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©  Highly  corrosion-resistant  and  high  strength  aluminum  alloys. 

  A  highly  corrosion-resistant  and  high-strength  aluminum 
alloy  prepared  by  solidification  through  rapid  quenching  is 
disclosed.  This  novel  aluminum  alloy  can  be  obtained  by 
rapid  solidification  of  a  melt  containing  no  less  than  0.2 
atomic%  and  no  more  than  15  atomic%  of  at  least  one 
element  selected  from  the  group  consisting  of  Si,  Ti,  Zr,  Nb, 
Ni,  Cu  and  Mn,  with  the  balance  being  substantially  com- 
posed  of  aluminum. 



The  present  invention  relates  to  highly  corrosion-resis- 
tant  and  high  strength  aluminum  alloys  produced  by  solidi- 
fication  through  rapid  quenching. 

Industrially  aluminum  is  an  important  metal  material 
which  is  light  and  inexpensive,  and  is  easily  processed  and 
extensively  used  both  in  the  elemental  form  and  after  being 
produced  and  fabricated  by  a  variety  of  methods  as  an 
alloy.  However,  aluminum  and  its  alloys  are  highly  suscept- 
ible  to  pitting  corrosion  under  exposure  to  chloride-contain- 
ing  environments.  Therefore,  aluminum  alloys,  typically  used 
as  light  alloys  or  sometimes  as  high  strength  light  alloys 
depending  on  the  composition,  are  not  suitable  for  use  in 
applications  that  require  high  corrosion  resistance.  The  low 
resistance  to  corrosion  of  aluminum  alloys  may  be  explained 
by  the  accelerated  corrosion  that  occurs  due  to  the  inclu- 
sion  and/or  the  secondary  phases  formed  by  impurity  ele- 
ments  present  in  the  alloys.  The  addition  of  alloying  ele- 
ments  effective  in  enhancing  the  corrosion  resistance  is 
impractical  because  they  generally  have  narrow  ranges  for 
the  formation  of  solid  solutions. 

The  present  inventors  found  that  rapid  solidification  of 
molten  alloys  extended  their  solid  solubility  and  sometimes 
led  to  the  formation  of  amorphous  alloys  containing  greater 
amounts  of  various  elements  than  alloys  produced  by  con- 
ventional  methods,  and  that  these  amorphous  alloys  pos- 
sessed  extremely  high  corrosion  resistance  due  to  the 
chemically  homogeneous  nature  of  amorphous  alloys  and 
the  addition  of  effective  elements  enhancing  the  corrosion 
resistance.  The  present  inventors  found  by  further  investiga- 
tions  that  vitrification  of  aluminum  alloys  is  difficult  but  rapid 
solidification  of  molten  alloys  containing  prescribed  amounts 
of  appropriate  elements  results  in  the  formation  of  highly 
corrosion-resistant,  high  strength  alloys  having  high  hard- 
ness  and  very  high  pitting  potential  which  are  characteristics 
of  supersaturated  solid  solutions  of  very  fine  grains. 

The  present  invention  has  been  accomplished  on  the 
basis  of  this  finding. 

The  present  invention  provides  a  highly  corrosion-resis- 
tant  and  high  strength  aluminum  alloy  produced  by  rapid 
solidification  of  a  melt  that  contains  no  less  than  0.2 
atomic%  and  no  more  than  15  atomic%  of  at  least  one 
element  selected  from  the  group  consisting  of  Si,  Ti,  Zr,  Nb, 
Ni,  Cu  and  Mn  and  the  balance  of  which  is  substantially 
composed  of  Al. 

An  aluminum  melt  having  the  composition  specified 
above  may  be  solidified  by  any  of  the  rapid  quenching 
techniques  commonly  employed  in  the  production  of  amor- 
phous  alloys,  which  include  the  rotating  wheel  method 
wherein  a  molten  metal  is  injected  on  to  the  outer  surface  of 
a  rotating  wheel,  the  centrifugal  quenching  method  wherein 
the  melt  is  impinged  against  the  inner  surface  of  the  rotating 
cylinder,  the  double-roll  method  wherein  a  liquid  metal  is 
quenched  by  passage  between  two  closely  positioned  rolls, 

-  the  gas  method  for  making  rapidly  solidified  flakes,  the 
piston-anvil  method,  injecting  a  molten  metal  into  a  revolv- 
ing  chill  medium  for  making  a  powder  by  rapid  quenching, 
and  other  methods  such  as  spraying  and  cavitation. 

