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Abstract	  
The	  use	  of	   titanium	  alloys	   in	  biomedical	  applications	  continues	  to	   increase	  due	  

to	  the	  excellent	  stiffness	  to	  weight	  ratio	  and	  high	  corrosion	  resistance.	  In	  order	  

to	  improve	  the	  surface	  wettability	  and	  corrosion	  properties	  of	  a	  Ti-‐6Al-‐4V	  alloy,	  

the	  surface	  treatment	  method,	   large	  area	  electron	  beam	  melting	  technique	  was	  

investigated.	  Polished	  samples	  were	  subject	  to	  pulsed	  treatments	  of	  1,	  15	  and	  25	  

at	  1.38	  J/cm2	  beam	  energy.	  Surface	  roughness	  and	  contact	  wetting	  angles	  were	  

reduced	  as	  a	   result	  of	   the	   treatment.	  Microstructural	  analysis	  of	   the	  surface	  by	  

XRD	  and	  FIB-‐TEM	  revealed	  a	  martensitic	  alpha	  prime	  phase	  formed	  as	  a	  result	  of	  

the	   high	   cooling	   rates	   induced	   by	   the	   treatment.	   The	   presence	   of	   this	  

homogenous	  martensite	   layer	  was	   shown	   to	   facilitate	   a	   compact	   passive	   oxide	  

layer	   formation	   during	   corrosion,	   thus	   improving	   corrosion	   rates	   by	   several	  

orders	  of	  magnitude	  compared	  to	  an	  untreated	  sample.	  Large	  area	  electron	  beam	  

melting	   of	   Ti-‐6Al-‐4V	   induced	   a	   number	   of	   changes	   to	   the	   near	   surface	  

microstructure	   of	   the	   samples,	   all	   of	  which	   could	   be	   used	   to	   tailor	  mechanical	  

and	  corrosion	  properties	  to	  that	  of	  a	  desired	  application,	  without	  compromising	  

the	  bulk	  material	  properties.	  These	  are	  explored	  in	  detail	  in	  this	  work.	  
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1	  Introduction	  
Titanium	  alloys	  have	  seen	  extensive	  application	  in	  the	  biomedical	  sector,	  where	  

their	  high	   stiffness	   to	  weight	   ratio,	   osseo-‐integration	  and	   relative	   resistance	   to	  

corrosion	  in-‐vivo	  have	  meant	  widespread	  application	  in	  orthopaedic	  devices	  and	  

dental	   implants	   [1-‐5].	   The	   advantage	   of	   titanium	  over	   other	  metallic	  materials	  

such	  as	  cobalt	  chromium	  or	  stainless	  steel	  resides	  in	  their	  lower	  elastic	  modulus	  

which	   can	   reduce	   instances	   of	   stress	   shielding	   and	   encourage	   improved	   bone	  

recovery	   and	   growth	   as	   a	   result.	   Despite	   the	   good	   corrosion	   resistance	   of	  

titanium	  alloys,	   this	  can	  be	  compromised	  in-‐vivo	  by	  the	  removal	  of	  the	  nascent	  

surface	   oxide	   layer	   by,	   for	   example,	   tribological	   asperity	   contact	   events	   [6].	   In	  

order	   to	   improve	   the	   manufacture	   and	   surface	   properties	   of	   titanium	   alloys,	  

extensive	   research	   has	   been	   conducted	   into	   surface	   modification	   techniques	  

such	   as	   laser	   or	   electron	   beam	   melting	   of	   titanium	   alloys	   to	   produce	   novel	  

microstructures	  [1,	  7-‐12].	  More	  recently,	  the	  advent	  of	  Large	  Area	  Electron	  Beam	  

Melting	  (LAEBM)	  has	  shown	  that	  a	  low	  energy	  defocused	  pulsed	  electron	  beam	  

treatment	  can	  induce	  high	  cooling	  rates	  in	  the	  surface	  of	  electrically	  conducting	  

metals,	   such	   that	   non-‐equilibrium	   phases	   are	   readily	   formed	   [13-‐16].	   The	  

technique	   offers	   the	   possibility	   of	   modifying	   the	   surface	   layer	   (5-‐40µm)	   only,	  

such	  that	   the	  bulk	  mechanical	  properties	  of	  components	  are	   left	  un-‐affected	  by	  

the	  treatment.	  Recent	  work	  using	  this	  technique	  on	  a	  number	  of	  pure	  and	  alloyed	  

titanium	   compositions	   has	   shown	   that	   corrosion	   resistance	   appears	   to	   be	  

improved	   [17-‐23].	   The	   present	   research	   seeks	   to	   further	   the	   understanding	   of	  

this	  effect	  by	   investigating	  the	  surface	  corrosion	  behaviour	  of	  a	  Ti-‐6Al-‐4V	  alloy	  

subject	  to	  LAEBM	  treatment	  through	  a	  detailed	  understanding	  of	  microstructure	  

evolution.	  Understanding	  the	  changes	  in	  surface	  microstructure	  using	  a	  focused	  

ion	  beam	   (FIB)	   transmission	   electron	  microscopy	   (TEM)	   technique	  will	   enable	  

surface	  and	  sub-‐surface	  contributions	  to	  be	  determined.	  

