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a ABSTRACT

l’echniq ues for app l y i n g  c l i ro m ium -mo lvhd enun i  al loy s to  t i l a l l i l i r n  a l lo ~ -‘ii It~l l ; t ? I - ~~ ‘S f - I l -

(Ie ’v ( 1111)ed and t he’ r e su l t an t  sy s te ms  evaluated as protect ive  c-oaf ings . I ) ept isi t  lu ll t ( U I H I I I I I I ( —
i n c l u d i n g  elect r l lp la t  in g and s~) i I t t e r i f lg  were considered and ( Ilf f LiSit l f l  pru pert a-~ ~( lU l le d ~\
( - 11) 11 ing allo~- con ta in ing  I mui l vb denu m was shown to grea t l y  imp r l lv e ( lie wear r I -~ N I ) I I I I u-
Er o s t l I n . ox ida t ion  and stress ( I l r r os io n properties were also improved. 11w (-oat i l ig  s~~s t t - I n  h a d  t I l l

t - t t e t - l (In f a t i g u e  l) r ~~per t ies  I l l  Ti 8 A 1—1 V- I  Mo at e i ther  room t e m p e r a t u r e  or H 5 (
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SECTION I

INTRODUCTION

‘Flie e f f e c t i v e  use III  l i t  I l l i l i n l  Il l  Ii s in advanced engine and a i r f r ame  app l ica t ions  is s trongly
dep end ent  upon sur face  t reat ni l - l i t  and coatings . ‘I ’his has been a (-ont in u i n g  chemical and
met a l l i i rg ica l  concern 510 ( 1- t i t a n i u m  was firs t  applied to gas t urbine engine  service in the  early
191 1 t s . -\s engine experience and labora tory  t e s t i ng  progressed , s p e c i f i c  prob lems were identif ied ,
l1lli1l(’ IV er I l s i l I n , f r e t t i n g  g a l l i n g  and corrosion. These were a l lev ia ted  by surface treat mer i t s
designed to  deal w i t h  the  specif i c -  engineer ing  env i r onmen t ~- ( ‘  oat ings are st i l l  tailored t II  meet
I I r I Ib l e u i s . and alloy composi t ions 1111(1 t r ea tmen t s  are adjusted t I C  op t imize  mechanical  properties
~itt ( l  m i n i m i z e  e o r r ( l s l ( ln  suscel)t i I ) i l i ? v  Meanwhi le , al loy developments dur ing  the  last decade
hav e c l In t  inued to raise t he  al lowable t e mp e r a t u r e  l i m i t s  (If t i t a n i u m  alloys Fur ther  progress is
l - x l n ’c-te (l . ex t endIng  deVel I l I )m eni t  goals to a 650°(’ ( 1200 °F) capa l ) i l i t v .  ‘I ’hree principal  obstacles
hinder  t he m a x i m u m  appl ica t ion  (If t i t a n i u m  alloys in advanced gas t u r b i n e  engines .

i’hese are:

I - Resistance to wear , f r e t t i n g  and gal l ing
2. Hot -salt  s t re ss (-( Irr (I s ion resistance
:t . Resistance to a i r  ox ida t ion  at elevated t empera tu res .

11w progIam described in the  fol lowing sections was directed toward solu t ion (If these three
key problems. I f coa t ing  sy stems are not developed to protect against these env i ronmen t s .
( I t — I g n e r s  wIl l  be denied t he- weight advantages whi c h  emerging h igh- tempera tu re  t i t a n i u m  alloys
( I I ( i l ( I provide.

(‘ oat ings prev l l l us lv  invest iga ted for the  protection (It t i t a n i u m  fr o m wear , f r e t t i n g  and
g a l l i n g  have included electr (Icleposi t s (I f silver , nickel and chromium (Reference I ‘I’hese studies
demon s? rated t h a t  some degree of protect ion could be achieved wi th  any (If the  cllatin gs , but
o ther  prob lems such as silver induced corrosi (In (or stress chI r r I l s i l I n )  arid the coatings e f fec t  ( I ll
111150’ engineering propert ies were not completely dealt w i th .  Other  invest igator s  (Reference 2 )
have shown a s ix- told  Im provement in wear l i f e  achieved by using a chromium-moly bdenum alloy
elect r lldeposit on steel ra ther  than  a more conventional chromium plate.  These alloys had .
h ll wever , never been tai lored for  use (In t i t a n i u m  alloys. Other  wear re sistan ce (- lint i ngs such as
anodIze ( Reference 3) has shown promise but only wh en used wit ~i dry f i l m  lu l l r i c a t  ii~n . ‘l ’h is , and

I t  h e r  less successful anodk- and ( ( Inver s ion  coat ings , do n (I t  provide the  overal l  res is tance to  wear ,
f r e t t i n g  and ga l l ing  achievable w i t h  metal l ic-  coatings.

( ‘ (lilt in gs deposIted (in t i t a n i u m  alloys that  have exhibi ted  resistance t ( l  e-r~ sion inc - lo de
n i u -k el , -hrom 10 m , a l u m i n u m . SI 1k-on , (Reference 4 ) . chemical  va ~a~r deposited t it an iun i  (- arhi de
R eferen ce  5) and a t i t a n i u m  ( -arbo ni t r ide coating applied (Iver elect r llless n ickel  p Int ed t i t a n i u m

(Referen ce ( i f .  I n for t  unately , imist of these’ erosion resistant coat ings also s i g n i f i c a n t l y  reduced
the fatigue s t r eng th .

N ickel , aluminum and anodic coatings have all shown some abi l i t  to protect t i t a n i u m
al l I I v s  f rom hut-sal t  st ress (( l rr osi ( In cracking ( References 7 and 3) .  I ) iffused a l u m i n u m , zinc ,
c h r l u m i u m , silicon , and plas m a sprayed a l u m i n u m  have also prote cted t i t a n i u m  alloy s under
slime conditions (References 8 and 9)

Several types of coat ings have been investigated for  the  prote ction (I f t i t a n i u m  from
oxida t i on  ‘I’hese have included a luminides , su icides and Vari ous ot her types  of in t e rme ta l l i c
( -( Impounds normal l y  used to protect ni ckel  alloy t u r b i n e  hardwar e In every case , a l t  bough
cu xi d a t  ion prote ( ’t ion was demonst rated , many  t imes  t o tempera tures  above EiS (( ( ‘ ( I  2 1M) F) ,  (It her
problems such as reduced mec hanica l properties or enhanced s e n s i t i v i t y  to e n V I r I I t I f l t e n t a l l V
enhan ced ( ‘ra t -king, precluded their  use on hardware (Reference 1 ( J ) .

_________________________ - -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~~~ - -  

- - -



In t h i s  program . techni ques for app ly ing a chromium -mol b d enum al lo y  to t i t a n i u m  ~il li ’v
subst rates were developed and the  resul tant  systems eva lua ted  as pr o te ct iv ( -  coa t ings  11Cr

i t a n i u m  alloy s . Deposit ion techni ques inc lud ing  electroplat ing and spu t t e r ing  were consider ed
i t id  d i f f u s i o n  properties studied. Previous work indicated t h a t  the  coatings could be app lied t o
t i t an ium al loys to provide a wear resistant surface wi thout  severel y a f f e c t i n g  mechanica l
propert ies . Therefore , t hese coatings were selected for further  evaluat ion.  ‘Fhis work c ( Imple tes
t he first phase of an anticipated three-phase effort. The second will  s tr ive for a more complete
-h arac ter iz a t ion  of the  coating and application to a sample part whi le  the  f inal  phase w i l l  sc -ale-

up the process and provide production parts for in-service test ing.
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SECTION II

EXPERIMENTAL PROGRAM

‘I ’ he c - x pe- r i lnen ta !  I I r t  11111 (I f t i l l s  ~I r l I g r l i l i i  lA lls I i I ~ I l l - l i  111 111 s( V ( r i I l  sections:

- l ) ( -v e ’ ll l i me n t  It  a ~lrI e e ( 1II r e-  t I  c i t -posit  two e l lm l a l s l t i l l n s  of ( - h r ( I m i um—
m l l l v b l d e t l l i m  u n t I l  t t~u n i u m n  al l oy s

2. Ev a lua t e  t he- d i f fus io n  characterist ics (If the  coat ing in to  t i t a n i u m  alloy s

:t , Eva lua t e  a l t e r n a t e  app l ica t ions  nieth euds such as s p u t t e r i n g

-I - Eval oat e’ the-  adhesion I If t he c-oat ings

S . Eva lua te  t he  e ’r llsil ln and wear resistance

6 . I ) c ’t e- r m ine - t he- ef fect s l I t  t he’ coat ing on stress corrosion resistance and
Ixidat  I (It i  pr i 111cr? ies

7. \ I ea s i i r e  t he- f a t i g u e  and f r e t t i n g — f a t i g u e  pr ( I l) er t ie s  of the (-( lated alloys .

11w ob jec t ( If t h i s  f i r s t  phase- I t development  was to provide a recommended procedure 1(1
aI ) l I Iv  a c h r o m i u m — m l l l v } I d e n u m  c-oat ing  to  three ’ alloys:

1 . I i  t 4 A l — I V — I  \ I I I
2. ii 6A I-6V -2Sn
:F ‘ I i  (iAl-4V

MATERIALS

Substrate MaterIals

( ‘h emical  composi t ions  ( If t he’ substrate materials used in th i s  investi gat iel n are listed in
l a lIle 1. The compositions were all  confirmed by Pratt  & Whi tney  Ai rc ra f t .

i ’AHLE I - CHEMICAl .  (‘OMI’OSI’l’ION OF TITANIUM ALL OY SUBSTRA’I’E MATERIAL S

(‘ omp o,~ition , Perce nt to, We ight
Te~t Ilu-ot Code Al Sn Zr Mo V ( ‘r Fu- .‘~ (‘ (I  H

— — t i  ° \ l  IV I \ t -  I ’ t at I r ( g
I I I t I I I S I n MNI ’~.t 7 9  - — 1.1 i a  — 11 .153 ( l U l l )  (H ~~ 11 1( 1 0.0085
St r u--s I - r r - - s l l l n

hu i lg I l i— I~ ’V _ t 7 . 5 - — t i ?  J 1 1  ( l i i i  ( ( I I I  11 .112:? II . i ll 11 (553
~ rctl  lOg I’ att g u c

H( ’VI ( 8. 2 - - t . i  1 . 1  O I l S  11 . 1119 0 0 2  0 . t ISI (1 .1*157
I I  I, .\ ! l.\ .I~~~II I) Ittu~ I,,n I i i  2. 5 — - I S  — -

- I - I u -\l A I l I t t l I s l i rl 5.8 - - 4 ( 1  I l  2 l l ( I i ( l  I i  I~~ l li_ i : ?  0.01 1
Ad (u-MIIII1 \ I l l S  (1 .2 - - :1 .7 - lI t ; ,  - -

—- 

( ) x ~d iuI i n —_ N :102:1 0 2  — - tM — l I l t  - -
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ChemIcals

h e - u t i c a l s  iise9l in J I re- ~ I1Ir l l1g t he p l ot  i t i g  s o l I l t i l l i l s  i i i t l  h e r  _ I ( I ( i t  h i l l s  1 1 5 1 - l i  I l l  t i l l s

l t l v I - s t  i g a t  ot t  w -re a ll  r u - agei l t  lZr I l I e  l l l I t ( r i l I I ~ I X ( ( j I I or t h e  se lf r u - g I l i l t  ug  i - h r l l t t l i l  I I  id ~ h a 6
~ O— I h t u i t n - i l  t ri on t - i i  i t t - c l  1 ‘h r  l i i i  1 1 1 ( 1 1  ( 

~I I~~~H ra t  11 ( 11 I i  u d u - r  t h e i r  ( 6 - s ig u l i t  ( I l l  -slfl I ~~ 
( - R I I I

COATING PROCESSES

Select ion of Chromiu m-Molybdenum Alloys

l ’he- f i r s t  in ?  er e-st I ~~ V s .-\ (ta d in c - h r l l tn  10111- t l l I I l v l ) d ( - n h i u t  ( ( ( l i t  i t i g s  1 e l l i  i l l e ( l  f r o n i  I I  r~ I ge t i  I I

w u - a r  Pr l l I I e - m  l I l t  0 ri k I t  e - t i g l t l e -  t i l I w  ( ll\ - id ( ’ r va lv e  I A l S I  : 1 ) 7 ) ,  ( I l i v e - u t  - 0 0 1 ,  hard I h r  I l u l i l i l l

I - I l - I  I rI p l at u - w i s  l i t  ; I r l l v i d i t l g  t l ie r ( ’qui r e(I w e a r  r e - si st an& -e : t he re fo r e , i i  t l l i u i l l e - r  I I I  I t  ( ( e r ul i l t  log s

~~I - ~ I -  l \  I l l i l i t e ( l . I t  “VhlI chi t hu- c h i r I I t l l i t i I u - l l i I I l V l I ( l e n u l i l  proved t I  lI~ the l I e— I

l i i  - r a  I I I  ~I - re- t e re- l i t - e s  d a t i n g  lIack t i l l  Ir e- t h a n  2) t s - c - a r — ( I l l  t lie- c~ I d ej I l  •~: t lo l l  I I t  ( - h r l  1 1 1 1 1 1 1 0  1 1 1 1 )

ll1lII\ l Id l t i i i t t i  l x i — ? al t hlIIl i gli t i l l  i n d i i s t  r oul  app lu - a t  I l t i s  ot h e r  I han t h i s  u — l a n c e  o ,1 - r I -  61111111 .

I i e n e . adhe re- u t de-pe lsils w i t h  hi g h cl lr roslon  1( 11( 1 we-o r resist i l i l- I t t  I ll ( l i l t  011 ( 11 i l \ I i l l —

- i i  I I - ) i l I S l t I I I  l h e  s i l l  1 5 5  l I t  I 111 ,— I ( l e - I l l I s I t s  is r ep l l r t c -d  in the -  I i t ( - r l I t  l i r e . ( h I l l  l I r I I l a l I l ’_ I I I

It I r i  I l l i t  ed I l l  I hu 111111(1w c l l t u l l i t l l i t  l I l t  ( I f  pr o pe r? I - S  m i t  p s - , I - s 1 - I I  lIv a t iv  111 11 u -r ai l -

( ( I I I ’  If  t l i t  t u l l r e -  -. I i 2 i l i t i u l l i I  r e -— — i i l t — , t l i t i t  hav e- ( I t C h  h t a i t l e - d  i~ t he- - I l l - I  I I f  a l l l i l l  I’
111 1’s l i d u ’ i i i i t t i  i i i  c h r l l t l i l u t t l  i t i c r e ’ l i s l m i g  t he- ‘s%-ear r I - s i - -. t l l l i & - I -  liv 1 t I  . t i u l e - - -- I l~ l - : l - r I - l i l  I

\ l I i I \  l l d e h l l l r l l  a pl l e ir s  t i l l ?  l I t 1 ! ~ ’ ( I I  i t np r l ( v e  t he we - ar f l s I s t i l h l I I -  11( 1? I I— t I l  i t u l l r v I -  t i l l -  ( - l l r r l - - l I r l

r I - s Is i  lI ) I ~~ -

I i l l - r a t  i re  r I - f l - r I - f l u e - s  ( l e sc r ih i t i g  t lie- d ep l l s it  11111 ( I t  i l I l I ) V 5  ( I l t i t t l i h l l t l g  i’— 01 (11 11 i 2 2 -
ttlIlI V lI d e t i litli have- bee-t i fo i i t i d  I Re -f er e- t u - e  I- i t h I l t  err ors in au a l v t  a-~it pr Ilce- dur e-s l i l l l l l ’ s  -r -d i t t

— I l l I s e q I i e t l t  work  j ud o-a t e  d e 1 l 1 1 — ’ i t —  have get ieral l v  W I t  ( I l t l t a i t i l .d t i l ( I r ( ’  1 111111 2 nI l 1 i l d e - t l l i u i  Al l
I i i ’ s ( t  g I l t  i I l h 1 ~ have- r e t l l l r t ed t h e  cc. re ’nt c - f t u i e n c - v  (le ’crea sed ~is t he- t iil lvll (leill iln ( i l t i t e ’ t i t  I l l  t i l l

u i -po s i t  i t i l - r e - h i s e d  I R e f e r e nce I S ) .

I h e- su- I l-utillu I l l  c-hr ll t llihini—uiol v ll d e t ium as a coa t i n g  sys t e- t il f l l r  I i t ~i t i i u t i u  a l l l l ’ s s  ‘s~~~ls

l u  t i ll a j 9 I h I r I nt c h e ( 1 i I c li } 110(1 m n e ’ t a l l u r g i c a l  ( i l m p a t i l ) i l l t \  j ) e’ r hllps ( ( s i  i l l t i s t r i t u - d  1w t h u
welll;IlIllItv c-hart shlIW ti IS F igure-  I .  This c - ( I t n p a t i I ) i l i t v  f e a t u r e  was l I e - l I e - v e I l  0 c - r u i - u a l  f a c t o r  i l l
r t I i t i I n l i z i i i i ~ I - t b - I t s  I t he -  (-h a t i n g pru lc- (-ss 1111 me—e -han t c - a I  P r I I I I L - r t i t - s  scu h a — f a t i g u e  ~t r I - t l g t h .