The  aluminum  alloys  of  the  present  invention  that  are 
produced  by  rapid  solidification  of  the  compositions  speci- 
fied  above  have  appreciably  higher  pitting  potentials  than 
the  conventionally  processed  aluminum  alloys.  tn  addition  to 
this  high  corrosion-resistance,  the  aluminum  alloys  of  the 
present  invention  exhibit  high  mechanical  strength  resulting 
from  the  formation  of  supersaturated  solid  solutions. 

Fig.  1  is  a  diagrammatic  view  of  the  layout  of  the 
apparatus  that  may  be  used  for  the  production  of  the  rapidly 
solidified  alloy  of  the  present  invention. 

A  suitable  preparation  method  of  rapidly  solidified  al- 
loys  of  the  present  invention  so  called  the  rotating  wheel 
method  is  as  follows: 

The  rapidly  solidified  alloys  with  compositions  men- 
tioned  above  can  be  prepared  by  rapid  quenching  from  the 
liquid  state  at  a  cooling  rate  of  higher  than  1,000°C/sec.  If 
the  cooling  rate  is  slower  than  1,000°C/sec.,  it  is  difficult  to 
form  supersaturated  alloys.  In  principle,  the  rapidly  solidified 
alloys  of  the  present  invention  can  be  produced  by  any 
suitable  apparatus  providing  a  cooling  rate  higher  than 
1,000°C/sec. 

One  embodiment  of  apparatus  for  preparing  the  rapidly 
solidified  alloys  of  the  present  invention  is  shown  in  the 
accompanying  drawing.  The  apparatus  is  placed  in  a  vacu- 
um  chamber  indicated  by  the  dotted  rectangle,  In  the  draw- 
ing,  a  quartz  tube  (2)  has  a  nozzle  (3)  at  its  lower  end  in 
the  vertical  direction,  and  raw  materials  (4)  and  an  inert  gas 
for  a  jet  of  the  raw  materials  melted  are  fed  from  the  inlet 
(1).  A  heater  (5)  is  placed  around  the  quartz  tube  (2)  so  as 
to  heat  the  raw  materials  (4).  A  high  speed  wheel  (7)  of 
300  mm  diameter  is  placed  below  the  nozzle  (3)  and  is 
rotated  by  a  motor  (6). 

The  apparatus  is  previously  evacuated  down  to  about 
10-5  torr  and  then  exposed  to  an  inert  gas  atmosphere  such 
as  argon  or  nitrogen.  The  raw  materials  (4)  having  the 
specific  compositions  required  are  melted  by  the  heater  (5) 
in  the  quartz  tube  under  an  inert  gas  atmosphere.  The 
molten  alloys  impinge  under  the  pressure  of  the  inert  gas  of 
0.4  -2  kg/cm2  onto  the  outer  surface  of  the  wheel  (7)  which 
is  rotated  at  a  speed  of  500  to  10,000  rpm  whereby  the 
rapidly  solidified  alloys  are  formed  as  long  thin  plates.  which 

may,  for  example,  have  thicknesses  of  0.01  -0.1  mm, 
widths  of  1  -10  mm  and  lengths  of  several  to  several  tens 
of  meters. 

The  criticality  of  each  of  the  components  in  the  alu- 
minum  alloy  in  accordance  with  the  present  invention  is 
hereunder  described.  The  aforementioned  elements  Si,  Ti, 
Zr,  Nb,  Ni,  Cu  and  Mn  are  alloying  elements  which  provide 
high  corrosion  resistance  and  mechanical  strength  by  super- 
saturatedly  dissolving  in  the  a-AI  phase  which  is  the  softest 
phase  having  the  lowest  corrosion  resistance  among  phases 
in  the  aluminum  alloys. 

If  the  amount  of  at  least  one  element  selected  from  the 
group  consisting  of  Si,  Ti,  Zr,  Nb,  Ni,  Cu  and  Mn  is  less 
than  0.2  atomic%,  the  corrosion  resistance  of  the  aluminum 
alloy  prepared  by  rapid  solidification  is  not  sufficiently  high 
and  is  not  much  different  from  that  of  rapidly  solidified 
aluminum  metal.  If,  on  the  other  hand,  the  amount  of  at 
least  one  element  selected  from  among  Si,  Ti,  Zr,  Nb,  Ni, 
Cu  and  Mn  exceeds  15  atomic%,  the  rapidly  solidified  alloy 
is  too  brittle  to  be  used  for  practical  purposes,  except  for 
the  case  where  only  Mn  is  added. 

