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SUMMARY 

t i tanium n i t r i d e  coating f o r  graphite, prepared by 
deposi-ion process, pro-ected t e s t  specimens f o r  60 seconc 

the vapor- 
s i n  a super- 

sonic ceramic-heated a i r  j e t  with a stagnation temperature of approxi- 
mately 2,250° K. For $he same test  conditions, coated specimens showed 
no damage t o  the graphite body f o r  the 60-second t e s t ,  whereas uncoated 
specimens were very severely damaged a f t e r  20 seconds and were destroyed 
toward the end of the t e s t .  A discussion of the coating of these graphite 
specimens and of some of the conditions necessary f o r  the u t i l i z a t i o n  of 
oxidizable substances a s  oxidation-protective coatings f o r  bodies facing 
high convective heat t r ans fe r  i n  the atmosphere i s  presented. 

INTRODUCTION 

Graphite has good high-temperature strength i n  comparison w i t h  o ther  
mater ia ls  and has the cha rac t e r i s t i c  t h a t  its s t rength increases with 
increasing temperature up t o  about 2,750° K. (See ref .  1. ) However, 
th i s  mater ia l  i s  subject  t o  severe oxidation when i n  the atmosphere a t  
a temperature above about 1,2500 K. If graphite could be coated with an 
oxidat ion-resis tant  nonporous bar r ie r ,  i t s  high-temperature propert ies  
would be more capable of u t i l i za t ion .  

%me substances form protect ive scales which hinder fu r the r  i n t e r -  
act ion of the base mater ia l  with the atmosphere. 
i s  a highly e lec t ropos i t ive  metal and would rapidly oxidize i n  a i r  a t  
room temperature i f  it were not f o r  i t s  forming such an adherent, pro- 
t ec t ive  oxide scale.  Graphite, producing only gaseous oxides a t  the 
temperatures a t  which it rapidly reac ts  w i t h  oxygen, cannot form a pro- 
t ec t ive  scale.  

Aluminum, f o r  example, 

Various methods of cladding, plat ing,  and coating have been used t o  
keep oxygen from coming in to  contact with materials which require oxida- 
t i o n  protect ion i f  they are t o  be u t i l i zed .  One of the most v e r s a t i l e  
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coating techniques i s  the vapor-deposition process. I n  t h i s  process, 
a gaseous compound of the coating mater ia l  i s  flowed over the heated 
substrate and thermally o r  chemically decomposed; the  coating i s  then 
precipi ta ted upon the  substrate .  The coated product, i t s  density, i t s  
thickness, and i t s  s t ruc ture  can be varied by varying the flow ra t e s ,  
temperature, time of coating, and the r e l a t i v e  concentrations of the  
reactants.  The t i tanium n i t r i d e  coatings discussed i n  t h i s  paper were 
vapor -de po s i ted .  

The purpose of t h i s  invest igat ion i s  t o  show t h a t  graphite can be 
protected a t  elevated temperatures by a t h i n  coating of t i tanium n i t r i d e  
and t h a t  the protection mechanism involved i s  analogous t o  t h a t  of a h -  
minum a t  room temperature; t h a t  is ,  the surface in t e rac t s  with i t s  
environment t o  form an oxide coat which blocks fu r the r  rapid oxidation. 

SYMBOLS 

standard enthalpy of formation, t h a t  is ,  increment i n  heat  
content associated with the react ion of forming the  given 
compound from i t s  elements, a l l  substances involved i n  the 
reaction being i n  t h e i r  thermodynamically s tab le  modifica- 
t i o n  a t  a pressure of 1 atmosphere and a t  the given tempera- 
ture ,  kcal/mole; subscr ipts  I and I1 indicate  react ion t o  
produce n i t r i d e  and dioxide, respect ively 

a$ 

standard f r ee  energy of formation, t h a t  is, increment i n  f r ee  
energy associated with the react ion of forming the given 
compound from i t s  elements, a l l  substances involved i n  the  
react ion being i n  t h e i r  thermodynamically stable modifica- 
t i o n  a t  a pressure of 1 atmosphere and a t  the given tempera- 
ture;  the f r ee  energy change i s  the c r i t e r ion  of chemical 
spontaneity f o r  the constant-pressure, constant-temperature 
process, kcal/mole 

enthalpy of reaction, calculated from published ef data, 

f r e e  energy of reaction, calculated from published hF0 data, 

kcal/mole 
A% 

4 f kc al/mo l e  

COATING PROCEDURE 

The t i tanium-nitride-coated graphite models were prepared by the  
hydrogen-reduction var ia t ion  of the vapor-deposition process. 
ref. 2 . )  

