsten 

ca rb ide  b a l l s  i n  a g love box hav ing a pure n i t r o g e n  o r  argon atmosphere w i t h  oxygen and 
water concen t ra t i ons  i n  t h e  ppm range. Dry m i l l i n g  has been c a r r i e d  o u t  i n  a Spex 8000 
v i b r a t o r y  m i l l  w i t h  a b a l l  t o  powder weight  r a t i o  o f  about 10: l  t o  5 : l .  For  t h e  Fe-C 
system, some experiments have been performed w i t h  a F r i t s c h  P u l v e r i s e t t e  7 p l a n e t a r y  m i l l  
w i t h  a b a l l  t o  powder weight  r a t i o  o f  about 4 0 : l .  
Mossbauer spec t ra  were recorded i n  t ransmiss ion  geometry a t  77 K and 290 K and analyzed 
w i t h  a method which e x t r a c t s  an h y p e r f i n e  f i e l d  d i s t r i b u t i o n  (HFD) P(H) f rom an 
exper imenta l  spectrum /5/. MA samples have a l l  been cha rac te r i zed  by X-ray d i f f r a c t i o n  
e i t h e r  w i t h  CoKa o r  w i t h  C r  Ka r a d i a t i o n .  

3 - Results 

3.1 - Fe-V system : Fes0 V50 

For  m i l l i n g  t imes l e s s  o r  equal t o  3 h, o n l y  broadening o f  some l i n e s  o f  t h e  X-ray 
d i f f r a c t i o n  p a t t e r n s  was observed. A f t e r  6 h of m i l l i n g ,  t h e  i n t e r p l a n a r y  spacings o f  Fe 
and V came c l o s e r  t oge the r .  The (110) peaks f rom Fe and V merged i n t o  a s i n g l e  broad peak 
a f t e r  12 h o f  m i l l i n g  t ime.  A f t e r  24 h o f  m i l l i n g ,  a broad, gradual peak was observed. 
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Figure 2  : Frac t iona l  amounts o f  Fe as a  
f u n c t i o n  o f  m i l l i n g  t ime i n  t h e  broad f e r r o -  
magnetic component ( s o l i d  l i n e ) ,  i n  t h e  non- 
magnetic component ( s h o r t  dashed l i n e )  and i n  
pure Fe ( long  dashed l i n e )  . 

For m i l l i n g  t imes o f  10 min, 30 min, 1  h, 2  h  
-8 0 +8 and 3 h, the 57Fe Mossbauer spect ra a t  room 

temperature were i d e n t i c a l  t o  spectra from pure 
Fe. A s i g n i f i c a n t  change was observed a f t e r  6  h  
o f  m i l l i n g  t ime ( f i g u r e  1 )  w i t h  the  appearance 
o f  a  non-magnetic environment. The non-magnetic 
subspectrum s t e a d i l y  increased and was the  on ly  
observed c o n t r i b u t i o n  a f t e r  48 h  o f  m i l l i n g .  The 
l a t t e r  spectrum corresponds t o  an amorphous phase 

-8 as both ordered and disordered s o l i d  so lu t ions  
are magnetic a t  room temperature f o r  Feso Vs0/6/. 

Moreover the amorphous phase i s  i n  f a c t  nonmagne- 
t i c  f o r  t h a t  composition /6/.  The hyper f ine  f i e l d  
d i s t r i b u t i o n s  show three components ( f i g u r e  1 )  : 

1 )  a sharp peak a t  H = 330 kG c h a r a c t e r i s t i c  o f  
pure a-Fe a t  room temperature w i t h  i n  any case 
l e s s  than 1  % V. The i n t e n s i t y  o f  t h i s  peak 
decreases w i t h  t ime  b u t  i t s  p o s i t i o n  does n o t  
change. 

2)  a  broad d i s t r i b u t i o n  ( f rom - 50 kG t o  -300 kG) 
c h a r a c t e r i s t i c  o f  Fe-V a l l o y s  w i t h  apprec iab lev  
concentrat ions bu t  less  than about 60 a t  % a t  
which t h e  Cur ie  temperature i s  below room tempe- - 8 0 + 8  0 4 0 0 r a t u r e .  