I - a r t  l u u -r . u - x ~-u - l l e - u t  (—lev ate ’d te m p e r a t u r e  I 1 X I ( l i i t  ( I l l  re -s i s t ~u nce If c - h r l l m u i i i n i  . I l  t lluu lv ll(ll - mlhi m

l i l l y -, Ii~t s hu e- u -n  report  ed I R e-te-renc e - 1( i )  to  t e t l u l I e ra t  i ir es u l l I l v e  927 t - (17 ( 1(1 Ft . II t I u t I r I I t  ( i t e

. ! r u - ; l t u - r  t h an  I lu- h ighe st  l X p e ( t e ’d  t en i l ) e ’ratur c- t I Ir t ll( e l a t i n g  I l l  t i t h l t l i i i t l l  a l l  Vs

~~~ $ Elect rodepo sl t lon of Chromium

i hu - l I v e - r o l l  re~t c - t  l i lt re su lt tog i t i  u h r i I t l t i l i m i )  ( l e I l i l s i t  l I l t  f r l l t i l  i I ( l t i c I I l i s  s u l l c i t  1 1 1 1 1  c l i i i  l I e ’

r i - t l r u - se - I l t  u ’el I IV

l ( ’ r - ) 1l~( ) t i  I,., - 1k- - 
* ( ‘ r 1 , ,  - n iEI ~( )

I h i s  ~~i n I I 1 I l I t I l - d  f i u r m  r I - t I n - S I - l I t  t he -  r e - d u c t  i (II i  (If a h y d r a t e d  li exav a l eu t  e - h r l l t n l ( i o l  lI lt I I I  I i

I - b r i l m h i i l i n t l  a t l l m  0 t i le ’  I - r v s t h l l  l~t t t ~~-e’ . I ’ r e - v l l l l i s s tu d i e s  w i t h  trae’e ’rs by Rr en twr  ititel Og il c i r t i
I R i - t i - r e -n ec -  l I t  c o n f i r m e d  t hat  chromium was depii s i te - d ( l ir e - c t lv front t he- h u - x a v a i en t  st i t u .  F’s I I I
-~lI . ‘- ( ‘ s  l - r t I  t ( t J ~ l l l l0 , t Ite in vi l lve ’( I  in t lie l ive-raI l  r e a c t  h Ilt 1111(1 t i l l  ( - l I t i i I ) r e - h e - r l s I v e’  t he ’or~ (S I ’s I l l I l I l e -

t o  i x plain why e - hr lu m iu im ( 1 ( 1 11 s i t - , I t’e ( l I l t  l i i l ie ( I  f r l l n i  ii u h r on i i c  li -id b i t  Ii - 
—
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Ag A i Au  Be Cci Co Ct Cii Fe MqMnMoN b N- Ph Pt R~ Sn Li L V W

Ag - S ILVER c s ~~~~c o c c D X c D N c c s D c ~~~~c D D ~~~
Al - ALUMINUM
Au - GOLD S~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Be - BERYLLIUM X C X  N 

~ ~X X . X X N ~~~ X O D ~~~~~ X ) e ~
Cd - CADMIUM C~~~)~~N D D X D S D N N D C > ~~N C N X N N D
Co - COBALT D~~~C X D  C C C ) < C X ) < S C S S ~~~ X~~~)~~X X
Cr - CHROMIUM C~~~ D X D C  C C ~~~C S )~~C C C S C ~~~ S D S ~~
Cu - COPPER C C S ~~ ~~C C  C K S D C S C S D C D X D D ) <
Fe - IRON D~~~C~~~ D C C C  D C C X C C S ) ~~~~X > ~~S X X
M g - MAGNESI UM ~~C K ~~~s X ~~D )~~D N X > ( X N X N D N D D
Mn - MANGANESE C~~~~~~)D C C S C ) e ~ D X X C ~~< N K ) ~ )~~X D ~~
Mo - MOLYBDENUM D~~~C~~~ N S D C D D  X x D c ~~< D s s s X
Na - NIOBIUM ICOLUMB IUM ) N ~ N ~ N X C ~iu~ N ~( S X N )~ K )~ S S S S S
Ni - NtCKEL C~~~S~~~ D S C S C X ~~ x X  C S D (~ * X )~~
Pb - LEAD C C X N C C C C C ) ~~C D N C X N C N )~~N D X
Pt PLAT INUM 

~~~~~ ~~s ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Re - PHEN IUM D N N X N S S D - X N N \ X D N C  D X ~~~D X X
Sn - TIN C C K D C  1 C C X X ~~~DX ~~~C )~~D X X K D ) <
Ta - TANTALUM X N D N i X D )< N X S S )~ N )~ ‘X K S K S C
Ti - TITANIUM C S ~~~~D X S  s x ~~ x ) < x s  S C S
V - VANADIUM O~~~O~~~N l D D S N x S S ~~~ N X D ) K X S  S~~
W TUNGSTE N 0 t~ N X N S 0 ~~D D  S S X 0 S X D S  C S  

-

Zr - ZIRCON IUM ~ )~ ~~( DX  X S X ~~~~~~~ )< CS ~~~~

I N T E R M E T A L L I C  COMPOUNDS FORMED -

UNDESIRABLE COMBINATION.
S SOL I D SO LU B IL I TY EXISTS IN ALL ALL OY

COMBINATIONS - VERY DESIRABLE
COMB I NATI ON

C COMPLEX STRUCT URES MAY EXIST -

PROBABLY ACCEPTABLE COMBINATI ON
D INSUFFICIENT DATA FOR PROPER EVALUA-

TION - USE WITH CAUTION
N NO DATA AVAILABLE - USE WITH EXTREME

CAUTION
CII  s ’—07

- - F ig ur e 1. ( ‘omp atihi l i t v of Metal

( ‘h ro miu tn n  canne d I~ - de 1sI-. i t i -d  from a s e ll l t ti cl n co ilta i nt i ng iiiil ~ c hre i ri iie lie -i l l 1111(1 w~ite’ r
w i t  hluut  inn - or n n ui re ne - id r ad ica l s  a c t i n g  as ( i I t f l l V S t s  t o  br ing l i l ) I l t i t  t hc - d c - piu st t  l I lt . W i t b i l o t  t h e-
( 1 1 1111 VS i s , I t  h i l lS 1 0 ( 1 1  s ( I gge st e( l  ( R e - f e - r u - n c - u -  12 ) t h~it an ins i i lu l i l e -  f i l m  I t  c - h r om i t t i n  e ’hri i tn ~it e - .
(‘r(()Ill(’rO, forms on t he- ca thode - . A f i l m  ( I f  t h i s  typ e is c-einsi de-rvd t I I  r ) r I -% (-nt  t In - d e ’puusi t  11W (If

) e h r o n n i i i r t l , arid the- addition c~f a cat a ly st  is believed t l l  f l h l l d i lV  t lie- f i l m  a l l ow in g  e-l e-ct ro de-p iu s i-
I i l l  Ii - ‘l vi i en II v , sti l  f a t  i-s ii r id m i  lr c- re - c - c-ni ) I ‘s- f i t  ic ur ides I I re-c l I w nt  v in t lie ’ b u r ni i if a ~-l 1 111 1 d t ’X 1 1 ( 11  u rid e-

s u c h  as SiF~ hex a f lu c l r o s i l ic a t e )  are u sed as - n t a l v s t s  ‘l’bv r h i t i i l  of 4 - h r omil -  ~n-id III ca ta l y s t s  is
gc- n i -ra l l v m u i in t a ine -d  at i ib otit  1 ( H ) :  I - Se- I i - r - g u t l a t  ing c - h r i l n n i e h m  p lot ing sI ) luI t 111115 ~vu’ ru- i n tr ilclu tc -c ’cl

Ill u - l i n n i n a t e -  t he- n c-c-el fo r  n i a i n l a i n i n g  t h e  c ’or r u -e’ t  ( - i l i l l y s )  c - l l n ( - ( ’ n t r i i t i i u n  liv p u - r i l l c l i ( -  an~ily si s .

S - dl ____________________________________ 
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s u i n l l y  the- v depe’tid on th e -  a d d i t i l l n  of a spar ing l y  su i lu ible- slil f a t l -  to t he- l i i i )  It w h i t - h  51i 1I 1) li i ’ s t lti ’
( - I l r r e-e-t h I l t i l I l I n i t  of SO~ i i t t ( I n n a t  i c a l l y .  Se - l f - r e ’g i i l ~it in g  l u l l ?  hs l I r e  geiier ~i l l ’ s  used ? h r i l i t g h i I l i t
tn dui strv SI t hu-v wu -re - use-d in t h i s  w l l rk  u - x i - u - p t  wh i t - ru-  I l l  hi-r c - i i t i l y s t  a t te l  i I i I l ’ s s t  ((Iti ( (’ t l t tilt 1111
u t  t~-u? s we re- bet rig st I idte ’cI -

While  the  current eff ici en t - y in chromium plat it i g  baths  Is 111w , usua l l y  10 t i i  20 , a f a i r l y
h igh  rate of deposition ts obtained owing to the re la t ive l y  high -urr ent  densi t  ic-s used . Voltage s are
ge-nerailv higher than hither electroplating processes whk- h , together  wi th  the  higher  c u r r e n t
densities , would seem a disadvantage , These factors have not , hciwever, sericiusly hindere- d the-
wtdespread use of chromiuni plating.

( ‘h rom ium p la t ing  baths have a r elatively poor throwing power (covering a h i l i t v .
Re-gard le- ss . remarkabl y good results have been achieved even in the  p la t ing  u , f i rregular shapes
when the  process is carefully controlled and auxi l ia ry  anodes and thieves are used in ac-ce rdan -e
with well-known principles.

Insoluble lead- t in  anodes were used in all our plat ing studies.  The f i lm of lead peroxide
who-h blrms on these anodes dur ing  use causes any t r ivalent  chromium formed on the  cathode t I l
he re oxid ized cont in uousl y  to chromic acid , thereby maintaining its c-ui nc -entrat ion at a low value-
Pure lead can he used as an anode material  hut it wi l l  be at tacked by the  solution and cause the
lu l rma t i o n  (If excessive amc iunt s  of a lead chromate sludge. Lead-tin allcuys have the best corrosion
r esistance- 511 are recommended as the best available material f~ r both anodes and heat ing c(Iiis.

Coating Deposition Parameters

Surface Preparation
Severa l Pre P arat ions were ciunsidered as surface pret rent ment s to the l)lhit i rig im I ce-ss

ldu - a l lv . t h i s  surfa c - e should he c-lean , free of interface con tan i ina t  ion and ac t iva ted  so t h a t  an
el e- t - t rc ideposit wi l l  adhere ’ wit h l l u t  fur ther  treat  merit - I n f l l r t  una t e l ~- . t i t a t - t iu rn  is not c-a s i l ’s
a - t  ivated because of i t s  rapid l y  fo rming  cixides . I’revie n is in-house- st udies arid t u - s I  r e - su I t s
rep (urt ed later  ~~ Table I t  has-c demons? rated t h a t  su i t ab le  arlhe sion U l l t i l l ( I t  lIe ( I l ) t a in te -d  w i t  1) 11( 1?
a d i f f u s i l l n  t reat men? a f t e r  pI n t  ing.  The most sop hist icated t reat m en? s, sue -h as con’s ersi on i of I he-
surface to hy drides , or -orn p lex ing  the surface wi th  ta r t ra tes  to m i n i m i z e  oxide fo rma t ion , have-
not resulted in bond s t rengths  above -‘~~.2 MN/rn 2 (8 ks i ) .  Trea tments  su ch  as ab rading  w h i l e
plating or inert atmosphere plating dii ncit significantl y improve the resul t s  For t hese r e - I l s I l t u s . t he
intent of our surfac-e preparatic lti studies was to find a method pruiducing a c o n t a m n i n a n t  -ftc- c-
surface which would not passivate during plating. The adhesion of as-plated dep ui sit  had to be
sufficient to heild the- plate’ (lf l  during normal handling and until a scibsequ ent d i f f u s i o n  cycle-
cc uld he performed to metallurgically bond the coating tcl the  substrate .

Generally , plating over a vapor blasted surface worked satisfactorily, but the surface had to
he kept wet between vapor blasting and plating and occasic ina llv, for no apparen t reason ,
localized passivation prevented deposition, Grit blasting with from 80 to 240 grit silicon carbide
prhiur to plating resulted in excellent adhesicrn of the chromium-molybdenum electrodeposits. The
problem with this pretreatment was that abrasive particles imbedded themselves into the
titanium surface resulting in excessive interface contamination, These abrasive particles would

-
‘ 

nc it only interfere with any subsequent diffusion treatment , but also reduce the life eif the coating
duri ng wear testing ,

(.J lt imate ly , t hi’ best solutic ini to prcividrng consistent Iv sa t i s fac to ry  surfaces involved va l)cil ’
blasting with N (Ivac-ulite 2(X) I aluminium oxide) abrasive at () .~3 5- (t .7 M N / r n ’ f !’O I I I  1( K )  psig I

pressure follciwed by a e’hri im iuim e-crnversiruni coating, l’he conversion c-tinting Was al)pliecl b~
immersing the titanium par ts  int cu a sculution containing hydrof luiiric- ((-id and s lu d ium clironiiitc’ .

ii

— - - 
--  

~~~~~~~~~~~~~~ - -
~ 

- 
~~~~~ ~~~~~~-~--—- - - -



~e - hl t t t i i ng u -h -c -tr om t m u c -r I I- -~l - I I j I e -  e x i m i l i n a t  i on I I I  t he -  —,Il rta ( -u - s afte-r c-ac-h ste-I) ~fl t he - pr ( ic -c - ss uuie l  ? hi ’
re- su I ts  I t  hy drog e n  a t i a ly s i s  i r e -  s l u l wu  ill I’ugt ire 2. M i u - r I I I I r I i h I e -  l l h i i i I ’ s s i s  c ’ I l n f i r n i e -d  t he- l l r e - s u - t l ( u-
( I t  e ’ h m ( I r t t I l I t ) )  lIn t t he- s I I r t h ( I - I - s I t I c - r  t re-at n i t - m i t  t n  t h e  ac - id ch r l l r n a t e -  s ( I l u i t  ion. ‘I ’ he- hvdrllgu-n t i t i ~i l ’ss i s
re sults  ( - i l t i t i r m l - d I  t h a t  teSS than 1( X )  ppm l a - re- u se-  in hv dr l lg e -n c - I l n i t e t t t  wa .~ c aut se-c I  l iv  I h i —
e I u m n l l i n i a t l l l t i  ( I t  t r e a t  t I l e ’ t l t s .

Mag : 2000X

~~~~~~~~~~~~~~~~~~~~~~~~~~

Vapor BI~~~~ HF/Cr04 Etched Cr-Mo Plated
H2 - 80 ppm H 2 - 108 ppm H 2 - 176 ppm

~~~~ -

1600F - 1 hr Baked Glass Bead Peened
H2 - 7 p p m  H2 - 7 p p m

E l ’  I I I  -

Figure ’ 2. Ti l~Al - I M o - 1 V  Surface Appearance A f t e r  Each Proce ssing Step

Plating Conditions

‘I’his part ( If t he- inve st i ga t i e in  ~%-as (- II m i ( l t ie - te - ( l  t I l  e - s tu Ih ) I i sh l  c I I m i ( I i t  l I l t —  r e-c~u t i r u - e h  f or  11111 Ii
m a i n t a i n i n g  a r ease inab le cathode e ’ fflc - i e ’ne ’y an (l pr I l s - id in ig  c - l In t  r l l l l e d  c l ( i h i t i t  i t  i c - s I l l  t i l l  I l ’ s l i ( l t t i u i t i l
in the deposits. Mulst of the work was done- in st u i n da r e l , s e - I f - r e - g u t l a t  i t i g ,  c h r l l m i u i n i  h I l t  iog 11111 h i s
in it l u whic h m ( I l y h d p n u r n  was added as rnolvbd ic ii( i ( I .  l ( t i l l ( I i c h l l l v  ( l iSS l i lVe - d  n i i l l l ’ s - l ) ( l e - t l i i t I t ,
a r n m c l n i l t m  me i lyb da te , cur scudium mcil~-Iida)e- . Typ ic - al Ii~it hs c l l l i s i s t e - i l  of (flI t g / l s e- I t  - r e - g u i l i t  i l l i .
chrorni - ac - id conta in ing  various amounts il l t h e  m ( I l y bel e ’n ( t nn in s e l l l i t  i ( I t i . ‘l’riv il e-t i t ch r uu t ti i ui ti i
conte’n ts did not exceed 2 g/l and we-re ma m i t  a inc ’d at t he-se ’ IcIw values h~- using large- ui Ill Ide ’ t II
c-at hod e ratios . Samples were prepared and pI nt e-d at t he- spe c ’ifie ’d t e t l ip er ul t  u i r e , c ’( i r r e m t t  ( l u - t i 5 i ? \
and conditions for t hat t c-st - 1)uring p int ing,  th e tefl ij ier lit  t l r e s We-re’ i i il i if l t  ~iit i e’d wit  hiti 2 - t - 

-

After plating, the samples were rinse-el and dried . W - i g h i t  s he-burt- an(l a f t e - r  p l u i t  in ig  we-re use-el
~,ge-t her with tc u t  al am pere- m incite’s dur ing  p l a t i n g  to c a l c u l a t e -  t lie- c u l t  h ( u ( lc ’ e f I i c ’ i e - n c y  -

Mic -r oprohe ana l y s i s  was used for quantita tis- e analysis (If the- i t io l y h ic ic -nun i  in the de -pl lsi ts .

Molvhdic Acid

Varyin g a m o u n ts  of molybdic acid ranging from 20 tci 122,7 g/l were added te a self-
regulating chre mium plating bat h con ta in ing  3(X) g/l chromic acid , Mci lyb denum started
c-ode- positing wi th  the chromium wi th  only 20 g/l added. The amount in the deposit increased
sl cu wl y up  to (LW , with about 8() g/l molybdic acid in solution , Raising the  concentration in

7
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solution to about 100 g/i increased the moly bdenum in the electrodeposit to greater than 2~ but
there was a corresponding reduction in the cathode efficiency, Table 2 provides a summary e,f
these results and Figure 3 depicts the results graphically , In that figure , the molybdenum
concentration in solution is expressed in g/1 molybdenum rather than molybdic acid. This method
compares the different methods of dissolving molybdenum since each figure has molybdenum
expressed in the same units  along the “x ” axis , Substantial amounts of molybdenum could not
be deposited with a reasona ble cathode efficiency with molybdic acid and further study was not
warranted , These results compared favorably with other investigations (Re ference 17) ce,nducted
using mo lybd ic acid (MoO 3) additions in a more dilute chromic acid plating bath.