2	  Experimental	  Procedure	  

2.1	  Material	  Preparation	  
Samples	   of	   wrought	   Ti-‐6Al-‐4V	   were	   prepared	   as	   cylindrical	   samples	   of	   9mm	  

diameter	  and	  4mm	  thickness	  using	  electro-‐discharge	  machining.	  The	  cylindrical	  

surfaces	  of	  each	  sample	  were	  flat	  lapped	  using	  a	  Kemet	  15	  lapping	  machine	  and	  



diamond	   abrasives	   down	   to	   6μm	   and	   finished	   by	   hand	   using	   a	   1μm	   diamond	  

cloth	  wheel.	  

2.2	  Pulsed	  Electron	  Beam	  Treatment	  
The	  polished	  Ti-‐6Al-‐4V	  surfaces	  were	  irradiated	  using	  a	  Sodick	  PF32A	  machine,	  

a	   schematic	   of	   which	   is	   shown	   in	   Figure	   1.	   The	  machine	   consists	   of	   a	   sample	  

chamber,	  which	  was	  purged	  of	  air	  with	  nitrogen	  and	  pressurized	  to	  0.05Pa	  with	  

argon	   gas	  which	   is	   the	  medium	   used	   for	   plasma	   build	   up.	   In	   this	   technique,	   a	  

solenoid	   coil	   produces	   a	   magnetic	   field,	   at	   the	   maximum	   intensity	   of	   which	   a	  

pulsed	  voltage	  of	  5	  kV	  is	  applied	  to	  the	  anode	  and	  Penning	  discharge	  is	  initiated.	  

After	  a	  duration	  of	  50-‐100	  µs,	  the	  current	  of	  the	  Penning	  discharge	  reaches	  150-‐

170	  A,	  and	  a	  plasma	  column	  is	  formed	  near	  the	  anode.	  After	  a	  delay	  time	  of	  10-‐

30	  µs,	  an	  accelerating	  voltage	  of	  15kV	  used	  in	  this	  study,	  with	  a	  rise	  time	  of	  20-‐

100	   ns	   is	   applied	   to	   the	   cathode.	   The	   electric	   field	   is	   concentrated	   in	   a	   near-‐

cathode	   ion	   layer	   and	   reaches	   values	   of	   up	   to	   400	   kV/cm.	   Explosive	   emission	  

takes	   place	   on	   the	   cathode	   causing	   a	   number	   of	   cathode	   spots	   (dense	   plasma	  

clouds)	   to	   appear	   and	   emit	   electrons.	   The	   applied	   voltage	   is	   concentrated	   in	   a	  

double-‐layer,	   between	   the	   cathode	   plasma	   and	   the	   anode	   plasma,	   in	   which	  

electrons	  are	  accelerated	  and	  the	  beam	  is	  formed.	  The	  electron	  beam	  accelerated	  

in	   the	   double	   layer	   is	   transported	   through	   the	   anode	   plasma	   to	   a	   collector	  

cathode	  where	  the	  work	  piece	  is	  placed.	  Samples	  were	  treated	  at	  15kV	  cathode	  

voltage	  for	  1,	  15	  or	  25	  pulses,	  translating	  to	  an	  energy	  input	  of	  1.38	  J/cm2	  [24],	  

with	  constant	  time	  between	  pulses	  of	  11	  seconds.	  

	  
	  



	  

Figure	  1.	  Schematic	  of	  the	  Sodick	  PF32A	  electron	  beam	  melting	  machine.	  

	  

2.3	  Surface	  Roughness	  
Surface	  roughness	  profiles	  were	  determined	  using	  an	  Alicona	  Infinite	  Focus	  non-‐

contact	  profilometer.	  The	  technique	  utilises	  a	   focal	  plane	  variation	  approach	  to	  

re-‐construct	   3-‐dimensional	   topography	   of	   surfaces.	   Surfaces	   of	   both	   pre	   and	  

post-‐EBM	   treated	   samples	   were	   reconstructed	   and	   average	   surface	   roughness	  

(Ra)	   values	  were	   determined	   from	  1.25mm	   trace	   lengths,	   filtered	   according	   to	  

ISO	   4287	   using	   a	   LC	   cut-‐off	   wavelength	   filter	   of	   0.25mm.	   A	   total	   of	   8	  

measurements	  were	  made	  per	  sample,	  with	  the	  highest	  and	  lowest	  values	  being	  

excluded	  from	  calculations	  of	  mean	  and	  standard	  deviation	  values.	  

2.4	  Surface	  Energy	  
The	   surface	  wettability	   of	   the	   control	   and	   EBM	   treated	   surfaces	  was	   assessed	  

using	  a	  Kruss	  DSA-‐100	  drop	  shape	  analyser.	  1ml	  sessile	  drops	  of	  distilled	  water	  

were	   pipetted	   onto	   each	   surface	   and	   imaged	   with	   a	   digital	   camera.	   Circular	  

fitting	  pattern	  software	  was	  used	  to	  determine	  the	  contact	  angle	  that	  the	  water	  

made	  with	  the	  surface	  at	  each	  apex.	  A	  minimum	  of	   five	  drops	  per	  sample	  were	  

used	  to	  measure	  an	  average	  and	  standard	  deviation	  error	  for	  each	  surface.	  

