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Zircomium  nitride  coated  article  and  method  for  making  same. 

©  An  erosion  resistant  article  such  as  a  turbine  blade  having,  in  use,  a  surface  subject  to  high  angle 
impingement  and  a  surface  subject  to  low  angle  impingement,  said  article  comprising  a  substrate  defining  said 
surfaces  composed  of  a  refractory  metal,  titanium  alloy,  refractory  alloy,  aluminum  alloy,  superalloy  based  on  Fe, 
Co  or  Ni,  stainless  steel  or  ceramic  composite,  and  an  erosion-resistant  coating  of  zirconium  nitride  having  an 
average  grain  size  of  not  greater  than  about  3000  Angstroms  applied  by  physical  vapor  deposition  to  said 
surfaces,  said  zirconium  nitride  coating  preferably  having  a  ratio  of  the  erosion  rate  at  an  impingement  angle  of 
90°  to  the  erosion  rate  at  an  impingement  angle  of  20°  of  not  greater  than  about  1.5  and  having  an  erosion  rate 
at  all  impingement  angles  from  20°  to  90°  at  least  about  two  times  less  than  that  of  said  substrate  at  the  same 
impingement  angles. 
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ZIRCONIUM  NITRIDE  COATED  ARTICLE  AND  METHOD  FOR  MAKING  SAME 

Field  of  the  Invention 

This  invention  relates  to  erosion  resistant,  zirconium  nitride  coated  articles  and,  more  particularly  relates 

s  to  erosion  resistant,  zirconium  nitride  coated  airfoil  surfaces  of  fan  blades,  compressor  blades,  turbine 

blades,  impellers,  stationary  airfoils,  e.g.,  vanes  and  diffusers. 

Background  of  the  Invention 
10 

Erosion  caused  by  airborne  particles  is  a  severe  problem  in  the  operation  of  a  turbomachine  in  an 
environment  of  airborne  abrasive  particles,  such  as,  ash,  dust  or  sand.  Erosion  generally  occurs  on  airfoil 
surfaces  of  turbomachine  blades,  impellers  or  vanes  which  are  subjected  to  impacts  of  incoming  ash,  dust 
and/or  sand.  The  90°  erosion  damage,  i.e.,  damage  resulting  from  sand,  dust  or  ash  particles  striking  the 

75  airfoil  surface  head-on,  e.g.,  or  at  a  90°  angle,  occurs  primarily  at  the  leading  edge  of  the  airfoil  surface, 
while  the  low  angle  erosion  damage,  i.e.,  damage  resulting  from  sand,  dust  or  ash  particles  striking  the 
airfoil  surface  at  an  angle  less  than  90°,  e.g.,  at  a  20°  or  30°  angle,  appears  primarily  on  the  airfoil  pressure 
surface  and  trailing  edge.  The  former  leads  to  a  decrease  in  the  cord  width  and/or  geometrical  distortion  of 
the  leading  edge  of  the  airfoil  surface;  and  the  latter  results  in  a  pitted  and  roughened  pressure  surface  of 

20  the  airfoil  and/or  loss  of  cord  width  due  to  eroding  away  of  the  airfoil  trailing  edge,  which  is  generally  thin. 
As  a  result  of  erosion,  the  aerodynamic  performance  of  the  airfoil  is  drastically  reduced  and  the  useful  airfoil 
life  is  shortened. 

Heretofore,  fan,  compressor  or  turbine  airfoils  have  been  coated  or  made  with  a  wide  variety  of  erosion- 
resistance  materials  to  improve  their  resistance  to  erosion  caused  by  abrasive  particles,  such  as,  ash,  dust 

25  and/or  sand.  U.  S.  Patent  No.  4,418,124  discloses  the  manufacture  of  gas  turbine  engine,  spray  cast, 
superalloy  airfoils,  having  a  grain  size  of  0.2  to  0.5  micron,  by  low  pressure/high  velocity  plasma  spray- 
casting  in  which  fine  particles  of  superalloy  at  just  above  its  melting  point  are  formed  at  high  velocity  in  a 
plasma  stream  onto  a  substrate  in  a  neutral  atmosphere,  low  pressure  chamber.  Subsequent  heat  treatment 
is  necessary  and  results  in  grain  growth,  e.g.,  to  2  to  3  microns.  The  resulting  airfoils  were  not  tested  for 

30  erosion  resistance  which  could  be  expected  to  approximate  the  relatively  low  erosion  resistance  known  for 
the  superalloys  used. 

U.  S.  Patent  No.  4,318,672  describes  the  erosion  problem  to  which  fan  and  turbine  blades  are  exposed 
and  the  difficulty  of  meeting  the  problem  with  a  single  material.  This  patent  teaches  the  use  of  two  wear- 
resisting  layers  as  attachments  to  the  blades.  One  wear-resisting  layer  is  made  of  a  relatively  ductile 

35  material  which  is  relatively  resistant  to  abrasive  particles  at  impact  angles  of  45°  to  90°  but  has  a  maximum 
erosion  sensitivity  at  impact  angles  of  15°  to  30°.  The  other  wear-resistant  material  is  a  relatively  hard, 
brittle  material  which  is  relatively  resistant  to  erosion  by  particles  impacting  at  0°  to  45°  but  has  a 
maximum  erosion  sensitivity  at  impact  angles  ranging  from  75°  to  90°.  The  two  wear-resisting  layers  are 
superimposed  and  detachably  secured  in  a  cut-out  around  the  leading  edge  of  the  blade. 

