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The app lication of reaction sintered Si -.N energy absorbing surface layers to hot—pressed Si 3 N~, was
investigated. The surface layer was forme d by in—p lace nitridation of silicon powder. It was founi
that react ion sintered SI 3 N. layers of 1 ~p~n thickness, fabricated from either — 100 , +200 , — 200 , or
—3 25 mesh Si powder anc~ .‘itrided in 96% N2 /4Z H2 so that -20—25 vol % unnitrided Si remained in the
i,Ivcr , res~ 1t~ d in a sevenfold increase in ~.allistic impact resistance of a 0.64 cm thick hot—
pressed Si 3N~ substrate from RT to 1370°C. both Nc—1 32 Si 3N~~, w ith MgO additive , and NCX— 34 Si 3N14 ,
wi th Y.O 3

1 additive , were evaluated as substrate material. The finer grain :;ize —200 and — 325 mesh
ni trided Si layers were f und to be preferab le for their smoothness and relatively h igh density.
It was found that nitriding in N~ f Il~ mixtures , rather than pure N 2 , resul ted in a micros tructure
til,I t did not substantially degrade the strength of the hot—pressed Si 3 N~1 subs trate.

thermal cycling tests on the RSSN/HPSN combinations from 200 C to 1370 C for 75 cycles in air did
not degrade the impact resistance nor the interfacial bonding, although a large amount of internal

silica formation occurred within the RSSN layer. Mach 0.8 , 5 hr , hot gas erosion tests showed no
surface recession of RSSN layers at 1200°C and slight surface recession at 1370 C.

The formation of an oxidation and erosion prctective CVD Si3Ni, overlayer on the RSSN layers was not
successful due to interaction between the residual Si and the deposition process. CVD SiC over—
layers were successful ly fabricated and , while not optimized , showed excellent thermal cycling and
hot gas erosion resis tance.

In addi tion , a brief s tudy was conducted on the severe oxidation problem in the temperature range
700—1000°C of the NCX—34 Si~ N~ (Y70 3 ) material used in this program.
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I. INTR ODUCTION

The application of refractory ceramic materials, in particular S13N 4 and
SiC, for use in advanced gas turbine engines has recently been an extremely
active area of interest. Both Si3N~ and SiC have exhibited excellent prope r—
ties in the areas of strength , thermal shock, creep resistance , and oxidation
resistance. dowever, the use of these materials in certain critical gas tur— i

i

bine applications may be severely limited due to their very low fracture
toughness (i.e., resistance to impact damage). Thus, it is imperative to
improve the toughness of these materials without sacrificing or compromising
their good mechanical and thermal properties.

Various research programs having the objective of improving the impact re—
sis tartce of SI 3N~ an d SIC have been comp leted during the las t few years . Thes e
programs were based on three gene ral approaches :

(1) Imp roving the impact resistance by f ibe r reinforcement (Refs .  1—3) .

( 2) Improving the streng th and impact resistance by comp ressive su r face
layers (Refs.  4—6 ,10) .

(3) Improving the impac t resistance b y ener gy absorbing surface layers
(Re fs .  1, 7— 10) .

The f i rst of these approaches was previously studied at United Technologies
Resea rch Center with excellent results for  improving the impact resistance of
hot—p ressed Si 3N~ th rough the use of tantalum wire reinforcement. The second
and , in particular , the thi rd of these approaches was studied in a recent NASA
cont ract NAS3—19731 (Ref. 10), the highlights of which are given in the follow-
ing section of this report. From the results of this previous work , it was
decided to concentrate efforts in the current contract on improving the impact
resistance of hot—pressed S13N4 through the use of energy absorbing surface
layers of porous reaction sintered Si3N~.

The objective of this program is to improve the toughness of Si3N~ by the
development and control of the ?:o.ass of formation of an energy absorbing Si3N~
surface layer on a dense Si3N~ substrate by in—place nitridation of silicon
powder. The program is divided into two tasks:

Task I — Development of Reaction Sintered Si3N~ (RSSN) Energy
Absorbing Surface Layers on Hot—Pressed Si3N~

Task II — Effect of Thermal Exposures on R.S. Si3N4 — H.P. Si3N4
Combinations With and Without Overlayers of Chemically
Vapor—Deposited (CVD) Si 3N~~.
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II. BACKGROUND

The use of energy absorbing surface layers of porous Si 3N~ on dense hot—
pressed Si~~ 4 in order to improve impact resistance was firs t studied under the
recen t ly comp leted contract NAS3—19731 (Ref. 10). It was anticipated that sur-
face layers of this type could be expected to absorb energy upon impact due to
crushing and crack div~ rsion.

~. i k ~1r p v  and ballistic impact specimens of R.S. Si~ N ,. layers  on N C—1 32 Si 3N~
were tabricated in situ by nitrid ing a layer of silicon metal powde r tha t had
been ,i~i (~1ied us ing a wa te r  or to luene based s lu r ry . The types of R.S. Si 3Nt,
su r t 1 ~ e i v er ~ investi gated varied from relativ el y dense (70%), f i ne—grained
R.S. S i~~~, made f rom —3 25 mesh Si powder to quit e porous (552~ dense), large
~i,t r tj ,  It—sized 1,~vcr~ rn,tdt ron —100 , 2.uO mesh SI powder.

The result s ut h . i r p v  in~p . i i~ t L u s t s  a t  R I and 1370°C showed that the nitrided
— 2 ft ) Si and —3 25 Si Livets on NC— 132 S i N  did not increase the Charpy impact
res i s t an ce s i gn i i i .,an tL v over S i N ., Lon t ro l  values .  In cont ras t to the n i t r i d e d
— 3 2 5  Si and — 2 0 u  S i  L iver s , howeve r , the  high e r por osi ty large grain size ni—
t r i d e d  —100 , +~~Uu Si livers on N C — 13 2  Si N e x h i bi t e d  Charpy impact energies

t i m e s  N C — l 3 2  S i  .~~~~~ control s at RT and s l i g h t ly ove r twice  t ha t  recorded fo r
c u n t r L ls at  l 3~~V~~L . ~r~’m the i n s t r u m e n t e d  Charpy impact  load vs time

~.urv e i t  was ev iden t  tha t  crushing of the R .S .  Si~ N , layer occurred  dur ing impact .

Ballistic impact tests at RT and 1370 °c of R .S. Si~ N l ayer s  on NC — l32
resultoc in a Iive ~ old t o  sixfold improvement in impact energy before

substr ,~te 1 .iilur e t o r  nitrided —100, +200 Si and —200 Si layers but only a two
t o  L i i  r ee :  old in p r ov i . ’ I:leLlt I or n it r i d e d  —325 Si layers over NC— 132 Si3N con t ro l
Vd~~ ’ iu~’ .,. ro reali ze optimum e l ler g . a b s o r pt i o n  d u r i n g  a b a l l i s t i c  impact  event ,
i t  was thought that a combination of porosity and fairly large particli size was
ni’~ c s s:lr ’ .’ Li i all~~ crushing of the R.S. SI ,N~, layer but at the same time , be
~,onsa~i u , i t  resistan t to penetration by the projectile.

In order to evaluate the effect of the R.S. Si~ N 4 energy absorb ing surface
layers on the strength of the NC—132 Si 3N~ when the interface between the R.S.
Si N  and NC— 132 S1~ N is subjected to tensile (bending) stresses , a series of
Charpy impact tests were performed with the samp le s impacted on the side oppo-
site the i~.S. Si~ N., lover . The resalts of these tests  showed t ha t  well bonded
k . S .  Si.N., lovers degraded the Charpy impact strength and bend strength of the
NC—132 S i N by up to 50~~. In general , the large particle and pore size ni—
t r i d e d  — 100 , +200 Si l ayers  degraded the  s t r eng th  more than the smaller par t ic le
and pore size nitrided — 325 Si layers. The possibility that the degradation is
due to the large pores in the R.S. SI 3N , layer near the in ter face  ac t ing as
s t ress  c o n c e n t r a t i n g  f l aws  suggested tha t  minimiz ing  pore size at the R .S.  Si 3N 1 /
II.P. S i~ N11 inte r! i c e  by using 1 graded density R.S. Si 3N1~ layer could possibly
help allevia te this problem.

2
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Thermal cycling of R .S. Si 3N~ surface layers on NC— 132 Si 3N~ between 200°C
and 1370 C in air for up to 50 cycles resulted in a large amount of silica for-
mation in the high surface area nitrided —325 Si layer. that caused deb onding
at the R.S .  Si 3N~ /H. P . Si 3N~ interface possibly due to thermal expansion mismatch
between the silica and the NC—l32 Si 3N 1:. The larger particle size nitrided
—100 , +200 Si layers did not form sufficient silica to cause deb onding during
thermal cyclin g with the result that the ballistic impact resistance of thes~
cycled layers was the same as noncycled layers at RT and mugh higher at 1370 C.
The increase at elevated temperature may be due to plas tic deformation of the
silica du ring the high temperature ballistic impact event. For a practical R .S .
Si 3N~ energy absorbing surface layer that must operate in a gas turbine environ—
men t , it may be necessary to have an outer layer of dense, impermeable CVD Si 3N~
covering the R .S . Si 3N~ su rface to add oxidation and possibly erosion resis t ance

.3



III. SITh~1ARY

The development of Si~ N~ o f imp roved toughness was accomp li shed by the in—
v e s t i ~~a t ion  of r e a ct i o n  s i n t e red  Si N , (RS SN) energy absorbing s u r f a c e  layers
ott h o t — p r e s s e d  Si . N • ( H}’SN) b y in—p lace n i t r i d at i o n  of s i l i con  powder.  Two
type s o f  HPSN substrates were used , NC— 132 Si~ N~ with MgO additive and N C X — 3 4
S i N ,, w i t h 10 3 additiv~’. Three ditferent particle size Si powders were
evalu ated: — 100, +200 mesh , —200 mesh , and —325 mesh. ‘l i i i ’  t o u g hness  i n c r e a s e
due to t h e  p r e se n c e ’ ot  the’ 1 nun thick RSSN lovers was measured through the u se
i t  .1 ba llistic impact  t e s t  at RT and 1370 C . The effect of the RSSN layer on
the s t r e n g t h  of t h e  I IPSN substrate was measured at RT t h r o ug h the use of a
-,—pt bend res t with the RS SN l o v e r  on the tensile side of the samp le .

l)uring cli~i rtctc rizati oii of  the NCX—34 Si ~N i t  was foun d that th i s  partic-
u l a r  lot o f  naterial undergoes excessive oxidation and resultant loss in s t ren g t h

it  L e r  48 hrs at 700—1000 C in a i r  even though NCX—34 m a t e r i a l  s t u d i e d  p r i v i o u s l v
was v e ry  good in low t e m p e r a t u r e  oxidat ion . I t  was also found  tha t  t h i s  lot of
ma te r i a l  conta ined  7 .15 w / o  1 (9. 1 w/ o  Y 20~ ) which is h igher than the value of

~‘.0 W/ O Y 0 ~ tha t  a c c o r d i n g  to Nor ton  Co. should be present  in N CX— 34 Si , N .
F u r t h e r m o re , the Y 0 ~ c o n t e n t  varied considerab ly t h roughou t the b i l l e t . I t
was noted , however , that if this material was subjected to a standard nitriding
cvc  to to  1375°c or 60 hrs  in N , on subsequent oxidation fo r  190 hrs  at 9 30°C
no weigh t gain occurred and the strength of the material actually increased .
Ho w e v e r , at l o wer  temperatures (730 °C), disastrous oxidation still occurs but
at a ~u c h i  s l o w e r r at e  • Due to the o x i d a t i o n  prob lems of N C X — 3 4  Si ~N , t h a t  were
e n c o u n t e r e d  d u r i ng  th is  and o the r  programs , the Nor ton  Co. w i thd rew th is  m a t e r i a l
i ron the comrte rciil m a r k e t .  The p roblem of N C X — 3 4  Si ~N f u r t h e r  emp h asi zes th e
f a c t  t ha t  the Si N — I  0~ — S i 0  svs tern is not  f u l l y unders tood  and that  cont inued
i n v es t i g a t i o n  is i i e c o s s ar v  to i d e n t i fy  the process ing pa rame te r s  and ph ase re—
l a t i o n s h t i ps in the sy s tem t h a t  cont ro l  most of the thermal and me ch anical
properti es.

The RT 4—pt bend strength and the RT and 1370°C ballistic impact strength
of N C X — 3 4  and N C— 132 Si~ N~, cont ro l samp les was determined . The RT 4—pt  bend
strength of 848 MPa (123 ksi) for the NCX — 34 was 25% hi gher  than the N C — l 3 2
S i N . The RT b a l l i s t i c  i m pa c t  resis t ance fo r  the NCX—34 of 2 .8 jou les  (2 . 1
f t — l b s )  wa s a l m o s t  50 h i g h e r  th an the NC— l 32 Si~ N 14 ,  w h i l e  the 1370 C b a l l i s t i c
impact  r e s i s t a n c e  0! both types  of Si 3N 1, was approximately the same .

In o r d e r  to e v a l u a t e  t h e  e f f e c t  o f  e n e r gy  absorb ing  surlace l ay e r s  of RSSN

on t h e ’ s t r en g t h  of the h ot — p r e s s e d  S i 3N 1, s u b s t r a t e , a se r i e s  of n i t r i d in g  runs
in pure  N unde r d i i  t e r en t  n i t r i d i n g  condi t ions  was done , using both —325  mesh
and — 10 0 , +200 mesh S i  pc~~der layers  on N C — 13 2  S i~ N 1, s u b s t r a te s .  These t e s t s
s h v .~’ed t h at  n i t  riding c o n d i t i o n s  t h at  r e su l t ed  in s u b s t a n t ia l  convers ion ol  Si to

4 
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Si 3N , (1370°C , 24 hrs) resulted in severe strength degradation (.325 MPa) of the
N C— 132 Si 3N~ when the layered a:I de was tested in tension , while nitr iding con-
di tions of 1250 C , 24 hr. tha t  resulted in only slight conversion of Si to Si 3N ,.
(. 10%) did not lead to strength degradation of the Si 3N L , substrate. Examination
of fracture surfaces reve aled that  the f rac ture  origin of degraded samples
appea re d to be small voids within the RSSN layer lying very close to the
RSSN /HPSN in t e r f a c e .

RT 4—pt bend tests of NCX—34 SI 3N ,,, nitrided to 1375°C for 60 hr s in N , ,
w i t h  wel l  bonded RSSN s u r f a c e  layers indicated that , as previously found fo r
N C — l 3 2  Si 3N , the n i t r i d i n g  of the Si powder layers introduces s t rength  l imi t ing
f law s at the HPS N / RSS N i n t e r f ace  that  result in a 40— 50% drop in bend s t rength
when the n i t r i d e d  layer is tested in tension. N i t r i d i n g  tests wi th  Si powder
lightly sprinkled on the NCX—34 tensile surfaces sh owed that the f r a c t u r e  origin
of degraded samples was always associated wi th  a n i t r ided  par t ic le  of Si or a 

M
depr ession that appeared to be at one time associated with a nitrided Si V1
particle.

Howeve r, results of 4—pt bend tests on NC—l32 and NCX—34 Si3N~ w ith RSSN
layers of various purity nitrided in a N2/H2 mixture indicate that a minimal
amoun t of substrate degradation occurs for well bonded layers of 98% purity
—3 25 Si and —200 Si on both N~X—34 and NC— l32 Si 3N~~. Ni t r id ing  in N 2/ H 2 mix-
tures  (96% N~~/ 4 %  H - ) also led to a much f a s t e r  rate  of conversion of the Si to
Si~~N and an a to ~—Si ~ N f ratio of -2:1 , whereas n i t r i d i n g  in 100% N 2 gave an
RSSN product of .70% 

~~, 30% a. The much greate r amount of a—Si3N~~, wh ich fo rms
primarily as fine whisker—like crystals interconnecting the ~—S i 3Nt~ grains , may
be responsib le f o r  the lesser amount of s ubs t r a t e  degradat ion observed for  the
samples n icr i d e d  in N~~/H 2 mixtures , due to the ci—Si 3N 14 whisker mat not allowing
the ~3—Si ~ N 4 grains to bond d i rec t ly  to each other  or to the HPSN subs t ra te .
Thus , no large stress—concentrating flaws are bonded directly to the HPSN sur-
face and cracks initiating in the RSSN layer cannot propagate directly through

~—Si3N~ grains and into the HPSN substrate.