(See 
In the process described i n  reference 2 a gaseous mixture of 



3 

hvdrnaen IH-1, nitrogen ( N g \ ,  and titanium te t rachlor ide  (TiCl4) i s  

passed over heated graphite, and a golden-hued t i tanium n i t r i d e  (TIN) 
coating i s  formed on the surface of the graphite. The commercial-grade 
hydrogen used i n  the present investigation was found t o  contain suf-  
f i c i e n t  nitrogen as an impurity t o  make the separate addition of n i t ro -  
gen unnecessary. The reaction can be idealized as follows: 

- - d - - - - - - -  \ L 4  . -. 

The mixing of the  reactant  gases w a s  achieved by passing hydrogen 
through the v o l a t i l e  l iquid,  t i tanium tetrachlor ide,  at  room temperature. 
This gaseous mixture w a s  then passed over a hemisphere-cylinder specimen 
( f ig .  1) of AGX graphite which had been heated t o  approximately 1,475O K 
i n  a quartz-tube reaction vessel  by an induction furnace. This apparatus 
i s  shown i n  f igure 2. Argon i s  used t o  purge the system before coating. 

The qua l i ty  of t i tanium n i t r i d e  formed, as judged by v isua l  inspec- 
t ion,  varied considerably with the par t icu lar  batch of t i tanium t e t r a -  
chloride used; thus, some modification of the operating conditions was 
necessary from time t o  time. 
used, with 12  minutes producing approximately 20 milligrams of t i tanium 
n i t r i d e  per square centimeter of substrate  surface.  The r a t e  of hydro- 
gen flow through the  system w a s  approximately 1.6 l i t e r s  per minute. 

Coating times of from 8 t o  28 minutes were 

TEST PROCEDURE AND RESULTS 

The model presented consis ts  of a massive graphite substrate  coated 
with a t h i n  f i l m  of t i t a n i u m  n i t r i d e  of from 25.4 t o  50.8 microns (1 t o  
2 m i l s )  i n  thickness. 
propert ies  such t h a t  carbon dioxide i s  thermodynamically preferred t o  
unprotected graphite. The t i tanium ni t r ide  coating i s  oxidized by the  
environment and the resu l t ing  t i tanium dioxide (Ti02) - the  r u t i l e  modi- 
f i c a t i o n  - then a c t s  as a ba r r i e r  t o  the oxidizing gas. This protect ive 
oxide i s  forming as the graphite i s  beginning t o  require protection and 
i s  formed i n  time t o  prevent serious damage. 

This model i s  i n  a gaseous environment w i t h  

Both t i tanium n i t r i d e  coated and uncoated hemisphere-cylinder 
specimens ( f ig .  1) of graphite were tes ted i n  the supersonic ceramic- 
heated air j e t  described i n  reference 3. This f r e e  j e t  has a stagna- 
t i o n  pressure of 7.14 atmospheres (105 lb/sq in .  abs) and an estimated 
stagnation temperature of 2,250° K. 
two-color o p t i c a l  pyrometer were included a s  instrumentation i n  the 
t e s t s .  
f r ac t ion  techniques. 

Both a motion-picture camera and a 

The TIN t o  Ti02 transformation was es tabl ished by X-ray dif-  
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When t e s t ed  i n  the Mach 2 ceramic-heated j e t ,  a coated specimen 
reached an equilibrium surface temperature of about 1,700° K and the  
surface temperature of an uncoated specimen rose from ambient t o  about 
2,165O K, declined s l igh t ly ,  and then rose t o  about 2,200° K toward the 
end of the t e s t .  Figure 3 presents photographs of both coated and 
uncoated graphite models taken a t  various times i n  the  ceramic-heated 
je t .  