40  In  U.  S.  Patent  No.  3,699,623,  a  titanium  skin  is  diffusion  bonded  to  the  exterior  surface  of  turbine 
blades  made  of  aluminum,  magnesium  or  alloys  thereof  in  order  to  improve  erosion  resistance. 

U.  S.  Patent  No.  4,492,522  discloses  fan  or  turbine  blades  made  of  a  ceramic  material  such  as  silicon 
carbide  or  silicon  nitride  coated  with  a  layer  of  TiN,  TiC,  B4C,  BN  or  titanium  carbide  nitride  applied  by 
chemical  vapor  deposition  (CVD)  or  physical  vapor  deposition  (PVD).  This  patent  fails  to  recognize  the 

45  effect  of  impact  angle  on  erosion  resistance  and  the  coatings  taught  by  this  patent  may  be  in  some  cases 
more  erodible  than  the  ceramic  substrate,  especially  at  low  impact  angles. 

A  paper  included  in  the  Proceedings  of  the  6th  International  Conference  on  Erosion  by  Liquid  and  Solid 
Impact,  entitled  Erosion  Of  Corrosion  Resistant  Coatings  For  Jet  Engine  Compressors,  H.  J.  Kolkman, 
National  Aerospace  Laboratory  NLR  of  Amsterdam,  The  Netherlands,  reported  that  soft  coatings  such  as 

50  Sermetel  735  (aluminum  pigmented  basecoat  sealed  with  a  topcoat)  having  an  Er(90°)/Er(20°)  ratio  of  less 
than  one  on  AISI  410  stainless  steel  substrates  provides  inadequate  or  no  erosion  protection  for  the 
substrate. 
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A  Duckworth  et  al  article  in  Thin  Solid  Films,  63,  1979,  pp.  289-297,  discloses  ZrN  coatings  deposited 
by  high  rate  r.f.  sputtering  of  small  rod  targets  at  about  1OOO°C.  There  is  no  disclosure  or  suggestion, 
however,  of  a  ZrN  coated  substrate  which,  in  use,  has  a  surface  subject  to  high  angle  impingement  and  a 
surface  subject  to  low  angle  impingement,  such  as  a  turbomachine  airfoil.  There  also  is  no  disclosure  or 

5  suggestion  of  a  ZrN  coating  having  a  controlled  grain  size  of  3,000  Angstroms  or  less,  and  the  high 
temperature  (1000°C)  used  by  Duckworth  in  the  deposition  of  ZrN  coatings  would  in  fact  encourage  the 
growth  of  ZrN  grains  greater  than  3000  Angstroms  in  the  coating. 

W.  D.  Sproul  in  articles  published  in  Thin  Solid  Rims,  107,  1983,  pp.  141-147,  and  118.  1984,  pp.  279- 
284,  discloses  very  thin  (i.e.,  less  than  about  5  urn)  zirconium  nitride  coating  of  tools  using  a  very  high  rate 

w  of  reactive  sputtering.  In  a  paper  submitted  to  the  1984  AVS  National  Symposium  in  Reno,  Nevada,  Sproul 
disclosed  the  coating  of  tools  with  very  thin  zirconium  nitride  by  reactive  sputtering.  K.  Salmenoja  described 
in  Vacuum,  36,  1-3,  1986,  pp.  33-35,  zirconium  nitride  coatings  prepared  by  triode  ion  plating.  None  of 
these  references,  however,  disclose  or  suggest  the  coating  of  thicker  (i.e.,  greater  than  about  5  urn) 
zirconium  nitride  onto  a  substrate  which,  in  use,  has  a  surface  subject  to  high  angle  impingement  and  a 

75  surface  subject  to  low  angle  impingement,  such  as  a  turbomachine  engine  airfoil.  There  also  is  no 
disclosure  or  suggestion  of  a  zirconium  nitride  coating  having  a  ratio  of  erosion  rate  at  an  impingement 
angle  of  90°  to  the  erosion  rate  at  an  impingement  angle  of  20°  of  not  greater  than  1  .5  or  having  an  erosion 
rate  at  all  impingement  angles  from  20°  to  90°  at  least  two  times  less  than  that  of  the  substrate  at  the  same 
impingement  angles. 

20  Hard  coatings  have  been  used,  heretofore,  in  efforts  to  prolong  the  service  life  of  fan,  compressor,  or 
turbine  airfoils.  However,  hard  (i.e.  brittle)  materials,  including  many  carbides,  borides,  nitrides,  oxides  and 
cermets,  exhibit  the  characteristic  of  substantially  lower  resistance  to  90°  erosion  when  compared  with  that 
at  low  angle  erosion,  e.g.,  less  than  30°.  Typically  the  erosion  rate  (Er)  of  hard  and/or  brittle  materials  is  a 
function  of  the  impingement  angle  of  the  particle.  Therefore,  for  such  a  hard  coating  the  ratio  of  erosion  rate 

25  at  90°  to  20°,  Er(90°)/Er(20°),  is  about  8.5.  In  such  cases,  even  though  the  coating  is  capable  of  providing 
significant  protection  for  the  fan,  compressor  or  turbine  airfoils  at  low  angle  erosion,  the  overall  service  life 
of  the  coated  airfoil  is  determined  by  the  lack  of  resistance  of  the  coating  to  90"  erosion. 