TABLE 2. CHROMIUM-MOLYBDENUM PLATING USING MOLYBDIC
ACID IN SOLUTION

Plating Solution: 300 g/l Self-regulating Chromic Acid
Temperature : 46°C (1 15°F)

Current Density: 47 ASD (3 AS!)

Time: 30 Minutes

Samp le Solution Corn position , Plat ing Cathode Efficiency , Composition of Depos it ,
Number gil MoO, Voltage, V ‘I Mo

133 20 5 21.3 0.2
134 40.9 5.6 18.6 0.3
135 61 .4 5.4 17.6 0.3
136 81.8 5.4 17.2 0.6
137 102.3 5.6 2.0 2.1
138 122.7 5.6 0.4 -
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Figure 3. Influence of Molybdic Acid on Chromium-Molybdenum
Plate
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.-t n ( l d i ( a l l v  i) i.s.soli i ’d ,‘i-f o (vbd enum

The- earliest %v ork disc ussing d e p e i s i t i i u n  of c h r o m i u i n i t - i t t o l v b d i - n i i i t i t  l i l t l I ~ -. use-d a n i u i t h i c - a l l ~
( h l 5 5 I I I ~~I’d muu l~-hdt-nunii  as i t s  add i t i ve  I Rc-Ie-renc’e 18). In our study , no tiuiu lvli e h e - n u j t i i was iihs e - rv e - ( I
i t t  t he- c - l e ’c tr l l de puu s it  u n t i l  a l i t t l e -  i iv er 20 g/l molvhde ’num was diss (llvi-d in t lie- i - h r i i n i i -  a c i d
1) 111? in g s l l h t t  ic in.  As with the ntolyhdic- acid , the  per cett t  n i I I I v l i ( l c - nc in i )  in icre-as ed as the-
n i l l l y h d en u m  c-onte ’nt (It the ’ se ulci t  i (in incre-ased , hut c-at hode- t - f f i c - j i - t i i - ~ -s (l i-c rease-el - i’a lile - ( and
Fi gure ’  -I ~u it i t n i1a r iz e  t he-sc- resu l t s . l)eposi s formc- d f rom p l a t i n g  l i n t  Its e - c l n t a i n i i n i g  a n u i ( l i c - a i t \
di ssi ilvc’d t t i i u ly b d e -n u m n  did n ( I t  show s i g n i f i c a n t  pr e lm se- relat i\ t t i  i t  f o r  s i i lu t  ions c-val u ate- el

TABLE 3. CHROMIUM-MOLYBDENUM I’LATING [SING ANOI)ICAL-
LV l)ISSOLVEI) MOLYBDENUM IN SOl~t ’TION

plating Solution : 300 g/l Self-regulating (‘hromic Acid

Temperature: 47° ( ’ (117°f- ’)

Curren t L)ensity: 47 ASI) )~ AS!)

Time: 30 Minutes

,Sampl-- S’~atwn (‘omposi t ton , Voltage, Cathode Efficiency, Composition of Deposit
,%umbi ’ , gil Molyb denum V ‘~~ Mo

614 () 4.8 19. () 0
cl? 4 8  20.7 0

711 l:t . :i 4.8 19.9 0
71 27 .5 4.4 14. 9 1)
72 4 1 4  4.5 14.8 0.2
7:1 55 2 4 8  6.0 0.5
74 08~~ 4.8 0 -
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Addition of sodium molybdate to self-regulating, 3(X) gJl, chromi c acid ~) l at in g sci lut ic ins ,
resulted in the deposition of chromium-molybdenum alloys (Figure 5 and Table 4 ) .  As expected ,
increasing concentrations of molybdenum in solution increased the amciunt in the deposit -
Unfortunatel y, the cathode efficiency decreased faster with sodium molybdate additions than it
did with any other way of putting molybdenum in the plating solution. By the time 40 g/l of
molybdenum was added , the cathode efficiency had dropped to zero, This method was theref eire
not considered further.

25 2,5

20L - 2.0

-t
>. 4, U)a
0 s—.s 0

15 - - 1.5 ~
CLu °- —

• ~~~~ E
‘0 -~~~o C
-C 5 0

~ 10 - - 10
o 5

~
0

Molybdenum , g/l As Sodium Molybdate
f Il Ii

Figure .5. Influence of Sodium Molybda te on Chromium-Molyb -
denurn Plating

‘FABLE 4, CHROMIUM-MOLYBDENUM PLATING US-
ING SODIUM MOLYBDATE IN SOLUTION

Plating Solution: 300 g/l Self-regulating (‘hrc mic Acid
Temperature: 49°C (120°F)

Current Density: 47 ASI) (3 AS!)

Time: 30 Minutes

Sam pl.- ,‘~uulu tcun Composc tion . Cat hode (‘uump osit ion uuf 1)epo.eit ,
Numhi ’r gil Na,MoO, Effic iency, ‘~ Mo

iF, 14 16.9 ) l 4

i*~ i~ 1 1 6  117

-~ I;? 14)2 (1 -

I))

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—

~
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.4mmonium M ohhd a t i-

AbI 1VP 25 g ’l a mm o n i u m  molybdate . corresponding to about 12 g/1 medybdenum , in 3(X) g/1
sell-r egulating chromic acid , molybdenum-containing deposits were obtained. At 75 g/l, l’~molybd enum deposits were cc insisten tly obtained wi th  cathod e efilciencies s t i l l  12 tei 13’ - Higher
c( Ifl t’efl t r at lo fl s in su) luti i )n reduced cathod e efficiencies below practical levels , hut  did fur ther
tn -rease the  am elunt  of molybdenum in deposits . Table 5 and Figure 6 summarize the se results .
It was Learned tha t the best rei~utt s were obtained with solutions containing 75 g/l ammonium
molvhdate.  Larger an i iu un ts  decreased the cathode efficiency and resulted in nonuniform
appearances . Interestingl y , at these concentrations the  deposits obtained showed significantly
fewer cracks than  conventional chromium plate (Figure 7) .  This would explain the reported
improved corrosion resistance,

( ‘hr omic Acid

The c oncentra t ion  of t -hrc u mic ac -id used in - iin ive-nit iona l -hr on i ium pla t ing  ranges from ISO
to SI X ) g/l. lithe trivalent chr e i mium (- ( Intent  e-xc’eeds U) g/l a gray nodular  deposit is f~irmed.
Trivalent ch romium alone -anni i l  he used to deposit ( ‘hr omium f rom aqueeius ~u i I u t  ions . Our own
evaluat ion of tet rachromate plating baths (Reference- 19) for deposi t ing chro nneu i crc - Wi i lvhd e n t i  cii
a lIII y s were ccimp le t e lv  unsuccessful -

(‘omparing the effects of chromic acid concentration from self-regulating salt additions , the
range of 300 to 400 gil seems acceptable f’rom both the cathode efficiency and deposit composition
as shown in Table 6. All these solutions were made with 75 g/l ammonium moly bdate. The
meilybdenum cerntent of the deposit increased by either increasing or decreasing the chromic acid
ceuncentrat ion.  but the cathode efficiency also decreased.

Sulfuric A cid

The elect rod eposit ion of chroniium from chromic- acid takes place only in the presence of a
cataly st .  The most common of these , the sulfate ion , was used in this study. Our investigaticuns
wi th  fluoride and complex fluoride catalysts showed them not as suitable as sulfate for depositing
chrcum ium -m o!y h d enum allc ys .

TABLE 5. CHROMIUM-MOLYBDENUM PLATING USING AMMONIUM
MOLYBDATE IN SOLUTI ON

Plating Solution: 30).) g/l Self-regulating Chromic Acid

Temperature : 49°C ( 120°F)

(‘urrent Density : 47 ASD (3 AS!)

Sample - Solut i on ( ompositton , Plating Voltage, (‘athode Efficiency, Composition of
Number gil Ammu ,nium Moly bdote V ‘.; Deposit , ‘~ Mo

is 12.5 5 20.4 Ii

19 12. 5 ‘20.7 0
411 25.11 5 24.4 0

- - - i i  _ _ , 1 I11  5 17.6 0,4
75 i l  5 12. 8 0.8

4.i 7 5 ) 1 5 12. 7 1.0

44 I I  6 
— 

1. 2 2.1
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‘l ’AI3LE ft ~~~l-’E(’l ’S OF’ (‘HROMI(’ A(’Il) ( ‘ON( I- N ’I ’RA ’l ’ION ON
‘ ,-\ l ’H O l  )K EFF ’ICIEN (’ ’i’ A N I )  I)EP () SI ’I ’ (‘OMI’OSl-

l I O N

I ‘tat ing Sot ut ion: 75 gil Amm on ium Mo lvhd at e

‘I’emp erature :  49°(’ ( 12( 1°F )

Current  1)ensitv : 47 AS!) (3 ASI)

Volt age: 5V

Samp li- ( hr om u - Ac i d ( ‘ once n tr a fj on , Cathode Efficiency, (‘omposit ion of Deposit ,
Nu mhi- r  gil ‘~ ‘ Mo

47 2(8)  4 3  1 . 3

4M :3(~~I 13.6 1.0

49 44 1( 1 14.2 1 _ I
451 1 2.5 1.7

— 
_ _ , l  

— he el 1.2 (4

(‘ ontrol led  c oncen t ra t ions  of sulfate ion were added stepwise to a solution made up w i t h  01 ( I
I e -h r i un i i c  ac id I Reagent grade) and 75 g/l ammonium mo lvh date.  The results are shown on

‘l’ uul i l e-  7 and l” igur e ~ Increas ing  su l fa t e  concen t ra t i eun decreased t he  moly bdenum cu l n t e n t  ( If the
( f e - J l i ~~ l t -  ‘l ’h is was not unexpecte - d since the  cathode e f f i c i enc y  increased , and ever~- t ime  in the
t u I ~~t when the  ca thod e- e f f i c ienc y  increased , the  percent moly bdenum decreased. For successful

t i n  - the  c - ( Inc ent ru t t ( In  cIt cataLy st must be kept tow -

( urre nt I) e ’ns its

I s u ng  th e  s l l l u t i l l n  t ha t  appeared meu st suitable and conta in ing  3(X g/l self-regulating
chr l ln uc  au - id  and 75 g/l  a n im o n iu m  molyb date . the effects of ‘urrent densi ty were determined.
F u g u i r i ’  ¶ 1 and t a b l e  ~ s u m m a r i z e  the resul ts . Reasonable cathode efficiencies with little differen ce
i i i  t li( 11 lii i ( l f l t  of molybdenum in the  deposit was observed uuv e r  t he- range of :11 to 1(19 ASI) (2 ((I

7 ASh At IS S AS!) II ASI). the cathode efficiency was lower , result ing in higher molyb denum
c o n t e - n t  in the  deposit and between 31 to 109 AS[) , there seemed tcu lie a slight t rend to inc rease
r n l u l v b d e -n u j m  in depc sit s as the current  density in -reased.

H u l l  c-elI tests were also conducted on the 1’ i m ei l vdenum ele ctrc ip late.  Results in dica te
u s t a c - t u u r y  p l a t i n g  (‘an be obtained over the  range of I IASI )  (0 .7A SI) to 62ASI) (4A SI ) .

i’etnp era ture

Varying the temperature between l() and 70°(’ was shcuwn to inf luence  bot h th e  ca thode
e f f i c i e n c y  and the moly bdenum con ten t  cii the depe u sit , Max imum cathode e f f i c i e n c y  cK ’c-urr ed at
alui , u i t  0 ( ‘ . Figure 10 and ‘table 9 summarize these results . Al though a sl ight  dip in th e
molybdenum (- ( intent occurred at max i mum cath iide effl -ienc~’, t he genera l trend was for th e -
molybdenum c o n t e n t  to de(-rease- as the temperature increased. In fact , h r the  first time , a~ thec - at  hiude- efficiency dropped , s u  did the mculybdenum ecuntent. ‘l’hi s occurred over the range- lit

temp erature  from 1( 1 1( 1 I I ) ” ( ’ . ‘t his pheneimenein is explained if we remember the p la t ing  ba th
c o n t a i n s  si - l l .regu l at in g salts whic h nil doubt inc rease in s i u l u b i l i t  as the  t empera tu re  inc-reuses.
i b is , in ef le( -t , inc ’rea ses the su l fa t e  concen tratic un which , in t u r n , decreases the  me ilvbde num in
t he- deposit as shc uwn in Figure ft ‘I’he cathc u de ei’flcienc~- dropped to zero as the ’ temperature
u r u i - r c - a ’ i ’ d  to  70’ (
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‘l ’AHLE 7 . EFFECTS OF SULFA ’rE CATALYSIS ON CATHODE EFFI ( ’IEN-
CY AND I)EPOSET (‘OM POSI’I ’ION

Plating Sci luti e in: 3(X) g/l ( ‘hromic Acid

75 g/l Ammonium Molybdate -

Current Density: 47 ASD (3 ASI)

Temperature: 49°C (120°F)

Samp li- Su lfuric Acid Concentration , Voltage, (‘athode Eff icienc y, (‘omposi tiqn of !.)epo.~ut .
mlii V - Mo
I ) 4.6 0 -

115 5.0 1. 8 1.3
27 1) 75 5 0  14.2 ou

128 i l l  50 14.7 1. 1,
129 t 25 4.8 16. 1 o.:t

I I I  1 5 4. 8 15. 8 o. :t
1 : 1 1  i 4. 8 1 7 . 1  0.2
1.12 2 Ii  4. 8 19.2 0.1

Ill 4.6 14.5 0. :)
I; 4.4 :4 _ I  0

25 _____ 
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~~~~~~~~~~~~~~~~
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~~~~~~~ 2,5
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-
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~ -10 - - 1,0 :~(_) 
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0 0
I
1’
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Figure 8. Effect of Catalyst on Cathode Efficiency and Molybdenum
in Deposit
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‘t A B LE M . EFFEC’I’ OF ( ‘I . RHEN 1’ I )EN SI ’l ’Y ON CATHOI)E
EFF ’I( ’IEN CY AN !) DEPOSIT (‘OMPOSITION

l’lat ing Soiw icin: 3(X) g/l Self-Regulating (‘hromk- Ac-id

75 g/l Ammeinium Molybdate

‘I’emperature : 47°(’ (117°F’)

Samp i,- ( u ~rr ,-nh /) , - , i~u ( ~ (‘atho di ’ Eff iu ii ’ncv , (‘ompo,cl tion of f lep o.’cif ,
Numh ,-r .151) ~~~~ - - ‘

~ Mu
-4

1)1 I I  1 1 1 1 1 u . h i  2 6

:11 2 ui H 2 1.0
57 i ;  ( l i i  13 ) )  ( u .s

(u I~~( 1 4 . 111 I : ) . I I  1 .0
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F igure 10. Ef f e c t  of Temp era tur e on Cathode Eff icienc y and
Moly bdenum in Deposit

‘l ’AHI ,E 9. EFFE CT OF TEMPERATURE ON (‘ATHODE EFI”I-
( ‘ IEN ( ’Y  ANI) I)EPOSIT COMPOSITION

Plating Solution: 3(X) g/l Self-Regulating (‘hrc mic Acid

75 g/l Ammonium Moly bdate

Current Density: 47 ASI) (3 AS!)