VELOCITY H MF 3 )  a  sharp non-magnetic peak (centered here a t  
20 kG) which may be due t o  Fe-V a l l o y s  w i t h  a  

Figure 1  : koom teaperature ~ossbauer  V content  greater" than about 60 % o r  (and) amor- 

spectra from powders as a function phous Fe-V a l l o y s  w i t h  near l y  equiatomic compo- 

o f  b a l l  m i l l i n g  t ime and corresponding sitions '6/. 
hFD. 

The f r a c t i o n a l  amounts o f  these th ree  componen-cs as a  f u n c t i o n  o f  m i l l i n g  t ime i s  shown i n  
f i g u r e  2. Transmission e lec t ron  microscopy o f  the  powder m i l l e d  f o r  48 h  has shown the  
presence o f  amorphous and nanocrys ta l l i ne  reg ions o f  about 3 nm f o r  samples ground i n  a  
mortar ad t r a n s f e r r e d  t o  a  holey carbon g r i d  /3/.  On the  contrary, powders embedded i n  
epoxy and microtomed on ly  showed nanocrys ta l l i ne  mate r ia l .  The amorphous phase i s  the re fo re  
r a t h e r  unstable against t ransformat ion t o  nanocrys ta l l i ne  mate r ia l .  

3.2 - Fe-C system 

For FegO CZ0 o r  FeT5 CZ5 a l l oys ,  the  5 7 ~ e  Mossbauer spectra were i d e n t i c a l  t o  spectra from 
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F i g u r e  3 : Room temperature  Mossbauer spec t ra  
f r om FegO powders as a f u n c t i o n  o f  m i l l i n g  
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F i g u r e  4 : Room temperature  Mossbauer 
s p e c t r a  f rom Fe7 C3 formed a)  by  b a l l  
m i l l i n g  a Fego C50 powder d u r i n g  90 h 

b )  by  c r y s t a l l i z a t i o n  o f  amorphous Fe-C 
a l l o y s  /8/ c l  a t  h i g h  temperature  and h 
p ressu re  /10/. 

i g h  

- -  -. 

t i m e  and cor respond ing HFD (ann. = annealed, 
see t e x t ) .  

a -Fe f o r  m i l l i n g  t imes  l e s s  o r  equal  t o  4 h. A f t e r  7 h ,  f i g u r e  3b shows t h e  presence o f  
cemen t i t e  Fe3C w i t h  an h y p e r f i n e  f i e l d  H = 205 + 2 kG, independent o f  t i m e  and an isomer 

s h i f t  I S  = 0.19 + 0.01 mm/s w i t h  respec t  t o  a-Fe a t  room temperature  i n  p e r f e c t  agreement 
w i t h  t h e  l i t t e r a y u r e  values. Moreover, t h e  X-ray d i f f r a c t i o n  p a t t e r n s  /4/ a r e  composed o f  
b road peaks c h a r a c t e r i s t i c  o f  Fe3C. As proved by b o t h  methods, an hexagonal c a r b i d e  o f  t h e  