Detonation  gun  coatings  have  been  used  as  protective  coatings  for  compressor  airfoils  in  gas  turbine 
engines.  Severe  leading  edge  erosion  damage  was  observed  on  such  coated  airfoils  after  operation  in  a 

30  dust  environment.  The  erosion  resistance  of  these  coatings  at  20°  impingement  angle  was  approximately 
two  times  the  bare  airfoil  (Ti-6AI-4V  or  lnconel-718)  but  their  erosion  resistance  values  at  90°  impingement 
were  only  about  one-half  that  of  the  bare  airfoil.  Clearly,  these  coatings  offer  very  little  protection,  or  no 
protection,  for  those  surfaces  of  compressor  airfoils  subjected  to  high  angle  erosion. 

Recently,  titanium  nitride  coatings  produced  by  physical  vapor  deposition  (PVD)  arc  evaporation 
35  process  were  found  to  exhibit  excellent  erosion  resistance  at  both  high  and  low  impingement  angles  and 

their  Er(90°)./Er(20°)  value  were  found  to  be  2.6  to  3.2.  However,  the  leading  edge  of  titanium  nitride  coated 
compressor  airfoils  suffer  substantially  higher  erosion  due  to  90"  particle  impact  than  do  the  pressure 
surfaces  of  the  airfoils  even  though  the  total  weight  loss  of  the  coated  airfoil  due  to  erosion  may  be  at  least 
10  times  less  than  that  of  an  uncoated  airfoil. 

40  Accordingly,  the  present  invention  provides  coated  articles  having,  in  use,  a  surface  subject  to  high 
angle  impingement  and  a  surface  subject  to  low  angle  impingement,  and  having  a  relatively  thick  zirconium 
nitride  coating  having  an  average  grain  size  of  not  greater  than  3000  Angstroms  applied  by  physical  vapor 
deposition  and  characterized  by  having  a  thickness  of  at  least  about  5  am  and  having  an  erosion  rate  at  all 
impingement  angles  from  20"  to  90°  at  least  about  two  times  less  than  that  of  the  substrate  at  the  same 

45  impingement  angles. 

Summary  of  the  Invention 

so  According  to  the  present  invention  ZrN  coatings  having  an  average  grain  size  of  not  greater  than  about 
3,000  Angstroms  applied  by  physical  vapor  deposition  provide  enhanced  erosion  resistance  at  all  impinge- 
ment  angles  from  20°  to  90°.  This  invention  provides  an  erosion  resistant  article  having,  in  use,  a  surface 
subject  to  high  angle  impingement  and  a  surface  subject  to  low  angle  impingement,  said  article  comprising 
a  substrate  defining  said  surfaces  composed  of  a  refractory  metal,  titanium  alloy,  refractory  alloy,  aluminum 

55  alloy,  superalloy  based  on  Fe,  Co  or  Ni,  stainless  steel  or  ceramic  composite,  and  an  erosion-resistant 
coating  of  zirconium  nitride  having  an  average  grain  size  of  not  greater  than  about  3,000  Angstroms  applied 
by  physical  vapor  deposition  to  said  surfaces,  said  zirconium  nitride  coating  being  at  least  about  5  u.m 
thick.  Preferably  the  ZrN  coating  is  also  characterized  by  a  ratio  of  the  erosion  rate  at  an  impingement 
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angle  of  90°  to  the  erosion  rate  at  an  impingement  angle  of  20°  of  not  greater  than  about  1.5  or  an  erosion 

rate  at  all  impingement  angles  from  20°  to  90°  at  least  two  times  less  than  that  of  said  substrate  at  the 

same  impingement  angles.  The  smaller  the  grain  size  of  the  ZrN  coatings  of  this  invention,  the  greater  the 

erosion  resistance  of  the  coating  and,  therefore,  ZrN  coatings  having  a  grain  size  not  greater  than  about 

5  1,800  Angstroms  are  preferred  and  those  having  a  grain  size  not  greater  than  about  600  Angstroms  are 
most  preferred. 

The  present  invention  further  provides  ZrN  coatings  as  described  above  and  further  characterized  by 

having  a  crystal  orientation  predominantly  in  the  (200)  plane,  or  ZrN  coatings  having  a  crystal  orientation 

predominantly  in  the  (111)  plane,  which  have  good  erosion  resistance  with  a  lower  ratio  of  90°  erosion  rate 

w  to  20°  erosion  rate.  ZrN  coatings  having  an  intensity  ratio  l(200)/l(1  1  1  )  of  greater  than  about  8  or  those 

having  an  intensity  ratio  1(1  1  1)/I(2OO)  of  greater  than  about  20  are  preferred.  * 
It  has  been  observed  also  in  this  invention  that  the  high  angle  (e.g.  90°)  impact  erosion  resistance  of 

polycrystalline  ZrN  coatings  and  the  character  of  the  erosion  mechanism  are  a  function  of  the  residual 

coating  stress  as  determined  by  the  interplanar  spacing,  dm,  of  the  (111)  diffraction  planes  in  the  case  * 
rs  where  crystal  orientation  is  predominantly  in  the  (111)  plane  or  the  interplanar  spacing,  dm  of  the  (200) 

diffraction  planes  in  the  case  where  crystal  orientation  is  predominantly  in  the  (200)  plane.  Accordingly,  the 

high  angle  impact  erosion  resistance  and  mechanism  of  the  polycrystalline  ZrN  can  be  controlled  by 
controlling  the  interplanar  spacing  of  the  (111)  planes  or  of  the  (200)  planes. 