Therefore,  in  order  to  attain  the  objects  of  the  present 
invention,  the  amount  of  at  least  one  element  selected  from 
among  Si,  Ti,  Zr,  Nb,  Ni,  Cu  and  Mn  must  be  within  the 
range  of  0.2  -15  atomic%. 

In  order  to  attain  better  results,  it  is  desirable  to  add  at 
least  one  of  these  elements  in  an  amount  of  0.5  -15  at%. 

The  rapidly  solidified  aluminum  alloy  described  above 
may  contain  no  more  than  4  atomic%  of  another  element 
such  as  Mg,  V,  Cr,  Fe,  Co  or  Zn  without  sacrificing  the 
objects  of  the  present  invention. 



In  accordance  with  the  present  invention,  the  elements 
added  will  be  finely  distributed  along  the  boundaries  of  fine 
grains  formed  within  the  alloy  as  a  result  of  rapid  solidifica- 
tion  and,  hence,  will  prevent  growth  of  these  grains  in 
subsequent  heat  treatments.  Therefore,  the  aluminum  alloy 
of  the  present  invention  may,  after  rapid  solidification,  be 
processed  into  a  desired  shape  by  extrusion,  compression, 
press-forming  or  sintering  under  the  processing  conditions 
selected  properly  so  that  the  objects  of  the  present  inven- 
tion  will  not  be  impaired. 

When  a  liquid  alloy  having  one  of  the  compositions 
described  above  is  rapidly  solidified,  the  alloying  elements 
will  dissolve  in  the  a-AI  matrix  to  form  a  supersaturated 
solid  solution,  and  impart  remarkably  high  corrosion  resis- 
tance  and  strength  to  the  matrix.  Additionally,  all  other 
phases  that  will  result  from  the  addition  of  the  alloying 
elements  have  high  corrosion  resistance  and  strength, 
thereby  producing  an  aluminum  alloy  that  exhibits  very  high 
corrosion  resistance  and  strength  features. 

On  the  other  hand,  most  of  the  alloying  elements  in 
conventionally  processed  aluminum  alloys  will  not  dissolve 
in  the  a-AI  matrix  and  a  variety  of  impurity  elements  will 
form  heterogeneous  phases  which  are  deleterious  to  the 
purpose  of  attaining  high  corrosion  resistance.  On  the  ,other 
hand,  the  added  elements  in  the  present  invention  will 
dissolve  in  a  molten  aluminum  alloy  no  matter  how  complex 
their  compositions  are.  Therefore,  when  a  molten  metal 
having  one  of  the  compositions  specified  by  the  present 
invention  is  rapidly  solidified,  a  variety  of  elements  that  are 

effective  in  the  enhancement  of  passivation  will  dissolve  in 
the  most  corrosion-susceptible  a-AI  phase  to  form  super- 
saturated  solid  solutions.  The  so  solidified  alloy  forms  a 
highly  protective  passive  film  having  a  high  pitting  corrosion 
resistance  and  hence  exhibits  high  corrosion  resistance  and 
high  mechanical  strength. 

The  following  examples  are  provided  for  the  purpose  of 
further  illustrating  the  present  invention  but  are  by  no  means 
intended  as  limiting. 

Example  1 

Thirty  alloys  having  the  compositions  listed  in  Table  1 
were  cast  by  argon  arc  melting  of  commercial  metals.  The 
cast  alloys  were  remelted  under  an  argon  atmosphere  and 
rapidly  solidified  by  the  rotating  wheel  method  after  remel- 
ting  under  an  argon  atmosphere,  producing  thin  sheets  of 
rapidly  solidified  alloys  ranging  0.01  -0.05  mm  in  thickness, 
1  -3  mm  in  width,  and  3  -20  m  in  length.  Analysis  by  X-ray 
diffractor  revealed  that  the  added  alloying  elements  dis- 
solved  in  large  amounts  to  form  supersaturated  solid  solu- 
tions  of  the  @-Al  phase  since  the  eutectoid-forming  Si  and 
the  compound  phase  consisting  of  Al  and  alloying  elements 
had  lower  diffraction  intensities  than  conventionally  pro- 
cessed  alloys  having  the  same  compositions.  Optical  micro- 
scopy  and  scanning-electron  microscopy  showed  that  each 
of  the  alloy  samples  prepared  in  accordance  with  the 
present  invention  had  fine-grained  structures  comprising 
particles  no  larger  than  0.5  um. 





