
The Coating of Metals with Titanium Diboride by 
Chemical Vapor Deposition 

This study is an experimental investigation of the chemical vapor 

deposition of titanium diboride on metallic substrates by the hydrogen 

reduction of TIC4 and BC1 at temperatures between 850'~ and 1100~~. 
3 

Kovar, tantalum, and sever& stainless steels were found to be suitable .- . . 

substrates since they could withstand' the deposition'temperature, had 

adequate resistance to HC1, a by-product of the deposition reaction, and 

had thermal expansion coefficients sufficiently close to thst of TiB2 

(S 10 x ~o-~/oc). The TiB2 coatings produced were - -  S 8 . q  - - Ti and thus near 

stoichimetry and had very low impurity content. They had Knoop hardnesses 
2 averaging 3300 kg/mm and exhibited extraor dinar y erosion' resistance. 
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Titanium diboride i s  a very s table ,  high melting.point refractory.  It 

has a high thermal conductivity, low thermal expansion, and as a r e s u l t ,  

good resis tance t o  thermal s t resses .  I n  t h i s  respect,  it is  superior t o  

most oxides and carbides.' It i s  an extremely hard material, and i t s  hard- 
2 ness i s  . not . as  temperature-rlependent as most other  re f rac tor ies .  - . I t  has 

good chemical resistance,.particularly a t  high temperatures,and i s  unaffected 
3 by most acids, molten metals, and nonbasic s lags  &d salts. . It has b e t t e r  

oxidation resis tance than the  carbides and n i t r ides .  Table I summarizes i t s  

propert ies  and compares them with those of other  refractory materials.  4,5,6,7 

Not only are these propert ies  of considerable s c i e n t i f i c  in t e res t ,  but 
. -  . . .  

they a l so  make titanium diboride a promising candidate for  many engineering 

applications where conditions of erosion, corrosion, and high temperature 

a re  found. Because of i t s  refractory nature, however, high puri ty,  dense 
. . . 

TiB i s  d i f f i c u l t  t o  prepare. The common preparation processes a r e - l i s t e d  2 
i n  Table 11. 5'8 The major drawbacks 'of these  processes a re  the  need f o r  

very high temperature i n  most cases and the  production of impure mater ials  

which lead  t o  . . .  considerable degrada'tion of t h e  pro-perties. I n  addition, . . .  . . 

with the  exception of the fused salt e lec t ro lys is ,  these processes do not 
. . eas i ly  lend themselves t o  the fogation of coatings'. 

High pur i ty  coatings may be' achieved by another process--chemical vapor . . .  

deposition (CM). The reactions leading t o  the  CVD of T i B  were inves t i -  2 10 gated as  f a r  back a s  1931 by ~ o e r s '  and more recently,  b y  Walther and 

several  others. * ~ h e s e  invest igat ions weke generally l.&nited 

t o  the formation of powder or  the  coating of graphite i n  the t ~ p e r a t u r e  - ,  

range of 1250' t o  1 8 0 0 ~ ~ .  A t  these temperatures the use of  metal substrptes 

is. severely r e s t r i c t ed ,  since 1nos.1; comoll a l loys would e i the r  melt o r  undergo 

excessive grain growth o r  other damage. To broaden the po ten t i a l  o f  T i B  
2 

coatings, it i s  es sen t i a l  t o  develop a process t h a t  does not  require  such 

high temperatures and i s  compatible with metal substrates .  . . . . . 

This study was then designed with these objectives: .- (1) the  invest i -  

gation of the CM of TiB2 a t  temperatures below 1200°c, (2) the systematic 

investigation of potent ia l ly  compatible metal substrates,  (3) the analysis  

.-. of the physical propert ies  of the  T i B  coating and t h e i r  re la t ionship  with 
2 

the CVD parameters. 



Thermodynamic Considerati'ons 
, . 

The chlorides of boron and titanium a r e  generally considered more s u i t -  

able  than the other  halides fo r  CVD of  TiB2.fi,12,13,14 The gaseous synthesis 

of TiB2 i s  according t o  the  reaction: 

It is  a lso  necessary t o  consider t h e  formation of the  respect ive . . . .. 

metals by hydrogen reduction: 
- ... 