A l l  uncoated specimens were severely damaged after 10 t o  20 seconds 
under the t e s t  conditions and were destroyed toward the  end of the t e s t .  
On the  basis  of 20 t e s t s  i n  the ceramic-heated j e t ,  it was ascertained 
that  the minimum weight of coating t o  surface a rea  required f o r  survival  
of the j e t  t e s t  w a s  approximately 20 milligrams of coating per square 
centimeter of substrate  surface. Specimens with l e s s  than 20 milligrams 
fa i led  a t  the stagnation point (not the s ides) ,  whereas specimens with 
20 o r  more milligrams of coating per square centimeter of substrate  
surface survived the 60-second t e s t  without s ign i f icant  change, other  
than the transformation of the t h i n  f i l m  of TiN t o  Ti02. 

Consistent with the observation of a threshold i n  the  protection 
offered by a coating, based upon weight of coating per u n i t  area, as 
found by the j e t  t e s t i n g  i s  the preliminary weight-change data  taken 
from a resistance-heated, s t i l l -a i r  f a c i l i t y .  Figure 4 gives the specimen 
configuration and t e s t  data, i n  both tabular  and graphical form, f o r  the 
f i r s t  f ive  t e s t s  i n  s t i l l  a i r  of titanium-nitride-coated graphite cylin- 
ders evaluated a t  1,6800 K ( j e t  t e s t  a t  1,700° K)  f o r  periods of time 
varying from approximately 4 t o  6 minutes. 
weight changes f o r  a t e s t  period f o r  specimens possessing t o t a l  coating 
weights i n  excess of 150 milligrams and negative weight changes f o r  
those specimens possessing l e s s  than 150 milligrams. Since the a rea  of 
the coated su2face of the cy l indr ica l  specimens i s  approximately 12 square 
centimeters, the  threshold of protection i s  thus around 13 milligrams 
per square centimeter. 
should be emphasized along with the f a c t  t h a t  although the threshold 
for  t he  j e t  tes ts  was based upon readi ly  observable changes i n  specimen 
geometry, any s m a l l  negative weight change const i tuted f a i lu re  i n  the  
preliminary s t i l l -a i r  t e s t .  

The data  indicate  posi t ive 

The very l imited nature of the  s t i l l -a i r  t e s t s  

DISCUSSION 

There a re  ce r t a in  obvious cha rac t e r i s t i c s  which must be possessed 
by a coating system if it i s  going t o  be capable of forming a protect ive 
oxide. The P i l l i n g  and Bedworth rule (discussed i n  ref .  4), f o r  example, 
which r e l a t e s  the spec i f ic  volumes of metal and metal oxide t o  the  ab i l -  
i t y  of the metal t o  form a protect ive scale  should hold in  s l i g h t l y  



z~25if ied form fo r  t h i s  case i n  which a compound of a metal i s  oxidized. 
It seems apparent t h a t  the molar volume of the  oxide coatlng must be 
equal t o  or l a rge r  than t h a t  of the n i t r ide  coating i n  order t o  provide 
f o r  the  formation of a nonporous bar r ie r .  O f  course, it must not be too 
much l a r g e r  o r  spa l l i ng  may occur. Since reference 5 gives the  room- 
temperature dens i ty  of titanium n i t r i d e  as 5,24 grams per cubic cent i -  
meter and t h a t  of r u t i l e  as 4.24 grams per cubic centimeter, one can 
estimate a molar volume r a t i o  of 11.8 t o  18.8 o r  an expansion of the  
coating volume of approximately k1.6 f o r  the transformation, TiN t o  Ti02. 

As it i s  d i f f i c u l t  t o  conceive of an adherent, nonporous, oxide 
coating being formed while the  surface i s  expelling gaseous subs t ra te  
oxide, it appears t h a t  f o r  highly energetic systems, e spec ia l ly  i f  the  
subs t ra te  oxide i s  v o l a t i l e  under t h e  reaction conditions, t he  formation 
of a pro tec t ive  oxide coating should proceed rap id ly  and i n  such a way 
t h a t  oxygen does not come i n t o  contact with the  substrate .  Thus, it 
seems reasonable t o  assume t h a t  the thermal expansion coef f ic ien ts  of 
t he  n i t r i d e  coating, the  oxide coating, and the  subs t ra te  must be c lose ly  
matched a t  a l l  points  i n  the  usable temperature range i n  order t o  prevent 
spa l l i ng  or cracking. 