d i so rde red  E - L ' 3  t y p e  /7/  has a l s o  been formed. It g i v e s  r i s e  t o  a broad h y p e r f i n e  f i e l d  
component whose o u t e r  p a r t  i s  c l e a r l y  seen i n  f i g u r e  3 and cen te red  on 270 + 4 kG which i s  
a l s o  independent o f  t h e  g r i n d i n g  t ime.  The c a r b u r i z a t i o n  o f  i r o n  was complered i n  about 18 
h. Once cemen t i t e  was formed, f u r t h e r  g r i n d i n g  produced a broadening o f  t h e  X-ray 
d i f f r a c t i o n  peaks and o f  t h e  Mossbauer peaks ( f i g u r e  3d,e). Both r e s u l t s  prove t h a t  a h i g h  
d e n s i t y  o f  d e f e c t s  e x i s t  i n  cement i te .  Fo r  t = 24 h, a c h a r a c t e r i s t i c  dimension o f  about 8 
nm has been ob ta ined  f rom t h e  w id ths  o f  X-ray d i f f r a c t i o n  l i n e s .  T h i s  dimension i s  l i k e l y  
r e l a t e d  t o  a c o r r e l a t i o n  l e n g t h  i n  t h e  s t a c k i n g  o f  t h e  t r i a n g u l a r  p r i s m a t i c  sheets  which 
a r e  t h e  b u i l d i n g  elements o f  cemen t i t e  /7/ .  Cement i te ob ta ined  a f t e r  24 h m i l l i n g  has been 
heated a t  a r a t e  o f  0.05 K/s up t o  750 K and coo led a t  t h e  same r a t e  i n  vacuum o r  i n  an 
hydrogenated n i t r o g e n  atmosphere ( f i g u r e  3 f ) .  The w i d t h s  o f  b o t h  X-ray and Mossbauer l i n e s  
s t r o n g l y  decrease and t h e  hexagonal c a r b i d e  i s  no l onge r  de tec ted  ( f i g u r e  3 f ,  HFD). 
Cement i te and hexagonal ca rb ides  a re  a l s o  formed w i t h  t h e  p l a n e t a r y  m i l l ,  b u t  a t  a f a s t e r  
r a t e ,  t h a t  i s  i n  about seven hours, w i t h  a l a r g e r  b a l l  t o  powder we ight  r a t i o  ( s e c t i o n  2 ) .  
F i g u r e  4a shows t h e  Massbauer spectrum o f  or thorhombic  Fe7 C3 c a r b i d e  formed a f t e r  m i l l i n g  

a Fego C50 m i x t u r e  d u r i n g  90 hours  w i t h  a v i b r a t o r y  mi 11. T h i s  spectrum i s  q u i t e  s i m i l a r  
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Figure 5 : Summary o f  the  r e s u l t s  obtained 
i n  the  mechanosynthesis study o f  carbides 
and s i l i c i d e s .  

t o  t h a t  o f  Fe7C3 obtained from c r y s t a l l i z e d  amorphous a l l o y s  /8/ ( f i g u r e  4b). The l a t t e r  

preparat ion method y i e l d s  carbides cons is t ing  o f  microdomains o f  about 5 t o  10 nm wide as 
shown by e l e c t r o n  d i f f r a c t i o n  s tud ies / g / ,  a domain s i ze  a lso consis tent  w i t h  the previous 
evaluat ion done f o r  Fe3C. 

Both Mossbauer spectra d i f f e r  from t h e  spectrum o f  Fe7C3 ( f i g u r e  4c) synthet ized a t  1200'C 

and 80 kbars / 10 /  which i s  expected t o  be e s s e n t i a l l y  f r e e  o f  defects. AS Fe3C, Fe7 C3 i s  

formed with a much f a s t e r  k i n e t i c s  ( - 1 h 30) w i t h  t h e  p lane ta ry  m i l l  than w i t h  t h e  
v i b r a t o r y  m i l l  but  a t  l e a s t  a p a r t  o f  the  one order o f  magnitude d i f fe rence  i s  r e l a t e d  t o  
t h e  change o f  the  b a l l  t o  powder weight r a t i o .  

4 - Discussion 
A continuous enrichment o f  V w i t h  Fe and o f  Fe w i t h  V i s  no t  cons is ten t  w i t h  the  r e s u l t s  
o f  Mossbauer spectroscopy. For instance the  HFD o f  mate r ia l  m i l l e d  f o r  6 h shows t h a t  
about 50 % o f  the i r o n  atoms are s t i l l  i n  e s s e n t i a l l y  pure Fe. As no d i s t i n c t  X-ray 
d i f f r a c t i o n  can be associated w i t h  reg ions o f  pure Fe, we suggest t h a t  these composit ion 
inhomogeneities are o f  the  order of 10 nm o r  less  i n  s ize.  Q u a l i t a t i v e l y  s i m i l a r  r e s u l t s  
have been obtained r e c e n t l y  by de Araujo Pontes e t  a l .  ( t o  be publ ished) i n  the study o f  
mechanical a1 loy ing o f  Fe,--, Si5- ,  and Fe33 Si67 powder mixtures which form cubic FeSi and --  - -  - -  - .  