The f r e e  energy changes f o r  t h e s e . t h r e e  react ions a re  i l l u s t r a t e d  i n  

Fig. 1. 13315'16 For react ion ( l ) ,  these changes become negative a t  approxi- 

mately 925'~; f o r  react ion (2), above 2700'~; and f o r  react ion (3), above 

approximately 1 2 0 0 ~ ~  (although values i n  the  l i t e r a t u r e  a re  not i n  complete 

agreement). It i s  therefore l i k e l y  t h a t  belov 1 2 0 0 ~ ~  reac t ion  (1) would be 

iiotninant and the  formation of f r ee  t i tanium may be reasonably ru led  out. 

The CVD k'r&cess' i s  als.0 governed.. t o  a . la rge  extent  by k ine t i c  fac tors ,  and 
. . .  

t h e  thermodynamic predictions must be viewed accord&ly. 17 

. . 
. . .  EXPEBllawrAL 

CVD Apparatus and Process 

The CVD apparatus is  shown schematically i n  Fig. 2:' The sample was 

heated inductively i n  a f'used s i l i c a  reactor .  I n  the  case of  nonmagnetic 

materials,  a s t e e l  susceptor was used a s  t h e  sample support. A Pt  -10% Rh 

 thenn no couple sheathed i n  a f'used s i l i c a  tube was placed i n  contact with the 
. . 

sample. The temperature was control led t o  2 10'~. Great ca re  was taken t o  

exclude a i r  from the reactor  since some of the  metals used, tantalum i n  
. .,. par t icu lar ,  have great  a f f i n i t y  fo r  oxygen. 

, . The gases were fed t o  the  reactor  through mass flowmeters. Argon was 

supplied from a l i q u i d  Ar  tank and was passed through a ge t t e r ing  furnace 

before enter ing the reactor  t o  maintain an impurity l e v e l  of l e s s  than 

0.1ppm of O2 and H20. The impurity l e v e l  of hydrogen was maintained a t  
. ._ l e s s  than 0.5 ppm by passing it through a heated Pd diff'usion element. 



BC1'  was supplied d i rec t ly  from a cylinder with the following impurity 
3 .  

analysis:  S i  < 10 ppm, C 1 2  < 100 ppm, CoC12 < 900 bpm. ~ i ~ 1 ~  was metered 

i n t o  the  reac tor  a f t e r  passing through a vaporizer a t  150'~. The ~ i ~ l ~  had 

the  following analysis: Fe < 1 ppm, S i  < 20 ppm, Sn < 100 ppm. The T i C 1 4  
' 0 - .  

l i n e  was heated t o  135 C t o  prevent clogging. 
. . . . 

The reactor  was evacuated t o  l e s s  than 0.01 t o r r .  1 t . w a s  then back- 

f i n e d  and flushed with hydrogen. The sample was heated t o  the  desired 
- . -  

deposition temperature and the hydrogen flow was maintained f o r  20 minutes 

t o  clean the  sample surface of any res idual  contamination. The reac t ive  

gas mixture was then introduced and maintained f o r  1.5 hours. The sample 

was  cooled t o  room temperatures i n  flowing argon. 

Substrates 

The substrates  used in t h i s  study included N i ,  Ta, Kovar, and Types 304 

and 446 s t a in les s  s t ee l .  Properties 'of these materials a re  l i s t e d  i n  

Table 111. The Ta and Kovar samples-were approximately 5 x 1.25 x 0.3 cm 

and all other specimens were disks 2.5 an i n  diameter and 0.6 cm thick.  

Surface preparation consisted of ul t rasonic cleaning with isopropyl .alcohol, 

' a  l i g h t  &brasion, and a' second ul t rasonic cleaning. The sample was then 
. .  . . - . . .  . . 

placed i n  the  reactor  without delay. 
. . 

.. ' 

Parametric Study 
. . 

I n  addition t o  the evaluation of the  substrates  l i s t e d  above, the  

following deposition parameters were investigated: 

1. Temperature of deposition from 850'~ to. l150°c .' .. . 

2.  as r a t i o :  the flow . of . ... TiC14 and B C 1  was maintained constant 3 
at the  stoichiometric r a t i o  of 12 m l / m  t o  24 ml/m, respectively, 

Three hydrogen flows were investigated: 360 ml/m,  800 ml/m, and 

7200 ml/m. . . - . . . ... . . . . .  
. . . . , .... .. . . . ., .,. . . .+.,..- . . ?. . . . 