Narnp h’ Ti’rnpu ’ratur i- . Voltag e, (‘athode Eff icienc y . (‘ompo~i t ion ‘,/ 1)epo~it .
,“.umher °(‘ ( °b’) V - - Mi

167 il I 50) 5.4 24.6 1 . 1

1( 1 I 50) 5 : )  2:1 7 1 .7
169 27 I 5th 5 . 11 15.2 1)9

17 11 1(6 $150 ) 4.6 0.1 -

17 1 $ t 151 6.4 is :t  I 2
72 II ( 12 ) 5 5  27 11 i l  9

17-S 27 ( 541) r, 2 20.8 I
177 27 ( 5 4 ) ) .5 I - 17 7
42 -$9 ( 1 2 ( 1 )  5 0  1 2 $  ( ( I i
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Afl Iut lie-r t I c ) ,  cr whi ch  became evuiei i  t t r u u m  t he-se - st uid c - s u s t h e  - t t e -t t emper at  ur€- has u , i i  I hI ’
, c u l I i , — . t i u i i  a in i  jua~ s i v a t u u u u i  i i  t he- t i t a n i u m surface. At t emp era t u re - s  c u t  0 ( ‘  the ( i ep l l s i t s  we-re-
i l i s t  nc ; l\  gray , wh i l e  i l b I l v u -  - 15 ( - 111(81 ) i u l s s i v u t t  ion i t  thc - surface’, fl aking ‘it t he’ dc-posits j r  c l a rk
arI a— - ui  t h i- ~t i r t a c - e  r esu l t ed .  From t h u s  aiid practical c I u n s id e - r a t  ion of uu I M- ra )  l ug  bc-low r u u u , m
t i - o u p e - r a l  or , - , 11w pr -terr -d ( up era t  in g  range- Ii i  :15 t e u  -Iu ( - 

~~~~~ e stabl i shed .

-1 11. - r outi ng ( ‘urr u ’n(

l i i  h od ~~3\ ( I I  in crease t h e  ( - u u I i c e n t r ~I t 1l0 of m c u l y b d e n u n i  in the-  dc- p els its , ~iI r i (u us cv c - Iu- , of
cl i rrc ’n t  r c- ~ u rsa I and on-f I t t  cycling were eva lua te - d using a perio dic - rever sl- r -

When c u r r e n t  r e v e r s in g  is used, the  anodic dissolution occurs at close to 1(X Y~ efficiency , so
t h t  i i i u , i d i c  times had to be limited to no more than 1ft~ of the cathodic times , Some deposits were
obtained using th i s  sy stem and the amount of molybdenum increased by about ( I F1 as compared
i i  th e- ulninterru tited I)(’ plated samples. It took much longer to obtain sufficient deposits and
this sniafl increase in molybdenum content was not worth the longer times required to get the
coat ings .  Larger inc reases without the longer times were possible using other methods .

A va r i a t i l ln  of c u r r e n t  reversal using on-off cycling had more positive results and increases
wer - generally u~n the  e)rder ~if l’ . by s imply  pul sing the current in 0,5 to I second intervals, Using
t h u s  te - chni que in c - on (u n c t i c un  wi th  an increased molybdenum content in the plating bath (95 g/I ) ,
(fe-posits were lIhIa m e d  CI untainin g approximately 3’ molybdenum. Cathode efficiencies of
appr (uximate-lv 10’ . were- maintained with this system.

The st r : : - t u r e  of deposits obtained with either alternating current or on-off current were fine
grained and c r a c k - f r e e  in appearance. These should therefore exhibit improved corrosion
r e s i st ance  as shown in Figure 11.

Chromium 1,5°/o Molybdenum Chromium 1.5% Molybdenum
Produced by Cycling Current Produced by Periodic Reversing

On and On Current
1 —  iii fl

Figu re ’ 11. Scanning Electro n Microscope Vieu-s at J000X of As-Electrop lated
( ‘hr orni u rn-Mol y bd enum I) ep os it s

1. 
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Hy drogen Pickup

‘r i tanium alloy s are severely embrittled by hydrogen absorption. Whenever exposed to a
hy drogen -containing environment , they absorb hydrogen. During cathodic treatment in a
chromic ac-id ba th ,  approximately 9O~? of the total current is being used for generation of
hydrogen. This part of the program was conducted to determine the extent of hydrogen pickup
caused by the  p l a t i ng  operation. As shown previously in Figure 2, the hydrogen content increased
by 2~ ppm after the conversion coating and by 68 ppm after plating , Apparentl y, the initial
chromium-molybdenum surface layers retarded excessive absorption. After a diffusion heat treat ,
the  hydrogen content  is expected to significantly drop, but to minimize the possibility of damage
between plat ing and diffusion , it is important that such contamination be limited, Subsequent
ana !yses of s imi lar ly  plated specimens made from either Ti 6A1-4V or Ti 8Al- 1V-lMo confirmed
the hydrogen pickup occurring during plating is about 70 ppm , regardless of the t i tanium alloy.

Plating of stressed specimens loaded similar to the stress corrosion specimens discussed in
a la t te r  section of this report also confirmed that minimal hydrogen absorption takes place, After
p lating specimens with surface stresses above 689,5 MN/rn3 (100 ksi), no evidence of cracking of
the Ti 8A 1-1V -lM o substrate could be detected either as plated or after removing from the
constraining device and inspecting with fluorescent penetrants and chemical polishing as
described in Reference 43,

Diffusion

Since both wear and corrosion occur as surface reactions, any type of protective coat ing
must involve a change in the t i t an ium alloy surface composition. The addit ion of both chromium
and molybdenum to the surfaces forms an outer “skin ” which provides a barrier between the
t i t a n i u m  alloy and the surrounding envi ronment .

It is possible to improve the adhesion of this coating by modifying the  chemical composition
of the  t i t an ium surface when the separate materials are diffused together by a suitable heat t reat .
This “surface alloying ” modifies the chrc u mium -mo lybdenum overlay so that  it becomes an
integral  part of the t i t an ium alloy component. The resulting dimensional change is less than the
measured cciating thickness , since at least part of the coating is made up of a diffused layer. ‘l’he
layer is easily seen by cross-sectional examinat ion after etching with a Krolls solution compeised
(If n i t r i c  and hydrof luoric acids. Micropr obe analysis provides a better evaluation of ac ’tua l
d i f fu s ion  depth of the alloying constituents into each other,

Mechan ism of Coat ing F~urmatio n by Diffusion

D iffusion is a process whereby the distr ibution of each component in a phase tends to
on i h ;rm it y  -

To re-ac-h a condition of equil ibrium , the atoms must acquire sufficient energy to permit
the i r  displacement at an appreciable rate, The energy required to produce this displacement c)f
chromium and molybdenum into t i t an ium is provided by a rise in temperature of over 750°C.

Interdiffusion of chromium and titanium is generally accepted as being due to the motion
u ,t vacant sites within the lattice , solvent and solute atoms moving as the vacant sites migrate.
‘rhe diffusion process is then dependent on the state of imperfection of both the titanium alloy
and the surface alloy being formed,
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N -  -l kl)t I l l

cc hu rt-  N i~ t i r e  dept ir u it d i t  t i i s u i  ci , k i ’ - II  (Ilnst i l i r )  de’termine- (i 1i~ t he- c - h r ucn i  i u i r i i  u r i c c- ci t rat ‘i i i  at

th e  -orb it - . 1) is the  c u t  t I i — i i I n  u u , t - t t u c i e - n t , and t is th e -  t i rn i - .

I h u -  ( l i f t c i s I I , n  i ’ ’ I - f t i ( - i e - r i t  Var ies  W i t  Ii tc ’n ij ce -rat cir e- a c e - ( I r ( i i r i g  t i  the A r r l u u - u u u c i s - t v j i c ’  e q u i l i t  i i i :

I )  I ) , u exp I Q R I P  1 2 1

V~ lu - r e -  I i t [cC i l l s ,  [ cu t - t e - o l lu e - r a t c i r e - , R i~~ the - gas constant  - Q the  enc.-rg v ci t  act Iva t  ion ant i  h i ,  t iu i -
d i l l  u i s u c  r u t a c t ,  I r .

Expu -r i 171 e l i  t ii j 1\ I) e t e~rP ci ip i e - d  1) f fu s io n  ( oe ’ff u ’ii ’n ts

l ) u t t u i s i , c n  ( I ) e f f i c I e - n t s  fo r  c h r i u m i u m  f r o m  an el ec tr lld ep llsit c- d a l l u c ~- (-Ic n tuli n in g I ’
r u u , , l v l i d e - n u i m  t o O ,  thr e -e-  d i f f e r e n t  t i t a n i u m  a l l l l y s  we-r e det e - r rn ine d c - x pc - r i rn e -n ta l l v .  I he- value-
k i i i  e ’ q c i u i t i l i n  I I I  Was assumed equal  to one- . These resul ts  are- summar ized  cm ‘l ’ a i i le -  I I )  and
t ’~ pu -h i r n i c - r l l p r ( u i i e  j ) h I ) t c u g r h ) ( i h s  of c - ru ss sections used te u measure  (lIftusil un ul ep t hs are- sh cu wn in

i r i - s  12 t hr ugh 1-I - The m ic -r i .prohe - I rae-es show the  amoun t  ui f c hrium iurn in he meta l  - l ’he
g r i - l I t  c r  th e- separat i u in in  the-  t cv~ u white lines , the great e-r t he- a~~~(Iu f l  I I if chre urn  iu m in the- met ill
at t lie- lu te - a t  ion i t  the-  l ine- . P l ( I t t i n g  t h e  lui gar ithm of I) as a f u n -t ion of t he  re-c i pr . e - a I  I e - m I ) i - r a t u l r e - ,

-~~ i i  in E ’i gui r e- s 15 t hr eiugh 17 , gives the expected straig ht l i n e -  r e - l at  i~,n s h i p  f r I u m  w h i c h
ii t k a t i ’ o e ’nc-rg ie -s for  d i l f u i s i u i n  c - an be- (‘alc-ulated from the slcI I ) e s of t i r e -  f ine -s  I i  ~ I - I had the-

lii ~ l uu- st a c t i v a t i o n ene rgy I 75 .1 kc ’a l )  while- ‘l’i 6 —6 — 2 had the l ,c we -s t  (47.2 kcal). ‘I he - I i i ; -t h as an
c I u~ at  h u n  e-nerg v t i u r  d i f f u s i o n  between the- two of 59.5  ka l . f-h- c - ( I r n b in i n g  e ’qu hit  i t  r i ~ I I I  a nd  21

; c r u ( l u u s u r u ~ t he - u - x p e - r i m e - n t a l l v  de termined c e u n s t a n t s , t he  d e p t h  u u f  ( l i l l i i s u i - I i  c m i  lu t- - u i l c u l a t e - c i  f i r
u i n v  g u v i - n  I e r r u l c e r a t c i r e - / 1  ime (‘I)ml)inatil)n luir each cit the - th re - e t i t a r i i u i i c  a l l . -c  — lu ~ u i i  uu ~ t he-
ft  r i r u c i l a

N I-I I I)’ exp I Q/H’l’ I 2

cc u i-re- N i —  tht- diffusi (In depth in cm , t is the  d i f f u s i o n  t i m e  in sec -(Ifl ( ls . R is t he- gui ~ r u — r a n t
‘ i -u, I K mu le- , ‘F u s t he d i f f u s i o n  t empera t  tire , and l)i, and Q are- de-pende-nt on the ’  al Ii u s  ui—

- I i ’

I ’. r ‘ I i  l i—t 3— 2

-1 7 , 2 ) 1 ( 1
I t , ,  0 .61( 1

for l u  6-4

Q r,9,..5(x)
l.~u 154

ar id  fo r  ‘I i  8 - I - I

Q 75 . I l KI
Dii 7) 1 2 - 1( l ~

l lu -— i- n u m b e r s  are- all based em a least squares fit  of the data gene-rated in th is  s tudy ,
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La,eer 1) iff us ion

Any hulk  diffusion heat t reatment of t i t a n i u m  alloys in a finish machined form and above
I~4 1 ( )  C can cause distort ion.  Treatment of coated alloys at temperatures above this point must ,
therefore , he done careful l y ,  and may require some type of restraining device to maintain
dimensions . This part of the  investigation was undertaken to determine if laser heating can he
used to diffuse the coating into the  t i t an ium without heating the hulk of the alloy . Such
t rea tmen t  results in diffusion wi thou t  distortion , This type of t reatment has been used to harden
steel surfaces by localized mel t ing.  The rapidl y quenched surface layers reportedly possess unique
properties not otherwise a t ta inable , due to the rapid cooling rates after laser exposure (Reference
41 )

A 250 watt  CO2 laser was used to irradiate chromium-molybdenum plated Ti-6Al-4V alloy ,
In one instance the as-plated alloy was used , while in another instance black-nickel was used over
the  chromium-molybdenum coating to enhance energy coupling.

TABLE 10. I)IFFUSION RATE I)ATA

l.-ni~m.- rat uuru- , °( l’urne , hr Thickness c-rn 1) , cm 0/.qec
Ti 6A1-4V

Tu ,c m I )) .(XX )641 : ) c u  — to
7 1 3 11 1)3 . 0.0025 2 8  10

i: t 0 0071 2. 7 - 10 °

87 I 1 0.0018 2 2 1(1 -o

71 15 0.0122 6.9 ‘ 10 -o

I ‘34 0.0 178 t o  — 10 °

I Q ()1J(34j 3.0 - 10
‘ 1  1 0.0076 41 )  10

0.0091 s.a - to

Ti 6A1-6V-2Sn

~c3i i I 0 )5)089 1 iu t ) i  -°

7u31m 16 ) i 0033 4 7  10
7131c ui2 0 .0066 4.9 - i cc
-47 ) 1 0.0025 4 5  10 -o

$7) I S 0.0 14 1( 7  10 0

‘27 I 0 (1053 2 cc 1)) *

‘27 IS 0.015 9. 8 II )  0

I 0.006 2 ci . 1(1
982 I (00 7 :15 10

Ti 8AI-I Mo- IV

.._.
~~~ 

~~ ‘ 7u~ 16 0.(51I3 7 .2 — tO ~
M I S  1 0 (5) 1 7 2  - 10
$1.’ 13 0.00:) 5.8 10
87 1  I 0 )5)18 2 2  10 0

1(71 IS 0.012 13.6 - 10 ‘°
87! 64 0.020 4. 5 - 11) °

927 3 t) .005 I S ti c
927 IS 0.015 9.8 lIt ‘°
982 I 0 .006 2.13 10
982 I 0 .010 7 2 tO
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-18

-19

= 59.5. Kca l

0,8 0,7
Temperature , °K-1 (X10 3) 

Cl

F igure 15. Arrh eniu.c Plot for  Diffusion of Chromium Into Ti 6A1-4V

-19__

-20 ~
-_-__

~_-P7~ ~
-21_~~~7Z~~~

Q = 4 7 .2 Kcal

-24 
0.8 0.7

Temperature , OK..l (X10-3 )
rh uI:e ~2i

:~ Figure 16. Arrh e ’nius Plot for D iffusion of Chromium Into Ti 6A1-6V-2Sn
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-18

(V

_ _ _ _ _ _ _ _ _ _  

( )
-20 -

-2~ Q = 75.1 Kcal

::;
~ ~~~~~~~~~~~~~~~~~ 0.8 0.7

Temperature, OK..l (X10-3 ) CI) c i

Figure 17. A rrhenius Plot for  Diffusion of Chromium Into Ti 8A 1- I Mo - IV

A matrix including several intensity/time combinations was evaluated on each of these
alloy s. The matr ix  and results are presented in Figure s 18 and 19. \‘ery l i t t l e  coup ling of energy
occurred on the  chromium-moly bdenum coated samples; however , the black-nickel did absorb
the radiation and produced diffusion. Cross sections of the chromium-molybdenum plated
sample showed no evidence of diffusion , even in the case of the highest power densities ,
Metallographic examinat ion of the black-nickel coated samples will be completed in Phase II of
th is  program.

Sputtered Coating.

High-rate triod e sputtering was investigated as an alternate means of depositing chromium-
molybdenum alloys. Sputtering has the advantage of depositing high molybdenum containing
alloys, With plating, the upper limit of molybdenum attainable is about 3 wt u:~ The purpose of
this investigation was to demonstrate that high molybdenum conta ining compositions can be
deposited by sputtering and how deposition parameters affect structure . Two alloys were
deposited by sputtering: a 95(7 Cr-5~? Mo alloy and a 90~7 Cr- 10~ Mo alloy.

Experimental Procedure

Specimens (substrates) of Ti-6A1-4V alloy were coated ins two-target coater operated in the
triode mode. The orientation of targets and substrate is shown in Figure 20. The substrates were
rotated at 1/3 rpm. The targets were cast 95(7- Cr-5~ Mo and 90% Cr-10~7 Mo alloys which were
machined to 7.3 x 10.8 cm (2~ s by 4 i inches). Ground potential shields limited sputtering to a
- 6 .7 / 9.2 cm (2 u by 3 o-inc h ) area of each target. The sputtering chamber was pumped with
a liquid nitrogen trapped 10.2 cm (4-inch) diffusion pump.

21i
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(Top View)
Anode (W)

Substrate __
N

~ ~~~ ,__jT i i

(2 Ea)