Ball is t ic  impact  tes ts at RT and 1370 °C on NcX—34 Si3N4 substrates with
RSSN layers f ab r i ca t ed  f rom both —325 and —100 , +200 Si powder indicated that
fu l ly n itr ided RSSN layers (i .e . ,  n o residu al Si) result in only modest (50—
100%) improvement in impact resistance. To obtain optimum impact resistance
of ove r 11 joules (8 f t — lb s ) , as previous ly foun d fo r  —100 , +200 Si RSSN layers
on NC— 132 Si 3N~~, a certain amount of residual silicon within the RSSN particles
appears to be necessary. However , enough Si 3N~ mus t be formed to strongly bond
the part icles to one another.  For —100 , +200 Si RSSN layers the optimum amount
of residual Si fo r  excellent bal l is t ic  impact resistance was found to be in the
ran ge of 15—25 vol 

% . 5
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In orde r to obta in  an RSSN energy absorbing layer wi th  a smoother su rf  ~ce
tinish , —325 and —200 mesh Si powder was used to form RSSN layers contalming
residual Si. From nitriding experiments conducted first in 100% N2 and late r
in Yb ’. N 2 / Y . H: on both  N C — 1 3 2  and NCX—34 S1 3N 4 subs trates , it was foun d that
a res idual SI content of >20 vol % was necessary for optimun ballistic i m p a c t
r~ si s ta n c e.  The highes t RI b a l l i s t i c  impact  res is tance  ever recorded  d u r i n g
the cou r s e  of th is  i n g r a m  of 14.5 ft— lbs (19.7 joules) was o b t a i n e d  f o r  — 3 2 5
Si K~ SN lov e r s  on N( X — 3 4  S i N , s u b s t r a t e s  t ha t  were n i t r i d e d  in a Y c ;  / 4~. H ,
: c i x t u t - e  a c c o r d i n g  to  a schedule  that r e su l t ed  in -20 vol  % r e s i d u a l  Si in thi ~
RSSN lover . Ih e  p rog ram goal of  7 f t — l b s  (9 . 5 jou les )  at  RT and 1370°C
was  met  and exceeded  f o r  ballistic impact samp les of —325 and —200 Si layers ,
ni~~rided in N / H  t o  yield 20 vol % residual Si , on either NC—132 or Nc~— 34
S i N  substr~ tcs . The residual Si is apparently absorb ing a great deal of energ’;
as i t  is c r u s h e d  and fractured by the ball istic projectile .

Tjsk II of this program consisted of evaluating the e f f e c t  of t h e r m a l
cycling on the integrit’; of thìe RSSN/IIPSN combinations , in particular the effect
of silica formation within the RSSN layer on i ts  a b i l i t y  to absorb energy  dur-
ing b a l l i s t i c  imp a c t .  To minimize silica formation , an oxidation barrier of
CV1) Si N on top of the RSSN layer was also to be evaluated . In addition , the
h ot  gas eros ion  c h a r a c t e r i s t i c s  of the RSSN layers  at 1200 and 13 70°c in a

~acii 0.8 gas stre am were evaluate d , both with and wi thou t a thin CVD S I N
ccc rlaver .

It was found t h a t  the rma l  c y c l i n g  75 t imes be tween  150—200 °C to e i t h e r
L00 or 1370°c does not adversely affect the ballistic impact resistance i t

~~— l 3 2  or  N C X — 3 4  Si~ N~ con t ro l  samp les , tes ted at  RT and 1370 °c. B a l l i s t i c
somp 1e~ of N C — 1 3 2  or N C X — 3 4  Si 3 N ,,~ w i t h  —325 or —200 R SSN love r s  c o n t a i n i n g  — 2 5
vol % r e s i d u a l  Si , when cycled 75 times between 150 and 1200 °C or 200 and 13 70°c ,
actually registe r an inc rease  in b a l l i s t i c  impac t  r e s i s t ance  when t i s t e d ,
espec ial ly  at l37U °~~. The increase at 1370 °C is undoub tedly due to the large
amoun t of Si0~ forme d w i t h i n  the RSSN layers during cycl ing th at is deforming
p last ical ly durin g impact .  Even thoug h large amounts of c r ist o b a l i t e  (Sb 2 )
we re formed w i t h i n  the RSSN layer  dur ing  thermal  cyc l ing ,  i t  did not  a f f e c t  the
bond ing  between the RSSN layer and the HPSN subs t ra t e . Also , the c r i s t o b al i t e
formed mainly at the expense of the a—Si 3N c wi thin  the RSSN layer and thus did
not reduce the residual Si content below the critical 20 vol % level.

~\t tempt s to form a p r o t e c t i v e  CVD Si 3N~ overlayer on RSSN layers containing
-25 vol % Si were u n s u c c e s s f u l  due to the in te r fe rence of the Si wi th  the depo-
s i t i o n  process .  CVD Si~ N~ could only be deposi ted at t empera tu res  of 1400 °C
or g rea te r and at these tempera tures  p inholes were  forme d in the  layer  over
residual Si particles . Attempts to deposit CVD Si 3N i~ at lower temperatures ,
where the Si vapor pressure would not be as high , were unsuccessful.
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However , C’[,; SiC , which can be deposited at temperatures of 1100—1150 °C ,
was successfully deposited on —200 RSSN layers . CVD SIC overlayers thicker
than -50,.. (2 mils) tended to crack severely on cooling from deposi t ion  due to
thermal expansion mismatch , and on subsequ~~ t thermal cycling tended to spall ,
offering no pro tection from oxidation. CVD SiC overlayers of l2—25~. (0.5—1.0
tuils) in thickness were deposited crack—free and , on thermal cycling , did o f f e r
substantial oxidation protection and no decrease in ballistic impact properties. 0

2h i l e  some ir,cernal ox ida t ion  of the RSSN layer s t i l l  occurred , i t  is f e l t
that an optimized CVD SIC over layer  could be extremely oxidation resistant.

Mach 0.8, 5 hr , hot gas erosion testing at sample temperatures of 1200°C
and 1370 °C were run on ~~— l 32  and N CX—34 Si3N . con trols and on s amp les with —200
and —325  RS SN la ers (25 vol % Si)  , bo th  with and wi thout CVD Si 3N~ overlayers.
For t~ e Si3 N,. controls , no su r face  recess ion or we ight change was observed at
1200 °C, wh i le at 1370°C a very slight surface recession (2.5,~) and weigh t  gain
(÷ .l rug) was observed for NC—132 Si 3N ,. and a rather large surface recession
(25 ,) and wei ght loss (—3.5 rug) for NCX—34 Si 3N1,. For the —325 and —200 RS~ N
layers , no s u r f a c e  recession was de tec ted  at 1200 °C bu t  there  was a s u b s t a n t i a l
weigh t gain ( — 2 0  mg) due to the formation of silica on and within the RSSN
layers . Samples with CVD Si~N 4 overlayers also exhibited -20 mg weigh t gains ,
i n d i c a t i n g  that  the CVD layer was not protecting the RSSN from oxidation , al—
though no oxida t ion  product  was detected on the CVD Si 3N~ surface. At 1370°C,
the — 3 2 5  and —200 RSSN layers did exhibit a small surface recession (-Sc) and
.1 substantial weight gain (-12 mg). The samp les with CVD Si3N overlayers
again gained substantial weigh t but did not exhibit any measurab le s u r f a c e
re:ession , indicating that the CVD Si 3N~ layer is very erosion resistant even
t c u g h i t  is not completely continuous over the RSSN surface .

hot  g~o~ erosion tests of samples of NCX—34 and NC—l32 S13N4 with —200 RSSN
lovers (25 vol % Si) and overlayers of CVD SiC of 36c (1.5 mil) thickness
show e d t h a t  these overlayers were very resis tant to surface recession and rela-
t i v e l y good in oxidation protection. Compared to the CVD Si 3N 4 ,  samp les with
CVD SIC overlayers gained less than 25% of the weight . Again , it  is fe l t  that
an o p t i m i z e d  CVD SiC overlayer could offer excellent oxidation and erosion pro-
tection fo r  RSSN energy absorbing surface layers on hot—pressed Si3N~ substrates.
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IV . TEC HNICAL PROGRESS SUHMARY

‘ .1 Fabr ica t ion  and Characterization of Specimens

4 .1.1 F a b r i c a t i o n  and Characterizat ion of Hot—Pressed S13 N 1, Subs t r a t e
Material

The silicon nitride samples used In this investigation consist of Norton i .

li ot—j~i ’essed Si ~~~ b o t h  N C — 1 3 2  with MgO additive and NCX—34 with Y 03 ad d i t i v e .
Bend spec imens  of d im e n s i o n s  4 . 44 x 0 .508 x 0 .254 cm (1. 75 x 0. 200 x 0.100 i n . )
m d  b a l l i s t i c  impact specimens of dimensions 3.81 x 2.54 x 0.64 cm (1.50 x 1.00 x
0.13 in . )  o l  both typ e s  were  machined  from 15.3 x 15.3 x 2.54 cm ( 6 x 6 x 1 in.)
billets. i’lie w ide  (0 .508 x 4 .44 cm) face of th e bend specime n and t h e  narrow
tO . o. x 3 . 81 cm) face  of the’ ha il is tie ’ impac t  specimen we re p e r p e n d i c u l a r  to
Li te h i  I let hot o ross d irec t ion .

Randoml y seiected specimens from each billet were characterized as to den—
si ty, gr a i n  size , impurity content , and surface defects. The grain size and
m orp hology was determined b y rep lication techniques using the  e l e c t ron  micro—
scope . Impurity content was determined by spectrocliemical anal ysis. Zyglo dye’
penetrau t inspection was used to detect surface cracks or pits.

The impurit y content of t i l e ’  N C—l32  and N C X — 34 Si 3 N 11 m a t e r i a l s , a l o n g  w i t h
t i l e  ir  de nsi t i es , is  g iven in Table I .  The major impu rities in NC— I 32 S i  1 N 1, are

I , Fe , M g,  an d 4 . ‘l’ hic  M g is added de I ibe rate 1 y as h’lgO f o r  dens i i e a t  i on p~ r—
posea whi i Ic ti m e hi is present as WS i ,~ , r e s u l t i n g  from WC pir kup during m i l l  ing
of t i n ’  powde r prior to hot pressing.  The mo or impuri ties in N(~~~34 Si  N I r e ’

C , and V . In th is m a t e r i a l , the V is added del ibe’rote lv as Y 0 ~ I or d ens I —
f i c i t  ion  purposes . i t  i s  i n t e r e s t i n g  to n o t e ’ t ha t  7 . 15  w/ o  V corr es 1,ou (Is  to
9.11 V U 3, mo re t h an the  M.0 w i t)  V t ) 3 t h at , a c c o r d i n g  to Norton C o . ,  is sli l lo ae(I

to  be p r e s e ’nt  in the N X — 3 4  m a t e r i a l . Subsequent  chemica l  , i i n i l ~’sis ol b i l l e t
ar” 338355 , wh ichi  was mach i [ned into 4—pt bend samp les , indicated that the vt tn ium

content varied throughout the billet with the Y,03 content ranging 1 rem 7 .6  t o
9.41. The grain size and morp hology of the NCX—34 and NC —1 32 S1 3N4 can be seen
f rom F i g .  I and ‘l ab Ic i i .  Wh i le the SI 3N I 1 gra in  size and morpho I ogv is s i m i l a r
or th e two materials , their etching characteristics (hot HF) are quite ’ cli 1—

f C  rent , , wh ic h  is i n d i c a t i v e  of d i f f e r e n t  g ra in  boundary phases. Tue NC— 132

S i~~N 1 e t~’hied very readi ly due to the magnesium s ilicate g lassy ~Iuis& ’ t h a t  is
p r e s e nt  it  g r ai n  b o u n d ar i e s  and t r i p le p o i n t s .  The N C X — 3 4  m a t e r i a l  was ye rv
c u t  I h e n  It to  e ’ t e ’h w i t h  ve ry  l i t t l e ’ e t c h i n g  occur r ing except  for r a t h e r  l a i ’ gc

a coos ol  w h a t  a p p ear s  t I) 1)0 1 0 e’cond o rvs  tal  l ine  p h as’~ , p r oh ab  I y ‘‘ Ii ’’ p h.  I s e

(‘
~
‘
~~ 0Si~ 0 N ,) . ‘‘U’’ ph a so was d~’ I ’ ’ t~ ’d b y N — r a y  ; i n a l v s  i s  as WOl . I , Ouch ;tppe ’ ai’ S

t 1) be ’ p cc’ sent  in the ili l lOll i l  t 01 OPI ) m x  111010 ly 9 VI) 1 7..

-~~~~~~~~~~~~ - 
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All of the N CX—34 Si 3N~ samples cut from the three bi l lets  ordered from
the No rton Co. exhibited a macrostructure that was visible to the naked eye.
This macrostructure consis ted of a ligh ter colored skeletal structure inter-
spersed with dark regions . On immersion in Zyglo dye penetran t with subsequen t
examination under U , V . ligh t , the l ight  areas pick up the penetran t while the
dark are as do not (Fig. 2 ) .  Althou gh the NCX — 34 Si 3N~ samples appear to con-
tain either po rosity or very small cracks , 4—pt  bend tests conduc ted at RT
gave a s t rength  of 848 r~~a (123 ksi) , wh ich is 25% hIgher than that recorded
f o r  NC—1 32 Si 3N~~. Thus , the defects  in NCX—3 4 S13N 14 t h a t  ~re visible f rom

L Zyglo dye penetran t inspection , do not appear to compromise the streng th p rop—
er t ies  of the material , at leas t at RT .

Included in the cha rac ter iza t ion  s tud y of NCX—34 Si 3N~ we re oxidation
studies  in the 700—1000 °C range , since some Si 3N 4—Y 20 3 materials have been
know-n to exh ib i t  poor oxidation propert ies  in this temperature range. Previous
s tudies at UT RC and Nor ton  Co. indicated tha t  the NcX—34 S13N 14 material  did not
exhibit  oxidation prob lems in this temperature range . However , tests on the
re cently delivered mater ia l , in par t icu lar  the bend specimens cut from b i l l e t
,‘tF 338355 which contained 7.15 w/o Y , showed that a f te r  oxidation at 930 °C fo r
100 hrs in a ir , the samp les gained over 1 mg/ cm 2 and suffered a reduction in
s t rength  from 848 MPa (12 3 ksi) to 675 MPa (98 ksi) . The lighter  colored areas
s tar ted to turn very whi te  a f t e r  a few hours while some , but  not all , of the
darker areas remained quite dark , as shown in Fig. 3. A f t e r  150 hrs at 930°C
a few samples became degraded to the point of exhibi t ing essentially no s t rength.
Aging the NCX_31. Si 3N~ ma terial at 730°C in air produced even more pronounced
degradat ion , wi th  samp les literally fa l l ing apart a f te r  only 48 hrs , as shown
in Fig. 4.