The thickness of the  coating plays a very important p a r t  i n  how well  
it f u l f i l l s  i t s  ro l e  as a barrier t o  oxidation. A ce r t a in  minimum th ick-  
ness i s  necessary t o  provide protection; but, on the  o ther  hand, very 
th i ck  coatings are more subject  t o  thermal shocking. Kubaschewski and 
Hopkins (ref. 6) suggest t h a t  a Ti02 coating f o r  t i tanium i s  unsa t i s -  
f ac to ry  because of the  reversion t o  a l i n e a r  oxidation r a t e  a t  high t e m -  
peratures due t o  t h e  cracking of t he  thicker  oxide films, which continue 
t o  grow with t i m e .  If the  titanium oxide i s  l imited t o  a t h i n  film, as 
by the  oxidation of a t h i n  f i lm  of titanium n i t r i d e  on a nontitanium 
substrate ,  oxidation of the substrate  would be governed by d i f fus ion  
through the  oxide bar r ie r ,  r a the r  than access of oxygen through cracks; 
thus, a much slower oxidation rate i s  established. 

The enthalpy of formation of the  oxide should be such t h a t  ser ious 
damage ( so l id - s t a t e  phenomena) or melting i s  not incurred as a r e s u l t  of 
temperature increases produced.by the process which forms the  oxidation- 
r e s i s t a n t  coating. The transformation of 1 mole of t i t a n i u m  metal i n t o  
1 mole of r u t i l e  i s  a f a i r l y  enegetic one involving approximately 
-224 kca l  (see r e f .  5 f o r  enthalpy of formation da ta  f o r  r u t i l e  and 
t i t an ium n i t r i d e )  of energy l ibera ted  a t  the  surface of t h e  substrate .  
( A  negative enthalpy of formation designates hea t  evolved. ) However, 
t h e  heat  of react ion f o r  the  transformation from the  n i t r i d e  i s  less ,  
being of the  order of -144 kcal/mole. (See f i g .  5 . )  The following 
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example i s  presented t o  i l l u s t r a t e  t he  ca lcu la t ion  of the heat  of 
reaction : 

1 
Ti ( so l id)  + 2 N2 (gas) so l id )  

Ti ( so l id )  -k '2 (gas) --f Ti02 ( r u t i l e )  

1 [Mf, I E= -80 kcal/mole 

I [$, II = -224 kcal/mole 

[aRof, I1 - ""., I] 1 
so l id )  + '2 (gas j -+ Ti02 ( r u t i l e )  + 5 N2 (gas) 

dR = Heat of react ion = - df,d = -144 kcal/mole [ 
It should be mentioned, however, t h a t  s ince the amount of coating is 
very severely l imited,  the  t o t a l  heat  from t h i s  oxidation process i s  
negligible compared with the  convective heat  transfer. For a system 
with 20 milligrams of TIN per square centimeter of subs t ra te  surface, 
the oxidation w i l l  add about 47 ca lor ies  input per square centimeter. 
Since the  Mf 
some other  thermodynamic da ta  must be used i n  order t o  obtain a MR 
val id  t o  the temperature of the  j e t  t e s t .  From spec i f ic  heat  a t  con- 
s tan t  pressure data,  va l id  from l,OOOo K t o  2,000' K (da ta  f o r  02 
and N2 from re f .  7; data  f o r  Ti02 and T i N  from ref. 8), the  following 

expression can be derived (see f i g .  5 ) :  

data  l i s t e d  i n  reference 5 a re  given only t o  1,500' K, 

AH: = -145.743 + (1.87 x 10-3)T - (4.2 x - (1.67 x 10-11)T3 

The oxide formed should remain i n  the  s o l i d  phase while the s t ruc-  
tu re  i s  threatened with oxidation and must present a surface capable of 
withstanding any viscous forces  impressed upon it by the conditions. 
Although t h i s  requirement may seem obvious a t  f irst ,  it i s  'possible t h a t  
a coating need not be so l id  i n  order  t o  provide the necessary protect ion 
for  a substrate.  
could of fe r  ample protect ion f o r  high-al t i tude hypersonic vehicles.  A 
highly viscous l i qu id  could withstand the  shear forces  of a boundary 
layer formed from low-density a i r  a t  high a l t i t u d e s  f o r  f i n i t e  lengths 
of time. In fac t ,  the  r u t i l e  coatings discussed i n  t h i s  paper were 
tes ted  a t  o r  close t o  t h e i r  melting points  and t h i s  t e s t  involves high 
shear forces.  
higher temperature use. 
of the two oxides are  as follows: 
(See ref .  9.) 