Target Holder (W)—~~~~~~~~~ 

_

~~~~~~~~~~~~~~

fr
j /

_Vacuum Ch am ber

Tungsten 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ale (C

(W) = Water Cooled
Flu I c c - ce

F igur e 20. Schematic Coater (Some Ground Potential Shields Not Shown for Clarity)

Prior to insertion in the coater, all substrates were vapor blasted , scrubbed with scouring
powder and rinsed with ethyl alcohol. Final cleaning in the system consisted of the following
oulgassing and sputter etching routine:

- Radiation from the tungsten filaments was used to heat the substrate and
other uncooled chamber parts. Heating was continued until chamber
pressure was 4X 10 ’ torr or lower. The substrate temperature was estimated
at 538°C (10000F). 5

2. The chamber was then backfilled to 3 x 10’ tort with research grade krypton.
A gas flow was maintained at this pressure by throttling the diffusion pump
and regulating gas input to the system with a leak valve.

3. The triode discharge was established by applying a nominal 30 volts to the
anode. A —25 volt bias was then applied to the substrate and targets for 5
minutes to facilitate outgassing.

4. The chamber was pump ed to 4X 10 ’ tor t and then again backfil led with
krypton at 3/ 10 ‘ tort (flow) .

5. A —50 volt bias was app lied to substrate and targets for 30 minutes ,
Deposition was started by increasing the target voltage and decrea sing the
substrate bias to the desired levels. Deposition parameters are given in Table
12. Target current density was 4.6 ma/cm ’ ± 5% for all runs. Substrate
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current densities increased with increasing negative bias voltage from 7.3
ma/c m’ to 11.7 and 12.2 ma/cm ’ for OV , — 15V and —25V respectively. Target
and substrate current densities were calculated by dividing the total
electrode currents by their respective effective areas (area receiving ion
bombardment ) .  The krypton gas was kept at a pressure of3x10 ’ tort for all
runs. Deposit thickness was determined from micrometer measurements
made on the substrates before and after deposition . The temperature during
each deposition was estimated at 816°C (1500°F)5 .

Results

Metal lographic data of the as-sputtered coatings are summarized in Table 11. The deposit
t hickness and corresponding diffusion zone depths were scaled from photomicrographs.

TABLE 11. SUMMARY OF SPUTTERED
Cr-Mo COATINGS

Nominal
Nominal Diffused
Coating. Zone, Hardness . Composition ,

Run No. mil mu KIlN %Mo

~~ Cr-5% Mo
I 0.9 0.2 - NM
2 1.2  3. 1 - NM
3 1.2 3.)) 178 NM
4 t o  2. 4 - NM
5 0.8 4 .0 192 NM
6 1.6 0. 9 - NM

90’; Cr -JO ’~ Mo

1 3.3 2.2  - 9.7

2 1.0 2.8 308 10.6
3 2.1 2. 6 - 10.5
4 1.2 4.8 340 12.4
5 1.1 4.6 264 11.3
6 0.7 2.6 202 11.2

NM - Not Measured.

Where a OV bias was used, the Cr-Mo structure was open, and typical of Zone I structures
described by Movchan, et a!, (Reference 42). However, the use of a negative bias (ion
bombardment) resulted in complete densification. Photomicrographs in Figure 21 show the
densificat ion of structure at —25 volt bias for 90~7 Cr-10% Mo. These results are also typical for

- (‘r-S’ t Mo. Figure 22. The structures at — 15V bias appear identical to the —25V bias
str w-t ore , Figu re 23. No variation in structure with target voltage was noted.

The 90 ; Cr-10~ Mo sputtered deposits exhibited higher hardness than the 9517 Cr-5~7 Mo
deposits , Table 12. This effect was anticipated.

°Temp c ratur es in similar experimental arrangement s have been measured with a sheathed thermocouple, e g . .
~put te red Nu(~rA lSu on TD.N1CrAI, Report of Processing History . Contract C-62220-C” 30 Apr il 1975 . U. J. Fenton and

.1 H Mu lla ly . Prepared for NASA -Le RC .
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TABLE 12. S U M M A R Y  OF SPUTTERED
Cr-Mo DEPOSITIONS

Substrate
Target . Bta,q, Deposition Deposit ion

Run .V Vc.clt Volt Time. hr Rate , mill/it
95 ’ Cr-5 ’ Mo

500(1 0) 6.0 01.15
2 1( 0(5) 25 6.0 0.20
:3 1(0(5) 15 5.5 0.22
4 - l t O  0 5.25 0. 19
5 1500 15 4.5 0) 18
6 1500(0 0 3.0 0 5.3

90 ’~ (‘r-lO ’~ Mo
1 1 5(X) 0 ,.25 0.40
2 — 1500 — 25 4 .3 0.22
3 1500 0 5.0 0 .42
4 i s s c  25 6.25 (1.24
5 - - 15(5) 15 5.5 0.20
6 - - l oxs c  - 1 5  4.0 0 .17

In summary , dense and adherent h igh molybdenum con tain in g chr omi um all oy deposits
can be obtained by sputtering. Further , the structure can be varied from open to dense by varying
substrate bias voltage. Deposit thickness as well as interdiffusion bone thickness can be readily
altered by varying deposition parameters.

ADHESION

Qualitative tests for electroplate adhesion are often satisfactory for qua l ity control.
Al though  no numerical  values are obtained , these tests provide reliable indications of the degree
cu t adhesion. The most satisfactory tests for a given electroplate are dictated by the type of
deposit . the  basis metal , and the intended applicat ion.  The bend test was selected because it
seemed most appropriate for the chromium-molybdenum deposit. This test allows evaluation of
deposit adhesion under a gradation of induced stress. As the test piece is bent , it is subjected to
vary ing amounts  of stress. The proportion of adherent to nonadherent deposit and the  location of
the  intact  deposit both are quali tat ive indicators to coating integr i ty .

In our test. strips of Ti-6Al-4V; 2.54 by 1.27 by 0.05 cm (1 by 0.5 by 0.02 in.) were coated all
over wi th  chromium-molybdenum deposit. After appropriate diffusion heat treatment , t hey were
bent over a 0.32 cm (0.125 in . )  diameter mandrel. The appearance of the coating and underlying
t i t a n i u m  substrate after bending was noted. Both sides of the strips (compressive and tensile
stressed sides) were visually examined. Tab le 13 presents the results of the adhesion evaluation .
As deposited, (no diffusion heat treatment) the coating tended to flake from both sides of the str ip
specimens.

All heat treatments improved the deposit adhesion so that only edge flaking occurred. When
temperatures of 760°C or greater were used, the adhesion was sufficient to prevent flaking.
However , at 815°C and above , several specimens were embrittled and broke when bent around
t he mandrel. Apparently, sufficient oxygen was picked up to reduce the ductility on those
specimens heat treated in a slightly contaminated atmosphere. Uncoated titanium bend stri ps
were subjected to the same heat treat and those too were embrittled. When special precautions
were taken to reduce the oxygen contamination , the chromium-molybdenum coated specimens
were not embrittled. Surprisingly, an uncoated specimen that was heat treated along witl~ he
coated specimen did break when bent around the mandrel (Figure 24) . This indicates the
chromium-molybdenum coating provides either some improved resistance to oxygen penetration
or some improved tolerance to oxygen contamination .

:13
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‘l ’ABLE 13 . EF ’FE C’I’ OF DIFFUSION HEAT THEA’!’
( ‘Y( ’LE ON COA’l ’ING AI )HE SION

l hf f u4swn Time.
- 

I i -mp er a ure , ~
(‘ hr Resul ta

N i  bc-u t - t reat ed - Flaked off from biut h stub’s

I Flaked ft fro m edges

I Flaked ft  from c-dgu- ~
~~ I Flaked off from edges

I N flaking

I No flaking

S I Specimen fra -tured - Plate bonded
S)5  (l)ouul uk’ l’hu - k o  I Spec imen fractured - F’late bonded

I Specimen fractured - Plate bonded
.5 15 Nu l’lau’ ) I Spec imen fra -tured

- - 515 1 N flaking
sI . u N Pta) e )  I I )ud not tract ure

I Specimen fracture d - I’late bonded
.s T u u  I Spec imen fractured - I’late bonded
$70) I N flaking

I No flaking - 1)id not fracture
s7u N l’laU- 0 I Spec imen fractured

- S pecimen fractured - Plate bonded
5711/5 1)0 u N u  l’ luute ) , Spec imen fractured

- Some flaking on (-limpressuuun ~ude
5711- 51st N l’ Iatel Spec imen fra -tured

57)1 IPeened) I Specimen fra ctured - l’ Iate bonded
l’hetue sp eu- unu&-u u-. were dift utce un heat treated simultaneuuuslv .

02 Contaminated “Clean” Environment Uncoated
Environment (10-6 Torr Pressure) “Clean” Environment

(10’~ Torr Pressure) (10-6 Torr Pressure)
etu u

Figure 24. o xygen Contamination Causes Embri ttlement 87O~~’/1 hr
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In order t o  prevent en ibrit i letm’nt . the  diffu sion -~ cle should then cit her he below M 4 X ) - (  ‘ or
hi’ c o i idt ie t ed In a vcrv ‘‘clean at mosphere. I”u r t h e r , for  m a x i m u m  adhesion , t emp era tu re s
s h u u u u l d  he above 700 (’ . The range of 7 M ) ° - to 8 (X)°(  provides s a t i s f a c t o ry  coatings . ’l’empera t ures
f l u  t ’ x( t ’ s s  of ~4 H )  ( may be usefu l  in special u’~~ s where more d i f lu s ion  is required and when
~u i u t u i h k -  atmosl)here s i-an be assured.

HOT SALT STRESS CORROSION

.-\ t cw of the  essential features  of current theories on hot - sa l t  stress corrosion (HSSC) of
I t a n i u m  can he cited:

• In order for HSS(’ of titanium to occur , the environment  must be
-h ar act eriz ed by a stressed condi t ion , a high t empera tu re , the presence of

chlor ide ion, water , and probably some I lni te  I)art ial pressure of oxygen. ‘l’he
incidence of cracking appears to be qui te  sensitive to very slight changes of
t hese elements.

• HSS( ’ is observed as tine line cracking wi th  sustained bri t t leness at the (-rack
t ip .  1’his f i ne  l ine cracking is in l ine wi th  a corrosion which is concentrated at
the  t i p.

• (‘rack propagation is fairly rapid and uniform. Average values for most
metals have been measured at 0.5 cm/hr. This propagation rate is much faster
than  ordinary corrosion rates and too slow for brittle mechanical failure rates.
It is reasonable for either electrochemical corrosion or alternating bursts of
mechanical failure followed by slow corrosion.

• HSS(’ has tw o) d is t inct  phases: a crack incubation or induction period , and a
i-rack propagation period. Since crack propagation has been observed to be
rapid , the  induction period represents the major portion of part life .

• All t i t an ium alloys show a sensitivity in varying degrees to HSSC.

• Th e st urce of chloride , i.e., sea water , maintenance materials , does not
appreciably affect the threshold stress for cracking.

Must of the proposed mechanisms rest on one or more of the above features. The literature
contain s reviews (References 21 through 36) which adequately cover the history of thesemec hanisms so will not be further discussed in this report.

Specimen Testing

The l’~ moly bdenum-chromium deposits were evaluated for hot-salt stress corrosion
n-sis tance wi th  and wi thout  the  diffusion -yc les , using two-point loaded bent beanu ‘l’ i
M A I - I V - l M o  specimens as described in detail  in Appendix B.

I i ’sts were -undu cted on AMS 4916 material  machined into strips 0.089 by 1.25 by IS i n u .
The lengt h dimension was varied to produce the desired stress as calculated using the method
descr ibed by Haaijer and Loginow ( Reference 2 0 ) .

- - - - - -
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I”igure 25 shows the  ty p o - a l  apIwararK ’e of st ress Corr os itun  specimens  m o u n t e d  in the  hold er .
A f t e r  st r Ipp ing  the ch romi um-mol y bdenum coat ing in hy drochloric acid , the  specimens were
cleaned, chemica l l y  pol ished , and inspected bor c-racks using both visual  and fluores cent
p enei ru int  techniques . Figure 26 shows the  appearance of several specimens tested at 4 13 .4
MN  n u 2 (64 ) k s i ) . ‘l ’he crac ks were readil y vis ibl e  a l t e r  fluorescent penet rant  processing when
ex anu ined  under ul t raviole t  l i g h t .  1’ ahles 14 and IS s u m m a r i z e  the  results  of these  test s . Refe r r ing
to  Fable  14 the c inc u c a te d  a l loy had , as expected , a threshold stress for  cracking somewhere ho-low
275 o; ~u1 N;m

2 4 ff  k si . P la t ing  th i s  al lo y w i t h  ch romium-molyb denum improved the ’ HSS( ’
rc’so~t t i n t - e  5 c c  t ha t  the  thresho ld stress was raised to above 413 .4 MN/m ~ (64 ) k s i ) .  Af te r  d i f f u s i n g
t he c o a t in g  at eit her 76() ’( ’ (1 4(K) I~) c u r  ~70°(’ ( I 600°F) , t he  threshold stress was again reduced
t o  lut low 275 h MN / r n 2 ( 4 ( )  ksi). Glass bead peening )5N21 did not appear to alle -t the  r es u i l t s  of
t he  ~t ue- cimens d i f f u s e d  at 760°( ’ ( 14 ( 5 )  F ) .  hut did improve the hreshold stress for  s !*cirnc-ns
d u t t u i s e d  at ~7l) (’ ( 1 6 4 5 ) - F ) .

i r iderstu inding these results depends on understanding that the ratio of undiffused coating
thickness t’: diffused coating thickness is largest at the lower diffusion temperature. Therefore,
t he absolute tnickness of pure or undiffused coating decreases as the diffusion temperature
increases. The as-plated specimens demonstrated excellent resistance to penetration by chloride
ions , hence. had good resistance to cracking. After diffusion at either 760°C or 870°C , a small
amount of oxygen might have absorbed in the lattice , or a thinner undiffused coating on the
surface after diffusion provided a path for chloride ions to reach ti tanium to start the cracking
process. Peening normally improves the stress corrosion resistance by cold working the surface
and producing compressive stresses. The specimen diffused at 760°C failed after peening, since
the coating was still  thick enough to prevent substantial compressive stresses from being induced
into the  t i t a n i u m  surface. Peening of specimens diffused at 870°C did put compressive stresses in
the surface since the coating was thinner (more of it was diffused into the base alloy).  The
specimen did not fail .

I

FE 0c4cM A

Figure 25 Stress ( ‘orr osion Cracking Test Holder and Specimens
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Figur e ’ 26 Appearanc e ’ of Str es,s Corrosion Specimens After  Testing

l’Al-3LE 14. HOT-SALT STRESS CORROSION TEST RESULTS ON
( ‘HR OMIUM-M OLYH DENUM (‘DATING

Hast- Material: ii M A I . ) M c - I V  Sheet
l est ‘I’emperature: 4$)) ( - 1~

N( F)
( ‘c rut a m unat . r c  ) - A u 1 cn - ics Suidium (‘blon de

1’ume: ) C M ! - Fl uir

H eat .5.V2
.~~0 rnjd’ .~tr u- s.s . ‘b ( ‘or u (ent . Treatment Gla.s.s Bc-ad
‘s c. r,u h.-~- ( ru ta rr u t r i a l  on ‘if ’s rn ’ k.su ) ‘5 “C/h r !‘een Resu.u I t . s

210 - 344 5 5)0 - - - l ass
Nai l 344 7 (54 ) )  . . - Fail
Na( ’ l (4-I S t54)i I - Pass

275 0  4 10 - 1’ 555
2$ ;  N d )  277 1) 40)  - - Fail

275 0 (40)  1 - Pass
2IIS 1 275 0 c-lw I Pass
-.1 154 275 4) 40 ) I .M7 )) I Pass

Nai l 27S 0 ( 40u I 57cc ) Fail
2 1 1  275 0 (4 0 )  I 570 I Yes I’a~s
21-I . :144 5 50 ) 1
217. (44 5 SOc I 7410 1 Yes l’as,.
.110 (44 5 ( 50 )  I $70/I Yes l’uuss
.117 . :144 S Si uu 1 M70 1 Ye,. Pass
.1 )14 Nai l 344. 5 (54 ) 1 I - Pass
220 Na(’ l 344 5 (50) 1 7 1)4)- I ‘f e s  Fail
22) Nui( ‘I 344 .5 (50 ) I 57 )) - ,) \‘es Pass
22.1 Na(’ I (4 4 . 5 (50) I $70/ I - Fail
.12:1 413 .4 (60) - - - Pass

413 .4 (6(1) 1 - Pass
227’ 4 I:) -I (60 ) I 704)/ I Yes I~ass

22’- - 4 i3 .4 (60) 1 87)t/ i Yes Pa,iuu
227 4 1: ) 4 (60) I $70/I - Pass

Na(’ l 4 13 .4 (60 ) - - - Fail
.11)4 Na(’ l 41:1. 4 )60 ) I - - Pass
.1:) Nat ‘ I 413 . 4 )60) I 7410/I Yes Fail
2:t i Na ( ’l  41 :1 4 (60)) 1 $70/I Yes I’ ass
132 Nat ‘I - 1 1 )  4 (60 ) 1 571)/I Fail
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TABLE 15. SUMMARY OF HOT-SALT STRESS
( ‘ORRO SION TEST RESULTS ON
SALTED AMS 4916

Temperature: 480°C
Time: 100 hour

(‘r- Mc, ( ‘r - Mo
750°( ’/ J - h r  ( ‘r - Mo 870 °C/I-hr

M.Y, ’ eu ’ ( k s u )  ( ‘ncaat ed ( ‘r .Mr, Peen $ 70°( ’/J -hr Peen
-I I)  4 ( 00) Fail Pass Fail Fail Pass

344 5 5)) . Fu n) I’ass Fail Fail [‘ass

275 4 - ; c c c  [a u ) Pass l”ail

(;ood protection from stress corrosion should be possible by some type of duplex coating.
Further , a distinction can be made between the two suggested causes of reduced protection
obser~ ed after heat treat, oxygen contamination or thinner coatings, by testing duplex coating
with and without subsequent heat treat.

OXIDATION

Studies of the oxidati oc. characteristics of pure t i t an ium have been extensively conducted
by K uts t ed et a l .  (References 37 and :38 . Ferguson (Reference :39 mare recently reviewed the
l i tera tu re  w i t h  respect to t i t a n i u m  alloys.

In his review . Kof ~sted indicates that the  oxidation of pure t i tanium goes through three
distinct mechanism changes in the temperature region. In the first  region , below 570°F , the
oxidation rate follows a logari thmic law , which has been interpreted as resulting when oxidation
takes the  form of f i lm formation. Oxygen dissolution into the metal is negligible compared to the
film growth.

In the  second temperature region , between approximately 299°C (570°F) and 593°C
(11 (5)0 ~

‘ the oxidation is observed as following a cubic law. Apparently, oxyge n diffusion into the
metal is  comparable to the rate of f i lm formation. The highest temperature region of interest here
between app roximately 543°C (11(51°F) and 843°C (1550°F) is one where the oxidation rate is
initially parabolic, followed by a linear rate. In this region , the interstitial d i f fus ion of oxygen into)
t he base metal increasingly dominates .

The oxidation of t i t an ium alloys is s imilar  in character to the pure metal ( Reference :39F
‘rhat is , at the more elevated temp erature , interst i t ial  solid solution diffusion of oxygen plays a
major role in t he oxidative process. Substitutional alloying agents , as t he a stabilizers ,
a l umin u m , t in , zirconium , and t he ~1 stab ilizers , si licon , vanadium , molybdenum , etc., vary t he
kinetics  of oxidation. Shamblen and Redden ( Reference 40) followed the internal surface
embri t t lement by microhardne ss measurements on several titanium alloys ; among them Ti
SA I - l V - l M o , as well as unalloyed t i tan ium.  In general , t he depth of diffusion was proportional to
t he amount  of subst i tut ional  alloying agents .

:38
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Coated Specimens Oxidation Rates

\ I : ihn ‘l bt ’ rnu u g r a v i n i e t r i c  A n i i l v s u ’-. ) ‘l ’GA) I f l i t  was  ) isl’ ’l  t u u  s t c i d ~ ) f u e  h igh  t l ’nu ~s ra tc ) r * -
—. T ! i l u ) l u I v  u u f  t - h u . . n u i u n i - n i ol~- 1id enuni  coa t ed and uncu ~ itt ’d A\ ls  - 1911 ~l uec- t  - ‘I ’ he i - u u a t i n g  ~~ u-
I)l a t l -u l  u , t l t u u  a by i t )  b (( .03 cm thi ck A\1S 49 11 t u u  a t h i ckness  of ap p r o x i m a te ly  ( ( 0 4 ( 1  u - f l u .