An interesting sidelight to the oxidation characteristics of the NCX—34
Si ) N is that samples that had been pu t  through a n i t r id ing  cycle to 1375 °C in
N 2 f o r  60 hrs , whi le  exhib i t ing  a loss in strength due to this cycle from 848
MPa (123 ksi) to 725 MPa (105 ksi) , did not  gain any measurable wei ght when sub-
sequently oxidized f or 190 hrs at 930°C and actually exhib ited an increase in
strength to 930 MPa (135 ksi). Gazza, et al (Ref. 11) noted similar behavior
fo r  Si 3N~ ÷ 13 w/ o Y 20 3 samples ni t r ided in N 2 /H 2 mixtures and subsequently

f oxidized at 1000°C. The mech anism responsib le for this “healing ” e f f ec t  fo r
oxidation prone Si 3N 14 —Y 2 03 materials is unknown at this time ; however , i t  does
not  p revent disastrous oxidation from occurring at lower temperatures . A series
of n i t riding runs were conducted us in g both pure N 2 and 96% N 2 /4% H~ mixtu res
for  periods up to 65 hrs at 1375°C with subsequent oxidation at 730 C. While
time NCX—3 4 Si 3N 4 samples put  through the nit r iding cycles did not degrade as
rapidly as “ as—received” samp les during the subsequent 730 C oxidation treat-
men t, they eventually did degrad e. I t  took approximately 48 hrs at 730 C fo r
visual cracks to form in the nitrided samples compared to less than 10 hrs in
the as—received NCX—34 Si 3N~ .
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A l t h o u g h the low temperature oxidation problems of the NCX—34 SI~ N , p ro-
cured  I i :  th is  program w e r e  ext reme ly ser ious , and led the  N o r t o n  Co . to remove
th e material from the commercial market, this phenomonon could not be studied
f u r t h e r  under  the scope of the present  contract. Howeve r , it was decided to
use the material alon g w i t h  NC—l32 S1 3N 1, as a subs t ra te  fo r  the evaluation 01
e’n ergV absorb ing  s u r f a c e  layers of reaction sintered Si ~N h (R SSN) . The reason
l U r  th i s  dec i s i o n  was t ha t  a l l  t e s t i n g  unde r the program was to be done either
a t  RI’ or 13 0’ t , and the material was founei to exhibit excellent s trei)gth’l

p l ope ’ r L i c ’s at the se temperatures. h owever , the prob len o f  NCX—34 S i  N , I ii rt ime ’ i
I ~~~~~~ the  f a c t  t h a t  the S 13 N 4 —Y 0 ~— S it)  sys te’c~ is not  ful lv understood and

t h a t  coil  t i l iUee h  i U V e ’s t ig a t  ion is necessary to  id e n t  l i v  t i m e p r oc ess ii ig  par an le t e ’ rs
.UleI ‘i l  , I O e ’ m e ’ l , i t  ionshi  ips in t h e ’ svs tem that eon t ro 1 T h U S  t of t h e  tl ii ’ m u , and
:~ e ’ c l , U i i c . 1 I  l ) I op e It i e s .

4. 1.2 l ab  r i  e at  j o u~ and c1 l \ a r a ~’t er  i za t ion  of RSSN /H PSN Comb m a t  ions

‘l i ii i~~S~ ene r gy  a bs o r b i n g  sun ace - layers we re fabricated in si  tu on
b u l l i s  t i c  impa c t  and 4—pt bend samp les of hot—pressed  Si 3 N 11 by nitriding a

l iver ~) t  S i  powde r applied to the sample f r o m  a liqu id slurry . ‘l’he Si powders
used were purchased from Cerac , Inc. and consisted of ~~o —325 mesh powders ~~1

~15 , and 99. t 1  p u r i t i e s , a —200 mesh powde r of 98. 5% p u r i t y , and a —100 , +200
:~esli p o w d er  of 98.5i’ p u r i t y .  The chemical analysis of the fou r powders  uscd
is  g iven  in Tab le I l l .  ‘t h e ma jo r  impurities in the 98% and 98.51 pure po wd e rs
coil s  is  t of Fe , ,‘tl , ~‘hi , and Ca. The m a j o r  impur i t i e s  in the —325  (99 , 11, ) p owder
ir e  Al and Ph . The s u r f a c e  area  of tim e finer powders was also determ ined by

Li i i ’ ~ i : l ’  nie Ui ~d. ‘lime r e s ult s  o 1’ tb is analysis are given in lab Ic IV and sh ow
that t i l e  s u r f , i c e ’ , l I ’e’ ,l o f  the  — .325 (981) powder is g rea te r  than the —200 Y~8. 51)
is w o u l d  be e x p e c t  e e l , ,uid t h a t  t h e  — 3 2 5  (99. 61) is  s u b s t a n t i a l  l v  g r e a t e r  t h a n

the’ I ease ’ r p u r i t y  — 3 2 5  mesh powder , wi m ichi was not  expected.

l’l ie ’ p r o c e d ur e  f o r  fab  ri e a t i n g  time RSSN layers on the I1I~SN bal I i5 t i c  ouch

p t  be nd sa rnp les was as fol  lc~~s. Th e’ —325  or  —200 Si powder was mixed wit h enough

ills t i i . led w a t e r  to  1 orm a t h i c k  s l u r ry . The —100, +200 mesh powder would not  I o rne
a s l u r ry  w i  t i i  water that , wh en d r i e d , could be handled  w i t h o u t dam aging  thic Si

l i v e r , so i t  was mixed with toluene + 5 wt 7. polysty rene to form a s l u r ry  t h at
h~ cl good green s trengthm when d r i e d.  The S i  powder slurries were then appi  lee ’

t el t~ i e ’ I I F SN samp les tel form a layer —1.5 111111 t h i c k  when dry . The samp les  were

t li e’n loaded  i n t o  ~ o boa ts  w i t h  loose f i t t i n g  covers , wh i ch were then put into
a mull i to  t ube  furnace with controlled atrnosph m e ’re ’ b r  11 i t r i c h i n g .  A l t e r  n i  t r i d i n g ,
tIme RS SN lo ve ’ ro we ’ re s u r f a ce ’ grouii d to a un i form th ickness ~ l 1 mm . F i g u re  5
shows thi ree steps in f o r m i n g  an CSSN layer of —200 mesh Si pe)Wd C r cli) an N C — I  32
S [~ N b o ll is tie imp ac- t 0 01111) Ic , s t a r t  i Fig f mom ti m e’ d r i  cd S i pow eher si m.~r r v  , Ui

time mi I t r i d in g s te r , and then the surf ice grind i i i  g • W i t h  a more p re c i so me t itoel
of u p j ’  I v  l u g  ti le’ pow cit ’ r s l u r r y , S h e ’ll Os i n s e c t  id ~m~ mo l din g ,  t h e  I m a t  gr i l le1 h u g

step w o u l d  n ot  be nec ’e’asa ry .
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Densi ty  me asurements taken on RSSN surface layers have shown that, using
the slurry method of fab rication , a fully nitrided —100, +200 Si layer would
contain approximately 45% porosity, a —200 Si layer would contain -30—35%
porosi ty, while the —325 Si layers would contain ~25—30% porosity . Occasionally ,
large bubbles in the Si s lurry  would persis t in the RSSN layer, creating very
large pores. Samp les wi th  this type of porosi ty near  the impact point would be
rejected frr’ the testing program. &ty samp les that exhibited poor bonding or
c rack ing  between the RSSN laye r and the HPSN subs t ra te  would also be rejected
from further testing. This prob lem was only encountered with the —325 51
(99.6%) R,SSN layers , and even then only infrequently. Representative samp les
from each nitriding run were subjected to X—ray diffrac tion analysis in orde r
to determine the relative amoun ts of cx—S i3N~ , t3—Si 3N~~, and free Si in the RSSN
layer.

4.2 Ballistic Impact T i t t ’ ~c’

The ballistic impact testing procedure consisted of firing 4.4 mm diameter
hardened chrome—s teel pelle ts , weighing 0.34 gms, f r om a mod if ied Crossman air
pistol or rifle (for higher velocities) at the center of the ballistic impact
sample pro truding from the holding arrangement. The p la tes of Si3N~ were held
at one end in a vise arrangemen t so that a 2.54 x 2.54 cm (1.0 x 1.0 in.) square
0.64 cm (0.25 in.) thick was availab le for impact. The pistol and rifle were
pressur ized by helium , which could be adjus ted so tha t ve lo ci ties of 99 to 230
rn/s ec (325 to 755 it/sec) could be ob tained for the pistol and 152 to 343 rn/sec
(500 to 1125 ft / s e c )  could be obtained fo r  the r i f l e. These velocit ies were
measured at a distance of 30 cm (12 in.) from the end of the gun barre l and it was
at this distance that the samples were always positioned . The kinetic energy of
tile steel pellets availab le for impact could thus be varied from a low of 1.6

joules (1.2 ft—lbs) to a high of 19.7 joules (14.5 ft—lbs).

Bal lis tic impact tests we re performed at RT and 1370 °C. The 1370°C tests

were done by heating the reverse side of the ballistic impact sample with an

oxyace telene torch until the front side registered a temperature of -1370 C as

read by an optical pyrometer. Control samples of hot—pressed Si3N~ (i.e., those

without a RSSN layer) were tested by setting the helium pressure at a value

t ha t  corresponded to 145 rn/sec pellet velocity and then impacting the samp le.
If the sample did not f rac ture , the helium pressure was raised in 50 psi incre-
men ts until failure occurred. Often , five or more impacts would be necessary

to fa i l  the samp le. Samples with RSSN layers could be impacted only once , since
the RSSN layer was usually damaged or destroyed a f t e r  impact , so that  a number
of samp les were required to establ ish the velocity necessary to f r a c t u r e  the
Si3N~ substrate.
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‘ .2 .1 Bal listic Imp act resting of Si3 N~, Controls