There  is  a  maximum  interplanar  spacing,  dm,  or  dao,  for  the  polycrystalline  ZrN  coatings,  below  which 

20  uniformly  eroded  surfaces  and  lower  erosion  rates  have  been  observed  when  subjected  to  high  angle  (90°) 
impact  erosion  and  above  which  relatively  large  erosion  pits  due  to  intracoating  spalling  and  relatively 
higher  erosion  rates  occur  in  the  eroded  surfaces  of  the  coatings.  At  or  below  an  interplanar  spacing,  dm,  of 
about  2.660  Angstroms  for  ZrN  coatings  having  a  crystal  orientation  predominantly  in  the  (111)  plane,  or,  at 

or  below  an  interplanar  spacing,  dm  of  about  2.292  Angstroms  for  ZrN  coatings  having  a  crystal  orientation 

25  predominantly  in  the  (200)  plane,  uniformly  eroded  surfaces  and  relatively  lower  erosion  rates  have  been 
observed  after  being  subjected  to  high  angle  (90°)  impact  erosion  whereas  above  these  approximate  values 
intracoating  spaliing  and  relatively  higher  rates  of  erosion  have  been  experienced.  The  intracoating  spalling, 
generally  leading  to  the  material  removal  in  large  flakes,  can  cause  early  or  catastrophic  failures. 

30 
Brief  Description  of  the  Drawings 

The  present  invention  will  be  best  understood  by  reference  to  the  accompanying  drawings  wherein: 
Fig.  1  is  a  diagrammatic  cross  section  of  a  turbomachine  airfoil  taken  at  the  cord  which  is  provided 

35  with  an  erosion  resistant  ZrN  coating  of  this  invention  wherein  the  thickness  of  said  coating  is  exaggerated 
for  clarity; 

Fig.  2  is  a  graph  illustrating  the  effect  of  grain  size  of  ZrN  coatings  of  this  invention  on  erosion  rate  at 
a  20°  angle  of  impingement; 

Fig.  3  is  a  graph  illustrating  the  effect  of  grain  size  of  ZrN  coatings  of  this  invention  on  erosion  rate  at 
40  a  90°  angle  of  impingement; 

Fig.  4  is  a  graph  illustrating  the  effect  of  grain  size  of  ZrN  coatings  of  this  invention  on  the  ratio  of 
high  angle  impingement  erosion  rate  to  low  angle  impingement  erosion  rate,  Er(90°)/Er(20°); 

Fig.  5  is  a  graph  illustrating  the  effect  of  intensity  ratios,  l(200)/l(111)  or  1(1  1  1  )/l(200),  of  ZrN  coatings 
of  this  invention  on  the  ratio  of  high  angle  impingement  erosion  rate  to  low  angle  impingement  erosion  rate, 

45  Er(90°)/Er(20°).. 

Description  of  th£  Preferred  Embodiment  * 

so  Fig.  1  shows  a  cord  width  profile  of  a  turbomachine  airfoil  having  a  substrate  1  formed  in  a  suitable 
shape  for  said  airfoil  and  a  relatively  thick  ZrN  coating  2  bonded  to  all  surfaces  of  the  airfoil  including  the 
leading  edge  3,  the  pressure  surface  4,  the  trailing  edge  5  and  the  suction  surface  6.  It  is  to  be  understood 
by  those  skilled  in  the  art  that  the  entire  airfoil  cord  circumference  can  be  encapsulated  as  shown  in  Fig.  1  , 
that  the  coating  can  be  limited  to  the  leading  edge,  pressure  surface  and  trailing  edge,  that  the  coating  can 

55  be  limited  to  any  portion  of  the  airfoil  axial  length  (i.e.,  the  direction  perpendicular  to  the  cord  cross  section 
shown  in  Fig.  1)  and  that  the  coating  can  also  be  applied  to  the  termination  end  or  tip  (i.e.,  in  the  plane  of 
the  cord  cross  section  shown  in  Fig.  1)  of  fan  blades,  compressor  blades,  turbine  blades,  impellers,  vanes 

10 
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and  diffusers.  The  ZrN  coating  2  is  applied  to  the  substrate  1  by  any  suitable  physical  vapor  deposition 
apparatus  or  process  and  preferably  is  applied  by  means  of  the  physical  vapor  deposition  process  and 
apparatus  described  in  International  Application  No.  PCT/US  86/02031  (International  Publication  No.  WO 
87/02071  ),  the  disclosure  of  which  is  incorporated  herein  by  reference. 

5  The  coating  2  in  Fig.  1  is  shown,  of  course,  at  a  greatly  exaggerated  thickness  but  it  illustrates  the 
relative  thicknesses  of  the  coating  at  various  locations  on  the  surface  of  the  blade.  In  the  PVD  process,  the 
deposition  rate  at  the  leading  edge  3  and  trailing  edge  5  of  the  blade  is  greater,  e.g.,  at  least  about  1.5 
times  the  deposition  rate  on  either  the  pressure  surface  4  or  the  suction  surface  6  of  the  airfoil  due  to 
concentration  of  the  electrical  field  at  the  leading  and  trailing  edges.  Thus,  if  the  thickness  of  the  coating  at 