Example  2 

Two  samples  of  99.999%  pure  aluminum  were  pre- 
pared  by  rapid  solidificaton  and  conventional  processing, 
and  two  samples  of  an  Al-5  at.%  Si  alloy  were  also 
prepared  by  conventional  processing  and  rapid  solidification 
in  accordance  with  the  present  invention  using  the  rotating 
wheel  method.  The  conventionally  processed  AI-5  at.%  Si 
alloy  was  comprised  of  an  @-Al  phase  and  a  eutectoid  of  a- 
Al  and  cubic  Si.  In  the  rapidly  solidifed  Al-5  at.%  Si  alloy, 

the  amount  of  the  cubic  Si  in  the  eutectoid  was  reduced  to 
about  one  third  of  the  amount  in  the  conventionally  pro- 
cessed  counterpart  and  the  resulting  @-Al  phase  had  at 
least  3  at%  of  Si  dissolved  therein.  The  structure  of  the 
rapidly  solidified  alloy  was  uniform  and  comprised  of  fine 
grains  not  larger  than  0.5  µm  in  size. 

The  pitting  potential  of  the  four  solidified  samples  were 
measured  in  deaerated  0.5N  NaCl  at  30°C.  Their  Vickers 
hardness  values  were  also  measured.  The  results  are 
shown  in  Table  2. 

As  Table  2  shows,  the  rapidly  solidified  AI-5  at%  Si 
alloy  sample  processed  in  accordance  with  the  present '  invention  had  a  pitting  corrosion  potential  175  mV  higher 
than  that  of  conventionally  processed  99.999%  pure  alu- 
minum,  and  75  mV  higher  than  that  of  the  conventionally 

processed  AI-5  at.%  Si  alloy  sample.  In  addition  to  this  high 
pitting  corrosion  resistance,  the  alloy  of  the  present  inven- 
tion  had  a  very  high  hardness  that  contributed  to  its  high 
strength  property. 



Example  3 

Three  different  samples  of  aluminum  alloys,  viz,  AI-6 
at%  Ti,  Al-2  at%  Ti-5  at%  Si,  and  Al-6  at%  Ti-5  at% 
Si,  were  prepared  by  rapid  solidification  in  accordance  with 
the  present  invention  using  the  rotating  wheel  method. 

The  Al-Ti-Si  alloys  were  composed  of  three  phases, 
i.e.,  @-Al,  Al3Ti,  and  a  eutectoid  consisting  of  @-Al  and  cubic 
Si,  and  rapid  solidification  reduced  the  amount  of  the  Al2Ti 
phase  to  about  one  fifth  and  the  cubic  Si  in  the  eutectoid  to 
about  one  third  as  a  result  of  dissolution  of  substantial 

amounts  of  Ti  and  Si  in  the  @-Al  phase.  For  example,  the 
@-Al  phase  in  the  Al-6%  Ti-5%  Si  alloy  sample  prepared 
by  rapid  solidification  in  accordance  with  the  present  inven- 
tion  contained  about  5  at%  of  Ti  and  about  3  at%  of  Si. 
Each  of  the  alloys  prepared  by  the  present  invention  had  a 
uniform  structure  comprising  fine  grains  no  larger  than  0.5 
m.  Their  pitting  potentials  in  deaerated  0.5N  NaCl  solution 
and  Vickers  hardness  were  measured.  The  results  are 
shown  in  Table  3  for  comparison  with  the  data  for  conven- 
tionally  processed  samples. 