Ballis tic impact tests were performed on NCX—34 Si1N L con trols at RT and
1370°C. NC—132 Si 3N~, ballis tic tests had been done under the previous contract
(Ref. 10) and were not repeated , excep t for a few to verify the previous results.
The results  of these tes ts are given in Tab le V .  The average RT impact energy
necessary to f a i l  the 25 .4 x 38.2 x 6 .35 mm (1 x 1½ x 0. 25 in.)  sam p le of ~CX—34
Si ,N , was 2 .8 joules (2.1 tt—lbs), compared to NC—132 Si~ N ., that failed at  l .i
jou les (1.4 ft—lbs) . The increase in RT ballistic impact resistance of t he
31 SI 3N , ove r the N C — l 3 2  Si  

~~~, is consis tent with ) the observation t h a t  Si 3~
densified with Y~ 0 , add itive exhibits a significantly higher RT frac ture tough—
I I C S S  (K 1C 7 ~N / n I 2 )  than Si ~~ dens i f i ed  w i t h  MgO (KIC 4.5 L’~/ m ’” ) (Ccl. 12 ) .

At l 3 76 °( , the ballistic impact resistance of the NCX—34 S IN ., is opproxi—
a a te i v  the  same as at RT , be ing  2 .6 j oules  (1 .9 f t — l b s ) .  This  compares i a v o m , i l l v
to  the value of 2 .8 jou les  f o r  N C— 132 Si ’~N a at 1370 °C, which for this material
is due to energy absorption through plastic deformation of the magnesium silicate
gra in bo undary phase.

The f r a c t u r e  mode f o r  N CX — 34 Si~ N i4 Is predominantly tensile failure on the
reverse side of the samp le at RT and inde terminate at 1370 °C. At 1370 °C , the
samp les tend to sp l i t  long i tud ina l ly  into two pieces with a very smooth f r a c t u r e
surface , whereas at RT they normall y sha t ter  into 4 or more pieces with very
ro ug h fracture surfaces and very def in ite f r a cture or igins. In contrast , the
N ( ; — 1 3 2  S i N , samp les tail in a predominantl y Hertzian mode at RT and a mixed
hie rt - ’i an/tensile mode at 1370°C.

+ .~~~ .— Ct Bend Testing of N CX—34 and NC—132 Si 3N1~ Controls

N C X — 3 4  and NC— 132 Si  N 14 bend specimens of dimensions 4. 44 x 0. 508 x 0. 2 5 4
cm :e ( 1. 7 5  x 0. 200 x 0.100 in.) were tes ted in 4—pt  bending at RT . All  4 — p t  bend
t e s t i ng  was done us ing an inner span of 1.9 cm (0 .75 in.)  and an ou t e r  span of
3 .81 cm (1.5 in.)  at a crosshead speed of 0.25 cm/mm (0.1 in/mm ). The average

bend strength of NCX—34 Si 3Ne, controls was 848 MPa (123 ksi), which was substan-

tially higher than that found for NC—l32 Si3N i4 of 662 IlPa (96 ksi). The frac-

ture origin invariab ly was located at a surface flaw (mostly at corners) intro-

duced by the machining process. All samples had been longitudinally ground with
a 400 grI t diam on d grinding wheel.
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‘i .’. Task I - Development of RSSN Energy Absorbing urface Layers on
Rot—Pressed Si 3N .

Previous work (Ref. 10) had indicated that relatively thin layers (-1 n!n)
of reaction sintered Si 3N (RSSN), formed in situ on hot—pressed Si3N1~ sub—
strates by nitriding a ]ayer of Si powder , increased the ballistic impact reals—
tance of the ~ubstra te  b y up to a fac tor  of seven. The mos t successful RSSN
laye r was f4b r i cat ed  f rom —100 , +200 mesh Si powder. RSSN layers fabricated
from —2 00 and —325 mesh powde r were less successful in increasing impact resi s—
tance. It was surmised from this that for maximum impact resistance , a large
grain size , large pore size RSSN layer was necessary .

.
~.4.l Ballistic Impact Testing of RSSN /HPSN Combinations

In order to verif y the previous results , which had been obtained using NC—l32
S~~,N su b s t r a t e s , a n i t r i d i n g  run was done using NCX — 34 b a l l i s t i c  impact  samples
w i t h  b o t h  — 3 2 5  S i  and —100 , +200 Si lay e rs . All samp les were n i t r i d e d  in one
run using time standard schedule of 20 hrs at 1150°C in Ar , 24 hrs at 1250°C in
I , fo l l o w e d  by 60 hrs  a t  1375°C in N 2 .  Ballis t ic  impact tests were per formed
on these samples at RT and 1370 °C , the results of which are given in Table VI .

From these tes ts , i t  was found  tha t  the NCX—34 Si 3N i4 wi th  —325 Si n i t r i ded
s u r f a c e  layers could withstand on ly 6 .2  joules at RT and 4 .9 joules at 1370 °C
before fracturing. The samp les with —lOO ,+200 Si nitrided surface layers with—

stood even less ; 4 .9 jou les at RT and 3.7 joules at 1370°C. While these values
rep re sen t  an Improvement  of 50—125% In b a l l i s t i c  impac t resis tance over samples
without RSSN layers , they were s t i l l  much less than found previous ly f o r RSSN
layers  on NC— l 32  Si 1 N~,. The reason fo r  th is  appears to be due to the f a c t  tha t
the RSSN layers in these tests were essentially comp le tely nitrided , even the
— 100, +200 51 layers. From X—ray results on the nitrided —100, +200 Si layers,
less than 5 vol 7. unreacted Si was de tected. Photomicrograph s of these layers
co n f i r m  this  f i n d i n g ,  as shown in Fig. 6. This f igure shows the in ter face  be-
tween the n i t r ided  —100 , +200 SI layer ( top) and the NCX—34 S13N i4 subst rate
(bot tom) . Onl y the large B—Si 3N i4 part icles with very small amoun ts of unreacted
Si are evident in the RSSN layer , due to the fact that the resin used to infil-
trate the sample for polishing purposes (dark grey phase) has destroyed mos t of
the fine ce—S 13N i4 needles that exist between the large B—Si 3N i4 particles. X—ray
analysis indicates that th is RSSN layer consis ts of -707. B , 30% cz—Si 3N i4 .

Previously tes ted —100 , +200 Si layers on NC—132 S13N i4 contained a substan-

tial -imoun t (-15—20 vol 7.) of unreacted silicon in the interior of the nitrided
par t i c les .  The reason fo r  the comp lete n i t r i d a t i o n  of the —100 , +200 Si powder
pa r t ic les  on NCX—34 Si 3N i4 is not clea r , since the standa rd n i t r id ing  schedule
of 20 hr s  in Ar at 1150°C, 24 hrs in N2 at 1250 C, and 60 hrs in N 2 at 1375 C,
has been used almost exclusively throughout the program.
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In order to evaluate the effect of unreacted Si on the ballistic impact
resistance , both NC—l32 and NCX—34 Si 3N i4 substrates with layers of —100,+200
Si were nitrided according to the above schedule except that the 1375°C nitri—
dation step was reduced to 24 hrs. From X—ray analysis an d optical mic roscop y
of the n it rided layers , it was foun d that this nitriding schedule resulted in
approximate l y 25—30 vol % unreacted Si in the interior of the —100 , +200 ni t r ided Si
p ar t i c les , as shown in Fig. 7 . The results of RT bal l is t ic  Impact tests on these
sample s are given in Table VII .

F rom Table V I I , it can be seen that  an impact energy in excess of 9.1 joules
is necessary to fracture the NC—l32 substrates with over 11.4 jou les b e i n g
necessary to I r a c t u r e  the N C X — 3 4  S1 3N i4 subs t ra tes , These resul t s  are more in
line with previous results for NC—l32 Si3Ni, and are what was antici pated b r  N C X — 3 4
Si , N , ,  based on its higher ballistic impact resistance at RT over NC—l32 S i N , .
I t  thus appears that to obta in  maximum bal l is t ic  impact res istance f r o m  a RSSN
layer  on dens e Si 3N i 4 ,  a cer ta in  amoun t of unreacted Si is necessary .

Fur ther  n it r i d i n g  tests were done on ballistic samples of NCX—34 S i N ,, with
both —32 i Si and —lOO ,+200 Si layers using the normal schedule except with only
an 8 hr hold at the maximum temperature of 1375°C. A few of the —lOO ,+200 Si
samples were p laced in the n i t r i d i n g  furnace in such a position that the maximum
tempe rature was only -1300°C.

The results of RT ballistic impact rests on the samples nitrided to 1375°C
for 8 hrs are given in Table VIII. As in the case of —100, +200 Si layer s n it rided
fo r  24 hrs at 1375 °C , an impact energy ~n excess of 11. 4 joules was necessary to
f rocture the NCX—34 SI3N i4 substrates . However, the nitrided —325 Si layers
could only w i t h s t a n d  up to 6 .2  joules be fore  the substrate fractured. From X—ray
analysis and optical microscopy of the nitrided layers, it was found that the

8 hr , 1375°C n it riding sched ule resul ted in approx ima tely 60% unreacted silicon
with in the large 8—S 13N i4 grains of the — 100 ,+200 Si ni t r ided layer (Fig. 8) ,
while the —325 Si n i t r i d e d  layers were essentially completely n i t r ided  (Fig.  9)
to a mixture of -65% B , 35% cz—Si3Ni4.

The —100 ,+200 Si samples that were deliberatel y n i t r ided to only 1300 °C ,
8 hrs , exhibited RT ballistic impact resistance less than the — 100 ,+200 Si
samp les nitr ided to 1375°C , 8 hrs.  They were also somewhat f r iab le , indicative
of poor pa r t i c le— to—part ic le  bonding. From X—ray analysis and optical microscopy
i t  was evident tha t very l i t t l e  of the Si had been converted to Si 3N i4 (-10 vol % ) ,  as

shown in Fig. 10. Not  enoug h Si 3N i4  had been formed to bond the part icles together ,
thus resu l t ing  in the observed fr iable  layer.
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I t  thus appears obvious that some residual silicon mus t be present in the
RSSN layer in order to achieve maximum ballistic impact resistance . How ever ,
enough Si 3 N~ mus t be formed to strong ly bond the particle s to one ano ther.
Since the samples with —l0O,+200 Si layers containing -60 vol % residual silicon
did not exhibit any greater impact resis tance th an tho se with .25 vol Z residual
silicon , it would appear that to avoid any possible therma l expansi on mismatch
problems , only the minimum amoun t of re sidual silicon necessa ry to achieve
maximum imp a~ t resistance should remain in the RSSN layer. For — lOO ,+200 Si
layers this optimum amou nt of residual silicon appears to be in the range of
15—25 vol %.

4 .4 .1.1 RT Ba l l i s t i c  Impact  Test ing of Fine Gra ined  RSSN Layers

Since i t  appeared that  the exce llent impact properties of —100 , +200 RSSN
laye rs were related to the amount of residual Si presen t , it was decided to
determine if finer grained RSSN layers fabricated from —325 or —200 Si and con—
tam in g residual Si a f t e r  n i t r id ing  could achieve the same results.  To date ,
almost all of the —325 or —200 Si layers studied have been fulls’ nitrided. The
f i n e r grained RSSN layers could o f f e r  cer ta in  advantages ove r the —100 , +200 Si
RSSN laye rs due to the i r  smoo ther  sur faces  and ease of f ab r i c a t i on .  According ly ,
n i t r i d i n g  experi nm ents wi th  —325 Si and — 200 Si layers on b a l l i s t i c  samp les of
both N C— l 32  and N CX— 34 Si 3N ç in N 2 and N 2 /}12 mix tures fo r  vary ing lengths of
time at the maximum n i t r i d ing  temperature of 1375 C were run.

The firs t nitriding experiments were run in pure N 2 fo r  a period of 1 h r
at the maximum nitriding temperature of 1375°C. The —200 Si layers n i t r i d e d
under these conditions appeared to contain approximately 30 vol 7. unreacted Si ,
as determined from X—ray analysis and optical microscopy . The determination of
the relative amounts of ~

_Si
~ N ç, ~—Si 3N ,,, and free Si was done using the method

of (;azzara , et al (Ref. 13). The —325 layers nitrided unde r the sane conditions
contained approximate ly 20 vol 7. unreacted Si. The S13N i4 in both samp les was a
mixture  of ~55% ~~, 4S~i ~~.

The results of RT ballistic impact tests of NC—132 and N C X — 3 4  Si ,N ,~ with
the above layers are presented in Tab le IX. Mos t of the samp les in th is  n i t r i d —
hm g run were N C— 132 Si~ N , and , f r o m  Table IX , i t  can be seen tha t  bo th  — 3 2 5  Si
and —200 Si RSSN layers on NC— 132 SI 3N requ ired an impacting energy of 15.4
jou les  in orde r to f r a c t u r e  the su b s t r a t e . Fi gure  11 shows the NC—l32 Si ~N ,
samp le with a —200 Si RSSN layer that was impacted at 230 mps (9.1 joules).

~O)tC that the ISSI l ay e r  was destroyed only it the point of i I~p i c t  . This v a l u e

is h igher  by a lmos t  2 joul es  than the previously obtained value ol 13 .Ci j oU l es

fo r —100 , +200 Si LSSN l ay e r s  on I C — 1 3 2  Si ~N 4 t h a t  c o n t a i n e d  -20 vol % unreacted SI .
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Only two samples  of N C X — 3 4  S i N , were included in the 1 hr , 1375°C, N
i~~t r i d i n g  run ; one wit h a — 325 Si layer and one with a —200 Si layer . Both of
these samp les withsto od an im p a c t i n g  energy of 15. 4 joule s  w i t h o u t  failure of
the substrate. This demonstrates once again that , at least at RT , NCX—3 4 S I N
h as  g re at e r  hai l is tic impact tolerance than Nc—l32 Si ~N , , both with and wi thout

~~~~~ e n e r g y  a s or b  ing  s u r fa c e  l ay e r s .

S i n c e  it  was f o un d  on this  program that  n i t r i d ing  in a 96% N~~/4/  H~
.i~ ::. sp here instead of pure N resulted in min ima l  s t r e n g t h  d e g r a d a t i o n  of both
N. — [ 3 2  an d I t  X— 13 Si  1 , when RSSN lovers of —325 Si (98~) were tes ted in 3—pt
Nt ’t i d i n p  w i t h  the layered side in tension , as dis cussed in a fo l l~~~ing sec t ion ,
it .~as d e c i d e d  to continue further short time nitriding tests us ing  the N /Il r I
:-~i x t u r e  as th e  n i t r i d i ng  :1)edia. Acco rd ing l y ,  a r epea t  of the prev ious  n i t r i d i ng
run ol Ar , I l l u °c , 20 hrs followe d by 1250°C, 24 hrs  , in N~ , and then 1 hr at
L37 ~~°i in I .  , was (lone u s ing  9h. N /4/ H~ in p lace of the 100% N . . Both N C— 132

1 1— 3 • Si N s u b s t r a te s  were used w i t h  —200 Si layers  bu t  onl y N CX — 3 4 Si ~N

~; i s  used with — 321 Si l ay e r s .

From X — r a y  ana lys i s  and opt ica l  microscopy it was found that the —200 Si
aver s conta ined  -21 vol % residual Si (Fig. 12) down from -30 VOl 7. for  —~ 00 Si
lovers nitrided in N f o r  1 hr  at 1375 °C , whi le  the —325 Si layers contained
onl -5 vol % residual Si (Fig. 13) down f rom .20 vol N fo r  —325 Si layers n i t r i d e d
in ~~~~~ I t  was also found that  the micros t ruc ture  of the layers n i t r i d e d  in
N lB2 mix tu res  was qui te  d i f f e r e n t  than the same layers n i t r i ded  in 100% N 2 .
There was much more evidence of f ine  gra ined a— Si 3 N~ around the larger ~ —Si ~ N ,
g ra ins . This  has also been observed recentl y by Lindley , et al (Ref. 14). This
was subs t an t i a t ed  by the X—ray analysis of both the —325 Si and —200 Si layers
i n d i c a t i n g  that  the Si~~N~ present consisted of more a than 

~ ; 73% a , 27% fo r
tIc —200 Si layers and - 58/ a , 42% / for the —325 Si layers. This is in con-
tras t to the sam e layers nitrided under identical conditions except using 100%
N , where the /— Si .X ~ content was always greater than the a—Si 3 N1 1 .

The r e su l t s  of RT b a l l i s t i c  impact  tests on these samp les are given in
[able X. As in the case of —200 Si layers nitrided for 1 hr at 1375 C in N~
these layers nitrided in N- /H2 under the same conditions resulted in impact

energies of 15.4 joules being necessary to fracture the NC—l32 Si3N~ substrates

while 17.2 joules was necessary to fracture the NCX—34 substrates. Figures 14

and 1,5 show the NCX—34 Si~ N~ /—200 RSSN ballistic samp les after 15.4 and 17.2

joule impacts , respect iv e l v . However , the —325 Si layers on NCX—34 Si~ N1~ , ni—

t r ided  in N 2 /H f o r  1 hr a t  1375 °C , and conta in ing  only vol 7. unreacted Si ,
r e q u i r e d  a r a the r  low impact energy of 9~~l joules to f r a c t u r e  the s u b s t rat e .
I t  is thus obvious t ha t  more than i vol % is necessary in the RSSI layers i c r
maximum impact  r es is tance.
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In order to de termine the minimum amount of residual Si nece8sary in RSSN
laye rs on dense Si 3N 14 fo r maximum impact resistan ce , further  n i t r id ing tes ts
were carried out using —325 and —200 Si powder layers on NCX—34 Si3 N 4 subst rates.
S amples were ni tr ided in N 2 /H 2 at a maximum temperature of 1375°C fo r periods
of 30 mm , 1½ hrs , and 2 hrs for the —200 Si layers and for  30 mm for  the
— 325 Si layers. Quantitative X—ray analysis showed that for  samp les nit r ided
for  30 tnin at 1375°C , the —325 Si layers consisted of 20 vol % Si , 55 vol %
a S i 3N~~, and 25 vol % 8—Si 3N~~, while the —200 Si layers contained 25 vol % Si ,
50 vol 7. cz—Si3N~~, and 25 vol % ~—Si 3N~ . The amount of residual Si in —200 layers
nitride d for 1½ hrs was -147. while those n i t rided for  2 hrs was -6%.

The RT ba l l i s t ic  impact results for  these and the previously tested samples
nitrided for 1 hr at 1375°C are given in a shortened form in Table XI . Only
the test  results  for  samp les that fa l l on either side of the energy required to
f r a c t u r e  the Si 3 Nt .~ subs t ra te  are shown . From Table XI , it is evident that
n i t r i d i n g  —200 Si layers in N 2 1H 2 for  much more than 1 hr at 1375 °C results in
too mu ch conversion of Si to Si 3N~ with accompanying reduction in bal l ist ic  im~. :
pact resistance. Residual Si content of greater than -20 vol 7. does not lead
to increases in bal l is t ic  impact resistance at RT . For maximum impact resistance
wi th  minimum residual Si content fo r  —20 0 Si RSSN layers , a ni trid ing schedule
of -l hr at a maximum temperature of 1375 °C in a 96% N 2 / 4 % H 2 mixture appears
to be optimal.

For the f iner grain size —325 Si RSSN layers , a shorter n i t r i d i n g  time at
1375°C is necessary for op timum ballis tic impac t resis tance , compared to the —200
Si layers . In fac t , — 325 Si layers on NCX—34 Si 3N~ sub s trates nitr ided for  30
mm at 1375°C in N 2/ H 2 ,  when tested at RT in ball ist ic impact , could not  be f rac-
tured w i t h i n  the limits of the bal l is t ic  impact equi pment. The maximum velocity
ob tainable is 343 rn/ sec  (1125 f t/ s e c )  which is equivalent to an impac ting energy
of 19.7 joules (14.5 ft—lbs) . This energy was insufficient to fracture the
above mentioned samp les , which represents the highest as—nitrided RT ballistic
impact resistance ever recorded under this program .

One additional type of RSSN layer containing .20 vol 7. Si was tested in
ballistic impact at RT . These layers consist of 75 vol 7. —325 Si and 25 vol 7.
—100 , +200 Si. The ni tr iding schedule was such that essentially all of the
—325 Si was converted to Si 3N~ while only a small amoun t of —100 , +200 Si
particles were reacted . Thus , the layer consis ted of a f ine grained ful ly
ni t r ided mat rix with lar ge Si pa rticles interspersed throughout .  Bal list ic
impact testing of this type of RSSN layer on NCX—34 Si 3Nt~ substrates gave a
maximu m impact energy wi thout  substrate  f a i lu re  of 13.6 joules . This value ,
whi le  substantial, was lower than the values obtained fo r  —200 and — 3 2 5
RSSN layers and was more compa r able to previously obtai ned results using 100%
—100 , +200 Si layers . The smoothness of the layer was also not as good as that
obtained fo r either —200 or —325 RSSN layers. Thus, the mixed par t icle  size
layers we re dropped from fur ther  consideration.
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4 .4 .1.2 1370 °c B a l l i s t i c  Impac t  Tes t ing of Fine Grained RSSN L~ivt~rs

B a l l i s t i c  impact  tes ts  at 1370 °C were also p e r f o r m e d on N C — 13 2  and NL ’.— 3 ~. Si :N ,
s~ h s tr at e s  w i t h  RSSN l aye r s  f a b r i c a t e d  f rom both —325 and —200 Si powder . iwo
t y p e s  of RSSN l ayers  were investigated , one w i t h  5 vol 7. r e sidua l  Si and ~f l t

‘.~ :t h  .25 vol 7. Si. The r e s ult s  of these tes t s  are given in Tal les XII and XIII .