2.5	  Electrochemical	  behaviour 
The	   corrosion	   characteristics	   of	   various	   treated	   specimens	   were	   evaluated	   by	  

measuring	  open	  circuit	  potentials	  (OCP)	  and	  cyclic	  polarization	  curves	  (CPC).	  	  All	  

electrochemical	   measurements	   were	   performed	   in	   aerated	   solutions	   using	   a	  



potentiostat	   (Gamry	  REF600,	  USA)	   and	  an	   electrochemical	  multiplexer	   (Gamry	  

ECM8,	   USA)	   in	   a	   Faraday	   cage	   at	   room	   temperature.	   	   A	   graphite	   rod	   and	   a	  

double-‐junction	   Ag/AgCl	   in	   3.5M	   KCl	   electrode	   were	   used	   as	   counter	   and	  

reference	  electrodes,	  respectively.	  	  The	  disc	  specimen	  as	  working	  electrode	  was	  

embedded	  within	  a	  plastic	  sample	  holder	  with	  a	  geometrically	  exposed	  surface	  

area	  of	  0.283	  cm2.	  

	  

All	  electrochemical	  tests	  were	  conducted	  by	  monitoring	  OCPs	  for	  1h	  followed	  by	  

cyclic	   polarization	  measurements.	   	   Cyclic	   polarization	   curves	  were	   carried	   out	  

up	   to	   the	   applied	   potential	   of	   +4.0V	   against	   the	   measured	   OCP	   or	   the	   anodic	  

current	  density	  of	  0.050mA/cm2	  at	  a	  scan	  rate	  of	  0.5mV/s.	  	  

	  

2.6	  Surface	  Microstructural	  Analysis	  
Scanning	  electron	  microscopy	  of	  the	  EBM	  treated	  surfaces	  was	  carried	  out	  using	  

a	  Zeiss	  NVision	  40	  dual	  beam	  FEG-‐SEM	  microscope	  operating	  at	  5kV	  accelerating	  

voltage	   and	   x5000	   magnification.	   The	   machine	   is	   equipped	   with	   a	   Ga+	   liquid	  

metal	   focused	   ion	  beam	   source,	  which	  was	  used	   to	   investigate	   the	   sub-‐surface	  

micro-‐structural	   behaviour	   of	   the	   sample	   treated	   at	   15kV	   and	   25	   pulses	   after	  

electro-‐chemical	   corrosion.	  The	   surface	  of	   the	   sample	  was	   first	  protected	   from	  

beam	  damage	  by	  deposition	  of	  a	   layer	  of	  carbon	   from	  a	  pre-‐cursor	  gas.	  During	  

the	   initial	   stages	   of	   ion-‐assisted	   deposition,	   damage	   to	   the	   upper	   few	   nano-‐

meters	  can	  occur.	  As	  such,	  an	  electron-‐assisted	  deposition	  of	  carbon	  was	  utilised	  

prior	  to	  accelerated	   ion-‐beam	  deposition,	   to	  build	  up	  a	  protective	  surface	   layer	  

approximately	  1μm	  thick.	  The	  focused	  ion	  beam	  was	  then	  used	  at	  an	  accelerating	  

voltage	  of	  30kV	  to	  sputter	  material	  from	  either	  side	  of	  the	  carbon	  deposition	  at	  

beam	  currents	  between	  150pA-‐3nA.	  Once	  the	  sample	  was	  approximately	  1μm	  in	  

thickness	  it	  was	  cut	  from	  the	  sample	  surface	  and	  extracted	  using	  Kliendiek	  micro	  

manipulators	   and	   fixed	   to	   a	   copper	   TEM	   grid,	   prior	   to	   thinning	   to	   electron	  

transparency	  at	  a	  beam	  current	  of	  80pA.	  

	  

2.7	  Transmission	  Electron	  Microscopy	  
The	  thinned	  TEM	  lamella	  was	  investigated	  by	  the	  Zeiss	  NVision40,	  operating	  at	  

30kV	   in	   STEM	  mode.	   A	   mixture	   of	   bright	   and	   dark	   field	   modes	   were	   used	   to	  



gather	   images	   from	   the	   four-‐quadrant	   electron	   detector.	   For	   higher	  

magnification	  analysis	  a	  JEOL	  2100F	  TEM	  operating	  at	  200kV	  was	  used	  to	  gather	  

bright	   and	   dark	   field	   TEM	   and	   STEM	   images	   as	   well	   as	   electron	   energy	   loss	  

spectroscopy	  profiles	  from	  the	  corroded	  surface.	  

3	  Results	  

3.1	  Surface	  Roughness	  Values	  
The	  measured	  average	  surface	  roughness	  of	  the	  three	  Ti-‐6Al-‐4V	  samples	  before	  

and	  after	  the	  pulsed	  electron	  beam	  treatment	  is	  shown	  in	  Table	  1,	  below.	  It	  can	  

be	  seen	   that	  variations	   in	   the	  hand	  polishing	  process	   resulted	   in	   initial	   surface	  

roughness	  differences	  of	  around	  37nm.	  Whilst	  it	  appeared	  that	  a	  single	  pulse	  at	  

15kV	  appeared	   to	   increase	   the	  surface	   roughness,	   the	  7nm	  difference	  could	  be	  

considered	   within	   the	   error	   bounds	   of	   one	   standard	   deviation.	   It	   was	   clear	  

however	   that	   samples	   irradiated	   for	   a	   larger	   number	   of	   pulses	   of	   15	   and	   25	  

experienced	   a	   drop	   in	   their	   surface	   roughness	   of	   25	   and	   31	   nm	   respectively,	  

compared	  to	  the	  initial	  values.	  