The  AI-Ti  alloy  and  the  Al-Ti-Si  alloys  rapidly  solidified 
in  accordance  with  the  present  invention  contained  suffi- 
ciently  large  amounts  of  Ti  and  Si  in  the  @-Al  phase  to 
provide  a  highly  protective  passive  film  that  could  prevent 
the  pitting  corrosion  by  passivity  breakdown.  Therefore,  the 
rapidly  quenched  alloys  of  the  present  invention  had  the 
pitting  potentials  150  -250  mV  higher  than  that  of  the 
99.999%  pure  aluminum  processed  conventionally.  The  al- 
loys  of  the  present  invention  were  also  characterized  by  fine 
grained  phases  containing  the  finely  dispersed  very  hard 
Al3Ti  phase  and  the  @Al  matrix  supersaturated  with  alloying 
elements.  As  a  result,  the  hardness  of  the  alloys  was  even 
higher  than  the  maximum  value  attainable  by  the  conven- 
tional  aluminum  alloys. 

Example  4 

Four  different  samples  of  aluminum  alloys,  viz.,  Al-6 
at%  Zr,  AI-2  at%  Zr-5  at%  Si,  Al-4  at%  Zr-5  at%  Si 
and  AI-6  at%  Zr-5  at%  Si,  were  prepared  by  rapid  solidi- 
fication  in  accordance  with  the  present  invention  using  the 

rotating  wheel  method.  Each  of  the  rapidly  solidified  sam- 
ples  had  a  fine-grained  structure  comprising  particles  no 
larger  than  0.5  µm.  An  Al-Zr-Si  alloy  processed  conven- 
tionally  was  composed  of  three  phases,  i.e.,  @-Al,  a  eutec- 
toid  consisting  of  @-Al  and  cubic  Si,  and  Al0.45Zr0.33Si0.22. 
The  Al-Zr-Si  alloys  solidified  rapidly  in  accordance  with  the 
present  invention  were  comprised  of  the  @-A1  phase,  Al3Zr 
phase  and  a  eutectoid  consisting  of  @-Al  and  cubic  Si,  with 
a  smaller  content  of  the  Si  in  the  eutectoid  than  in  the 
conventionally  processed  counterparts.  In  solidification  by 
rapid  quenching,  the  high-melting  point  Al3Zr  phase 
precipitated  before  dissolving  Si  and  then  the  eutectoid  and 
@-Al  phases  rapidly  formed.  Therefore,  the  @-Al  phase  was 
supersaturated  with  Si  and  Zr.  The  alloy  samples  prepared 
in  accordance  with  the  present  invention  were  subjected  to 
the  mesurements  of  the  pitting  potential  in  deaerated  0.5N 
NaCl  solution  and  Vickers  hardness.  The  results  are  shown 
in  Table  4  for  comparison  with  the  data  for  samples  solidi- 
fied  conventionally. 



Because  the  @-Al  phase  was  supersaturated  with  Zr 
and  Si,  the  alloys  of  the  present  invention  formed  a  highly 
protective  passive  film  over  the  a-AI  phase  that  could 
prevent  the  pitting  corrosion  resulting  from  the  passivity 
breakdown  of  the  @-Al  phase.  Therefore,  the  rapidly 
quenched  alloys  of  the  present  invention  had  the  pitting 
potentials  160  -220  mV  higher  than  the  value  for  the 
99.999%  pure  aluminum  processed  conventionally.  In  addi- 
ion  to  this  feature  of  high  corrosion  resistance,  the  alloys 
had  a  significantly  improved  hardness  because  of  the  dis- 
persion  of  the  fine-grained  Al3Zr  phase. 

Example  5 

Two  molten  samples  of  aluminum  alloy,  viz.,  AI-2  at% 
Nb-5  at%  Si  and  Al-6  at%  Nb-5  at%  Si,  were  solidified 
by  rapid  quenching  by  means  of  the  rotating  wheel  method. 
Each  of  the  solidified  samples  had  a  fine-grained  structure 

comprising  particles  no  larger  than  0.5  um.  An  Al-Nb-Si 
alloy  processed  conventionally  was  composed  of  three 
phases,  i.e.,  @-Al,  Al3Nb  and  a  eutectoid  consisting  of  @-Al 
and  cubic  Si.  No  distinct  Si  was  identified  by  X-ray  diffrac- 
tion  of  the  Al-Nb-Si  alloys  solidified  by  rapid  quenching  in 
accordance  with  the  present  invention  and  all  the  Si  present 
had  formed  a  supersaturated  solid  solution  of  the  a-AI 
phase.  The  alloy  samples  prepared  in  accordance  with  the 
present  invention  were  subjected  to  the  measurements  of 
pitting  potentials  (in  deaerated  0.5N  NaCl  solution)  and 
Vickers  hardness.  The  results  are  shown  in  Table  5  for 
comparison  with  the  data  for  samples  solidified  by  a  non- 
rapid  quenching  technique. 