~av l e XII shows th~ RI arid 1370 °C b a l l i s t i c  impact  res is tance  fo r  — 3 2 5  Si
s~:~ l ivers with 5 vol ii r e s idua l  Si on bo th  NC—1 32 and N ( X — 3 4  Si . N su h s t r ~ t e s ,
~ltc i :~ c i ~ t r e s i s t a n ce  of RSSN l o v e r s  w i t h  5 vol 7. Si on Nc—1 32 Si , N suN s r A t ~ is0
su~ stan t t a l l y  hi glie r at 1370 C than at RI , reflecting the greater imp o r s i s —

t i n ~~c 01 Nc— I 32 Si . 1 at e l ev a t e d  t e mp e r a t u r e . The i m p a c t  r~~sis  tance f ~SSN
lave rs containing 1) vol % Si on N C X — 3 4  S l~ N 1) at RT is somewhat hi gher th~ n t h e  s.o:s
l i v e r s  on Ni — 1 ~t2 S i N  , as ex p e c t e d .  How ever , at  1370 °C t b n i n p u t  roy ist y
i c r  t h e  I t  X — 3 - ~ S I N  / R SSN samp les drops  c o n s i d e r a b ly , and is much i n f e r i o r  t o

— 1 3 2  Si . N K ~ SN m a t c r o l. ‘the fracture of the samp les with N c X — 3 3  s u b s t r t t e - ~
at 1370 °C is r a t h e r  unus ua l .  On impact , the samples sp l i t  in ha l f  in t i o~ d i r ec -
tion normal to the hot—pressing direction. The origin of fracture is rather
d i f f i c u l t  to disce rn since the fracture surface is extremely f 1a t~ h owever ,
when the samples w e r e  photographed us ing obli que li gh ting,  the fracture orig in
became discernib le. Figure 16 shows a sample of NCX—34 S13N 1, with an RSSN layer
fabricated from —325 Si with 5 vol / residual Si , that was impacted at 1370°C
it  a v e l o c i t y  of 169 r n / s e c  (4 .9 j o u l e s) .  The RSSN layer has , fo r  the mos t p ar t ,
r~ n,iined s t rong ly bonded to the  s u b s t r a t e  wh i l e  the NCX—34 Si~ N~, s u b s t r a t e  has
f a i l e d  in the u u u i l  manner for this material at 1370 C. Figure 17 shows one
s i d e  of the  f r a c t u r e  s u r f a c e  of this sample. It appears th a t  the  f r a c t u r e
or i g i n  is located  near a corner (i.e., the top ed ge) of the s u b s t r a t e , ap p r o x i —  0
mate lv 8 mm awa from the p o i n t  of i m p a c t .  This type of fracture was t y p i c a l
f o r  most  of the 111—34 ai 3N 1~ samp les impacted at 1370 °C.

fable XIII gives the results of 1370°C b a l l i s t i c  impac t  tes ts for — 3 2 5  and
—230 Si ~SSN lavors on b o t h  11—132 and 111—34 S i3 N , s u b s t r a t e s  w i t h  ‘-23  vol 7.
residual Si. present in the RS SN l ayers . Similar to the results obtained at RI,
ISNI lovers of both —325 and —200 Si , on e i t h e r  N C — l 3 2  or NCX—3 4 Si ~N 1) ,  tha t  con—
tam 2 1) vol 7. residual Si , result in much g rea te r  ba l l i s t i c  impact  resistance
t han  1551 lay ers w i t h  less th an 20 vol % Si .  Again , as found f o r  RSSN layers
w i t h  5 vol 7. Si , the samp les w i t h  N C— 132 s u b s t r a t e s  exh ib i t ed  g r e a t e r  impact  re-
s i s t a nc e  at  1370 °C than  s i m i l a r  samp les w i t h  NCX—3 4 Si~ N~ substrates. The frac-
ture origin for the N C X — 3 4  samples w~.s again difficult to determine . The —325

~SSN layers on 11— 132 substrates gave slightly higher impact values than the —200
RSSN lov e r s , as was no t ed  a t  RT for these layers (with 20 vol 7. Si) on 111—34
sub s t r a t e s .

A oimma rv of all  b a l l i s t i c  impact  tes ts  of RSSN 1 avers on NC— 132 and Ni :X— 34

Si 1 5 1 ( 1 s t  r a t e s  is pre sen  ted in ba r  grap h fo rm in Figs.  18 and 19 , respec ti vely.

From t hese Il g u r es , i t  i s  i nun edia te ly obvious t h a t  maximum impac t  r e s i s t a n c e  I c r
any g iven  p a r t i c le  si  ze 5551 layer is on ly  ob t a ined  when that layer contains

‘20 vol 7. un r e i~~t , ’t l  S i .

18

- -.--~~~~~~~~~ -



____________________________________________________________ _____________________________________________________ - n: r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ “‘~~‘ “ —

. 4 .1.3  B a l l i s t i c  Impac t  Observat ions

The role of the residual  Si w i t h i n  RSSN energy absorb ing sur face  layer s in
maximizing the tolerance of the RSSN/HPSN combinations to b a l l i s t i c  impact of
ha rdened  chrome—stee l  spheres  is no t  f u l ly unders tood .  I t  appears tha t  the
r e s i d u a l  Si absorbs the sphere s’ energy and slows it as the Si is crushed , f r ac—
tu red , and , i~ appears , ac tua l ly  igni ted b y the f r i c t i o n  caused b y the impact
e v e n t .  F igures  20a and 20b show the impact  s u r fa c e  of a s teel  ball  a f t e r  RT
i ::pact w i t h  a con t ro l  s amp le of NCX—34 S i 3 N ~ at a veloc ity of 130 rn/ sec  (2 .8
j ou l e s ) .  This  v e l o c i t y  is s u f f i c i e n t  to fracture the NCX—34 Si 3N~ samp le. The
steel sphere in Fig .  20 is considerab ly f l a t tened and exh ib i t s  cracks t ha t
or i~~in at e d  a t  the p o i n t  of impac t . In Fig. 20b the grinding marks from the
S i .N _ s-irfa ce can be seen Inprinted on the contact area of the steel sphere .

Figures  2 1 a  and 2 1b show the impact  s u r f a c e  of a s teel  ba l l  a f t e r  RT impact
w i t h  an NCX—34 Si.N , sample hav ing  a —200 RSSN surface layer with .6 vol 7.
r e s idua l  Si. The impac t ing  ve loc i ty  was 230 r n / s e c  (9 .1 jou le s )  which was suf-
f i c i e n t  to f r a c t u r e  the N CX— 34 Si 3N subs trate. The surface of the sphere is
roughened b y pass ing  throu gh the RSSN layer  and the contact  area with the NCX—3-.
Si~ N , s u b s t r a t e  is qui te  small . Some p a r t i c l e s  of RS SN layer appear to be
adher ing  to the  s u r f a c e  of the sphere.

Figures  22 a and 22b show the impact  s u r f a c e  of a s tee l  sp here  a f t e r  RT in—
pac t  w i t h  an N C X — 3 4  Si 3N 4 samp le having a —200 RSSN s u r f a c e  layer  c o n t a i n i n g
2 1 vol ¾ residual Si. The s u r f a c e  of the sphere  is very abraded and roug hened
w i t h  no contac t  area w i t h  the subs t ra te  v i s i b l e . Large p a r t i c l e s  of the P SSN
layer  appear  to be imbedded in the su r f ace  and , a l though n o t  apparen t in th is
view , t h e  i m p a c t i n g  s u r f a c e  of the sphere has been sli g h t l y worn aw ay by passing
th roug h the RSSN l ayer , los ing - .5 mg of wei gh t .  F i g u r e  23 shows the impact
po in t  at the b o t t o m  of a hole c rea ted  in a —200 R SSN l aye r  by a s t e e l  sp he re
impacting at a velocity of 300 rn/sec. Flattening of the RSSN lover  near the
impact point is quite evident. At the moment of impact of a steel sphere with
an RSSN layer containing conside rab le residual Si , a f lash of sparks can be seen
emanating from the impact poin t. These sparks are apparently ignited Si par-

ticles caused by f r i c tional hea ting during the impact event. The striations
seen on the RSSN surface in Fig. 23 are evidently caused by the ou tward passage
of these pa r t icles .  Whatever the ac tual mechanism , the Si par ticles in the RSSN
layer defini tely tend to slow down the incoming s teel sphere to a grea ter ex ten t

than RSSN layers wi th  l i t t l e  or no residual Si.

~no ther importan t observation concerning the RSSN energy absorbing surface

laye r concept is that , while mos t of the RSSN/HPSN combinations tested in ballistic
impact had RSSN layers of 1 nun thickness , a substantial amount of energy can be ab-
sorbed by much th inner layers , as show n in Table XIV. Even a 0.25 mm thick RSSN
layer absorb s 4 t ime s the amoun t of energy of an NC—l32 Si 3N 1~ subs tra te wi th no
laye r . This is i m p o r t a n t  due to the f ac t  tha t  some components could be too small
to accommodate a standard RSSN layer of 1 nun th ickness .
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-. .2 -.— I’ t o e i iu  l e s t i n g  of R S SN / H P S N  Cor nbi n .j t lons

From previous wo rk on ene rgy  abso rb ing  RSSN s u r f a c e  layers  ott 11—1 32 S i N
(let . 10) , i t  h oc beer. shown that a severe strength -3r~~~ tion occurr ed wi en
thc ~SSN -hii SN s amp le was t e s  ted i i i  either Ch ar ,- i rcp a t r ending a-it: the RSSN
s ::e in Lens i n . In order t o  determine at what point in the nit ridin g cvc Ic
tO e s t r - :i g t : :  d eg r a d a t i o n  at the R SSN / H PSN i n t e r f a c e  occurs , a ser ies  of
:t itri dia l runs w e re dome under diffe ring conditions , using both — 325 Si and
— 100. -t200 Si powder l ivers on 11—132 and 1171—34 subs  t r a te s .  Se ts  of Si

::a s ocy les (-. . -. -. x 0. 0h x u .254 cm) with the two d ifie r c~~t Si powder layers
were sub jected to four dif :crent cycles: (1) Ar , 115001, 20 lirs ; (2) Ar , l I 5 0 ~~(
20 his , a lms :. , 1250 °c , 2- .  h rs; (3) Ar , 1150°C, 2 1)  hrs , plus 1; , 12500

1, 2 4
p lus N , 1375

0
1, 2 4 Ii is ; and ( - ‘4) the tori:ail ni tridin g cvc le of 20 hr s  in

Ar at 1 50°C , 24 lirs in N at 12 50°c , followed by 00 hrs in N~, at 1375°c. 1ii~
re t e n  t e st e d  in 4 — p t  b e n d i n g  at RI w i t h  t h e  R SSN (o r  S i )  l ay e r  in

Lens  io n .

Ste  r e s ult s  of these  t e s t s  are g iven  in Table XV. I t  is apparen t that  deg—
v :1c t L  C m  ol t he  s amp le s t r e n g t h  does n o t  occur  u n t i l  the n i t r i din g  t e m p e r a t u r e
of 1375°C is reached . A n i t r i d i n g  tir .~e of  24 hrs  at th i s  t e mp e r a t u r e  is s u f f i —
c i e n t  to d e g r a d e  ti l e s t r e n g t h  of n i t r i de d  NC—1 32 and :;c::—34 Si N . samples
wiL’i — 325 mesh Si layers to h a l f  the c o n t r o l  va lue , w i t h  longe r time s be ing
nc~~essarv to achieve  t h i s  wi th  the coarser —100 , +200 mesh Si layers . Note
Ltat NC —1 32  Si -~N b y itself appears to increase somewhat in s t r e ng t h  a f t e r
i r i d er g u i ng  the s t a n d a r d  n i t r i d i n g  cycle , w h i l e  the N C X — 3 4  Si - 1 is de c r eased
in s t r e n y t i l  somel- hl i t .  The i n t e rn e c i a t e  t e mp er a t u r e  s tren~~th d e g r a d a t i o n  prob —

~Ct i  of t h is lo t  of  111—34 Si 3 N , rn ,-iv be cent r i b u t i n g  to  t H e  loss in s t r e n g t h ,
ev en  t h o u gh the  n i  t r i d in g  t r e a t m e n t  is c a r r i e d  ou t  i n  a n o n o x id i z iu g  e n v i r o n men t .

An X — r a y  diffraction analysis of t i l e  n i t r i d e d  —325 Si layers a f t e r  24  h r s  a t
in A~ i n d i c a t e s  that the l iver consists p r i m a r i ly of Si , w i t h  on ly  about

lb vol 7. of the Si converted to S i N ,, in contras t, the  samp les n i t r ided  to 1375 °C
f o r  2- .  hrs e x h i b i t e d  ove r 90 vol 4 convers ion  to a m i x t u r e  of a and i Sj3N14 . It
thus  appea r s  t ha t  as soon as a s u b s t a n t i a l  amount of ti-te Si powder l ayer  reac t s
with t h e N to fonii Sl~1~~, e i t h e r  the surface of tile Si 3N1~ substrate be-

comes a source  of s t r e s s  c o nc e n t r a t i n g  f l a w s  due to i n t e r a c t i o n  w i t h  the  n i t r i d e d

S i g r a i n s , or t h a t  the i n t e r f a c i a l  b o n d i n g  is increased  to the poin t  t h a t  cracks
propagat ing through the RSSN lover during stressing are not b lunted or d e f l e c t e d
i t  the RSSSi’HI’SN i n t e r f a c e  but  con t inue  to p ropaga te  in to  the I IPSN .
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The f r a c t u r e  s u r f a c e s  of —325 Si layers on NC—132 Si 31~ nitrided at maxi—
Ler peratures of 1250°C and 1375°C for 24 hrs were examined by scann ing

e~~ec t rcn microscopy (SEM). The 1250 °C nitrided sample is shown in Fig. 24.
~“n i s  p a r t i c u l a r  s ample  had a 4—pt  bend s t r e ng t h  of 586 MPa (85 ksi) which is
some - h a t  less than the c o n t r o l  value of 662 i-ma (96 ksi). The fracture sur—
f ac e  is fa ~ r lv  rou g h w i t h  the f r a c t u r e  ori gin located near  the samp le ed ge.
Fi:e origin i - in d ic at e d  by arrows in Fig. 24 and appears to be a small void w i t i —
La t u e  NC —1 3 2 SL , N . at a dis tance of ~20’.. from the tensile surface. The nitrided
S I  s u r f a c e  layer  does not  appear  to have i n f luenced  the f r a c t u r e  of this  sarr ;Ce

a ct u a l l y has debonded from the NC—l32 Si~ N near the fracture origin.

1-igure  25 shows the  f r a c t u re  s u r f a c e  of the  —325  Si samp le nitrided at
1375 C f o r  24 h r s . The n i t r i d e d  Si layer  is p r imar i ly converted to Si~ N~ and
L~, quite strong ly bonded to the :-;C—132 Si~ N L . The fracture surface of the NC—1 32
Si~~N is very s m o o t h , which  is ind ica t ive  of a samp le w i t h  low bend s t r e n g t h;  in
tais case 300 7~2a (-. 4 k s i ) .  The f r a ct u r e  o r ig in  is indica ted  b y arrows in Fig .  25
.ad appears  to be a void  of abou t  20~. d iameter  in the RSSN layer  located about
30-,. f rom toe N C— 132  Si~ N~ i n t e r f a c e .  This p a r t i c u l a r  sample appears  to have
oau a few very large bubb les ( i . e .  voids) in the RSSN layer b u t  they do not
a p a e a r  to affect the na tu r e  of f r a c t u r e . Other  —325 Si layers , n i t r i d e d  at
1373 °C , con ta in ing  no large voids  exhib i t  the same type of fracture behavior .

Some R S S N / i - iP S N  combinat ions were ra ther  d i f f i c u l t  to  f a b r i c a t e  wi th  a wel l
bonded  i n t e r f a c e , in p a r t i c u l a r  the —325 RSSN layers  on NCX—34 Si~ N , s u b s t r a t e s .
A t y p i c a l  f r a c t u r e  s u r f a c e  f o r  a weakly  bonded —325  RSSN layer on N CX—34 Si~ N
is sh own in Fig.  2 6 .  The RSSN layer  on th i s  samp le Is s t i l l  adhered to the
s u b s t r a t e ;  man y —325 RSSN layers debon ded when the sam p les were broken.  The
r e l a t i v e ly rough s u r f a c e  of the NCX—34 s u b s t r a t e  cross sec t ion  is i n d i c a t i v e  of
a strong samp le , in this case 702 MPa (102 ksi), Figure 27 , by way of contras t ,
shows the qu i t e  smooth  f r a c t u r e  s u r f a ce  of the s u b s t r a t e  f o r  a —100 , +200 RSSN
l aye r  on NCX—3 4 Si~~N . w i t h  a degraded s t r e n g t h  of only 407 MPa (59.1 ksi). In
th is  case , the f r a c t u r e  or ig in  appears to be located at some p o i n t  w i t h i n  the
RS SN layer , near the interface .