cubic  Febi , a and B - FeSi2 c r y s t a l  I i n e  compounds respec t i ve ly .  Using o p t i c a l  microscopy 
- 

t h e  l a t t e r  authors observe the  c l a s s i c a l  s t r u c t u r e  respec t i ve ly  w i t h  composite p a r t i c l e s  
cons is t ing  o f  para l  l e l  lamellae I l l /  dur ing the  f i r s t  m i l l i n g  stage wh i le  Mossbauer 
spectroscopy shows e s s e n t i a l l y  pure i ron .  I n  a l a t t e r  stage, p a r t i c l e s  which look 
homogeneous are observed wh i le  they are inhomogeneous a t  an atomic scale. For Feso V50, a 

s imu la t ion  o f  t h e  hyper f ine  f i e l d  d i s t r i b u t i o n  has a lso  proved t h a t  on ly  a broad 
composition d i s t r i b u t i o n  w i t h  Fe-r ich and V-r ich peaks i s  consis tent  w i t h  experiment /3/ .  

As the main peak o f  t h e  HFD i n  the case o f  Fe-C a l l o y s  i s  the  one c h a r a c t e r i s t i c  o f  
cementite, one can exclude a broad compositjon d i s t r i b u t i o n  although such carbides b u i l t  
from t r i a n g u l a r  p r i smat i c  sheets may e x i s t  from Fe3C t o  Fe2C, as observed i n  the  

c r y s t a l  l i z a t i o n  products o f  amorphous Fe-C a l loys  / l  3/. I r o n  carbides w i t h  carbon atoms i n  
octahedral s i t e s  also e x i s t  between Fe6C and Fe2C /12/. ,Such carbides are responsib le  f o r  

t h e  broad p a r t  of the  hyper f ine f i e l d  d i s t r i b u t i o n  w i t h  H 2220  kG and may a lso c o n t r i b u t e  
t o  the cementi te peak. A t ransformat ion mechanism from hexagonal carbides t o  t r i a n g u l a r  
p r i smat i c  sheet carbides i s  chemical twinning (/12,13/ and references there in ) .  It i s  



the re fo re  reasonable t o  assume t h a t  the  close-packed, hexagonal ( o r  s l i g h t l y  d i s t o r t e d )  
carbides p lay  a r o l e  s i m i l a r  t o  the  heterogeneous s o l i d  s o l u t i o n  i n  the  Fe-V case. 
We f i n a l l y  emphasize t h a t  almost a l l  carbides may be synthet ized by b a l l  m i l l i n g  mixtures 
o f  elemental powders and g raph i te  ( /14/ ,  f ~ g u r e  5 ) .  

5 - Conclusion 

I n  s p i t e  o f  t h e i r  d i f ferences,  Fe-V and Fe-C have some s i m i l a r i t i e s  i n  t h e i r  behaviour 
dur ing mechanical a1 l o y i n g  : 

1 - The powders do not  chemical ly mix dur ing an i n i t i a l  pe r iod  o f  some hours and an almost 
pure Fe component i s  observed no t  on ly  dur ing t h a t  stage bu t  a lso  i n  l a t e r  stages. The 
decrease o f  t h a t  component i s  s i m i l a r  i n  both cases ( f i g u r e  2 ) .  

2 - There e x i s t  chemical inhomogeneities w i th  a broad composit ion d i s t r i b u t i o n  which 
p e r s i s t  dur ing the synthesis. 

This i s  a lso  observed f o r  Fe-Si a1 loys  (de Araujo Pontes e t  al . ,  t o  be publ ished) .  
Carbides and s i  l i c i d e s  may be syn the t i  sed a t  room temperature by gr ind1 ng t h e  elemental 
powders. 
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