In  the  alloys  of  the  present  invention,  the  AI,Nb  phase 
having  high  corrosion  resistance  and  hardness  was  dis- 
persed  as  a  fine-grained  structure,  -and  the  solutes  formed 
supersaturated  solid  solutions  of  the  @-Al  phase.  Therefore, 
the  alloys  had  significantly  high  pitting  potentials  and  im- 
proved  hardness. 

Example  6 

Thirty  alloys  having  the  compositions  listed  in  Table  6 
were  cast  by  argon  arc  melting  of  commercial  metals.  The 
cast  alloys  were  re-metted  under  an  argon  atmosphere  and 
solidified  rapidly  by  the  rotating  wheel  method  under  an 
argon  atmosphere,  producing  thin  sheets  of  rapidly  solidified 
alloys  ranging  0.01  -0.05  mm  in  thickness,  1 -3  mm  in 
width,  and  3 -  20  m  in  length.  Analysis  by  X-ray  diffractor 
revealed  that  the  added  alloying  elements  dissolved  in  large 
amounts  to  form  supersaturated  solid  solutions  of  the  @-Al 

phase  since  the  eutectoid-forming  Si  and  the  compound 
phase  consisting  of  Al  and  alloying  elements  had  lower 
diffraction  intensities  than  conventionally  processed  alloys 
having  the  same  compositions.  Optical  microscopy  and 
scanning-electron  microscopy  showed  that  each  of  the  alloy 
samples  prepared  in  accordance  with  the  present  invention 
had a  fine-grained  structure  comprising  particles  no  larger 
than  0.5µm. 

After  mechanical  polishing  with  silicon  carbide  paper  up 
to  No.  1,500  in  water,  the  alloy  samples  were  subjected  to 
the  measurements  of  the  pitting  potential  in  deaerated  0.5N 
NaCl  solution  at  30°C  and  vickers  hardness.  The  results 
are  shown  in Table  6. 

As  is  clear  from  Table  6,  the  aluminum  alloys  prepared 
by  rapid  solidification  in  accordance  with  the  present  inven- 
tion  had  the  pitting  potentials  50  -330  mV  higher  than  the 
value  for  the  99.999%  pure  aluminum  solidified  convention- 
ally,  and  they  also  exhibited  very  high  hardness  levels. 





As  described  in  the  foregoing  pages,  the  aluminum 
alloys  prepared  by  rapid  solidification  in  accordance  with  the 
present  invention  are  characterized  in  that  the  elements 
added  in  order  to  enhance  the  corrosion  resistance  and 
strength  are  dissolved  supersaturatedly  in  the  @-Al  phase, 
and  form  the  eutectoid  and  intermetallic  compounds  having 
high  corrosion  resistance  and  high  mechanical  strength. 
Because  of  these  features,  the  alloys  of  the  present  inven- 
tion  are  possessed  of  the  high  degree  of  corrosion  resis- 
tance  and  strength  that  has  been  unattainable  with  the  prior 
art  techniques. 

The  rapid  quenching  necessary  for  producing  the  alloys 
of  the  present  invention  can  be  realized  by  any  of  the 
methods  that  are  well  established  in  the  art  for  rapid 
quenching  from  the  liquid  state.  Therefore,  the  alloys  of  the 
present  invention  can  be  produced  without  using  any  spe- 
cial  apparatus  and,  hence,  will  find  great  utility  in  practical 
applications. 

1.  A  highly  corrosion-resistant  and  high-strength  aluminum 
alloy  produced  by  rapid  solidification  of  a  melt  containing  no 
less  than  0.2  atomic%  and  no  more  than  15  atomic%  of  at 
least  one  element  selected  from  the  group  consisting  of  Si, 
Ti,  Zr,  Nb,  Ni,  Cu  and  Mn,  with  the  balance  being  substan- 
tially  composed  of  Al. 

2.  A  highly  corrosion-resistant  and  high-strength  aluminum 
alloy  according  to  Claim  1  wherein  said  at  least  one  ele- 
ment  is  present  in  an  amount  of  0.5  to  15  atomic%. 
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