	  
Sample	   Pre	  EBM	  

Roughness,	  Ra	  (nm)	  
Post	  EBM	  

Roughness,	  Ra	  (nm)	  
Difference	  (nm)	  

15kV,	  1	  Pulse	   100	  ±	  5	   107	  ±	  5	   +	  7	  
15kV,	  15	  Pulses	   137	  ±	  11	   112	  ±	  4	   -‐	  25	  
15kV,	  25	  Pulses	   125	  ±	  8	   94	  ±	  7	   -‐	  31	  
Table	  1.	  The	  influence	  of	  number	  of	  pulses	  on	  the	  average	  surface	  roughness,	  Ra,	  of	  the	  treated	  Ti-‐6Al-‐4V	  samples.	  Error	  

bounds	  are	  one	  standard	  deviation.	  

3.2	  Surface	  Morphology	  
Figure	  2	  a)	  shows	  a	  secondary	  electron	  image	  of	  the	  untreated	  Ti-‐6Al-‐4V	  surface	  

after	  mechanical	  polishing.	  Clearly	  visible	  were	  the	  mechanical	  polishing	  marks	  

in	  the	  surface	  as	  a	  result	  of	  the	  diamond	  polishing	  stage.	  Figure	  2	  b)	  shows	  the	  

sample	   treated	   at	   15kV	  with	   a	   single	  pulse.	   It	  was	  noticeable	   that	   some	  of	   the	  

polishing	   marks	   had	   been	   removed	   from	   the	   surface	   as	   a	   result	   of	   the	   EBM	  

treatment,	   however,	   many	   of	   the	   deeper	   scratches	   still	   remained.	   This	   would	  

result	   in	   a	   similar	   average	   surface	   roughness	   value,	   as	   discussed	   above,	   as	   the	  

measure	  of	  Ra	  is	  simply	  an	  arithmetic	  measure	  of	  the	  mean	  deviation	  of	  all	  points	  

from	  an	   idealised	  surface.	   It	   can	  be	  seen	   in	  Figure	  2	  c)	  &	  d)	   that	   the	   increased	  

number	  of	  pulses	  had	  resulted	  in	  a	  complete	  removal	  of	  all	  polishing	  marks	  and	  

the	   emergence	   of	   an	   equiaxed	   microstructure.	   It	   was	   interesting	   to	   note	   that	  



there	   appeared	   to	   be	   an	   increase	   in	   the	   surface	   grain	   size	   between	  15	   and	   25	  

pulses,	  from	  grains	  that	  appeared	  to	  be	  sub-‐micron	  in	  Figure	  2	  c)	  to	  greater	  than	  

2	  microns	  in	  Figure	  2	  d).	  

	  

	  

	  

	  
a)	  Polished	  Ti-‐6Al-‐4V	  alloy	   	   b)	  1	  Pulse,	  15kV	  

	   	   	  

	  

	  

	  
c)	  15	  Pulses,	  15kV	   	   25	  Pulses,	  15kV	  

Figure	  2.	  Scanning	  electron	  microscopy	  images	  of	  the	  surface	  of	  Ti-‐6Al-‐4V	  EBM	  
treated	  at	  different	  conditions.	  

3.3	  Surface	  Energy	  Wettability	  	  
The	   LAEBM	   treatment	   process	   also	   caused	   a	   simultaneous	   drop	   in	   observed	  

contact	  angles,	  Figure	  3.	  The	  control	  specimen	  was	   the	  roughest	  of	  all	   surfaces	  

and	  exhibited	  the	  most	  hydrophobic	  behaviour	  with	  a	  wetting	  angle	  of	  79.4˚.	  A	  

reduction	   in	   the	   roughness	   as	   a	   result	   of	   the	   EBM	   process	   improved	   the	  

hydrophilic	   nature	   of	   the	   surfaces,	   although	   a	   linear	   trend	   was	   not	   observed.	  

Instead	   there	   appeared	   to	   be	   an	   optimal	   roughness	   for	   attaining	   the	   lowest	  

surface	   energy,	  with	   contact	   angles	   of	   53˚	   and	   48˚	   for	   the	   single	   pulse	   and	   15	  

pulse	   treated	   surfaces,	   respectively.	   Interestingly,	   whilst	   the	   25	   pulse	   treated	  

surface	  exhibited	   the	   lowest	  surface	  roughness,	   the	  contact	  angle	  was	  between	  

that	  of	  the	  other	  treated	  surfaces	  and	  the	  control.	  



	  
Figure	  3.	  Plot	  of	  surface	  roughness	  vs	  contact	  angle	  for	  control	  and	  EBM	  treated	  

Ti-‐6Al-‐4V	  surfaces.	  

3.4	  Corrosion	  behaviour	  
	  
The	  effect	  of	  LAEBM	  treatment	  on	  the	  corrosion	  behaviour	  of	  Ti-‐6Al-‐4V	  samples	  

was	  investigated	  using	  different	  electrochemical	  techniques.	  OCP	  measurements	  

and	  cyclic	  polarization	  curves	  were	  used	  to	  characterise	  corrosion	  properties	  in	  

3.5%	  (wt	  %)	  solution	  and	  all	  the	  testing	  results	  obtained	  with	  different	  numbers	  

of	  pulses	  were	  summarized	  in	  the	  Table	  2.	  It	  can	  be	  seen	  that	  the	  OCP	  values	  all	  

increased	  as	  a	  result	  of	  increasing	  number	  of	  pulses.	  	  