It i s  conceivable t h a t  highly viscous l i qu id  coatings 

Perhaps a zirconium n i t r i d e  analog may o f f e r  promise f o r  
The l i s t e d  handbook da ta  fo r  t he  melting points  

ruti le,  1,913' K; zirconia,  2,988' K. 
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Another cOnsi6eraL;uii \;lf :;;tcxct 5- ev=liv-e.ting the s u i t a b i l i t y  of 
a given coating f o r  a par t icu lar  substrate  i s  the  f r ee  energy of the 
react ion dR 
the substrate.  If d~ i s  posi t ive the coating i s  thermodynamically 
preferred t o  the  substrate  oxide. The greater the  value of Al$ the  
more the equilibrium i s  displaced toward the coating plus substrate;  or, 
i n  o ther  words, the  l e s s  tendency there  i s  fo r  the  protect ive oxide t o  
be reduced by the  substrate.  If @R i s  negative the  coating plus 
substrate  system i s  l e s s  s tab le  than the substrate oxide plus reduced- 
coating system. Actually, thermodynamics t r e a t s  only of the posi t ion 
of a chemical equilibrium and not of i t s  rate  of attainment; thus, a 
react ion with a negative value of 
ins igni f icant .  However, since the  r a t e s  of chemical react ions gener- 
a l l y  increase with temperature, a t  suf f ic ien t ly  high temperatures it i s  
f e l t  t h a t  a la rge  pos i t ive  value of may be regarded as a necessary 
and su f f i c i en t  condition f o r  t he  coating t o  be s tab le  i n  the  presence of 
the  substrate .  
coating system, with the data  f o r  titanium compounds from reference 5 
and t h a t  f o r  the oxides of carbon from reference 10. O f  the  readi ly  
apparent interact ions,  only the reaction t o  produce carbon monoxide plus 
t i t a n i u m  carbide seems probable, and t h a t  only t o  some s l i g h t  extent 
a t  the higher temperatures. 

between the coating and the  substrate t o  form an oxide of 

AF; may proceed so slowly as t o  be 

0 
AFR 

Figure 6 gives some pertinent thermodynamic da ta  f o r  t h i s  

Although the  oxidation-protection mechanism presented i s  demonstrated 
f o r  the  TIN t o  Ti02 in te rac t ion  only, it appears t h a t  s i l i con-  and boron- 
based coatings are  a l so  of the protect ive oxide type. In  f a c t ,  the  con- 
d i t i ons  given should apply t o  all nonoxide coatings (neglecting the  noble 
metals) designed f o r  oxidation protection. 

In designing coatings f o r  cer ta in  oxidizing environments, it is  
necessary t o  plan e i t h e r  f o r  the use of oxides o r ig ina l ly  o r  f o r  the  
eventual i ty  of subsequent refractory oxide formation. In ce r t a in  
instances, use of materials such as  the  ni t r ides ,  s i l i c ides ,  borides, 
and carbides may be necessary ( f o r  example, f o r  good bonding, nonporosity, 
e t c . )  but one of the  species present must be able t o  form a usable oxide. 

CONCLUDING RENARKS 

Graphite can be protected f o r  60 seconds i n  a Mach 2 airstream with 
a stagnation temperature of approximately 2,250' K - conditions which 
would normally destroy it - by a t h i n  coating of titanium ni t r ide .  
protect ive mechanism a t  elevated temperatures appears t o  be analogous 
t o  t h a t  of aluminum a t  room temperature, i n  t h a t  the  surface in t e rac t s  

The 



8 

with its environment to form a protective oxide coating which blocks 
further rapid oxidation. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., December 20, 1960. 
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Figure 4. - Preliminary results of testing titanium-nitride-coated graph- 
ite in a resistance-heated, still-air facility at 1,680~ K. 
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Figure 5.- H e a t  of reaction for the oxidation of t i t a n i u m  n i t r ide  t o  
titanium dioxide plotted against absolute temperature. 
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Figure 6.- Standard f r ee  energies of formation of some applicable com- 
pounds p lo t ted  against  absolute temperature. 
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