70  the  leading  edge  3  is  maintained  at  1  .5  or  less  times  the  thickness  of  the  coating  at  the  pressure  surface  4, 
the  erosion  rate  ratio  Er(90")/Er(20°)  of  the  coating  must  be  limited  to  be  about  1.5  or  less  to  assure  that 
coating  remains  on  the  leading  edge  3  as  long  as  there  is  coating  remaining  on  pressure  surface  4.  Since 
the  leading  edge  3  is  mainly  subjected  to  90°  erosion  while  the  pressure  surface  4  is  mainly  exposed  to 
low  angle  erosion,  e.g.  20°  -  30"  erosion,  the  erosion  rate  ratio  Er(90°)/Er(20°)  must  be  no  more  than  the 

rs  ratio  of  the  thickness  at  the  leading  edge  3  as  compared  to  the  thickness  at  the  pressure  surface  4  when 
the  area  where  the  coating  is  thinner  erodes  at  a  slower  rate  than  the  area  where  the  coating  is  thicker,  e.g., 
at  the  leading  edge  3.  In  order  to  avoid  intracoating  spalling,  the  thickness  of  the  coating  at  the  leading 
edge  3  is  limited  to  a  maximum  below  which  no  intracoating  spalling  occurs.  From  both  aerodynamic  and 
economic  standpoints,  the  thinnest,  effective  coatings  are  preferred.  Representative  thicknesses  of  the 

20  coating  on  the  pressure  surface  4  are  at  least  about  5  urn  and  can  range  from  about  5  to  about  20  urn, 
preferably  about  10-15  urn.  There  are  many  different  ways  known  in  the  art  for  controlling  the  thickness  of 
PVD  coatings  at  areas  such  as  the  leading  edge  3  or  trailing  edge  5  where  it  tends  to  be  at  least  about  1.5 
times  the  thickness  of  the  coating  on  the  pressure  surface  4.  For  example,  sacrificial  electrodes  can  be 
located  adjacent  these  areas  to  draw  coating  away  and/or  the  airfoil  can  be  oriented  with  respect  to  the 

25  cathode  in  a  manner  to  minimize  the  excess  coating  thickness  at  the  leading  edge  3  or  trailing  edge  5  and 
maximize  the  thickness  on  the  pressure  surface  4.  In  addition,  the  coating  thickness  can  be  adjusted  by  the 
bias  voltage  applied  to  the  blade,  higher  bias  voltages  providing  thinner  coatings.  Any  other  suitable  means 
known  to  those  skilled  in  the  art  for  adjusting  and  controlling  thickness  on  the  blade  can  be  employed. 

The  grain  size  of  the  ZrN  coating  can  be  controlled  by  controlling  the  temperature  at  which  the  ZrN 
30  coating  is  deposited  on  the  substrate.  The  ZrN  coatings  2  have  a  grain  size  of  about  3000  Angstroms  or 

less,  preferably  about  1800  Angstroms  or  less  and  most  preferably  about  600  Angstroms  or  less.  For 
purposes  of  this  invention,  grain  sizes  less  than  2000  Angstroms  are  determined  by  conventional  x-ray 
diffraction  techniques  using  the  Scherrer  formula  described  in  "Elements  of  X-ray  Diffraction",  B.  D.  Cullity, 
Addison-Wesley,  Reading,  Massachusetts,  1965,  which,  effectively,  provides  the  average  of  the  maximum 

35  dimensions  of  a  large  number  of  grains.  Scanning  electron  microscope  (SEM)  techniques  are  used  to 
measure  grain  sizes  greater  than  2000  Angstroms.  In  the  SEM  technique,  an  electron  micrograph  is  taken 
of  a  fracture  surface  or  etched  surface  of  the  test  specimen.  The  maximum  dimensions  of  a  large  number 
of  grains  (e.g.,  100,  more  or  less)  are  visually  measured,  totaled  and  divided  by  the  number  of  grains 
measured  to  provide  the  average  grain  size. 

40  Deposition  temperature  is  the  temperature  of  the  substrate  during  deposition  of  the  ZrN  coating.  The 
grain  size  of  the  ZrN  coating  increases  with  increasing  deposition  temperatures.  Thus,  in  order  to  provide 
the  smallest  possible  grain  sizes,  the  lowest  possible  temperatures  must  be  used.  Deposition  temperatures 
ranging  from  about  300°C  to  about  900°C  can  be  utilized,  preferably  the  deposition  temperature  should  be 
maintained  in  the  range  of  350  to  750  °C.  Deposition  temperature  can  be  controlled  by  adjustment  of 

45  operating  parameters  such  as  evaporator  current,  bias  voltage  and  spatial  standoff. 
The  effects  of  smaller  grain  size  of  the  ZrN  coatings  in  reducing  the  erosion  rate  of  the  coating  are 

illustrated  in  Figs.  2  and  3  which  show  the  effects  of  grain  size  on  erosion  rate  for  the  low  impingement 
angle  of  20°  (Fig.  2)  as  well  as  for  the  90°  impingement  angle  (Fig.  3).  The  erosion  rate  of  the  coatings  was 
determined  by  a  test,  hereinafter  referred  to  as  the  "50  urn  alumina  impact  test",  using  test  apparatus 

so  based  on  ASTM  G76-83  guidelines  and  using  compressed  air  at  248  KPa  to  deliver  at  least  a  200  g  charge 
of  angular  50  urn  alumina  particles  through  a  5  mm  diameter  nozzle  at  a  nominal  rate  of  450  g/min  with  a 
nominal  velocity  of  60  m/s  and  a  nozzle-to-test  specimen  standoff  of  10  cm  at  an  impact  angle  of  20°  or 
90°  to  the  specimen  surface.  The  erosion  rate  (Er)  of  the  coating  is  measured  in  terms  of  the  volume  loss 
of  coating  per  unit  gram  of  alumina  particles  that  impacted  the  test  specimen.  Approximately  600-800  g  of 