 
Cathode	  

voltage	  (kV)	  
Number	  
of	  Pulses	  

OCP	  
(mV)	  

Ecorr	  
(mV)	  

Corrosion	  rate	  
(10-‐6	  mmpy)	  

0	   0	   -‐313.8	   -‐307.0	   923.2	  
15	   1	   -‐114.6	   -‐249.0	   17.91	  
15	   15	   -‐66.10	   -‐166.0	   5.478	  
15	   25	   -‐10.32	   -‐127.0	   6.439	  

Table	  2.	  Corrosion	  properties	  of	  e-‐beam	  treated	  samples	  in	  3.5%	  NaCl	  solutions.	  
	  
CPC	  results	  showed	  all	  the	  Ti-‐6Al-‐4V	  samples	  are	  resistant	  to	  pitting	  and	  crevice	  

corrosion	  in	  3.5%	  NaCl	  solution	  at	  applied	  potentials	  up	  to	  +	  4.0	  V.	  The	  corrosion	  

potential	   (Ecorr)	   and	   corrosion	   rate	   were	   also	   estimated	   from	   the	   CPC	  

measurements	   and	   summarized	   in	   Table	   2.	   The	   results	   have	   been	   plotted	   in	  

Figure	  4	  as	  a	  function	  of	  the	  number	  of	  pulses	  and	  again	  indicated	  that	  both	  OCP	  



and	  Ecorr	   notably	   shifted	   in	   noble	   direction	  while	   corrosion	   rates	   decrease	   as	  

the	  number	  of	  pulses	  in	  increased.	  

 

 
Figure 4. Effect of total surface energy input from pulsed EBM on the OCP, Ecorr and 

estimated corrosion rate of Ti-6Al-4V surfaces.	  

3.5	  Sub-‐surface	  micro-‐structure	  
In	  order	  to	  understand	  the	  improved	  surface	  corrosion	  behaviour,	  a	  FIB	  thinned	  

lamella	  was	  produced	  from	  the	  surface	  of	  the	  15kV,	  25	  pulse	  treated	  sample,	  as	  

shown	  in	  Figure	  5.	  The	  dark	  area	  at	  the	  top	  was	  the	  electron	  and	  ion	  deposited	  

carbon	   layer.	   Below	   this	  was	   noted	   a	   thin	   continuous	   layer	   that	  was	   bright	   in	  

contrast.	   The	   near	   surface	   microstructure	   appeared	   consistent	   with	   a	   sub-‐

micron	  microstructure.	  Approximately	   2μm	   from	   the	   surface	   there	   appeared	   a	  

transition	  to	  a	  more	  equiaxed	  micron	  sized	  grain	  structure,	  more	  consistent	  with	  

the	  alpha-‐beta	  microstructure	  shown	  to	  be	  present	  in	  the	  XRD	  results	  of	  Figure	  

6.	  The	  XRD	  results	  showed	  a	  general	  reduction	  in	  α	  peaks	  intensity	  as	  a	  result	  of	  

the	  LAEBM	  process,	  coupled	  with	  a	  broadening	  of	  the	  peaks	  around	  38-‐40˚.	  

	  



	  
Figure	  5.	  Secondary	  electron	  image	  of	  the	  extracted	  FIB	  lamella	  sample	  prior	  to	  

final	  thinning.	  
	  	  

	  
	  Figure	  6.	  Bragg-‐Brentano	  2θ	  XRD	  trace	  of	  polished	  and	  15kV	  25	  pulse	  EBM	  

treated	  Ti-‐6Al-‐4V.	  

	  
Figure	  7.	  Bright	  field	  TEM	  image	  of	  the	  15kV,	  25	  pulse	  EBM	  treated	  Ti	  surface	  

after	  corrosion.	  



	  
	  

	   	  
	  

	  
Figure	  8.	  Bright	  (a)	  and	  pseudo-‐coloured	  dark	  field	  (b)	  images	  of	  α-‐grain	  near	  
the	  surface	  of	  the	  15kV,	  25	  pulse	  EBM	  treated	  Ti	  sample	  after	  corrosion.	  c)	  

Selected	  area	  diffraction	  pattern	  from	  region	  indicated	  in	  a).	  
	  

Figure	   7	   shows	   a	   bright	   field	   TEM	   image	   of	   the	   surface	   of	   the	   15kV,	   25	   pulse	  

LAEBM	   treated	   Ti	   sample	   after	   corrosion.	   The	   near	   surface	   microstructure	  

exhibited	   a	   fine	   acicular	   α’	   martensite	   lathe	   structure	   within	   prior	   β	   grain	  

boundaries.	  Figure	  8	  shows	  bright	  and	  pseudo-‐coloured	  dark	  field	  images	  of	  the	  

Ti	  grains	  near	  the	  surface	  of	  the	  sample.	  Dark	  field	  images	  were	  taken	  from	  the	  

two	  spots	  about	  the	  1101	  point	  and	  combined	  into	  a	  pseudo-‐coloured	  dark-‐field	  

image,	   Figure	   8	   b).	   It	   can	   be	   seen	   from	   both	   the	   SAED	   pattern	   and	   dark	   field	  

image	  that	  α’	  martensite	  twins	  were	  present	  within	  the	  elongated	  grains.	  