‘ - c i t i n g  d i f f u s i o n  was c und uc ted  at M I S ’  ( - 
I 15(51°F) f u u r  I hour  in v a cu u m  and then  t ho -  ( - uu ) I I i n g

-- N glass  la-ad peened. Smal ler  sect i n s  ( I  h~- 1 ( -m l  were cut  i r lum th i s  panel sic t h a t  I
5 ) 4 -  i~~ C I  did not exceed the  1 gram elect r oh alan ce m a x i m u m  ( ‘apaci ty  - For comparison , an

l t u u .  c i t e d  sheet ‘ .3  AMS 4911 wa~ likewis e -  peened and cut  i n t o  s i m i l a r  s I / i d s e ( t i u ) f l s .

\~ i - c g h t  ga ins  were i n d i v i d u a l  lv nionit ored us ing a recording elect robalance for aI ) I ) r ux in h a le -
1 I l u u o c r s  ‘l’ht- r es u l t s  are sun i rn a r i -j ed in Table 16 and Figure s  27 and 2~~.

)solci tiu un r a t i o  at 50) ) ( ‘  9- il I ’ )  d i d  n u t  seem to depend uti w h e t lu i - r  t he  spe (- imc- n s wo-re-
u - ; c t . - u l  ir  it i& - c. cu t e-ul In ( a u t h  ~-asi ’s . th e -  r a t e ’s  were lu ~ s and shou t l d  the ’refore n u t  i i i l 5 t ’  any

- ‘ - I  r u t n e - t u l  ci l  e - t t i - .  t o  A t  ~) 4 4 (  ( , I III ’ d i t f e - r e - i i i e s  I tet w t-o- n coated and unc cua ted  sP e( ’Im(-n° l ) e ( -anie -
cc - r i  i- yu le- nt - I he- (‘ r - \ l u u  - u u a t ed p le ’u - t ’ s  were’ s t i l l  o x i d i z i n g  u l t ul isi , t u u  t h e  ra te s  shuuw n for  5) 5)  ( -

I 1 1 11  F i . s~ h u h -  u i n -oated t i t a n i u m ) u . x i d u , e - d  at a much  g r e a t e r  r a t e .  Ra i s ing  the  t em pe ra tu re  I ) .
7 ( 4 4 )  I - 

i I 11)1’ 1- ohucw e’d an u- s - t c  l a rge r -. u - I c ; 4 r ; i t  u . n  bet we-en ( - liMi ted and u i n t - u ) a t e ( i  t i t a n i u m  - ‘l’he
- c i  s~ _ o — I c -  -~~ I ;  t e u  improve ’ the ’ ‘ . x i u l c u i  i t )  t u ~~l s t i u t i u 1 c i t  t } u u . s e -  t e m p e r a t u r e— s .

I F u s e  r e o ci! d e n u u . inc-. t r a te ’  i t .  in u l ur uu v e- d - -x u l c u l  i s .  ‘.ta h i l i t ’, of u hruu innm nm .rnu u lyh d en ur n
- - u i - c l  ) l t a t l ) u i u u  u u ’, .-r  I i i .  c l i .  - c u t u -u l c u l l u u v .  I t  a l u p i - u r o  I 4 -  u i se t u i l  t e rT ~pe’r a t ) i r e  range rii .u ~ lie
s t  oi le d by ah ’ o i l  4 4 )  ( ‘  c c c  F i  s he-n unIv - -x i l a t  tu tu l i m i t s  t h e  a p p l i e a t i u u n  t t ’rn jw ra t  cc r e - °

I AH 1.E i ;  ()XU)ATION OF AM S 49 11 W 11’H AN!) Wl ’I ’HOU’I ’ ( ‘H R OMIUM -
\1( ) l .YHI ) E NL M ( ‘u..vl ’IN(;

.4 h.eolu te
Samp le Weight , Time. Weight Gain . Rate of Wt. Gain .

( ‘ u. at un g m g  Te rruper atu r e . “U ( °F) minutes mg/ ag cm mg/sq cm/mm
No 116 4 74$ ) ( 129 2)  25 7 .587 - 10’ :3.035 ‘ 10°

79 2 265 10’ 2 5,4)7 10’
166 3 321 ‘ 10’ 2.001 . 10’
307 5.045 10’ 1. 643 ‘ 10°

Yes 129.2 700 (1292) 77 2 46.) 1)) ’ 3.198 10
177 5.112 “ 10’ 2.888 ‘ 10
277 7.66(1 a 10’ 2.765 ‘ 10
399 1.04 1 10’ 2.609 - 10

N.. 1 1 7 : )  600 ( 11 12)  54 4.368 ° 10 ’  5 .089 1 0 ’
344 1 .626 a 10 • 4.726 10
597 2.439 a 10 4. 085 10
914 2.997 a 10 3.279 10 i

L282 4.562 * 10 I 3 559 * 10
Yea 131 I 3)00 ) I 1 1 2 )  266 1.133 a 10 ‘ 4.260 ‘ 10p 748 8.498 X 10 ‘ 1.136 10

1,381 1.813 a 10 ‘ 1.313 a 10°
N.. 101 9 500 (932) 24) ) 1.076 x 10 ‘ 4.485 a 10

360 2.272 a 10 ‘ 6.312 * 10
540 4,904 x 10 ‘ 9.081 a 10
780 7.296 a 10 ‘ 9.353 a 10
900 8.492 a 10 ‘ 9.435 \ 10

1, 130 1.100 x 14.) ‘ 9.737 a 10
Yea 122.5 500 (932) 90 7.606 a 10 ‘ 8,451 X 10 ’

210 1.648 a 10 ‘ 7.847 x 10
330 2.535 a 10 ‘ 7 683 a 10
510 4.310 a 10 ‘ 8.451 a 10 - ’
690 6.338 a It) ‘ 9.186 ~ 10

1,404 1.014 x 10 ‘ 7.223 a 10
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Figure 27. Oxidation Rate of Coated and Uncoated Ti 6A1-4V
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Figure 28. Oxidation of Coated and Uncoated Ti 6A1-4V at 700°C (1292°F)
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WEAR RESISTANCE

‘t h e ’  c - Fur -  . t uu  c u t tu  i i i -  s F i u l e - t u i m i n  i i  -c u t u t u g —  were ’ evaluate d l u u r  s i - a r amid  f r n - t  ional  pr uip e ’rt it ’s ‘ t i

ci F’ .c i u - ~ s~~’ ,e r t e s t i n g  c u .  u rn’ , ‘l iii — e qu i p m e n t  lute s receis-e(i t m n u v c ’r s a l  a(-(- t- plan (-e ’ l i s  a meth od for.. r u-e-tc ct u g we-ar u ’ . - c i ) c ! t - o  Vu lithe- re-suits ui re- not alwa s -or re l a t ab le  t c u  in—servic e e ’uu nd i t iuuns . it du ,e ’s
pr ovi de- a ‘. . . t t u e- w ha t  i - o u t  r o l led nue ’t hod u u ~ material s corn j icuru. ~..ti in providing fixed speci m en

‘t o u - I  rv -

‘I he Falex wear t e s t i n g  ma ch ine  is shown in Figures 29 and :10 . A 0.635-cm d iamete r  p uu urn a l
p i n )  us  rot ui to- d  u g i u c l u —  ts ’,.. stat iuuria r y V—hlocks tcu give a four-line c’ontact - The- test ~ne -e-s and

t }t e ’ i r  su ip l a i r t  it lg  ( c i w s  c u r e -  imme ’rse ’(l in t he- oil sample ( ‘UI) or run dry .  (‘ u u a t  t u gs iur  dr fi l m
‘ t i n . c u l t ) —  t u u  he’ f ive - s t  u g c u t e ’ d  reside- lull  pins and/or \ -hlocks . ‘I he Pi l l is r u u t a t e d  c i t  29) ) rpm an(i

ci huua c i  Is appl ied t u u  the-  V-blocks  t h rough a nut  -cracker  th -t ion k’ver arm and spr ing  gauge- . i’he
- ciii i — cip p lie- d by n i l - cu l t s  u uf  a r a t c -h e- t wheel nue’chanismn that al s i .  m a y  he used l u  ind i c a te ’  wear

l i k e -  ci t t uie ’ruumet er. At u I ~~ - t . . i c  h advance- on the  ra tchet  whe-el is  equal t u i 0 ) 5 ) 2 5 4  cm i f we ’ar .
c-nt ri’ load arm c uss e - nc b l v  us free t i  ro ta te -  ab uuc mt  the main shaft , an d t n t - )  ic u n de-v elcuped during the
I c- st  i - ’ shu uWil in inch- pe uund s c m t h e  t cu rque  gauge.

I n the ’  t e - ~t tnt -I hu ud select ed , t he- V - h lt ick  I t tad  was in -r e-ase ’d un -r e -mental  lv t i c cu urd i ng to the
.u - h i -d . i he -  ~u s u -n in A~~I \ l - I  )-2h27 , I’ ru u e - e d u r e~ .-\ .  I t  ( ‘ u i t i s t s t s  uu f  r u n n i n g  tw o o t c u t i t u n a r y  \ -h l t uc - k
—l a’c u lm ’ns again st  ti r c . ) c u t i t i g  pin u n t i l  a sharp increase u t  1 , h I  Nm ( I ) )  in -lb ) in st e ad y - sta te -

-r Ip  m e c r  p in  brea kage- i s  cx peri ence-d - A pre scri l)ed schedule i t t aw I. ued appl i ca t ion  and dwe l l
t i m e -  i l l  t h e  r , t c i t  m u g pi l l  u— tu i l l c u w e d : 3 minutes at 13(5) N p lu s i m i n u t e  at 222 ) ) N p lu s  1 n u i t l u m t e ’
,u t .).0( N p lu s  445() N u n t i l  f a i lu re .  Run-out  t ime at the 445) ) N level was set at 30 m inu t e s .
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Brass Locking Pin

i— Journal (Pin) Revolves at 290 rpm

V Blocks
Ii) i i

Figure 30. Fxp loded Vieu ’ of V-Blocks and Journal Arr angement , Falex Lubri-
cant Tester

The pins used in this  evaluation were Ti-6A 1-4V; the V-blocks were either ‘l ’i-6A 1-4V c)r ANI
1137 steel. MIL-L-23699 aircraft tu rb ine  engine lubricant was used where lubr icant  was specified.

The test results are compiled in Tables 17 an d 18. In most instance s/ the t i t a n i u m  alloy
blocks were ve at~d witb a 1% molybdenum coating although some were tested as-received
)u n -oated I.

TABLE 17. FALEX WEAR TEST IN AIR

Test Ma tu ’rta l ( ‘ ombination ’ Time To Failure At Specified Load
1330N (3(N ~j ~() 2220N (500 1Sf) m33ON (750 1Sf ) 4450N ( 1(445) 15/)

S t E EL. V-HLO( KS/I’ itamiium Pine

I Hare ‘t itanium 3 mimi , Failed
2 l.ube B Coated Titanium 3 mimi. I mimi. I mimi . 12 mimi.

1% Mo-Ur/760(’ -:3 hr W ith

Vapor Blast )VH)/Lube H 3 mimi, I m m .  1 m m .  44 mimi,
4 1)uplex - VH/1.ube A 1 mimi. Failed
Ci 1)uplett-VH/I.uhe H :1 mimi. I mm . 1 nu n. 20 m m .
Mi As pleted :t mimi. Failed

Tf l A NI I . M  V Hl.O(’Kfl’ iianuum Pins

7 Hare Titanium - m m .
- - ‘1 8. l,ube B (2) ~ mimi.

1% Muu/57eX’ - I hr With
I) Perned I m m .

10 l’eened/l .uhe H I mimi.
II Peened/I.uhe H 3 mimi. Failed

N. tea

I Failed indicates ‘eamplea failed while the jaw load was being imicreased from one level to that level where Failed
appea rs

2 1)uples ’ refers to twi, coating cycles being conducted on the part . After the initial coating was applied, the surfaces
were vapor blasted and replated/diffused as with the first cycle,

1 I’reatmi-nt refe rs lii pimia omily.
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TABLE 18. FALEX WEAR TEST USING MIL-L-23369 OIL

Test Material Combination ’ Time To fai lure At Specif ied Load
1330N (300 1Sf) 2220N (500 1Sf) 3330N (750 1Sf )  4450 N (!0(%) 1Sf)

STEEL V - HLOCKSiTitanium Pimis

1. Bare Titamiium 6 to 4 3 m m ,  Failed’
30 5cc,

3 mimi. Failed

1’ Mo-Crt76OC-3 hr with

2 Vapor Blasted 3 m m ,  1 1 30 m m .
:t , Peemied 3 mimi. 1 1 30 mimi.
4. Duplex-Peened 3 m m ,  1 1 30 m m .

I,~? Mo-Cr/870C-1 hr with

5. As Plated 3 m m ,  1 1 0.5 mimi,

3”, Mo-CnI76OC-3 hr with

Mi. Vapor Blast 3 mimi, 1 1 2.5 mimi.
7. Peened 3 mimi, 1 1 12.5 m m .
S. Dup lex Peened 3 m m .  1 1 30 mimi.

TITANIU M V-BLOCKS
(1’~ Mui-Cr/760C-3 hr)/Titanium Pins

1”; Mo-Cr/760C-3 hr with

9. Peened 3 mimi. Failed
10. Peemied 3 m m .  Failed
II. Vapor Blast 3 mimi. Failed

:1’ . Mo.Cr/760C-3 hr with

12. Peemied 3 mimi. Failed
13. Peened’ 3 mimi. Failed

Nc , te,e :

I - Failed undmcatea samples failed while the jaw load was being increased from one level to the next higher.
2. Bare titanium,
3, Treatmemit refers to pins omily.

Wsar Test Results (Air)

As expected, bare titanium did not fare as well against itself as it did against steel.
Chromium-molybdenum alone did not substantially improve the wear resistance unless it was
used in conjunction with a dry film lubricant. The dry film lubricants evaluated were both
synergistic combinations of molybdenum disulfide and antimony triozide, In the case of Lube A
a silicone binder is used which makes it susceptible to fuel and/or oil degradation. The Lube B
material uses a thermoeetting resin binder which is not affected by hydrocarbons.

Lube B did significantly improve the wear life of the titanium alloy against steel. When
applied over a duplex coated chromium-molybdenum coating, the wear life was further
improved.

All of the results generated using titanium alloy V-blocks, even with the dry film lubricants,
showed much shorter lives than previous tests. Since P&WA is presently using chromium-
molybdenum coating against i tself and with Lube B in a highly loaded spherical bearing, the
results obtained with this combination in Falex testing are difficult to understand. Tests using
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t i t an ium V-blocks with Lube B coating against steel pins showed similar short lives. Apparently
the stationary line contact loading characteristic with V-blocks is significantly different from the
sweeping line contact against the pins. Therefore , a somewhat modified loading cycle or test must
he conducted on these combinations in order to get suitable results.

Wear Test Results (MIL-L-23369 Oil)

Bare t i t a n i u m  against steel failed this test , sometimes before comp leting the 3 minu tes  at
the  lowest load level. All of the chromium-molybdenum coating systems seemed to substantially
improve the  wear life a l though 1’~ Mo-Cr wi th  a 3-hour 760°C diffusion -vc le generally appeared
better  than  either the 3(’~ molybdenum coating or the higher diffusion temperature treated
specimens.

Figure 31 shows the appearance of the specimens after testing. The specimens in that  figure
were selected to i l lustrate the vast improvement in wear life possible with the chromium-
molybdenum coating on t i t an ium.

Uncoated
Run 0.5 Mm at 1330N (300 lbf)  Run 30 MInute: at 4450N (1000 lbf)

1’O

Figure 31. (‘omparison of Bare vs Chromium-Molybdenum Coated Ti 6A1-4V
Pins Wearing Against Steel

As with the air tests, chromium-molybdenum coating life against steel V-blocks was
markedly better than when tested against titanium V-blocks even though the V -blocks were

‘P chromium-molybdenum coated. This is again explained by the test configuration and loading
seq uence just not allowing valid testing of this material combination.

EROSION RESISTANCE

The ability of aircraft components to withstand erosion by airborne partic les, such as sand
or dust , often bears a direct relationship to performance and life. For this study, l~’ and 3’.
chromium-molybdenum coatings were applied to 8 by 8 by 0.25 cm specimens of Ti 8Al-1V- lMo
alloy. These coated specimens , along with uncoated specimens, were im pinged by a hig h-velocity
stream of 27 micron aluminum oxide particles. Each test piece had sufficient surface area to
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I t - r t t l I t —~‘~ t ’r al  i t — i  r i i t i —  ,-\n ~~ W h i t e  Model I” I n d u s t r i a l  A i r b r ~m s i v - I l i lt  gt ’t i ( ’r at e ( l  th i -
i t t i p i n g i n g  p a r t i t - l es a~ l l ’ i - .t r a t ed  i n F igure  :12 , In t h i s  rig. sma l l  d i a t n m - t m ’ r  abras ive  p art  ii I t~ arm-

t i i t - t e r eil n t  a ga~ ~t r m-a tn  Thm ’ ab rasive i~ con ta ined  in a ‘. bra t  ing r m ’ s t - r v r m i r , ,-\t  c o n s t a n t  gas
p rm - —— rc . t he a t t i i m t i n t  of m h r : i ~ i~’ t - t a t t e r e d  in to  t h ~- s t ream is a f t i n ( ’ t  i imn of t h e  v i b r a t i n g  i i tt t .’t i s i t ’~
if ibm- rm ’~ t-r~ ir. So len mmi d i .p t ’rat t - i I  va lves aI lm ’~ ac -curate c - mi n t  rol i i i  gas! ahr ~m si ~ m ’ f low n ecessim rv for

r t - j . r ’ m l m i m - i iilt’ resiii is w i th  — h i rt dwel l  t - ~ t p~~m - e expo sures. A h r a s i v -  f l o wr a t e  t h r o u g h  the  () , () fi 6 ( ‘in
n e -h d i a t n e t e ’r  m i r i f i c t -  n m . , , l e  was ) i . .~2g. t ui t i when the Propellant gas (n i t rog en  I pressure

— i - I  a t  ( ) . Ii~ $ \I Pa 1 ( H )  p slg I-’l wra t  e. nozzle diameter , and gas pressure r t -n i a i n ec l  c o n s t a n t
d u r i n g  t h e  te s t  st -r u ’ s Eac h — i t t ’  ~ i~ imp inged  for  1( 1 seconds at eu her mit  tw o im p i n g e m e n t  angles:

d i g  an t i  9)) deg relat  vt- to  t hi ’ p lane of he coated s u r f a c e .

~t ’ve- ra l  means if d e t e r m i n i n g  or charac ter iz ing  erosion r esist alice were considered , Tht-
iii’ st t i l ni mon lv u sed is  we ight  ii iss: however , when coatings are not the sa me densi t  v or (10 flmm t

i — — i - — —  a constant  dens i t y  a t -r i  iss t h e i r  e f f e c t ~-e t hi -kness ( such as ~Ii fI used coa t ings ) . w - i g h t  miss

m a n  he- m i — l e a d i n g ,  Vo lutne  loss h~ di re ct measurement  was not possible e x p e r im e n t a l l y , nor was
ca lcu la ted  vmmlum e h iss which depends on an ac-curate d e t e r m i n a t i o n  of ’ c o a t i n g  dcti ~ i t v  - In  th i s
efli mrt - ~ t’ chose t o  msse-ss ermms ion h~’ t r a c i n g  t he  erosion s i t e  wi t  Ii a sur face  p ro l i l i mmet e r .  This
t i n t hod p r m w i d t - s  a t w o — d i m e n s i o n a l  view i t  t h e  si te  f r o m  whic h erosion depth c-an he read d i r e c t l y
I Figure :1:1) ,

..\ ( ;~cdd Mmm del I i( Sur lan a lvz er  s u r f a c e  pr i i f i lo me t er  was used I t i  measure t h e  depth  of
cr~~I , n  a f t e r  ea( ’h test , Flit- resul t s  of these tests  are summ ar u z e i l  in l a I ) l e  19 . a long w i t h  the
i - r i —i mm ) i it ’p. h mea surement s ,

,- \ t  i b m -  21 ) - deg i m p i n g e m e n t  angle , all  it the  coat ing comp o sit ions and d i f f u s i o n  cycles
re t imi t - e d the erosion r a t e  I i i  approximatel y half that of the  uncoat ed a l l i i v s  At t he  9( 1-deg
i mping e -  n i t -n t  angle . alt hi ugh t he  en ms ion rates were general lv greater , t he coat c’d samp les agal ii
m - x h  h i t  ed on lv ha If t he eros im in rate of unc -o at ed samples ,

‘I hese resul ts  d em m i nst raft’ that the chrom ium—mmilvhdenum co a t ing  u n  t i t a n i u m  al lu  vs
i t  e r —  -.u i h s t a n t  ia l erosion pr i i t e ( ’t  ion to these alhmvs.

HIGH-FREQUENCY FATIGUE

F’. in many  appl ica t ions  of coated l i t  a n ium a lk m v s , it is import  ant  t h a t  t h e  coat ing not
uo mpr mumi se  mec han i c a l  pr opert ies . Ear l ier  tes t ing  of Ti SAl. I V - i  \I. at -l~ 2 ( - 

~() f l )  - F ) w i t  Ii
n i t  at ing beam specimens has shown t h a t  ch romium - rno lvhd ent i  mu does nut redu -e the f’i i t  i gue
s t r eng th ,  F igure :14 l )r c ’se ’nt — i i m i ’  ‘ i t  t he  data  iu- -um u la t ed  hy lt &WA tin ch romi t im - n u u u l y h d e n u m
and ot he ’r i - o at  ings . T iduran ’~, a n i t  ride type  (-( tat ing, caused suhst ant  ia l  r edt i ct  inns in the  f a t i g u e
st rer i gt  h much  of wh i t - h  could be regained by peening or vapor 1) 1(1st ing to remove- hxu se corrosion
products , E l e e - t r m , les s  nu -kel  also caused a s igni f icant  reduct ion in fatigue s t r e n g t h  whi l e  bot h

— 
anod i z ing  (as described in Reference 3) and chromium-  m i u l v h d e n t im  com it ing did not catist ’

—. 
red mi ct  ion. i’he major d i sadvantage  with t hese test s is thc’ re’lat ivelv small  area m i t  t h e  sp ecimen
b eing t este ( i .  The hour-glas s shape (‘oncc’ntrates the stress in im ne  lot -at ion , To avoid t h i s  condi t ion
and t o allow the ’ testing of relativ ely large e’ mated areas, a c ons t an t  stress f ’al igue’ specimen was
st let -ted f i r usc- in th is  p mrt nun cml the program.

SpecImen ConstructIon

Figure 3r1 i l lus t ra tes  the  general shape and dimensions of the  specimen selecte’d. As seen
from t h at f igu re. t he st rain remains constant throughout t he’ gage’ section a l lowing  the  tes t ing m m f

- o a t m t m g s  over a large area. ‘I’he s t ra ins  were measured by st r a in  gages pla ce d i t s  shm~ n,
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TABLE 19. IMPINGEMENT EROSION TESTING OF CHROMIUM-MOLYB-
I )E N t T M COATED AMS 4916

Depth of Ero~zon , m icrons
Imp ingement Ang le

Spe’u-unn n Descrtp f ton ~~ deg 20 deg Equipmen t P ar ameters
Incimated 12 

~ av Test Rig: 55 White Industrial
I’i-S-I-I 9 9 Airhrasuve t nut Model F

:3’ . Molybdenum ~ 4 5  av , 3.5 avg Nozzle to Specimen Distance: t~~
) cm

Tm ~~~ ’:) hr 4 :t (0 . 75 in .)

i’ Moly bden u m ~ 5 av. 3.5 avg Ftuiwrate: 0.52 g/min,
7go( ’/:I hr 7 4 Nozzle ID: 0 ,066 cm I I .i) 21i in,)

i’ Molybdenum 4 
~ av . Hopper Vibrator Setting: 2 units

91K)C/ 1 hr 4

(10)
Chromium MolybdenumUncoated

~~ (6O) -

—. 
400 -

C”
E

-“.

(50)

Anodize
Co TM Peened
~ (40)