55  alumina  was  used  for  the  20°  impingement  erosion  test  and  about  200-300  g  of  alumina  was  used  in  the 
90°  impingement  erosion  test.  Figs.  2  and  3  clearly  demonstrate  that  both  20°  and  90°  erosion  rates 
decline  as  the  grain  size  of  the  zirconium  nitride  coating  decreases. 
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Fig.  4  illustrates  the  effect  of  grain  size  on  the  ratio  of  the  erosion  rate  at  90°  impingement  to  the 

erosion  rate  at  20°  impingement,  Er(90o)/Er(20°).  Fig.  5  illustrates  the  effects  of  the  intensity  ratio  of  x-ray  • 

diffraction  intensity  from  the  (111)  plane  to  x-ray  diffraction  intensity  from  the  (200)  plane,  i.e.,  1(1  1  1  )/l(200), 

of  a  ZrN  coating  having  crystal  orientation  predominantly  in  the  (111)  plane  designated  by  the  solid  line 

5  designated  "ZrN(111),"  on  the  ratio  of  erosion  resistance  at  90°  to  the  erosion  resistance  at  20° 

impingement.  Fig.  5  also  illustrates  the  effect  of  the  ratio  of  x-ray  diffraction  intensity  from  the  (200)  plane  to 

the  x-ray  diffraction  intensity  from  the  (111)  plane,  i.e.,  l(200)/l(1  1  1  ),  on  the  ratio  of  erosion  rate  at  90°  to  the 

erosion  rate  at  20°  impingement  as  illustrated  by  the  dash  line  designated  "ZrN  (200)."  Fig.  5  clearly  shows 

that  the  erosion  rate  at  90°  impingement  angle  decreases  more  rapidly  than  the  erosion  rate  at  20° 

w  impingement  angle  as  the  intensity  ratio  1(1  1  1  )/l(200)  or  I(2OO)/I(111)  increases.  Fig.  5  also  shows  that  the 

high  angle  (90°)  erosion  rate  of  titanium  nitride  coatings  applied  by  PVD  is  considerably  greater  than  the 

erosion  rate  at  a  20°  impingement  angle.  Even  though  the  ratio  of  high  angle  erosion  rate  to  low  angle 
erosion  rate  for  TiN  decreases  as  the  intensity  ratio  l(111)/l(200)  increases,  in  practice  the  ratio  never 

reaches  the  values  for  ZrN  coatings. 
75  A  unique  characteristic  of  the  ZrN  coated  articles  is  that  the  erosion  rate  ratio,  Er(90°)/Er(20°),  is  less 

than  about  1.5.  The  value  of  Er(90°)/Er(20°)  of  the  ZrN  coating  is  a  function  of  the  grain  size  and 

crystallographic  orientation. 
Er(90°)/Er(20°)  decreases  linearly  with  increasing  grain  size  from  a  ratio  of  1.18  at  400  Angstroms  to  a  ratio 

of  0.92  at  2000  Angstroms,  with  increasing  log  1(1  1  1  )/l(200)  from  a  ratio  of  1.5  at  1(1  1  1  )/l(200)  =  1  to  a  ratio 

20  of  0.8  at  l(111)/l(200)  =  95,  or  with  increasing  log  l(200)/l(1  1  1  )  from  a  ratio  of  1.5  to  )(200)/l(1  1  1  )  =  1  to  a 
ratio  of  0.85  at  l(200)/l(1  1  1  )  =  20. 

For  the  maximum  erosion  protection  of  the  article,  e.g.,  the  turbomachine  airfoil,  the  ZrN  coating  should 

be  characterized  by  (a)  interplanar  spacing  dm  £  2.660  Angstroms  or  da»  *  2.292  Angstroms,  (b)  grain  size 

less  than  about  3000  Angstroms,  preferably  less  than  about  1800  Angstroms  and  most  preferably  less  than 

25  about  600  Angstroms,  and  (c)  high  1(1  1  1  )/l(200)  or  l(200)/l(1  1  1  )  ratio. 
The  novel  coated  articles  of  this  invention  are  comprised  of  ZrN  coatings  having  the  crystallographic 

properties  described  herein  deposited  on  any  of  a  number  of  substrate  materials  such  as  refractory  metals 

and  alloys  including  Cr,  V,  Ta,  Mo,  Nb  and  W,  superalloys  based  on  Fe,  Co  or  Ni  including  Inconel  718, 
Inconel  738,  Waspaloy  and  A-286,  stainless  steels  including  17-4PH,  AISI  304,  AISI  316,  AISI  403,  AISI  422, 

30  AISI  410,  AM  350  and  AM  355,  Ti  alloys  including  Ti-6AI-4V  and  Ti-6AI-2Sn-4Zr-2Mo  and  Ti-8AI-IMo-1  V, 
aluminum  alloys  including  6061  and  7075,  WC-Co  Cermet,  and  AI2O3  ceramics.  The  above-identified 
substrates  are  described  in  detail  in  Materials  Engineering/Materials  Selector  '82,  published  by  Penton/IPC, 

subsidiary  of  Pittway  Corporation,  1111  Chester  Ave.,  Cleveland,  Ohio  44114,  in  1981,  and  Alloy  Digest, 

published  by  Alloy  Digest,  Inc.,  Post  Office  Box  823,  Upper  Montclair,  New  Jersey,  in  1980.  Furthermore, 

35  any  substrate  that  is  able  to  withstand  the  temperatures  and  other  conditions  of  the  PVD  process  can  be 

used  in  the  manufacture  of  articles  of  this  invention. 
Table  1  provides  the  erosion  rates  at  90°  impingement  angle  and  the  erosion  rates  at  20°  impingement 

angle  measured  using  the  "50um  alumina  impact  test"  for  several  materials  as  compared  with  the 

corresponding  erosion  rates  of  zirconium  nitride  coatings  f  the  present  invention  having  average  grain  sizes 