	  

The	   thin	   surface	   layer	   noted	   in	   Figure	   5	   is	   shown	   in	  more	  detail	   in	   the	  HREM	  

image	   in	   Figure	   9.	   The	   general	   region	  marked	   1	   was	   a	   crystalline	   α’-‐Ti	   grain,	  

whilst	  region	  2	  was	  a	  surface	  oxide	  layer	  approximately	  18nm	  in	  thickness.	  This	  

was	  confirmed	  by	  an	  EELS	  line	  profile	  across	  this	  surface	  layer,	  shown	  in	  Figure	  

10.	   It	   can	   be	   seen	   that	   whilst	   the	   titanium	   content	   of	   the	   layer	   was	   constant	  

compared	   to	   the	   bulk,	   there	   was	   a	   significant	   peak	   in	   the	   oxygen	   signal	  

associated	  with	   this	   surface	   layer.	   Region	   3	  was	   a	   thin	   layer	   of	   electron	   beam	  



assisted	   deposited	   carbon,	   approximately	   7nm	   thick,	   whilst	   region	   4	   was	   the	  

amorphous	   ion	   beam	   deposited	   carbon	   used	   to	   protect	   the	   sample	   during	   the	  

FIB	  preparation	  stage.	  

	  

	  
Figure	  9.	  HREM	  image	  of	  the	  surface	  interface:	  1-‐	  α’-‐Ti	  grain;	  2-‐	  Oxide	  layer;	  3	  –	  

Electron	  deposited	  carbon;	  4	  –	  Ion	  deposited	  carbon.	  	  

	  
Figure	  10.	  a)	  Dark	  field	  STEM	  image	  and	  b)	  EELS	  line	  profile	  across	  corroded	  

surface	  layer.	  

4	  Discussion	  

4.1	  Surface	  Properties	  
Large	  area	  electron	  beam	  melting	  of	  Ti-‐6Al-‐4V	  induced	  a	  number	  of	  changes	  to	  

the	   near	   surface	  microstructure	   of	   the	   samples,	   all	   of	   which	   could	   be	   used	   to	  

tailor	   mechanical	   and	   corrosion	   properties	   to	   that	   of	   a	   desired	   application,	  

without	  compromising	  the	  bulk	  material	  properties.	  

	  

1 2 3 

4 



It	  was	   clear	   from	   the	   surface	   electron	   images	   in	   Figure	   2	   and	   the	   non-‐contact	  

surface	   profilometry	   results	   shown	   in	   Table	   1	   that	   the	   LAEBM	   process	   had	  

resulted	  in	  a	  clear	  smoothing	  of	  the	  surface	  arising	  from	  the	  sample	  preparation	  

process.	   This	   evolution	   is	   clearly	   shown	   in	   Figure	   2.	   Figure	   2	   b)	   in	   particular	  

showed	  the	  initial	  stages	  of	  electron	  beam	  induced	  surface	  polishing	  after	  only	  a	  

single	   pulse	   treatment	   at	   15kV	   cathode	   voltage,	   equivalent	   to	   a	   total	   surface	  

energy	   input	   of	   1.38J/cm2	  [24].	  Whilst	   the	   surface	   appeared	   smoother,	   deeper	  

scratches	   still	   remained	   and	   resulted	   in	   no	   change	   in	   the	   measurable	   surface	  

roughness.	  This	  was	   largely	  consistent	  with	  previous	  LAEBM	  on	  the	  same	  alloy	  

by	  Gao	  [17]	  and	  Okada	  et	  al	  [20],	  the	  latter	  showing	  sharp	  edges	  resulting	  from	  a	  

ball	  end	  mill	  were	  rounded	  at	  a	  beam	  energy	  of	  1.2J/cm2,	  without	  a	  significant	  

change	   in	   the	  overall	  RZ	  value.	  Absolute	  values	  of	  surface	  roughness,	  Ra,	   in	   this	  

study	  were	  lower	  than	  that	  observed	  by	  Guo	  et	  al	  [18],	  however	  it	  must	  be	  noted	  

that	   their	   incident	   beam	   energies	   were	   notably	   higher	   (9	   J/cm2),	   resulting	   in	  

large	  surface	  crater	  formation.	  	  	  

	  

The	  surface	  free	  energy	  of	  the	  Ti-‐6Al-‐4V	  was	  lowered	  by	  the	  LAEBM	  treatment,	  

as	   shown	   in	   Figure	   3.	  Whilst	   this	   could	   be	   considered	   to	   be	   as	   the	   result	   of	   a	  

reduction	   in	   the	   surface	   roughness,	   a	   linear	   trend	   was	   not	   observed,	   i.e.	   the	  

lowest	  surface	  roughness	  did	  not	  produce	  the	  lowest	  wetting	  angle.	  Instead	  the	  

optimal	   hydrophilic	   surface	   was	   obtained	   using	   a	   15kV,	   15	   pulse	   treatment	  

suggesting	   that	   the	   surface	   wettability	   was	   largely	   controlled	   by	   the	   surface	  

composition	   as	   well	   as	   the	   topography	   and	   similar	   to	   studies	   of	   laser	   treated	  

steel	   and	   titanium	   surfaces	   [8,	   9].	   The	   enhanced	   oxide	   film	   of	   titanium	   is	  well	  

known	   to	   be	  more	  hydrophilic	   due	   to	   the	   –OH	  and	   –O2-‐	   groups	   formed	  on	   the	  

outermost	  layer	  [25].	  	  