, .... , .. . . . . 
Hiirdness and ~ r b s i o n  Tests . . . . - :. 

The samples were cross-sectioned and polished through 1 p diamond 

paste  using standard metallographic techniques. Microhardness t e s t s  on . . 

t he  coating edge were then conducted using a Knoop indenter with a 100 gm 

load, 
- .  



' .  

Erosion t e s t s  were conducted on the  coatings w i t h  an S.S. White Model 

C "Afrbrasive" uni t .  50  Al 0 was used as  the abrasive and the  impinge- 
2 3 

men% angle was 45'. Several addi t ional  mater ials  were eroded a s  standards 

f o r  comparison of r e l a t i v e  erosion resis tance.  These include a WC 15% Co 

. s in tered  carbide and Types 30k and 316 s t a i n l e s s  s t e e l .  Tests were run a t  

room teinperature i n  a i r  with 2% R.H. Specimens were eroded f o r  a t o t a l  of . .  . 

25 minutes. During the  t e s t  each specimen was periodical ly  weighed t o  deter- 

mine weight loss .  Ultrasonic cleaning i n  acetone preceded every weighing. 
. . . . 

Weighing repea tabi l i ty  was f 0.0001 gm. 

RESULTS. AND ' DISCUSSION 

CW) C~ndf  Lions - 
Table IV summarizes t h e  CVD conditions used i n  t h i s  study. In low flow 

condition (molar r a t i o  ~ ~ / [ ~ i ~ 1 ~ + 2  BC1 ] -10 f o r  a t o t a l .  flow of 396 ml/m), 3 
d e p ~ s i t i o n  was accorupanied by the formation of vapor, pa r t i cu la r ly  i n  the  

vicinity of the heated sample,and a powdery purple deposit was formed on 

the reac tor   all.' This'would indicate  a ce r t a in  amount of gas phase 

m l e a t i o n ,  whieh is  to be expected when.gas velocity- i s  low, and the 

gases may be heated t o  react ion temperature before coniing in contact  

with  We heated substrate.18 P a r t i a l  decomposition of TiC14 a l so  occurs 

t o  fom the  purple solid Tic1 Under these conditions the IIC1 formed 
3' . . .  .. . -. 

a s a  product of' react ion (1) remains i n  r e l a t i v e l y  high concentration 

new the surface of the  subs t ra te  and r eac t s  with it i f  the  temperature 

is sufficiently high. This temperature appears t o  be 950'~ f o r  446 s t a in -  
. less steel, 1000% for 304 s t a in l e s s  s t e e l ,  1 0 5 0 ~ ~  f o r  KO-, and 1 1 0 0 ~ ~  

fop nf&eL. Tantalum was ~ ~ n a f f e c t e d  a t  'my temperature. 

. A t  t h e  high t o t a l  gas flow (7236 ml/m), there  was l e s s  vapor and l e s s  

yakclwy &posi t  on the  reac tor  w a l l .  Because of the  high gas veloci ty ,  

. ..' vapor phase nucleation was l e s s  l i k e l y  than a t  low gas flow; furthermore, 
. . 
E3- tias swept awqq in t he  gas stream a s  soon a s  it fomed. The various 

subs t ra tes  s t i l l  suffered HC1 a t tack  (with the  exception of tantalum), but  

the  upper temperature l i m i t  where a t t ack  begins was 50 t o  100'~ higher than 

low 88s flow. These r e s u l t s  a re  i n  general agreement with eqe r imen ta l  

. .  tesults reported i n  the l i t e r a t u r e .  . .. 
19'20 Chromium i.s more r ead i ly  attacked 

. . 



. by H C 1  than e i the r  iron, n i cke l ,  o r  cobal t ,  which explains why 446 s t a i n l e s s  

s t e e l  (27% ~ r )  i s  more readi ly attacked than 304 (18% ~ r ) .  
. . , - 

Effect of CVD Conditions on Deposition Rate 

Table TY shows the e f f ec t s  of deposition temperature on the  r a t e  of  . . . . 
. . 

deposition o f  the TiB2 coating. A t  850°c, the  r a t e  i s  r e l a t i v e l y  slow; it . . 
0 

increases t o  1000 C and appears t o  remain constant above 1 0 0 0 ~ ~ .  The t o t a l  

gas flow a lso  has an e f f e c t  on the r a t e  of deposition, although t o  a l e s s e r  

degree than the temperature. A t  low gas flow (396 nil/m), the  r a t e  is  approxi- 

mately 5% higher than a t  the high t o t a l  gas flow (7236 ml/m). It should be 
. . 

pointed out tha t  the flow of BC13 and TiC14 always remains Constant and only 
- 

the  flow of H2 varies .  These r e s u l t s  a r e  i n  agreement with previous 
. . 