40  of  less  than  2000  Angstroms  as  shown  in  Figs.  2  and  3. 
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T a b l e   1 

M a t e r i a l   E r o s i o n   Ra te   ( 1 0 " 3 m m 3 / g )   E r ( 9 0 ° ) / E r ( 2 0 ° )  

E r ( 9 0 ° )   E r ( 2 0 ° )  

T i - 6 A l - 4 V   21 .3   46 .4   0 . 4 6  

17-4   PH  16 .8   32 .5   0 . 5 2  

I n c o n e l   718  17 .4   28 .6   0 . 6 1  

ZrN  4.1  -  6 .5   3.1  -  6 .5   0 .8  -  1 . 5  

TiN  8.0  2 .5   3 . 2  

WT-1*  32 .3   17 .4   2 . 0  

*  8 3 ( W , T i )   c a r b i d e   +  17  N i  

10 

75 

20 

In  the  results  shown  in  Table  1,  the  WT-1  material  was  a  detonation  gun  coating.  The  TiN  coating  had  a 
dm  of  2.455  Angstroms  and  an  intensity  ratio  1(1  1  1  )/l(200)  of  620.  The  results  given  in  Table  1  show  that 

25  substrate  materials  such  as  17-4  PH,  T1-6AI-4V  and  Inconel  718  exhibited  typical  ductile  erosion,  i.e., 
greater  low  angle  erosion  rate  than  high  angle  erosion  rate,  or,  in  other  words,  having  a  relatively  low  Er- 
(90°)/Er(20°)  ratio,  namely,  below  about  0.61.  On  the  other  hand,  the  TiN  and  WT-1  exhibited  typical  brittle 
erosion  wherein  the  Er(908)/Er(20°)  ratio  was  2  or  more.  The  ZrN  coatings,  however,  had  an  Er(90°)/Er- 
(20°)  ratio  of  0.8  to  1.5.  Compared  with  the  substrate  materials  such  as  17-4  PH,  Ti-6AI-4V  and  Inconel  718, 

30  the  erosion  resistance  of  the  ZrN  coating  is  at  least  about  4.4  and  2.6  times  that  of  said  substrate  materials 
for  20°  and  90°  erosion,  respectively.  In  addition,  as  shown  in  Figs.  2  and  3,  all  ZrN  coatings  with  a  grain 
size  less  than  about  3000  Angstroms  have  erosion  resistance  at  least  about  2  times  the  erosion  resistance 
of  the  substrate  materials  of  Table  1  at  both  erosion  impact  angles.  The  results  given  in  Table  1  and  Figs.  2 
and  3  indicate  that  the  erosion  resistance  of  the  ZrN  coatings  of  this  invention  is  substantially  insensitive  to 

35  impingement  angles.  Consequently,  the  novel  combination  of  airfoils  and  ZrN  coatings  having  an  average 
grain  size  less  than  about  3000  Angstroms  will  resist  erosion  more  equally  than  coated  airfoils  heretofore 
known.  Furthermore,  the  maximum  service  life  of  airfoils  can  be  achieved  in  practice  by  balancing  the  Er- 
(90°)/Er(20°)  ratio  of  the  ZrN  coating  with  its  thickness  distribution  on  the  blade.  Thus,  when  a  ZrN  coating 
having  an  Er(90°)/Er(20°)  ratio  of  1.5  or  less  is  used,  it  can  be  deposited  so  as  to  provide  a  thickness  of 

40  ZrN  coating  on  the  leading  edge  (where  impact  angles  are  high)  that  is  at  least  about  1.5  times  the 
thickness  of  the  coating  on  the  other  airfoil  surfaces  including  the  pressure  surface  where  impact  angles  are 
low. 

In  addition,  the  zirconium  nitride  coatings  provide  enhanced  erosion  resistance  at  high  temperatures  in 
addition  to  a  high  level  of  corrosion  resistance.  Furthermore,  zirconium  nitride  coatings  are  resistant  to 

46  flexing  fatigue  and  are  capable  of  coating  sharp  corners  or  edges  of  airfoils. 

Examples  1  and  2 

50  Examples  1  and  2  further  illustrate  the  invention  as  carried  out  by  the  process  and  apparatus  described 
in  the  parent  application  Serial  No.  ,  filed  September  10,  1986,  using  the  materials  and  process 
parameters  given  in  Table  2  below  to  produce  ZrN  coated  substrates  having  coatings  which  possess  crystal 
orientations  predominantly  in  the  (111)  plane  or  in  the  (200)  plane,  respectively.  (Dimension  "x"  is  the  depth 
of  the  cathode  recess,  i.e.,  the  distance  from  the  cathode  to  the  opening  of  the  cathode  shield,  of  the 

55  apparatus  described  in  the  above-mentioned  parent  application.)  In  addition,  the  interplanar  spacing  values, 
dm,  or  dm  the  intensity  ratios,  1(1  1  1  )/l(200),  or  l(200)/l(1  1  1  ),  the  grain  sizes  of  the  ZrN  coatings  and  the  90° 
and  20°  volume  erosion  rates  are  given  in  Table  2  for  each  of  Examples  1  and  2. 
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TABLE  2 

Example   E x a m p l e  
1  2 

ZrN  Z rN  

1400  A n g s t r o m s   290  A n g s t r o m s  

55 

C o a t i n g   C o m p o s i t i o n  

G r a i n   S i z e  

I ( l l l ) / I ( 2 0 0 )  