	  

However,	   the	   results	   were	   in	   contrast	   to	   LAEBM	   treatments	   on	   Ti-‐6Al-‐4V	  

performed	  by	  Okada	  et	  al	  [19],	  where	  increasing	  energy	  input	  caused	  an	  increase	  

in	  the	  surface	  hydrophobicity,	  up	  to	  a	  maximum	  of	  95˚	  for	  an	  energy	  input	  of	  6	  

J/cm2.	  The	  precise	   reasons	   for	   this	   increase	  were	  not	   immediately	   clear,	   but	   it	  

appeared	  that	   increasing	   input	  energy	  density	  per	  pulse	  did	  not	  have	  the	  same	  

effect	   as	   increasing	   the	   number	   of	   pulses	   at	   the	   same	   energy.	   In	   terms	   of	  



improving	  the	  surface	  wettability,	  particularly	  for	  applications	  in	  the	  biomedical	  

sector	  where	  wettability	   and	   surface	  micro-‐architecture	   lead	   to	   greater	   osseo-‐

integration	   of	   cellular	  material	  with	   implant	   prostheses	   [25,	   26],	   it	   seems	   that	  

low	  energy	  dosing	  of	  the	  surface	  was	  preferential.	  

	  

4.2	  Microstructural	  changes	  
LAEBM	  of	  Ti-‐6Al-‐4V	  surfaces	  at	  a	  low	  energy	  density	  of	  1.38	  J/cm2	  resulted	  in	  no	  

obvious	   microstructural	   change	   after	   a	   single	   pulse	   treatment	   at	   15kV,	   in	  

contrast	  to	  samples	  treated	  with	  multiple	  pulses	  at	  15kV,	  as	  shown	  in	  Figures	  2	  

c)	   and	   d),	   where	   the	   emergence	   of	   an	   equiaxed	   grain	   morphology	   occurred.	  

Within	  these	  grains,	  the	  presence	  of	  needle	  like	  α’	  hexagonal	  martensitic	  phases	  

were	  observed	  contained	  within	  prior	  β	  grain	  boundaries	  and	  were	  consistent	  to	  

previous	   studies	   using	   this	   technique	   [17,	   18,	   22,	   23].	   The	   formation	   of	   this	  

phase	   occurs	   due	   to	   the	   rapid	   quenching	   rate	   of	   the	   near	   surface,	   effecting	   a	  

diffusionless	   β	   to	   α’	   phase	   transformation	   at	   a	   high	   enough	   cooling	   rate	   to	  

preclude	  transformation	  by	  nucleation	  and	  growth.	  Cross	  sectional	  TEM	  analysis	  

showed	  that	  the	  subsurface	  microstructure	  was	  consistent	  with	  the	  formation	  of	  

martensitic	  laths	  within	  2μm	  of	  the	  surface	  [27-‐29].	  The	  α’	  phase	  is	  similar	  in	  its	  

hcp	   structure	   and	   lattice	   parameter	   to	   the	   original	   α	   phase,	   however,	   the	  

reduction	  in	  intensity	  and	  broadening	  of	  the	  XRD	  peaks	  around	  38-‐40˚	  in	  Figure	  

6	   also	   point	   as	   evidence	   to	   the	   presence	   of	   the	   martensite	   phase	   and	   are	  

consistent	  with	  results	  shown	  by	  Zhang	  et	  al	  [22,	  23,	  30].	  

	  

The	  surface	  treated	  layer	  was	  of	  a	  similar	  thickness	  to	  other	  studies	  of	  Ti-‐6Al-‐4V	  

processed	   by	   LAEBM,	   exhibiting	   a	   sharp	   interface	   with	   the	   underlying	   bulk	  

material,	   approximately	   2μm,	   Figure	   5.	   The	   β	   phase	   peak	   was	   thought	   to	  

originate	   from	   further	   from	   the	   surface,	   towards	   the	   bulk	   of	   the	   sample,	   as	  

Figure	   8	   has	   demonstrated	   the	   presence	   of	   a	   purely	   α’	   phase	   near	   the	   surface	  

[23].	   The	   selected	   area	   diffraction	   pattern	   in	   Figure	   8	   which	   indicated	   the	  

presence	  of	  α’	  martensite	  twins	  was	  consistent	  with	  work	  by	  Manero	  et	  al	  [31]	  

who	  observed	  the	  presence	  of	  misfit	  dislocations	  and	  large	  {1101}	  twins	  within	  

α’	   martensite	   plates	   resulting	   from	   the	   accommodation	   of	   the	   β	   -‐>	   α’	  

transformation.	  



	  

4.3	  Corrosion	  Resistance	  
The	   corrosion	   resistance	   of	   the	   LAEBM	   treated	   surfaces	   was	   significantly	  

enhanced	   in	   3.5%	   NaCl	   solution	   compared	   to	   the	   untreated	   surface.	   It	   was	  

shown	   in	   Table	   2	   that	   OCP	   values	   exhibited	   an	   increase	   with	   an	   increasing	  

number	   of	   pulse	   treatments	   at	   15kV.	   It	   is	   well	   known	   that	   OCP	   changes	   with	  

immersion	  time	  and	  can	  be	  used	  for	  monitoring	  corrosion	  behaviour	  of	  metallic	  

alloys.	   A	   rise	   of	   potential	   in	   the	   positive	   direction	   indicates	   the	   formation	   of	   a	  

passivating	   film	   and	   a	   subsequent	   steady	   potential	   indicates	   that	   the	   film	  