~~~~~~~~~~~~~~~~~~~~

cfr kel
C
I-

(30) TIDU

200 —

P

1 i i i w )  1 1 1 1 1 1 1(~~~~~~~~~~~~~i I

104 105 i08 iø~
Cycles

Fl) 6B4.)IA

Figu re 34. Effects of Coating on High Frequency Fatigue Strength of Ti
8A1-lMo-l Vat  482°C
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(‘hr imitim-numlyhdenum (‘m u t t  i tugs were plated only cml i  mine side m i f t he  f a t i g u e  SI) e( itTit ’i i  5(1
any  improvements in the strengt Ii which  migh t  be realized f ’rmm m the heat treat would he n tm ted  as
that , rather than an effect of the coating system, Fur ther , w i t h  m inis -  mm ne  side coated , post tm - s t
in spection can iden t i f y  th e side m i t  f a t igu e  fa i lure  m i r ig in .  ‘l’his i n f o r m a t i o n  provides added value
to studies such as th i s , inves t iga t ing  the  e f fec t s  of coat ings  nfl f a t i gue strength.

FatIgu. T..t Risu lts

Table 20 presents a complete sum mary of the fatigue teat results. From the initial series of
tests on uncoated specimens at 25°C (77°F) a stress of 379 MN/rn’ (55 ksi) was selected to test all
the coated samples. This stress should always result in a specimen failure but not in so short a
time that coating effects cannot be determined. Raising the test temperature to 315°C (600°F)
reduced the life of uncoated specimens as expected. Figure 36 illustrates all the results tabulated
in Table 20. Generally a slight reduction in fatigu e strengt h could be noted at either room
temperature or 315°C ( 600°F). The 760°C/l~~ Mo coated specimens ran longer at room
temperature than uncoated specimens and a v ;  Mo coated specimen with no diffusion cycle
lasted longer when tested at :115°C ( 600°F) than did the other specimens. Comparing all the
resu lts of coated specimens with an uncoated S/N curve and the 97,5~ minimum regression line
commonly used to account for experimental  error (Fi gure 37), indicates no obvious reduction of
fatigue st rength. However , since most failures on the coated specimens originated on the coated
side ( Figure 38) it  appears coating had some effect , probably related to either microstrain
differences in coatirg/base metal combinations or vacancies created by interdiffusion . For-
tun a te l v .  this effect is so small that other less sers itive test methods would probably not have
detected this difference and it should not he of a major concern .

TABLE 20. HIGH-FREQUEN ( ’Y FATIGUE RESULTS OF CH RO MIU M-MOLYRI ) ENt ’M
COATING

}3aae Material. AMS 4916
‘ t eat i’emperatur ea 25°C (77°F) and 315°C (t ~E~Fi
(‘ yc li c Stresa Frequency- 100 Hz

i’emperature , Str e~~, Mo ( ‘ootmng , Diff us ion Cycle ,
‘( ‘ ( “F)  M N / m ’ (ksi)  “~ “C/hr c’ycl ea Re~u l t ~ -

25 77 1 379 155) . I . 10’ Did N i t  Fail
25 477 )  482 4 7 1 ) 4  - - S I 10’ Failed

(77 1 448 (65 ) - - 1 6 10’ Failed
25 77 413 (60 ) . - 138 in’ Failed
25 177 4 4 i:) 460 ) - - 1 54 - 10’ Failed
25 77 :379 (“'S) - 3 76 10’ Failed
2~i (77) :344 5 )F ~)) I i )  1(1 ’ Did Not Fail
25 77 37)1 isr.i - : 17 . 10’ Failed

:3 15 4)5 * 1) ‘(79 (55) . 1 .42 10’ Failed
:115 ()5E :344. 5 (50 ) - I 5:1 10’ Failed
:;is ~~~~ 34-4,5 (50 ) - 2 76 ° ID’ Failed
:tis i tgin :144 .~, (50) - I 74 ‘ tO” Failed

25 3 77) i7il (55) I 715)/ i I (1 - 10’ I)id not Fail
25 77 4 (79 55) 1 760/~( I )  10’ t) id Not Fail
25 1774 (79 (55) 1 MIS/I 1 92 10’ Failure Orig in- ( m a t e d  Si,).-
25 3 77) :379 (55) 1 MIS/I I 95 ii)’ Failure Origin. (‘mia te d S it.-
25 177 1 :379 (55) 1 57 1/ i  1 9 0’ Failu re Orig in: ( ‘ mm at e d Side
25 (77) :379 (55) 1 57 1/ I 15 1  ‘ In’ Failure Origin: (‘umat ed Side
25 77 4 379 (55) 1 927/1 1 :32 10’ Failure Origin- ( mm stm-ml Side
25 4 77 1 (79 (55 ) 1 927/I I ~ 3 - II)’ Failure Origin (‘ oat e d Side

- . 25 1774 :379 (55) 1 871/1 ‘ 59~1/M 2 Di 10’ Failure Origin (‘ mm ~ i m-iI S i ) ’
25 1771 (79 (55) I $71/I • .59~/$ 2 0$ . ID’ Failure Origin. ( ‘m ma t e d Side

:3 1 5 4)5* )) t79 )55) I 715c3 9 49 10’ Failure Origin: (‘ mmete d 5 d m’
:tl ,5 (6(E) 179 (55) 1 760/3 6 49 It)” Failure Origin. Roth Siih’t.
:315 (64*)) :379 ) SSi - I 0 - Itt’ Did Nit Fail
(I S (64*)) ‘(74 ),,55) :1 57 1/I  + 5~ 3/8 104 . It)’ Failure Origin. Ru th  Sum) .- ”

:315 (64E) :379 (55) 3 760/3 9 6 ‘ 10’ Failure Origin: I~ mt h Sides
( iS (6(E) :379 (55) 1 $71/I • 593/8 7 5 10’ Failure Origin - (‘ umat e d St ilt-
(IS (6(5)) 379 (55) t M7 l i i  • s93/s m; 2 30’ Failure Ori gi n. (~~~~~( Su it-
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315°C 0 ~ Room Temperature No Coating
1% Mo Coating

á 760°C/i hr

0 0 ~r 760°C/3 hr
815°C/i hr
870°C/i hr

A A  927°C/i hr
870°C/i hr

m 590°C/8 hr

3% Mo Coating
o- No Heat Treat

o 760°C13 hr
870°C/i hr

0
I 

590°C/8 hr
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Figure 36. Effects of Coating and Diffusion Cycle on Fatigue Strength of Ti 8A1-J V-IMo
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Figure 37 Effect of Chromium-Molybdenum Coating on Fatigue Properties of 7’~
SAl-I  V-IMo‘
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• _

Failure Origins

S

- Coated Side

Magnification: 5X

Figure 38. Typical Fracture Faces of Fatigue Failures

FRETTING.FATIGUE STRENGTH

Under conditions of fretting or galling, the optimum coating may not be the one which
exhibits the best fatigue strength. Wear characteristics as well as effect on fatigue strength must
be considered, Earlier testing conducted on a P&WA developed fretting.fatigu e test system which
assesses the resistance to wear of a coating system in terms of the reduction in fatigue strength
due to a standard set of wear conditions (fretting), showed substantial improvements possible
with a chromium-molybdenum coating. The test specimens consisted of a cantilever beam 12.7
by 1.27 by 0.254 cm (5 .00 by 0.500 by 0.100 inch) long. The test rig exposed the fatigue specimens
to a 50 ksi bearing load applied to the location of maximum vibratory bending stress. The rig
permitted controlled elevated temperature operating while providing closely controlled bearing
loads over a predetermined specimen area. Figure 39 illustrates some of the results obtained with
this previous testing. A modified version of this test was selected for use in this study to permit
the evaluation of different bearing loads.
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Fi g ur m ’ .~ 9, !~r ( ’ttin~’-F a t l A ’uf ’  Testing of ( ‘oat~d Ti /I A I- 1 V- lM n at ‘1/.5°C

Specimen Pr eparation

Fhe test specimens (‘(insisted of a Ti ~A 1-1 V - I  Mo bar 1.27 cm t f t5  in . )  b~ 12.7 c m (f ~ in . )  b~
i i  2/u i i-rn ( ( ( .1 i n . )  t h i c k .  (‘natings were applied on both sides using the  estab li shed procedure s .
I)rv f i l m  l ub r i cant s  were used over the ( - h r mm mi u m -m oivh denum coatings since previous test ing
had sh m mwn t h i s  tm i  he henefi -ia l.  The test unit  consisted of the equipment dep icted in Figure 40.
F r e t t i n g  occurs tinder the  spring loaded clamps while  the  specimen is fat igued by bending.

Experimental Results

l ah i e  2 1 summarizes  the  results of all the f r e t t i ng - fa t igue  tests. Uncoated specimens were
run wi th  hear ing stresses ranging from I to S ksi without sign i f icantl y changin g the results. Two
( ‘mi m l ) mis i t  inns mm i c h r om i u m - m o lyb d e n u m  ( ‘(matings ( 1 u ’ ; and 3”; ) likewise had l i t t le  effect on the
re sul t s  wi th  or with out dry f i lm lubricant s . Specimen inspection (F i gure 41 ) indicated no
signif i ca nt f re t t ing  or metal transfe r had oe-curre d in spite of the fact tests conducted on previous
progra ms produced frett ing.  Apparently , the onl y d i fference between these t ests was the
St *( ’imflefl stiff ness; previous specimens were slightly thicker than the ones used in this test . To
t -mm nf ’irni t he results were not dependent on fretting, one specimen was run with out  any coating
and wit hout any applied bearing stress. With  an al ternating stress of 344.7 MN/ rn ° (50 k s i )  th e
specimen failed after 1. 32 by 1U~ -vcle s. This was wi th in  experimental error of results obtained
wit h pin loaded specimen and confirmed no effect was being caused by the 8pplied bearing pins.

1’ Al though this test method did not provide additional data on the fretting resistance of the
chromium-molybdenum costing system , it did lend further evidence to no fatigue strength losses
o(-cur l-ing f rom the coating process . Previous testing under the higher loading conditions did
demonstrate the improved fretting resistance obtained by using chromium-molybdenum coatings
on ti tanium alloys.
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‘FABLE 2 1. FRE1I’ING FATIGUE TEST RESULTS

All specimens were annealed prior t.o coating at 593 °C ( 1100°F) for 1 hr

Lube B Diff ii..~ion • Bearing Streu, Alternating Streaa ,
.‘if uu 1m m ( m m Q t i n ~ Vapmur Blast ( ‘oated Treat rnt ’nt MN/mn’ (ks i)  MN/rn’ (~si) ( - wrlm ’s . H ert z Result s

1 X X X 17 .2 2. 5 )  344.7 (50) t 7  - It )’ Failed in gage.
X X X 17.2 2. 1,) 310.3 (45 1 1.13 - 10’ Failed in gage

I N X X 17.2 ( 2 . 5 275 . 5 (440 255 ‘ 10’ Failed in gage .
N N X 17.2 (2.5 ) 241. 3 351 1,0 lm) ’ I)id not fail.

:t N X X 17.2 (2. 5) 110.3 (45 ) 1.39 10’ Failed in gage.
:1 N X N 17.2 (2.5 ) 275.8 (40) 5 .29 - 10’ Failed in gage.
1 N X X 17.2 (2.5) 344.7 (50) 1.86 ‘ 10’ Failed in gage.
3 N N X 17 .2 ( 2.5) 24 1.3 (35) 5.7 ‘ 10’ Failed in gage.