I ( 2 0 0 ) / I ( l l l )  

d l l l  

d 2 0 0  

90°  Volume  E r o s i o n   R a t e  

20°  Volume  E r o s i o n   R a t e  

S u b s t r a t e  

C a t h o d e   C o m p o s i t i o n  

C a t h o d e   ( C y l i n d r i c a l )  
D i a m e t e r  

D i m e n s i o n   " x "  

S p a t i a l   S t a n d o f f  

Chamber   P r e s s u r e  

N,  Gas  F l o w  

Arc  C u r r e n t  

S u b s t r a t e   B i a s  

D e p o s i t i o n   R a t e  

S u b s t r a t e   T e m p ,  
( d u r i n g   d e p o s i t i o n )  

ZrN  C o a t i n g   T h i c k n e s s  
On  P r e s s u r e   S u r f a c e  

10 

8 

75 —  A n g s t r o m s  2 . 6 5 6   A n g s t r o m s  

—  A n g s t r o m s   2 . 2 9 0   A n g s t r o m s  

.7  x  10~3mm3/g  4 .2   x  1 0 " 3 m m 3 / g  5.7  x  1 0 ~ 3 m m 3 / g  

5.6  x  1 0 " 3 m m 3 / g  
20 

4 .0   x  1 0 " 3 m m 3 / g  

I n c o n e l   718  T i - 6 A l - 4 V  

Zr  Z r  

6 .35   cm  6 . 3 5   cm 

2.6  cm  3.8  cm 

30  cm  36  cm 

0 . 0 4 2   t o r r   0 . 0 3 6   t o r r  

215  seem  185  s e e m  

139  Adc  144  A d c  

250  Vdc  50  Vdc  

0 .09   / /m/min  0 .08   / / m / m i n  

670°C  4 1 5 ° C  

25 

30 

35 

40 

45 
10  //m 15  fjm 

so  Claims 

1  .  An  erosion  resistant  article  having,  in  use,  a  surface  subject  to  high  angle  impingement  and  a  surface 
subject  to  low  angle  impingement,  said  article  comprising  a  substrate  defining  said  surfaces  composed  of  a 
refractory  metal,  titanium  alloy,  refractory  alloy,  aluminum  alloy,  superalloy  based  on  Fe,  Co  or  Ni,  stainless 

55  steel  or  ceramic  composite,  and  an  erosion-resistant  coating  of  zirconium  nitride  having  a  thickness  of  at 
least  about  5  urn  and  an  average  grain  size  of  not  greater  than  about  3000  Angstroms  applied  by  physical 
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vapor  deposition  to  said  surfaces,  said  zirconium  nitride  coating  having  an  erosion  rate  at  all  impingement 
angles  from  20°  to  90°  at  least  about  two  times  less  than  that  of  said  substate  at  the  same  impingement 
angles. 

2.  Article  as  claimed  in  claim  1  wherein  said  zirconium  nitride  coating  has  an  average  grain  size  of  not 
5  more  than  about  1800  Angstroms. 

3.  Article  as  claimed  in  claim  1  wherein  said  zirconium  nitride  coating  has  an  average  grain  size  of  not 
more  than  about  600  Angstroms. 

4.  Article  as  claimed  in  claim  1  wherein  said  ZrN  coating  has  a  ratio  of  the  erosion  rate  at  an 
impingement  angle  of  90°  to  the  erosion  rate  at  an  impingement  angle  of  20°  of  not  greater  than  about  1.5. 

w  5.  Article  as  claimed  in  claim  1  wherein  said  ZrN  coating  has  a  crystal  orientation  predominantly  in  the 
(111)  plane. 

6.  Article  as  claimed  in  claim  1  wherein  said  ZrN  coating  has  a  crystal  orientation  predominantly  in  the 
(200)  plane. 

7.  Article  as  claimed  in  claim  5  wherein  said  ZrN  coating  has  an  x-ray  diffraction  interplanar  spacing, 
75  dm,  of  not  more  than  about  2.660  Angstroms. 

8.  Article  as  claimed  in  claim  6  wherein  said  ZrN  coating  has  an  x-ray  diffraction  interplanar  spacing, 
dzjo,  of  not  more  than  about  2.292  Angstroms. 

9.  Article  as  claimed  in  claim  7  wherein  said  ZrN  coating  has  an  I(111)/I(2OO)  x-ray  diffraction  intensity 
ratio  of  not  less  than  about  20. 

20  10.  Article  as  claimed  in  claim  8  wherein  said  ZrN  coating  has  an  l(200)/l(1  1  1  )  x-ray  diffraction  intensity 
ratio  of  not  less  than  about  8. 

11.  Article  as  claimed  in  claim  1  wherein  said  article  is  a  moving  airfoil  of  a  turbomachine. 
12.  Article  as  claimed  in  claim  11  wherein  said  article  is  a  compressor  blade  or  impeller. 
13.  Article  as  claimed  in  claim  1  wherein  said  article  is  a  stationary  airfoil  in  a  turbomachine. 

25  14.  Article  as  claimed  in  claim  13  wherein  said  article  is  a  compressor  vane. 
15.  Article  as  claimed  in  claims  11  or  13  wherein  said  airfoil  is  fully  encapsulated  with  said  ZrN  coating. 
16.  Article  as  claimed  in  claim  11  wherein  the  tip  of  said  airfoil  is  coated  with  said  ZrN  coating. 
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