In order  to de te rmine  wh e ther or not the s t r eng th  degrada t ion  is due to
i n t e r a c t i o n  between the Si par t i c l e s  and the Si~ N t 4 s u b s t r a t e  dur ing  n i t rid i n g ,
1C X —3 ~. S~~3 N c samp les tha t  had both —325 Si and —10 0 , +200 Si powder l i g h t ly

sp r ink led  on the tens i le s u r f a c e  were  n i t r i d e d  b y the usual  me thod.  Thes e
samples , when tes ted  at RT wi th  the l i gh t ly covered PSSN s u r f a c e  in tension ,
e x h i b i t e d  si g n i f i c a n t  deg rada t ion  in s tr eng th . The fr a c t u r e  ori g in was a1i~~vs
l o c a t e d  on the s u r f a c e  at ei ther  a n it r id e d  pa r t i c l e  of Si or a depress ion that
at  one Lioe was assoc ia t ed  w i t h  a n i t r id od  Si p a r t i c le .  Figure  28 shows a
t yp ical f r a c t u r e  o r i g i n  f o r  a sample w i t h  a sur f ace  covered w i t h  n [t r i d e d  —100 ,
4-2 10 Si p a r t i c l e s .
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4.4.2.1 Bend lest of R S S N / H P S N  Combinat ions  N i t  r ided in a
N 2/ IL Mixture

In orde r to insure that impurities in the Si powde r or oxygen con tamina t ion
i~~ n the n i t r i d i n g  gas ,ire not contributing to the observed degradation , add i—

tion il nttrid ing runs were done u s i n g  a much pure r Si starting powder and using
-i I n  - N — 4 .  i i )  mixture as the n i t r i din g  med ia . Both 11— 132 and 1171—34 Si ~N 

-
n-m d spec  linens c- .- r -  lab r i ci t e .l w i t h  approximatel y one mm t h i c k  l a yer s  e l
1-200 Si and —32 5 Si powder of two p u r i t i es ; a nomina l  98 % p u r e  powde r Li t as
a ecu no -‘ d iii roughou t th is  program and a h i  gli p u r i t y  99 .6% powd er . The i l  er  i ca 1

u a lv s e s  0 1 t h e s e  powde rs was given previous ly in Table L I I .  I t  can be seen
that the m a i n  inpur i t ies in t h e  — 125  ( 9 9  .6%) powde r ar e  Al and I’b ( .  1 ;)  w h i l e
t h e  — 3 2 > (9 8% )  powde r ,~~n t i i i s  I~~ (.7%), ~U ( . 2 ) , ~li-t (.3%), Cr (.15), and Ca
(.1%). Ilie samp les were nit r i led according to t h e standard schedule except that
the n u t  iding atrio~ p h erc consis ted of 90% N /4% IL , ins te~ d of  th e usual 100% N .

Oie r e su l t s  of RU 4—pt bend s t r e n g t h i  te s to with the R~-;SN in tens ion l i e
given in t a b l e  XVI.  i t  -an he seen t h at  bot h NCX— 34 and N C — I 32 S i  , N~ w i th si -I  I
bonded iC~SN liv ers of 98% pun ty —32 5 Si are not si gnificantl y d eg r a d e d  in
s t re n g t h  wh e n  th e n i t r i d  Lug is carried to t  in a N /11 - mixture . The ‘i 9 , ti — 325  p,
Si and t he —100 , +200 Si ot 98. 5~ pun tv , when n i t r i d e d  u s i n g  N .  I l l  mixtures on
beth NC— i 12 and NcX—34 SL 31 , substrates , do tend to degrade the strength ; a l —
L t : t i g hi lcss so for t hi ~ 11.71—34 Si ~~~ For some reason , the — 3 2 5  Si (99 .n )  l ive r s
on Nc X— >- *  S i  1. u s u a l l y ex h i b i t  rather poor bonding. This may he due to t h e  v e ry
o :i i l l  particle s i ze , i • e . h i  gli surfa ce are a , o I iii is powde r c aus ing deb end in g due
t o  hi gh shriuk ge d u r i n g  ih rvlng o t h e  S i  l a v e U .  Fi gures 29 and 30 shies the

r a c i a l ,  u n l a c e of the — 1 25 (‘18%) Si RSSN avers on 11— 13 2  and 1171— 14 ~~ t O .
r e spec t  i ye ly . I h i e  I-~1SN l i v e r s  on b o t h  samples  a re  very well bonded to t h e  sub—

o t r i t e  and t h e  t r i o t  n r c  su r i  a -eu  are q u i te  roug h , in agr e e m e n t  wi  t l i  t i e  Ii i g li
si r en gt i i  o t ii eec eamp les . Shown in 1- i g. 31 is t h e  usual I r ; ic  til e surface oh—
t a m ed when — 125 S i  (9 8  ) ave r s  on N C — 13 2  Si 1 N1 4 are n itn ided to 175 °c , 60 hi t s ,
i i i  pure  N - . This sample exhtib lied a bend strength of 264 MPa (38.3 ksi) coin—
a ired  t~~ b 59 ~ll’a (95 .b ksi) f e r  t h e samp le in Fig. 29 nitrided in 96% 71 /55

ihie f r a c t u r e  o r ig in  fo r  the samp les n i t r i d e d  in 71 /112 mixture s appears to
be at or very near the RSSN/HPSN interface; near the righ t corne r f o r  th e samp le
in F i g. 29 and midway between the left corner and center for the samp le in
F i g .  30. The f r a c t u re or igin  for  the degraded samp le in 1 g .  31 is not  readil y
i p pi rent , b ut appears to be within the RSSN layer.

Sub seque n t 4—pt bend tes to have been done on samp les  of both N C — i 12 and
1171— 14 Si 

~N , with — 12 5 and —200 Si l ay er s , t h a t  we re n i t r i d e d  in N /iL m i x t i t i - :;
- i l on g  w i t h  b t i l  it s  t i .  imp act a amp I es . lii ree bend t e e  t S amp I i - ; >1 ea cli 1051 /1 ( I ON

ouR m a  I ion we re inc hii ded in e~~- hi i i i  i r i d i i i g  run . A l l  ot t i  -iam ~ les n i In d.-d in

t h e  965  N - /4 - II m i x t u r e  sh owed oem d e g r , i d t i t  Lou in bend st  r ei ig  t h  . i i i . - 0 71— 14

S i N > sa m p les w I t h i  c 1 t h e  r — 125 o r  — 2 ( 1 ( 1  RSSN 1 a y e  cen t - i  i n in g  0)— > ~‘o I S 1 

~~~~~~~~~ -



gave bend s t reng ths tha t  averaged 572 MPa (83 ks i ).  The NC— 132 Si 3N~ samp les
w ith similar RSSN layers averaged 503 MPa (73 ks i ) .  These results are also
given in Tab le XVI. This rep resen ts a 32% drop in strength for the NCX—34 S13N ,,
and a 24% drop in strength for the NC—132 Si 3N14 over the as—received condition.
Howeve r , the N CX—34 Si 3N~ degrades -15% in strength due to the nitriding treat-
ment alone . This drop in strength may be connected to the observed intermediate
temperature oxidation prob lem of this NCX—34 Si3Ni~ material. Figures 32 and 33
show all of .rte 4 — p t  bend strength data for NC—132 and NCX — 34 subs t ra tes , re—
spectiv ely , with the various RSSN layers, p lo tted in bar  grap h fo rm.

4 .4 .2 .2 Conclusions on the Degradation of RSSN/HPSN Bend Strength

In general , when well—bonded RSSN layers on HPSN substrates are tested at
RU in bending with the RSSN layer in tension , severe strength degradation (-50%)
o c L u r s  f o r  those samples nitrided in 100% N2 wh ile only moderate to very little
s t r e n g t h  d e g r a d a t i o n  o c c u rs  f o r  those samp les nitrided in 96% N 2 /4 % II , . Also ,
the strength retention is u s u a l ly  best  fo r  NCX—34 Si 3N~ over NC—132 S 1 1 N , ,  re-
f lec t i n g  the higher initial strength of the NCX—34 material.

The reason for the strength degradation for those samp les n it rided in 100%
N , appears to be caused by the type of microstructure developed with in the RSSN
laye r and the way it bonds to the HPSN substrate. RSSN nitrided in flowing 712
is comprised primarily of large particles of 6—Si 3Ni 4, wi th very little a—S i 3N~,
whisker formation between the 8—Si 3N~ par ticles , as d iscussed by Lindley , et al
(Ref. 14). Bonding in this type of RSSN layer on a HPSN substrate consists pri-
marily of d i rec t  ~— Si ~~ to ~3—Si 3N t 4 par t ic le  bonding and 8—Si 3N14 particle to
111>81 s u b s t r a t e  su r f ace  (a lso ~—Si 3N~,) bonding.  From experimen ts w i t h  sp r ink led
Si powde r nitrided in 100% N , on HPSN subs tra tes , it was found that the nitrided
Si particles bond v ery  strong ly to the substrat e with a continuous p—Si > 71 4 struc-
ture and act as large s u r f a c e  flaws , causing strength degradation . RSSN layers
on HPSN substrates , nitrided in pure N , ca use s treng th degrada ti on b y a l l o w i ng
crack propagat ion to occur  t h rough the direct s—Si ~~~ to ~—S i 3N 14 particle
bonding and then on through the HPSN s u b s t r a t e .  The f ac t  that  mos t wel l—bonded
11~ SN / H PSN combinat ions , nitrided in pure N2 , do not exh ibit fracture origins at
the RSSN/}IPSN interface but rather somewhere in the RSSN layer indicates that
flaws (i.e. poros i ty) in the RSSN structure are controlling the mode of fracture .

RSSN laye rs nitrided in N /H~ mixtures exhibit a much different micro—
structure than those nitrided in pure N > . Every ~—Si 3N~ par ticle , whether or
not It contains r e s i d ua l  Si in the center , is surrounded by a fine stru cture c i

—Si i . , > whiske r s . This  i—S i N~ wh iske r mesh separa tes  the ~—S i 3N~, grains f rom
e a c h  other and f rom the IIPSN substructure , thus not allowing a direct path for
c r i ck propagation. The flaw size ithin the RSSN nitrided in N /Il2 mixtures

is also cons iderab ]v reduced , due to the  pores between Si p a r t  i d es becoming
11 led w i t h  the f i n e  —S I N  ~ s ci c tu  re . Well bonded RSSN layers on U1’SN sub—

s r i t - - . a lwavs cx li i i>  i t  I r i o t U re o r i g i n s  at the RSSN /IIPSN interface , indicating
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t h a t  the f r a c tu re mode is con trolled by flaws at the interface , not within the
RS SN ia’, cr  as is the case when ni t riding is done in pure N 2. And , since the
interface consists primarily of ci—Si 3N 4 whiskers bonded to the HPSN substrate ,
t o e  flaws at the interface are not large , thus leading to minimal s trength
d e g r a d a t i o n .

-. .4 .3 Task I — Conclusions

The general goal of Task I of this program was to develop RSSN energy rib—
- t e r b i n g  s u r f a c e  l ay e r s  on h o t — p r e s s e d  S13N >~ that would consistently resul t in
b a l l i s t i c  impac t  s t r e n g t h s  at WI and 1370 °C of over 7 ft—lbs (9.5 joules) while
m i n i m i z i n g  the  R S S N / H P SN  i n t e r f a c i a l  s t rength  degradat ion  t h a t  occurs us a r e- —
s u i t  of t h e  i ii  t r i d  i ng  p r o c e s s .  This goal has been accomp lished w i t h  t h e

I - v t >  1 p rt eit of RSSN l iver s of either —325 Si or — 200 Si nitrided in a 9o%
N~~/ 1% H m i x t u r e , to m i n i m i z e  i n t e r f a c i a l  strength degradation , according to

- i  s c h i e d u  Ic t ini t  r e su l t s  in at leas t 20 vol % residual Si remaining in the IISSI
L i v er .  U s i n g  e i t h e r  11— 132 or  1171—34 Si 3N ,~ subs t ra tes  In combinat ion  w i t h  these
RS SN layers  me e ts the 7 f t — l b  (9. 5 jou le )  goal at both RT and 1370 °C , w i t h  tie
N i x — 3d Si ) N~, ma te r i a l  ge r fo rming  b e t t e r  at RT and the NC— l 32 Si 3N , ma ter ia~ per—
forming bette r at 1370 C . The l a t t e r observat ion is undoubtedly due to the
Ii i gh er  f r a c t u r e  toug hness of Si ) N >4 (Y 2 0 3) materials at RT and the greater p lastic
blow i t  the gra in  boundaries of Si 3N 4 (MgO ) materials at elevated temperatures.

1.5 Task II — E f l e c t  of Thermal  Exposures on R SSN /HPS N Comb i n a t i o n s  W i t h  arid
Wi thout Ove r I avers of CVI ) S I 3N

The pu rpose 01 task It of this program is to evaluate the effect of t h e rm a l
cy c l i n g  to 1200 and 1370 °C in air on the integrity of the RSSN/IIPSN combinations ,
i c  p a r t i c u l i r  t h e  - l I t - c t  of  siLica formation within the RSSN layer on i ts  a b i l i ty

o ihi s > ri) energy during balils tic impact. In addition , the hot gas eros ion
cu iracteris t i cs  of the RSSN layers at 1200 and 1370°C in a Mach 0.8 gas stream
a r t  to be v a l u a t e ! , b o t h  w i t h  and wi thou t a th in overlayer of chemically vapor
depos i ted (CVI)) Si ~~~ The CV!) Si > 1> overlayer is being investigated as a

possible ox i d a tion and e ros ion resistan t barrier for the RSSN / 1IPSN combinat ions .

-.. ,.l  I h i e r m a l  Cyc l ing  of Si 3N , Control Samples

d i i  listie impact samples of bo th  NC—l32  and NCX—34 Si3N~ were subjected to

1> therma l .vcl co between —150 to 1200 C and ~200 to 1370 C in air. An exposure

cy c l e  cons is ted of h e a t i n g  to e i t h e r  1200 or 1370°C in —15 mm , holding at ten t—
pe r at u  re i t  r 4(1 mm , and then cooling to the minimum tempera ture  in a co ld  a i r
h l i s t  I or 10 mi A t let  th e rmal cyc l ing,  the samp les were i n sp e c t ed  v i su a l  lv
anti anal yzed f or  we i gu t  gain and , b y X — r a y  d i f f r a c t i o n , fo r  the  f o r m a t i o n  of

en r fo e  exi le phases. They were then tes t e l in ba l l i s  t ic impact  at a saiiip Ic

empe r a t u  re el  20 and 1370 01.
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The weigh t gain and oxide formation data for the thermally cycled ballistic
impac t control samples of NC—132 and NcX—34 Si3N~ are given in Table XVII. For
bo th temperatures , the oxide layer formed on the NC—132 Si 3N~ was mu ch th i cker
than that formed on the NCX—34 Si 3Ni.~, as expected from previous oxidation data
for these two materials. Figure 34 shows the surface of the NCX—34 Si 371~ (le f t)
and the NC—132 Si 3N~ (right) samples after the 75 cycle , 1370 °C exposure . There
was no evider- e of the low temperature oxidation prob lem previously no ted fo r
the NCX—34 Si~ N~, occu r r i ng  dur ing  cycl ing of this mater ia l  to ei ther 1200 or
1370°C. The weight gain f o r  the NC— 132 Si 3N >4 was approximately  three times
th at of the NCX—34 St 3~~L, at 1370°C and approx imately 70% h igher at 1200°C. At
1370°C , the oxide formed on the NCX—34 Si 3N~ was en tirely crys talline , as deter-
mined f rom X—ray analys is , consis ting of elonga ted Y 2SI,07 c rys ta l s  w i t h  a
en il l  amount of Si0 2 ( c r i s t o b al i te) . The oxide layer  formed on the NC—132
Si ~~~ , was a mix tu re  of a glassy s i l i c a te phase , Si0•~ ( c r i s t o b a l i te ) ,  and l-1gS i0~
( c l i no en st a t it e ) .  At  1200 °C , t h e  p redom inan t s u r f a c e  oxide p has e formed on
be th m a t e r i a l s  was S 105 ( c r i s  t oba l i t e ) w i t h  small  amounts  of what appears  to be

t h e  X j p ha se  of  Y S  i t ) -3 forming on t h e  NCX—34 and small amounts of Si ,N 0 p lus
an in’ (dent I fi e d  i h ia se on the 112—132 SI ~N .

Ihe results of ballistic impact tests at RT and 1370°C on th e rmal l\  cy cled
Si
~
N 4 substrates control samp les are given in Tab le XVIII and compared to values

for as—re ceived controls. Within statistical scatter , there does not appear to
be any significan t effect of thermal cycling on the ballistic impact properties
of either NC— l32 or NCX—34 SI3N ,~. Both materials exhibit somewhat better El’
ba l l i s t i c  impact proper t ies  and somewha t poorer 1370°C impact properties after
thermal  cyc l ing ,  except  fo r  the NCX—34 mater ia l  cycled to 1200°C and tested at
1370 °C. In general , the 1200 °C cycl ing gives higher ballistic impact results
than the 1370 °C cycle , f o r  both NC— l 32  and NCX—34 Si 3N >~. The f r a c t u r e  mode
f o r  t h e  m a t e r i a l s  was not changed b y the th iermal  cyc l ing  exposure.

4 .~~.2 Thermal Cycling of R SSN/ E PSN C ombina t ions

Samp les of bo th  112—132 and NCX—34 Si 3N~ w i t h  —200 RSSN layers con t a i n i n g

~25 vol % Si were sub jec ted  to thermal  cycling tes ts between 150 and 1200 °C an d
between 200 and 1370°C. Samp les of NC— 132 w i t h  —325 RSSN layers hav e als o been
therm ally cycled. From weigh t gain measuremen ts of cycled samp les , it was
determined that the —200 RSSN layers cycled 75 times to 1200°C gained ‘415 rig
whi le  the —325 RSSN layers gained ~ll0 mg. The —200 RSSN layers cy c led to
1370 °C gaIned -150 m g  while the —325 RSSN layers gained -130 mg. No dif f e r en ce
in weigh t  gain was noted between PSSN layers on NC— 132 or N~~~—34 subs t r a t e s .
X — r a y  anal ysis of the c’> c l ed  RSSN layers revealed that  the cxide p roduc t  con-
sis ted e n t i r e ly of  t— cristobal ite (Sb 2). The amoun t of r e s i d u a l  Si in t h e

cyc led l ay e r s  was e s s e n t i a l ly unchanged as ca lcula ted  f rom X—ra y  a n a ly s i s , so

that the s i i  i t -a t hat  was f or m e d  resu l ted  from the r eac Lion of ox\ gen vi t h i  t h e
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a and ~ Si 3N~~, not  wi th  the Si. Thi8 would be expected , since the residual Si
ex i s t s  in the i n t e r i o r  of ~—S i 3N~, particles. Photomicrographs of the cycled
RSSN layers revealed that the silica almos t comp letely f i l led the void space
t h a t  previously existed be tween Si 3N~ par ticles , as shown in Fig. 35 for a —200
SS~ N layer cycled 75 times to 1370 °C . At high magnifications , as shown in Fig.
35b , i t can be seen that the Si particles appear to be oxidizing somewhat along
grain boundaries .

ilie results of WI and 1370°C ballis tic impact rests on the RSSN/HPSN com-
binations , both as—fabricated and cycled 75 times to 1200°C and 1370°C are shown
in Table  XIX . Only the ene rgy and velocity necessary to fracture the hot—
ort-ssed substrate are shown in Tab le XIX. From these results , it can be seen
that t h e ballistic impact resistance of —200 Si I1SSN layers on both NC—132 and r
o \ — 3  + Si ~N , substrates , tes ted either at RT or 1370°C, either increases or
stays t h e  same after 75 thermal cycles to 1200°C or 1370°C. The —325 ESSU
l ive rs on N C — l i d  Si N~ also showed no decrease in RT impact res is tance  a f t e r
t h er m a l  cy c l i n g .

From t h e  t es t s  conduc ted  on samp les cycled to either 1200 or 1370°C, it is
apparent that the formation of -t—cri stobalite in the interior and on the surface
of the porous RSSN layers does not cause degradation of the RSSN layer and in
mos t instances has a beneficial effect on its impact resistance. The silica
forms predominantly at the expense of the Si 3N14, not the residual Si , and thus
docs not reduce the amoun t of residual Si below the apparent ly c r i t i ca l  value
of 20 vol % necessa ry  t o r  o p t i m u m  impact  resistance. The silica also appears
to  withstand the h i g h  to low eristobalite transformation that occurs when the
samp le is cooled through the 200—275°C range , at least without cracking or de—
1 iminat ing the 12551 (aver.