11,13 studies ,  

Substrate Requirements 
. . .  

The CVD of TiB2 p l a c e s l i m i t a t i o n s  on t h e  type of metal subs t ra te  t h a t  

can be used. The metals must meet three prerequisi tes :  a b i l i t y  t o  withstand . . 

t he  deposition temperature, res i s tance  t o  HC1 a t tack,  and low t h e k a l  expan- 

sion. Low . - melting point metals a r e  not su i tab le ,  and of the  s t e e l s ,  those 
. . . . . . , . 

t h a t  do not go through a phase transformation below the depositibn tempera- 

.. , t u r e  a re  more desirable.  
. . 

. 
. .  O f  t he  materials l i s t e d  in Table 111, only Ta, Kovar, and 446 s t a i n l e s s  

* 
s t e e l  proved sui table .  Nickel was marginal and generally yielded cracked o r  

spal led coating. ' Type 304 s t a in l e s s  s t e e l  yielded highly-cracked coatings. 

There i s  a d i r ec t  re lat ionship between the respect ive coef f ic ien t  of 

thermaJ expansions of TiB2 and the  subs t ra te  and the  res idual  s t r a i n  i n  the 

coating. When the  r a t i o  of the two coef f ic ien ts  i s  e s sen t i a l ly  one, a s  with 

.Kovar and tantalum  a able 111), t he . coa t ing  does not crack on cooling due to 

'thermal s t resses .  With 446 s t a i n l e s s  s t e e l ,  the  r a t i o  i s  s l i g h t l y  higher, 

y e t  not enough t o  generate s igni f icant  s t r e s s ,  and the  coating i s  a l so  f r e e  

of cracks. With nickel, the  r a t i o  i s  approximately 2 t o  1 and the  coating 

shows a network. of s m a U  cracks. With 304 s t a i n l e s s  s t e e l ,  t he  r a t i o  i s  . 

3 t o  1, spa l l ing  and cracking i s  severe during cooling and fu r the r  spa l l ing  

* Note: Low carbon s t e e l  (1018) was successfully coated l a t e  
. . i n  the study a t  800%. 



- occurs when the sample i s  scratched o r  machined.. A s  expected, these e f f e c t s  

. resu l t ing  from thermal expansion differences become l e s s  pronounced a s  the 

deposition temperature i s  lowered. 

Coating Composition and Morphology . . .- 

The TiB2 coatings produced a r e  very pure. Electron microprobe analysis  

showed a T i  content of 68.2 ' 1.3 wt%, t he  balance being B (by difference) .  

h i s s i o n  spectroscopy showed a very low l e v e l  of impurit ies  a able v). These 

composition r e s u l t s  a re  i n  excellent agreement with the stoichiometric compo- 

s i t i o n  of TiB2 which is  68.8 wt$ Ti. 

X-ray d i f f rac t ion  analysis  yielded l a t t i c e  parameters of  a = 3.0283 5 

. O w  a and c = 3.2292 2 .001 A. These values a re  i n  excel lent  agreement 

with those reported i n  the  l i t e r a t u r e .  5'7'24'25 Both x-ray and SEX4 analysis  
. . 

ind ica te  a very small c r y s t a l l i t e  s i z e  on the  order of 50 - 300 with the  
' 

l a r g e r  s i zes  .corresponding ' t o  higher deposition temperatures. - 
The morphology of the  coatings changed strongly with deposition temper-' 

- ..-ahre. A t  temperatures above 100oOc, the '  coatings consisted of  a coarse 
. . 

. ..modular s t ruc tu re  . - with rodl ike appendage? . . . . .  . ,  (Figs.,. . ;3.a,- ha) .  Below ~ O O O ~ C ,  the 
. . . . .  

. coatings were smoother and no rodlike s t ruc tures  were present (Fig. 3b). A 

. TiB coating deposited a t  850'~ on 446 s t a i n l e s s  s t e e l  was r e f l e c t i v e  and 2 
lacked a nodular s t ructure.  