17.2 (2. 5) 344.7 (50) 9.8 - 10’ Failed in gage.
6.9 (1.0) 275.8 (40) 3.02 10’ Failed in gage.

X X 17.2 (2.5) 344.7 (50) 9.0 • 10’ Failed in gage .
N X 17.2 (2.5) 379.2 (55 ) 2.02 . 10’ Failed in gage.
N X 17.2 (2.5) 310.3 (45 ) 7.9 ~ 10’ Failed in gage.
X X 17 .2 (2.5) 275.8 (40) 7 .0 ‘ 106 Failed in gage.

X 34.5 (5) 344.7 (50) 1.45 x 10’ Failed in gage.
N 34.5 (5) 275.8 (40 ) 1 • 10’ Did not fail.
X 17.2 (2.5) 275.8 (40) 1 10’ Did not fail .
X 17,2 (2.5) 344.7 (50) 1.53 x 10’ Failed in gage .
X 17.2 (2.5) 310.3 (45) 3.4 10’ Failed in gage.
N 17.2 (2.5) 310.3 (45) 3.19 x 10’ Failed in gage.
X 17.2 (2.5) 379.2 (55) 7.6 - 10’ Failed in gage.

0 344.7 (50) 1.32 x 10’ Failed in gage.
t ) i f t u s , m m n  t reatment  $71 (‘ I i6(Li°F),’l hr + 593°C (1 100°F)/8 hr.
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Al terna ti ng Stress

/ 1.45 x 105 Cycles
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~

V-F 1% Cr-Mo Coating) 871°C/ i hr

/ + 593°C/8 hrs
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/  50 ksi

/ 66.7 x i04 Cycles

El) ii.1532

Figure 41. Surfac e Appearance of Fretting-Fatigue Specimens After Testing at 316°C With a
34.4 MN/rn 2 (5 ks i) Bearing Stress Applied
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SECTION Ill
CONCLUSIONS

COATING APPLICATION

A c  hrOtIl i( l l I i.f l lmulV )t(It’lltitIl ~)latil1g ~m iI t i t j t m i t  t~~as ( l ( ’Vel m) I)t’(I ( ( m f l t ( l j i ) j ! l g  m h r m , r , i u -  ii id ,
(l!1)lIlmii(i(1l1( fl~m) lv lm ( bi t (’ , 1111(1 s t l l f at (’  l im it  t -a t alvsis . It p rmm d u t - ed  ( l ( ’ J ) m ~ — I t  ~. ( ( u l l i a  n i n g  I ’
mm u!  vhd cn t i n t .

2 Ano the r  pl a t ing pr (m t -e ( lur e .  usin g p er omdic on-o t t  cur rent  cy c l ing ,  ii wr -asetl t itt’ i t i m m l v l m m 1 e i t ~i t i i
i - m u t l t t ’ f l t  t o  3(’; and p rmmdm ice d  l in e  grain  ( l e I ) m isi t s  p r o v i d i n g  if Il l) rm(Ved tu ur r mm st ( m l l  res lstant’ (’ .

:t . ( m , n t r m i l  m ) 1) 11th surface  p r e l ) ar at  ion (111( 1 l ) I a t i ng  par at n et ( -r s . such as t t l i u I I l t ( i i i l i l l g  t ht
~u m l i i t  ion between :15 and 40°( -

. were essent ia l  to  o b t a i n  sat i s t ( o - l m m r \  1l ’l m~~lt ~

-I . A t t e  r d i f t t i ~ion at t e t n l w r i m t u r e s  a h m v - 700 (’ t he  ( ‘( m a t i n g s  ( l e rn ( m n s t rn t ed  e xc e l l e n t  adhm ’~ im mrt
t m u  t he thr ee alloy s in v e s t iga t ed . Ti S A l - t V - I  Mo , ‘I’i ) iA l-4 V and ‘l ’i hAl - ( V  - 2~~n

A l t e r n a t e  coat ing  r n e t h m m d s  such as spu t t e r i ng  t -ait he t15t ’(l (mu m ) l ) t a i f l  h ig her cm ou - en t r a t  i m mn ’ ~
iii molv I)(Ie t i ll  ni -

COATING PROPERTIES

‘I .  The a s .pmate d  e m m a t i n g  increases the thresho ld stress for  hot salt stress cmmrr os ion  c r a c k i n g  at
from belo w 275 M N / n1 2 to above 413 MN/rn 2 . A f t e r  di f ’fu si mn at or a }xu ~ e 7(iO ( - t he

- m m a t i n g  did not provide the  same protect ion.

2 Elt her of t he  de pos - I cm an p msi (ions , 1 “~ or 3(’ molybdenum , red ut-ed t he  r m m mm te l l )  pera UI r e
crm ,smo n rat e to ha i l  t h a t  of t he  uncoated alloys.

1. (‘oal ings pr otected t i t a n i u m  a l i m m y  substrates from m m x i d a t  ion at t empera tu re s  above 5( s)  ( -

~i :1 2 °H.  The us e ful  operating temp erature of coated al h mvs  may he increased by 1( X ) ( ‘ when
un Iv oxidat ion s t a b i l i t y  l i m i t s  the useful application temperatures .

1. ( ;t ’nera l lv , the  ~~ mol y bdenum deposit diffused at 7ti4 ) ’ (‘ fu r :1 hours provided bet ter  weal -
resistance to titanium alloy s than  the 3’ molybdenum deposits mmr the  higher t empera tu re
di fhis i o i i  ‘-veles . These results indicate the LlfldiffU sed coating layer provides the hulk of the
wear resistance while the  d i f fus ion  layer is necessary only to imprm iv e adhesi u mn.

5. Furt her lubricat ion wi th  e i ther  oil or dry fi lms improves the  wear resistance.

COATING EFFECTS ON ALLOY PROPERTIES

1. \mmn e of the chr mrntum-mnlyhdenurn alloy coating systems reduced the fatigue strength by
mitre t han 3’ , regardless of the diffusion cycle used,

2. ‘l’he ( ‘ (m ating systems improve the frett ing-fatigue strengt h of t i t an ium alloys .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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SECTION I V
RECO MMENDATIONS

I’he secm mnd phase of this study sh mu l d be started and include:

1. Wear tests , s imilar  to those conducted in th i s  report , m m n the  h igher
molybdenum containing sputtered coatings.

2 An evaluat ion of the hot-salt  stress corrosion resistanc e of dup lex coated
specimens , rep lated a f t e r  in i t i a l  diffusion , to see if both adhesion and st ress
corrosion resistance can he obtained.  Ident i fy  the pro tec t ive  mechan ism.

SI . ( ‘omplete the  evaluation of laser diffusion processes inc luding metall o-
graphic examination of processed specimens.

4. Evaluate  the  extent of distortion caused by the 760°(’ d i f fus ion  process on
close tolerance parts.

5. (‘onduct fa t igue and notched fat igue tests at up ( m m  5)5)  ( t932°F ’L

6. Assess the fret t ing-fat igue resistance of coated t i t an ium using a different test
met hod.

7 . (‘onduct stress rupture , creep, and tensile tests to assess the effects of the
coati ng process on these properties ,

M Evalu ate the effects of coating thickness on wear resistance and identify wear
mechanisms.

‘- ‘ ---
p
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APPENDIX A
C H R O M I U M -MOLYBDENUM
APPLICATION PROCEDURE

1.0 SOLUTION M A K E U P

1 . 1  Se l f -  H ( ’ g u l I a t  l u g  l ’l at  t ug  t~at h

( ‘ b r m m n i i c  At - id .1)) u i / gal 3oo g/l )

\ lo lvbd enum det~ m s it - I t )  t i /gal  75
:\ l l t t l t m m u l u i m  M m m i v b d a t m ’  I N l I , l~ \1o~( ) ., - 4 H 2( )

:~~ . \h m lvh d e r i t i ir i  c le p ums i t -  12 . 4 ; u u i - g a l  (5 g I

1 . 1 . 1  l) i ssolve t he  chrmmm n -  tn -id in deionized water  at room tempera tu re .

1. 1 .2 I ) i ssm l~-c the  arn n i on i ij rn  mo lvb dat e  solution in deionized water at hI ) ‘ (  - S ( -

( l I f t  F 10°F’ ) .

. 1 S1 Add the  ammonium molybdate solution to t he -hrom i - nt -id and bring t ip  tm
t he  operat ing level.

1 . 1. 4  Adjus t  t empe ra tu r e  m m t  p la t ing  solution to 1~ ( ‘ ± 2°C ( 1 ( X ) - F ’  ~~5’ I” )

1.2 V a j x mr Hlast

\ m v i t c t i l i t e  2( 5 ) 2  48t )—72 0g/ l (4 to Ii tb/gal )
A n t i s o l i d i f v i n g  ( Smmpou n d I l:I g/22 .7Kg (4 oz/~0tb abrasive
(‘ orrosion I n h i b i t o r ’ 4 mI/ I  ( 15 mI/gal )

1 .2. 1 Fil l  t t ink t m m about of operat ing level wit Ii w at er .

1.2 .2 Add abrasive sk mw iy  whi le  c i rculat ing pump  is t in .

1 .2. 5 ) Add ant  i s i m l id i l v ing  compound.

1. 2 . -I Add -mm rro s ion i n h i b i t o r .

1.2 . 5 Fill to operat ing level.

1. 3 Etch Soluti on

Hydrof luor ic At - id (48’ s I 2i mi/I (8 mI/gal l
Sm id ium ( ‘hroma t e 11 .7 m I/I ( 1.5 uz /g al)

1 : 1 . 1 I) issolve the  required amount  of’ sodium chromate in deionized water.

1. 3.2 Add required amount  of hvdroulu ori c acid.

id •
5~)
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2.0 PROCEDURE

I NI (Nk area nm it to he plated w i t h  su i t ab le  st u p - u  I f  l acquer

2.2 \ apor blast surface to be plat ed w i t h  wet abrasive at I )  4 t u u  (( .7 NI I’ u ( S( t u  1 ( X )  psi )

2 .11 Rinse t hu r ou gh lv  in clean r u n n i n g  water .

2 . 3. 1 ( ‘leaned surface must  not he allowed t u u (I rv p r u  ‘r to l) l a t  ing.  Sn h m e r g m  Part  ~ti

deionized wa ter .

2.4 Et ch I u u r  S to 10 seconds to produce c’hrome conversi on c o a t i n g

2. 5 stng lead anodes , immerse part in p la t in g solut j u  ufi w i th  current ‘‘oil’

2 .6 Raise current to 11. 7 AS!) (0 .75 AS!) for 2 . 5 m i n u t e s

2. 7 I ’lat e at 467  ASI) (3 .))  AS !) for 110 minu tes

2. 7 .1 ‘I’u deposit a (u molybdenum concentrat ion , periodicall y in t e r rup t  cu r ren t  1
sec-ond on, I second off at 46 .7 AS!) ( lI t ) AS !) for 5 ) ))  m inu t e s .  ( N It - - st 91. 5
g/1 ( 12. 6 oz/ga I )  of am inon ium mo lvh dat  e make-  up s m ul u t  i o n  in ci fl j t i f l t t  mt

wi th  periodic in ter rupt  method. )

2. $ Rinse thoroughl y in deionized water

2 .9 Heat treat in vacuum at 760°(’ f~r 3 hours

( I I  ) ( ) p t i m m n )  glass bead peen or vapor blast surt~ ces.

N( iI’E:
I (  n i ted ( ‘ h r o m i u m  , SRI-I S (‘H 110
‘Vapo r B l a s t i n g  N l f g .  ( ‘ m m . N V H  #2(K)

\ apo r Blast N t t g .  (‘o . . No-I ’ak
Rm- illy.Whitema n-Wa l ton Co ., X61.6() water condi t ioner

- ----
p
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A P P E N D I X  B
METHOD FOR D E T E R M I N I N G  THE EFFECTS OF HOT -SALT

STRESS CORROSION ON
TITAN RiM ALLOYS

1. SCOPE

‘I ’his section describes the procedure f~ r determining the effect  m f ma te r ia l s  and ~~~~~~~~~ 
mot i

—I r cs- ( - m ( r r ( m s i on  of titanium test pieces.

2. APPARATUS

2.1 Stress (‘orrosion ‘I’est Specimens: Ti 8A l-1 V -l Mo sheet , var iab le  length 0. I t )  (( . 02

c-rn th k -k , I . 2 S  cm wide.

2 .1 .1  Stress wi l l  be calculated hir the specimens using meth ods described in
Reference 20 .

2. 2 Spec imen Hmd der:  Figure 42.

2. :) Oven: ( ‘ i r c u l a t i n g  a i r , capable of heating to and main ta in in g 4~0°( ’ l u  C (9 ) 5 )  -

1 ) )  I ’ )  h mr 1( 5) hr .

2 - 1 NI a r t  oscope: ( ‘apable of I OX n iagnif icat  ion.

2 . 5 \ I i c r u u s v r nge: (‘apable of measuring 150 i 5 mk-ro l i ters .

2. h Sodium (‘hloride Solution: :I~ aqueous solution of sodium -h lor id e prepared wit h
d i st i l l ed  or demineralized water.

fl 0.5 ± 0.08 cm
1.8 ± 0.25 cm

Material: Nickel-Base Alloy or Nickeiplated ,
Type 300 Series Stainless Steel.
Finished Dimensions After Plating

8.9 ± 1.0 cm

t 
_

0.6 ± 0.02 cm 0.6 ± 0.02 cm —
~~~

‘-
~ ~

“
~~~~

-

r~~ 13.970 ± 0.013 cm
I- mu i i  ‘ u ’ ,

• I- ’:,,’ur c -12. .S( r i s s  ( ‘orr oswn Sf) ( ’( ’imCfl Holder

hI
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3. PROCEDURE

:1.1 F’uo r  ( ‘ h r m t m i u r n  ‘NI(m lvhde ’ ul nl (‘oated Specimens

‘1 . 1 .1 ( ‘lean t h e  test  —po - - i r l l t ’ n s  and a ( ‘ui ntro l  spec inien ( r o u t  t r eu j U- u li ~~i t l :  ( O u t ! ’

( s e  w h i t e  gIoRm’ ~ om r  t h e  eq u i v a l e n t  when h a n d l I n g  sp e c i m en’. lu j u r o ’~~u

C ( t i l t  ant  m a t  im ill

1 . 1 .2 Rend t h e  test ‘.~ o t u  men~ and one control .speci men fit u u t he  speci men Ii ml i le r

:1 . 1 . :) Place It t )  lu n ’ i ( ’r u f : t e r s  m m f  3% sodium ( h h o r i d e  s i m l u t i o n  f rom a r r i u - r m ~~~r lnge
onto  an apprm i x i  mat  clv 1-inch long section ui eat- h spec imen . ‘!‘he su m iu l  o i l

should be p laced ne ar the  center and on the convex side of the  ~~~t ’ r i o t-

1 1. -I D r~ at ~u to 91) (‘ , A solid residue shall remain on the specimens .

:1 .1 . 5 Place the  holder w i th  the  ‘l’i 8A l - I V - I M o  specimens into a clean c i r c u l a t i n g
air  oven at t he  desired temperature for 1(X) hr .

S ) .2 !“m m r  Al l  O ther  S u r f a c e  ]‘reat  men t s

3.2 , I (‘lean a con t ro l  spe cimen (not  t rea ted ) w i t h  ac - e tm o ne.  k ~~~
, w h i t e  gloves u ur t he

equival ent  when h a n d l in g  sp ecimens to prevent c o n t a m i n a t i o n .

:1.2.2 Rend the  test  spe c i rr ien ’.  treated with the material or pr ouc ’c’~s being t ested mi nd
o n e  control specimen in t o  the specimen holder.

3.2. :) Place the holder wi th  the ‘I’i ~A l - l V - 1M o  specimens into a clean c i r cu l a t i ng
air  oven at the  (lesired t empera tu re  for 1(X ) hr.

4.

4 . ! Examine the specimens at 7 to l o X  f u r  breaks or obvious cracks while they are s t i l l
in the  specimen holder.

4.2 Test is invalid if  control spe -irn en dues not break (or show obvious cracks. Repeat all
tests u s ing new c ontrm d and test specImens.

.1. :) It’ control or test specimen shows no breaks or cracks , remove from the  holder and
treat as follows.

4. 3.1 Vapor blast the  specimen.

4 . 3.2 Immerse the specimen into a solution of: 5 parts nitric acid , one Part
hy drof luoric acid and one part sulfuric acid at 50 to 65°(’ for 30 sec or u n t i l
excessive red fumes are liberated , whichever comes first.

4.:;.3 Immediately rinse the specimen in running water and dry .

4 : 1 .4 Examine the specimen at 7 to lOX tbr cracks.
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5. RECORDING AND REPORTING

lu I l ’ o’”l Spo’c m n im ’ n  S h m m w i i t g  Breaks m mr (‘ rin ks: l(t’ ’mord 101(1 report , ‘ ‘ l est s l m O ’ i  h u r l s  s h u u w
( ‘ vm ( lo ’nce t o t  bro o k ’ .  t o r  o r -k ’ .  ‘ l o s t s l m o ’ o ’i men s f a i l  t o m  Pass t i m e  st r t-ss c murruu ’ . i u u n t est

l u2  h- ’.t 5Peci i ln I1 ~ hm wi n g  N u u  F;vi deit t t ’  o t t  ( ‘ racks: Reco mrd i i u i t i  re f i mo rt , ‘.1
ia’ .’. t h e  ‘.t r o - ’ . — ( ‘u o r r m m s i u m n  U — I . ’

0 ‘m u f l t r u u~ N oo u m n i e r t  ~‘iIi u u~~-’. “.~i m l”~v idenct ’  ool  ( ‘ r acks : H o - i - o u r d . ‘ ‘l e’.t n o t  v a l i d ,  ( ‘ t u r i t r u m l
r r i t ’ r i . ., ‘ . h m u~ I t m u  t’~ itlent’i ’ t o l  i - r u k s .

‘ 1
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