~~~~~ Thermal  Cy c l i n g  of RS SN /H P SN Comb inat ions w i t h  CVD S13N > 4 or SIC
Ove n ave rs

As described in the following section on Mach 0.8 gas erosion testing, tlie

formation n> a pro tective CVI) Si3NL4 overlayer on the RSSN layers was not possible

due to the residual Si present in the optimized RSSN layers i n t e r f e r i n g  wi th  the
deposition process at the usual deposition temperatures of 1400—1450°C. A f u l ly
nitrided RSSN layer was shown to be amenable to CVI) Si3Nt4 deposition at 1450°C

w i t h  subsequent  thermal cycl ing  of the samp le to 1370°C showing no appreciab le

oxidation of the RSSN layer. However, the impact resistance of th e fully nitrided

~S5N layers is about one—third of layers with 20 vol % residual Si so t h a t  i f
oxidation protection of the RSSN layer by a CVD Si3Ni 4 over layer is des ired , a
compromIse in impac t  r es i s tance  mus t be made .
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Since CVD SiC can be deposited at a much lower temperature than CVD Si 3N 4,
i t  was decided to investigate RSSN layers wi th overlayers of CVD SiC. Even
though the thermal expansion coefficien t of SIC (-4.5 x 10 6/ °C) is somewhat
higher than that of Si 3N i~ (-3.1 x 10 6/°C), thus causing residual tensile
stresses in the SIC upon cooling from the deposition temperature (1120°C), it
was thought that a very thin but continuous CVD SIC overlayer could be protec-
tive of the ~NSN layers.

CVD SiC deposition was carried out at 1120°C using a mix ture of me thane
and hy drogen saturated with methyldichlorosilane. The firs t samples of NC—132
with —200 Si layers were coated with CVD SIC of -6 mils (.15 mm) in thickness.
On cool ing f rom depos it ion , the CVD SIC coa tings cracked b ut were s till very
adherent to the 12SSN layer. The corncob appearance of the CVD SiC and the cracks
formed can be seen in Fig. 36~ Upon thermal cycling to 1370°C , the SiC over—
l i ver tended to spall  off , thus not offering any protection from oxidation .
ilie samp le shown in Fig. 37 completed 21 cycles to 1370°C with the coating
starting to spall after -10 cycles . Due to the spallation of the coating, no

~e i gi it  g u n  data could be taken but it can be assumed that the RSSN layer con—
tam ed considerab le silica.

The LVI ) Iepo sit> on parame ters were changod to obtain a thinner , finer
r u i n e d  S-iC coating. Subsequen t samples exhibited coatings of 0.5 to 1.5 mils IT,

( i 2 — 3b4 in thickness. FIgure 38 shows the CVD SiC surface of a sample of
N C — l i d  w i t h  —200 RSSN layer , with the thickness of the CVD SiC coating being
-l mail (25). •\s can be seen in this figure , cracks are s till in evidence in
-i o ne areas of the coating. It was found that all coatings of thickness 1 mmii i

r greater contained cracks , whereas thinner SIC coatings were crack free.

A total ot ten NC— 132 ballistic impact samples with —200 RSSN layers (20%
Si) we re coated with 0.5—1.5 mils (lZ—36b) of CVI) SIC and then subjected to 75
t h e r m a l  cycles t i  1370°C. These samples along wi th non ther mnal cycled samp les
w i t h  CVD SiC overlayers , were then tested at RT and 1370°C in ballistic impact.
Ilie weigh t gain and oxide formation data for the thermally cycled sam p les is
shown in Table XX • As can be seen from Tab le XX , the weigh t gain of the
samp les wi th  CVD SIC overlayers is somewhat higher than NC—132 Si 3N~ subs trates
and sub s tan tially lower than the RSSN/HPSN combinations wi th  no CVD SiC over—
(a v e r .  The actual values of weigh t gain for  the samp les with CVD SIC overlayers
ran ged f r om 36 mg for thin (-l2b) CVD SIC , with i  no cracks evident , to 70 mg for
a thicke r (—36~ ) CVI) SIC that exhibited cracking similar to that shown in Fig.
38. A fairly thick silica layer formed on the CVD SiC during cycling wh-ti ch , on

cool ing ,  exh ibited some cracking as shown in Fig. 39. From the we ight gain data
and from X—ray diffraction analysis it is apparent that while some internal

oxidation of thie RSSN layer is occur r ing ,  i t  is much redu ced b y the presence
of the CVI) SIC overlayer.
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The ballis tic impact resistance of as—fab ricated and thermally cycled
samples with CVD SIC overlayers was determined at RT and 1370°C, is shown in
Table XXI . The only difference noted between those samples with CVD SIC coatings
and those without was a sligh tly lower impac t resistance for the thermally
cycled samp les with CVI) overlayers . This is likely due to the rela tively lesser
amo un t of in ternal  oxidation wi th in  the RSSN layer for  the samp les wi th  CVD SIC
over l aye r s.  Table XXII summarizes all of the ballistic impact data obtained on
thermally cycled samp les , both with and without CVD SiC overlayers .

—i.S .4 Mac li 0.8 h ot Gas Erosion Testing

Lu orde r to determine the effect of a simulated gas turbine environment on
t h e  eros ion and oxidat ion charac te r i s t ics  of the RSSN energy absorbing surface
l ay e rs , samples of NIJ —l32 and NCX—34 Si 3N~~, both  wi th  and withou t — 200 and —325
:\ S:-)N iavers , were subjected to Mach 0.8 hot gas erosion testing for 5 hrs at
s ir ii i l e  s ur f a c e  temperatures of 1200 and 1370°C. The samp les tes ted  at 1200 °C
- -~ere approximately 1.92 x 1.23 x 0.64 cm (0.75 x 0.50 x 0.25 in) in size with
aic larges t face positioned at a 30° angle to the direction of hot gas flow .
Si ~~~ es run at 1370°C had a substrate thickness of 0.28 cm (0.15 in). Samp le
ter-ip eratures were monitored by a continually recording op t ical  pyrometer.
Samp les of —325 and —200 RSSN layers with CVD Si 3N~ or SIC overlayers were also
t e s t e d  in erosion at 1200 and 1370°C.

4.5.4.1 Erosion Testing of Si 3N ,~ Controls t
Both NC—l32 and NCX—34 Si 3N 4 controls were tested in erosion at  1200 and

1J~~0
’ C . The two control samples of hot—pressed Si 3N~ tes ted at 1200 °C did n o t

e xh i b i t  any detectable weight change or surface recession. X—ray analysis of
t i le exposed surfaces indicated no detectab le oxide format ion  dur ing t h e  5 hr
test. Erosion testing at 1370°C for 5 hrs on NC—l32 and NCX—34 Si ~~~ con t rols ,
h ’i~’eve r , did produce measurab le surface recession. Somewhat surprisingl y ,  the
N’ X— 34 Si~ N L4 sample eroded considerably more (-25 p) than the NC—l32 Si1 1 (-~2.S).
I’he NC— l32 Si 3N sample gained a slight amount of weigh t (0.1 mg) while the
NiI c — 3 4  S1 3N 1 samp le lost weigh t (3 .5 mg). Both samples exhibited a very t h in
‘x id~ scale on the surface (predominantly ~—cr istobalite from X—ray diffra ction
nicasurements) which would tend to increase the wei gh t  of the sample ; however , in
the case of the NCX—34 SI3N1 this weigh t gain was more than o f f s e t by weight
loss due to material erosion. Fi gures 40 and 41 show the eroded surfaces  of
the NC—132 an I NCX—34 samples tes ted at 1370°C. While bo th samp les e x h i b i t  a
r a t h e r  rough oxid ized  su r face , the N C— 132 appears to have a g lassy,  b ubb ly ox i de
laye r whi le  the I I CX—34 has a more crystal l ine but  subs t an t i a l ly rougher  s u r f a c e .
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4.5.4.2 Erosion Testing of RS-SN/HPSN Combin it i -miS

Samples of NC—l32 and NCX—3 4 S i N , w ith —200 and —325 RSSN layers , con—
tam ing —25 vol 7. Si , were eros ion ti.isted for 5 hrs at 1200 and 1370°C. The
RSSN layers tested at 1200 °C did not e x h i b i t  meas urab le su r f a ce recess ion , but
did exhibit substantial weight gains of -20 tng. RSSN samp les tested at 1370°C
exh ib i t ed  a ~~ ight amount of surface recession (-8,) (Fig. 42)  b ut a somewhat
lower weigh t gain of -12 mg ; the l a t t e r  due to  less o f  th u e  s u b s t r a t e  s u r f a i e
Deing covered with the RSSN layer. F rom X— ray analysis , a s u b s t a n t i a l  ec’unt
of SiO > (a—cristobalite ) was present on the surface and in th e  i n t e r i o r  of the
RSSN lay ers tested at both 1200 and 1370 °C . Figure 43 shows the —325 and —200
RSSN layers tested at 1370°C , along w i t h  the 112— 132 and NCX—3 4 Si 1(4 con t r ’ l ~
tes ted  at  the same t empera tu re .  No d i f f e r e n c e  in e ros ion  behav io r  between th iL

— 3 2 5  and —200 J-LSSN layers can be observed. Figure 44 shows tim e erosion s u r fa c e
of the —200 RSSN layers tested at 1200 and 1370°C, with the 1370°C samp le cx—
hibiting a much rougher surface oxide scale. Tab le XXIII gives the comp lete re—
sults of the Mach 0.8 hot gas erosion tests on the S1 3N1, controls and RSSN r a yer .

4.5.4.3 Erosion Testing of RSSN Layers with CVI) Si 3N , and SiC
Overlayers ‘I

While the ho t gas erosion resis tance of RSSN layers containing 25 vol % Si
at 1200 and 1370°C is quite good , as far  as surface recession is concerned , the
large amount of oxide formation may be detrimental during very long time exp o-
sures. It would thus be desirable to have a CVD coating system that would pro—
tect the RSSN layer from oxidation. CVI) Si3N (4 coatings deposited at the usual
deposition temperatures of 1400—1450°C, using a mixture of SiF i + NU~ , can be
ex tremely protective of fully nitrlded RSS1~ material; however , the presen ce of
residual Si for optimum impact resistance in the RSSN layers studied unde r this
program has prevented the formation of a successful CVD Si)N(4 coating appl ied
at 1400—1450°C.