- 
, . 

Hardness and Erosion Resistance 

Microhardness of hard inaterials such as  TiB is a d i f f i c u l t  2 
. t o  measure. It ' n r i e s  widely with indentor load and usudlly a range of 

, '  values can be found i n  the  l i te ra ture .26  I n  t h i s  study, Knoop hardness of 
2 . the TiB2 ranged from 3722 kg/m f o r  a 77 p coating deposited a t  850'~ on 

2 
Type 446 s t a in l e s s  s t e e l  t o  2724 kg/mm f o r  a 25 p~ coating deposited a t  

1 0 5 0 ~ ~  on Kouar. . cracking of the thinner coatings no doubt leads  t o  
- .  spuriously low hardness values. The typ ica l  average hardness of 2300 - 

2 
3306 kg/m agrees wel l  with the measwemelits of other  invest igators .  

@able I;). 



under severe erosion conditions, TiB coatings on Kovar had weight 2 
losses  averaging times tha t  of a WC-15% Co al loy.  Most of these weight 

, losses  were i n  the i n i t i a l  stages' of erosion when the ,  abrasive removed. loosely 

bound T i B  . nodules. The 110p and 1 0 5 0 ~ ~  coatings on Kovar f a i l e d  ea r ly  i n  
2 

erosion; These coatings were not adherent due t o  HC1 a t tack  a s  discussed 

previously. The 900, 950, and 1 0 0 0 ~ ~  coatings showed outstanding erosion 

resis tance.  The i n i t i a l  high weight l o s s  of the  950'~ sample shown i n  Fig. 4. 
...... . . . -+ . . . . . . . . .  - - . - .  - 

occurred during fractur ing i n  an area away fro= the  erosion area. .  

. . .  . . 
. . - .  . CoNCUlSIoNs . . 

- - . - - . . .  -. - - - - . . - - . 

This study demonstrated conclusively t h a t  an extremely hard, erosion- . 
. . 

r e s i s t an t ,  dense and adherent  coating of TiBa can be applied on metal sub- 

s t r a t e s  b y  chemical vapor deposition at temperatures as low a s  850'~ (and 

possibly-'lower). The choice of subs t ra te  i s  l imi ted  by the requirements of 

resis tance t o  the  H C 1  a t tack,  the a b i l i t y  t o  withstahd the deposition temper- 

a ture ,  and having a thermal expansion close t o  t h a t  of T i B  In t h i s  study, 
2 ' , .. 

Kovar, tantalum, and Type 446 s t a i n l e s s  s t e e l  were successrully coated and, . 
.undoubtediy, other  . , .  substrate  s h o d d ' a l s o  be sa t i s fac tory ,  such a s  molybdenum, 

. . .  

tungsten, and some carbides and oxides. It i s  a l s o  very possible  that.TiB2 

can be deposited on low carbon s t e e l s  and t o o l  s t e e l s ,  a s  indicated by pre- 

liminary experiments. 
-- - 

.Thus, .with i t s  unique erosion-corrosion res i s tance  and i t s  a b i l i t y  t o  

be applied on a wide var ie ty  of metals, it appears t h a t  chemically vapor- 

deposited T i B  is  an excel lent  candidate f o r  a wide var ie ty  of engineering . 2  . . 
. . . . . . . .  applications.  . . 

. . .  - .  . - -  
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. EIelting 
Material  . Point 

0, 

PROPERTIES OF SFXECTED REFRACTORY MATERIALS 
Table I - (Ref. 4,5,6,7) . . 

Density 
3 ~ / z m  

Thermal . . 
Conductivity j 

Thermal 
Expansion 

. ppm OC 
. . 

Vickers 
Hardness Oxidat ion 

Threshold 
i n  a i r  

O c  , . 

S i C  2250 - =.21 
dissociat ion 

"i203 2050 4.0 

T i C  

T i N  

TiB2 

. . . . . ,  . . . 

N m :  (1) There i s  considerable d i s ~ r 6 ~ a n c ~ .  i n  t h e  ,value of the  
'melting point from 26000~ t d  : 3 2 3 0 ~ ~ .  

(2) ' ~ e f e r e n c e  26 for  the hardness #2, except TIN ( ~ e f .  4). 



. . . . .- . . . .,%. 