remains	   intact	   and	   protective.	   A	   drop	   of	   potential	   in	   the	   negative	   direction	  

indicates	  breaks	  in	  the	  film,	  dissolution	  of	  the	  film,	  or	  no	  film	  formation.	  It	  was	  

clear	   from	   the	  high	   resolution	  TEM	   image	   in	  Figure	  9	   that	  a	  protective	  oxygen	  

rich	  film	  had	  formed	  on	  the	  surface	  of	  the	  sample.	  The	  region	  indicated	  1	  in	  the	  

image	   exhibited	   crystalline	   lattice	   planes	   and	   was	   associated	   with	   the	   α’	  

martensite	   phase.	   Region	   2	   was	   an	   approximately	   18nm	   thick	   oxide	   layer,	   as	  

indicated	   by	   the	   EELS	   spectra	   in	   Figure	   10	   b)	   and	   was	   responsible	   for	   the	  

enhanced	   corrosion	   protection	   observed	   for	   the	   LAEBM	   treated	   surfaces.	   The	  

thickness	  of	   the	  protective	  oxide	   film	  formed	  on	  titanium	  alloys	  at	  open	  circuit	  

conditions	   is	   typically	   1-‐4nm	   [29,	   32],	   therefore	   the	   extent	   of	   the	   continuous	  

protective	   passive	   layer	   film	   formed	   during	   the	   open	   circuit	   and	   cyclic	  

polarisation	  tests	  was	  significant.	  The	  homogenisation	  of	  the	  near	  surface	  layer	  

to	  a	  single	  phase	  α’	  structure,	  rather	  than	  a	  dual	  phase	  α	  +	  β	  was	  believed	  to	  be	  a	  

direct	   contributor	   to	   the	   lower	   corrosion	   rates	   [18].	   Studies	   into	   the	   rapid	  

quenching	   of	   Ti-‐6Al-‐4V	   alloys	   have	   shown	   evidence	   that	   such	   martensitic	  

structures	  do	  indeed	  exhibit	   lower	  corrosion	  rates	  [12,	  29].	   	   It	  has	  been	  shown	  

that	   the	   enrichment	   of	   alloying	   elements	   vanadium	   in	   the	   β	   phase	   and	  

aluminium	   in	   the	   α	   phase	   leads	   to	   preferential	   dissolution	   of	   the	   β	   phase	   by	  

chlorine	  ions	  attacking	  vanadium	  oxides	  [29,	  33,	  34].	  As	  solute	  partitioning	  does	  

not	  occur	  during	  a	  diffusionless	  martensitic	  formation,	  the	  benefit	  of	  a	  stable	  α’	  

passive	   layer	   will	   remain.	   Observed	   corrosion	   rates	   of	   the	   untreated	   surface	  

(923x10-‐6mmpy)	   were	   similar	   to	   an	   Ti-‐Al-‐Zr-‐Mo-‐V	   alloy	   (1041x10-‐6mmpy)	  

investigated	  by	  Zhang	  et	  al	   [23].	   In	   contrast,	   corrosion	   rates	  of	  LAEBM	   treated	  

surface	   in	   this	   study	   were	   as	   much	   as	   two	   orders	   of	   magnitude	   lower,	  



highlighting	   the	   influence	   of	   differences	   in	   alloy	   chemistry	   on	   corrosion	  

processes.	   There	   is	   also	   evidence	   [18,	   23]	   that	   extending	   the	   number	   of	   pulse	  

treatments	   beyond	   a	   certain	   threshold	   results	   in	   a	   reduction	   in	   the	   observed	  

corrosion	   resistance,	   highlighted	   in	   the	   present	   study	   by	   a	   reduction	   in	   the	  

corrosion	  rate,	  Table	  2,	  for	  the	  25	  pulse	  treatment.	  This	  may	  be	  due	  to	  changes	  in	  

cooling	   rate	   associated	   with	   samples	   treated	   with	   a	   large	   number	   of	   pulses	  

affecting	   the	   resulting	   surface	   microstructure	   development,	   however,	   clearly	  

more	  work	  is	  required	  to	  verify	  this.	  

5	  Conclusions	  
• LAEBM	   treatment	   of	   a	   polished	   Ti-‐6Al-‐4V	   alloy	   surfaces	   resulted	   in	   a	  

reduction	   in	   surface	   roughness	   and	   an	   improvement	   in	   surface	  

hydrophilic	  behaviour,	  although	  there	  was	  not	  a	  direct	  linear	  relationship	  

between	  the	  two.	  This	  was	  believed	  to	  be	  the	  result	  of	  surface	  chemistry	  

effects	  as	  well	  as	  topography.	  

• For	   treatments	   performed	   at	   15	   and	   25	   pulses,	   a	   homogenous	   α’	  

martensitic	   surface	   layer	   was	   generated,	   characterised	   by	   needle	   like	  

features	  within	  prior	  β	  grain	  boundaries.	  

• The	   surface	   layer	   appeared	   to	   significantly	   improve	   the	   corrosion	  

behaviour	   of	   the	   treated	   components,	   in	   some	   cases	   lowering	   the	  

corrosion	   rates	   by	   two	   orders	   of	  magnitude.	   This	  was	   shown	   to	   be	   the	  

result	  of	  a	  uniform	  and	  continuous	  passive	  surface	  film	  which	  formed	  on	  

the	  surface	  of	  the	  martensitic	  surface	  layer.	  
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