Table I1 . .-.A, . . 
.- -- - .- .- - - .-a - . . .. - - . -- - . .- . . -. . .- . .- - .- .- . - . .- - - - , . -.. . . . . , - . . .- -- - . -. . -- . . -. . . - . -  .. . . 

PREPARATION PROCESSES OF Ti B2 . . 

. -. t.'?' 

. . , . 
0 '  > .  

Process Temperature C Purity ;. - 
. . 

~ - 
. 1300 to 2050 90 - 98% Direct union of the elements . . 

. . . . . .  - .  

Reduction of oxide with boron 1400 Unreduced oxide 
present . .-'. .. 

. .  . . . . . .  . . .  _ . . . .  . .  . . . . . . .  .: .... '. .... . , , . . . . . . . . . . . .  .. . . .  . . . _  . :  .., . . . . . . 
Hot pressing > 2000 .Impurities in 

powder mixture . . 
. -. , 

- Fused salt e1ectrolysi.s. . 1000 Carbon and bath 
. impurities 

. -  . .  

Electrodeposition' from. the 'oxide" '. ' 900 - 1100. ' - . ' ' ' Metallic impurities ' . . . .  . . .  
.. . 

. ., 
/ - 

-. . < . _ : .  
. . 

. . - - ... 

. . .  . - . .. 
. . ... . . - . c . I -  

. . ;. 
. . . . .  -.. 

. . 
i: . . 

. *  . . I  

. .  . . . - 
-. < . .. 

. . 
- .  .. . . .. 

- . .' 
.:' 

. . .  



Table I11 

, PROPERTIES OF SUBSTRATES FOR 
TiB, DEPOSITION 

Material  Composition Density . Melting ' Thermal Reaction with 
% @;/cm3 Pgint Expans ion HC1 

C 

Sta.inless 
S tee l  
Type 304 

Attacked above 
3 7 0 ~ ~  ' 

Sta in less  
S t e e l  
Type 446 

Attacked above 
370°c 

. . . . . . . 
~ t t a c k e d  it 
elevated temperaturc 

" N i  28 
. .. . . . 

co 18 
Fe 54' 

Not attacked 

Nickel . . 
. . .  . . .. 

Attacked above 
5 4 . 0 ~ ~  

Chromium Attacked 

Iron Dissolved i n  
d i l u t e  H C ~ ~ O  

Not attacked7 



EFFECT OF CVD ON DEPOSITION RATE OF TiB2 COATING 

Deposition Rate Total Flow Deposition 
Temperature 2 

. o  g/cm /hr x 
C On Kovar a On Tantalum 

NOTE: Flows of Tic1 and BC1 remain constant at 
4 4 3 

12 and 24 ml/m respectively. 



Table V 

COMPOSITION OF TiB, COATING 

Composition (Electron Microprobe) 

B Balance 

Impurit ies ( m i s s i o n  spectroscopy) . . . . .  . .  . .  . . . . . .  . . .  . . 
. . 

. . :. 

. . . .  . . . . . . .  . C r  . < 100 ppm . .  . . 

C a  . < 10-0 ppm 

Al none detected 

.Cu none detected 

Mg none detected 

S i  < 100 ppm 

.. _. . , Lat t ice  Parameters ( X-ray Diffraction).  

a = 3.0283 A 5 0.0009 

c = 3.2292 A f 0.001 
. . .  

LC - 300 A ( a t '  TD = ~ 0 0 ~ ~ )  . 

LC.< 300 A ( a t  TD = 9 0 0 ~ ~  ) 



i ! Fig.  1 - Calculated changes of f r e e  energy o f  ' 
i ' !  formation of t i tanium, boron, and TiB2, 

i by t h e  hydrogen reduct ion of t h e  1 . i 
: , chlor ides .  (REF. 13, 15, 16) ' 1 j , 



TiCl ' .  
. 'PRESSURE ' 4 , .  

. .  . EQUALIZER. GRADUATED 

TEMPERATURE 

. . CHAMBER 

WELL 

Xig. 2 - Schematic of  CVI> Apparatus 



Fig. 3 - Photomicrographs of TiB2 coatings 
deposited on Kovar. Deposition 
temperatures are (a) lOOOOC 

(b) 950w 



0 . 5 - 
. 10 15 20 25 30 

EROSION TIME (min-)' 

Fig. 4 - Erosion of TiB coat.ings as a funct ion 
of deposi t ion $emper'ature. 
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