A sample of NCX—34 Si 3N4 with a —200 RSSN layer that had been coated with
a .005 cm (2 m u )  layer of CVD Si)N(4 at a deposition temperature of 1450 C
(Fig. 45), was run for 5 hrs In the hot gas erosion rig at 1200 C. The sample
exh ibi ted no surface recession af ter the run , bu t did gain a cons iderable amoun t
of wei ght  (22 ing), indicat ing that the CVI) S13N (4 layer did no t comple tely cover
the RSSN surface . X—ray analysis indicated that the CVD SI3N (4 layer was 100%

1—Si 3N 1 4 ,  both b e f o r e  and a f t e r erosion tes t ing .  From optical  microscope exam-
ination , this  coat ing covered the RSSN qui te  well except  fo r  occasional p inholes .
The pinholes appeared to b e form ing over res idu al S i particles in the R S SN
layer. It was apparent that the residual Si was melting and/or vaporizing
during the CVI) process and p reven ting comp le te coverage of the RSSN s u r f a c e .
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The CVI) process  parame ters were changed such that the chamber temperature
1.- o u l d  not exceed 1400°C, thus preventing Si meltout. The CVD Si- ) N (4 coa t ing
t ormed unde r these cond i t ions  appeared to be contin u~ is when viewed in cross—
s e ct i o n (Fig. 4 6 ) ,  but still contained a few pinholes located over residual Si
y u m - t i c les. While the Si did not appear to be melting, the Si vapor pressure
r~u s t  be h igh  enoug h - i  to cause Si vapor i za t i on , thus  p reven t ing  comp lete Si~ N 1,
aeposition . A sample of 112—132 Si 3N , with a —325 RSSN layer , covered wi th a
CVI) Si~I , c o a t i n g  of 2 mils (SOt) that was depos ited at 1400°C, was run for
5 hrs at 1370°C in the hot  gas eros ion r ig.  The samp le gained a cons ide rab le
amount of  weigh it  (33 ing) , Indicating that oxygen was penetrating into the ISSI
l ay e r  th rough p inholes  in the CVI) coating, but exhibi ted no measurable surface
recession and no oxide formation on the CVD Si 3N , surface. It is apparen t
t~1at thue erosion res is tance ot an 1(551 l ay e r  w i t h  a CVI) Si iN (4 coating would 1-
exce l l e n t  i f  a p i n h i o l e — f r e e  c o a t i n g  could be deposi ted .

Since a protective CVI ) SI~ IL~ overlayer could not be obtained , CVI) S iC
1 ‘er s w er e  depos i ted  at 1120 °C on erosion samp les of 112— 132 and ICY— 34 with

—200 i - i S - SN layers . The CVI) SIC layers were — 1 .5 mils (36c) in thickness. The
r e s u l t s  of erosion tests at 1200 and 1370 C (see Table XXIII) showed that these
overlavers were very r e s i s ta nt  to s u r f a c e  recession and relatively good in oxi—
Ca t i o n  p r o t e c t i o n .  Compared to the CVI) Si )N (4 overlayers , the CVI) SiC over layed
s inp ies gained only 6 mg (vs 22 rig for Si 3N 1 ) at 1200°C and onl y 2 .5 nug (v s 33
tag) at 1370°C. The s l igh t amoun t of Sit) t h a t  forme d on the s u r f a ce  of the
CVI) SiC at 1370°C was evidently sealing time surface cracks  in the SIC , thus  n o t
al lowing s i g n it i c a n t i n t e r n a l  o x i d a t i o n  of the RSSN layer to occur. Figure 47
Sii ’WS t ime c i -o s s— s e c t  ion  of  a —200 P~S SN l a y e r  w i t h  a CVI) S i C  o v e r l a v e r  b o t h  he—
I l fO and a f t e r  a 5 hi r , 1370012 erosion test. The erosion test has ro u g h ened
time CVI) SiC o v e r l a y e r  somewha t , h u t  o the r  wise  th e re e x i s t s  no significant dif—
t e r e n c e  in the two samp les.

interestingly ,  a rather dense transition zone exists under the CVI) SiC
overl ayer  and can be seen In both  samp les in Fig.  47. From e lec t ron  niI croprobe
e x a m i n a t i o n , this t r a n s i t i o n  zone consis ts of res idual  S i  p a r t i c l e s  sur rounded
by a rather dense matrix that contains Si , N , C , and some 0. The reactant
gases dur ing  the early stages of the CVI) process are evidently react ing w i t h
the L — S I 3N (4 wh i ske r  ma t r ix  fo rming  e i the r  a mix tu r e  of SIC and Si~ N 4 with some
0~ contamination or some compound of the four elements. If a compound is form-
i ng ,  X—ray  anal ysis has no t been ab le to iden ti f y it.

Bend tests conducted on a s — n i t r i d e d  —200 RSSN layers on N CX — 34 Si ~N an d
identical samples afte r the application of a CVI) SIC overlayer showed a de—
crease in RT 4—pt bend strength for the samples with CVD SiC overlavers compared
to those w i t h o u t .  The s amp les w i t h o u t  CVD SIC over layers  averaged ~90 MI’ a (S~
k s i )  wh en the —200 1(551 layer was tes ted In tension , w h i l e  those w i t h  CVI ) SIC
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overlayers averaged 421 MPa (61 ksi). The fracture origin of the samples with
CVI) SiC overlayers was invariab ly located close to the RSSN /HPSN interface near the
corner of the samp le where the dense CVD SIC/RSSN transition zone came in—
to contac t with the HPSN substrate , as shown in Fig. 48. The dense transit ion
zone is evidently providing a crack path at the corners of the sample where it
is in contact with the RPSN substrate. S amp les tested that had 0. 25 mm (10
mils) grouni’ off each side so as to remove the transition zone that is In con—
tact with the }LPSN substrate did not exhibit severe strength degradat ion ,
averaging 540 MPa (78 ksi) in strength.

In an actual component of dense Si 3N (4 with an RSSN energy absorbing sur—
face layer overlaid by a CVD SiC coating, it would be likely that the CVI) SiC/
:S SN t r ans i t i on  zone would not come into  contact with the dense Si 3 N u component.
If it did , the par t could probab ly be designed so that  the t rans i t ion  zon e
region in contact wi th  the dense Si 3N 1 4 would not be a highly stressed area .
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V. CONCLUSIONS

The major  conclusions that  can be reached from work done on this program
to improve  the toughness ( Impac t  resistance) of ho t—pressed  Si 3N .~ are as fol lows :

1. The ba l l i s t i c  impact  resistance and bend s treng th at RT of Nor ton  Co .
- — J-~. ho t—pressed Si~ N 4 is substantially higher th an tha t  of N C—l32 S i - ~N~~. At

1 3 7 0 °C the bal l is t ic  impact  res is tance  of the two materials is approximately
equal .

2 . Certain lots of ICX—34 SI~ I 1 with Y~ 03 add itive , including all th ree
b i l l e ts used f o r  this program , exhibit catastrophic oxidation properties In t ime
t e m p e r a t u r e  r ange  of 700— 1000 °C. Ihie cause of thu s phenomenon is not f u l l y
unde r st o~ d and mus t be f u r t h e r  i n ve s t i g a t e d  in o rde r  to f u l l y u t i l i z e  the p 0—
teatial of Si~ N , with Y , 0~ additive .

3 . ieact i on  s i n t e r e d  S I l L (R SSN) s u r f a c e  layers on e i t h e r  N C — l 3 2  or
.~CX—3 --~ Si 1 , s u b s t r a t e s  cause a severe (-50%) drop in strength of the substrate
when tue nitriding is carried out in pure flowing N - , but only a minimal drop
La s t r e n g t h  when the Si powde r layer is n i t r ided  in a 96% 12 /4% lC-~ mixture. The
reason for the strength degradation appears to be connected with the difference
In nicrostructure between RSSN layers nitrided in pure N~ and in N - / H 2 mix tures.
L 1 rge , interconnected ,~—Si ,N ,, particles are formed when nitriding Is done In
pu re 12 whereas the - — S i  ~~~ pa r t i c les  formed in 12/ l i ; mix tu re s  are always
s e p a r a t e d  f r o m  each o t h e r  and f rom time subs t r a t e  by an a—SI N - w h i s k e r  mat .
Thus , no large s t r e s s — c o n c e n t r a t i n g  f laws  ( , - —Si ~ N~ p a r t i c l e s )  are bonded di-
r e c t l y to t ime H i ’S -N s u r f a c e  ui - i d c racks  i n i t i a t i n g  in the R S SN l ayer  cannot
p r opaga te  d rect  ly t h rough  S-—S I N , grains and into the lIPS-N substrate .

4 . B a l l I s t i c  impact  tests at  h(T and 1370 °C on N C— l 32  and NCX— 34 Si N
s u b s t r a t e s  w i t h  1 mm thick 1(551 layers  fab r icated f r o m  e i the r  —325  mesh , — 200
mesh , or —100 , +2 00 mesh S i  powder  ind ica ted  tha t  f u l ly n i t r i d e d  l ivers ( i . e . ,
no residual Si) result in only modest (50—100%) improvement in impact resistance

ove r HPSN control values.

5. To ob ta in  opt imum impact  resis tance on the order  to 600—700% imp rove—
nent over (-ontr’1 values , the nitriding schedule mus t resul t in at leas t 20
VI II h residual Si remaining within the RSSN layer. The residual Si is apparently

absorbing a great  deal of energy as it is crushed and f rac tured  by the b a l l i s t i c
projectile .
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b . For a smooth surface finish and a relatively dense (30% porosity)
microstructure , either —325 or —200 mesh Si powder ni tr ided in 12/H 2 mixtures
to a residual Si con ten t of 20—25 vol 7. is preferred over the rather coarse
—100 , +200 Si powde r previously used. Control of the residual Si content with
the fine r powders is more difficult , however .

7. The r~ al cycling 75 times between 150—200°C to either 1200 or 1370°C
does net ad~ erse1v affect the ballistic impact resistance of e i the r  NC— 132 or
NCX—3 4 51’1L control samples nor does It affect the impact Improvement of
— 3 2 5  and —200 RSSN layers  (25  vol % Si) on IIPSN substrates. A large amount of
silica (cristobalite) is formed w i t h i n  the RSSN layers during cycling, but t

this did  no t  a f f e c t  the i~SSN/H P SN bonding or the a b i l it y  of the RSSN layers to
acsorb energy during impact since the silica forms primaril y at the expense of
the ~— s± l~ within the RSSN layers  and thus does no t  reduce the Si conten t be— 

9

lo~- the critical 20 vol 7. level.

8. A ttempts to form an oxidation and erosion protective C VI) Si 3N~ over—
layer on RSSN layers containing residual Si were not successful due to the
high Si vapor pressure at the deposition temperature (1400—1450 °C) in ter fe r ing
- -;ith the deposition process and causing p inhole  f o r m a t i o n  over residual Si
pa r t i c l e s .

9. CVD SIC overlayers were successfully dep os it ed at 1120°C on RSSN layers
containing Si and , wh ile cracking of the SIC was of ten a problem , crack—free
coatings were deposited and , on thermal cycling to 13 70°C, did offer substantial
oxidation protection and no decrease in ball is tic impact  p roper t ies , a l though a
bend strength decrease was noted due to crack propagation through a dense transi-
tion zone unde r the CVD SiC coating.

10. Mach 0.8, 5 hr , h ot gas erosi on tes ting at samp le temperatures of
1200°C and 1370°C on NC—132 and N CX — 34 Si 3N~ controls showed that no surface
recession or weigh t change occurred at 1200 C, while at 1370°C a very sligh t
surface recession (2.5~

) and we ight gain (-+0.1 mg) was observed for NC—l32
Si3N~ and a rather large surface recession (25u) and wei ght  loss (—3.5 mg) for
NCX—34 S13N4. For the —325 and —200 RSSN layers with 25 vol % Si , no surface
recession was detected at 1200°C while a small surface recession (-8-~) was de-

tec ted a t 1370 °C. A substantial weight gain was observed at both temperatures
due to in ternal oxidation of the RSSN layer.

11. Erosion tests of —200 RSSN layers (25 vol % Si) with 36p (1.5 m u )

overlayers of CVI) SiC showed no surface recession at 1200 or 1370°C and very

small weigh t gains. It is felt that an opt imized CVI) SiC over layer  could o f f e r
excellen t ox idat ion  and erosion protection for RSSN energy absorbing surface

layers on dense Si 314 substrates.
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12. From the results of various research programs carried out during the
pas t six years that have been concerned wi th imp roving the Impact resistance of
Si ;N~ through the use of compressive surface layers (Refs. 4—6) or energy ab-
s o r b i n g  s u r f a c e  layers  ( R e f s .  1,7—10), the system of R.S. Si3N~ 

sur f ace  layers
on dense S13N , investigated during this contract , appears to be the only
practical system investi gated thus far for potential use as an energy absorbing
surface layer on dense Si~ N used as a high temperature structural ceramic.

-~hi Ic the RS SN surface layers do tend to degrade the inheren t bend s t r eng th  of
t ime  dense  Si 31, s u b s t r a te  somewhat , and ti - icy do tend to oxidize  in te rna l ly in
h i gh t e m p e r a t u r e  e n v i r o n m e n t s , these do not  appear  to be l i m i t i n g  f a c t o r s  in
the application of the RSSN energy absorb Ing surface l u\- er concept.

34
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Tab le I

Spect rochemical Analysis of Norton NC— 132 and
NCX—34 SI 3NL~ Impurity Content

NC—132 Si3N 1 Element Wt % Present
— 3. 25 gmslcc

Al 0.10
Fe 0.15

Mg 0.35
w 3. 00

Cr ,Co ,Cu , Mn ,Ti ,Ca,Na t~0.Ol each

NCX—34 Si3N~
= 3.35 gm/scc

‘1 7.15*
Fe 0.20
Al 0.20
Mn 0. 05
W 2.90* tI

Ca 0.10
B ,Mg, Ti <0.01 each

*Determined by atomic absorption

37
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Table II

Grain Size of NC—132 and NCX—34 Si 3N~

Sample Grain Size (p )

Max. Mean M m .

NC—132 2 .4 0 .80 <0 .15

NCX-34 2. 7 0.88 <0.15

38
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Tab le III

Impurity Content of Si Powders (w/o)

P owder Fe Al Mn Pb Cr Ti Ca

4 — 1 2 3  Si (987.) .7 .2 .3 < .01 .01 .1 .03 .1

-32 Si (99. bA )  .05 .1 < .01 ~.0l .1 < .01 < .01 .05

-200 S i  (9 8. SN )  .4  .2 .1 < .01 .02 .05 < .01 .1

— 100,-~- 2OU Si .3 .2 .03 < .01 .02 — .01 .02 .1
5 )

39
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Table IV

BET (N 2) Surface Area Analysis of S i Powders

Powder Samp le Sur face Area (m’fg)

—325 Si (99.6% purity) 7.2

— 3 2 5  Si (984 p u r i t y )  2 .7

-200 Si  (98 .57  p u r I t y )  0 . 77

~+0 
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Table V

RT and 1370 °C Ba llistic Impact Properties of N CX—34 and NC—132
Si 3N~ Controls Using 0.34 grn (4 .4  mm) Hardened

Chrome—S teel Projectile

Sample No .  Temp (°c) Impact Velocity Impact Ene~~ y Comments
rn/sec ft/sec joules ft—lbs

NCX—34—BI— l  RT 130 425 2 .8 2 .1 Tensile Fai lure
—2 “ 130 425 2.8 2 .1 “ “
—3 “ 127 415 2 .7 2 .0 He r tzian Failure
—4 “ 127 415 2 .7 2 .0 Tensile Failure
— S “ .~:a~t ~~~~~ i~~~. ~~~~~~~ “ “

Avgs 130 425 2.8 2.1

—6 1370 134 440 3.0 2. 2 Tensile Failure
“ 117 385 2.3  1.7 Fracture Origin

— 8  “ 127 415 2. 7 2. 0 Uncertain
—9 “ 117 385 2.3 1.7 “
—10 “ 

!~~ Z. ~~~~~ i~~ . ~~~
_L “

Avgs 122 400 2 .6 1.9

NC— 132 Averages RT 105 345 1.9 1.4 Predominantly
He rtzian Failure - 

-
“ 1370 128 420 2 .8 2 .1 50—50 Hertzian

& Tensile Failure

L _ _  
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Tab le VI

RT and 1370°C Ballistic Impact Properties of NCX—34 Si-~N L
with 1 mm Thick RSSN Layer, Nitrided 60 hrs at 1375°C

Layer  Temp . °C Impact  Veloci ty  Ij~pact  Energy Comments
rn/se c f t/se c 

~~~~~~ 
ft— lbs

— 3 2 o  SI RT 191 630 6 .2 4 .6 Layer  I i es t roy e d , no
d iinage to subs t r a t e

230 755 9.1 6.7 Si~ N~ substrate frac-
tured , tensile failure - 

-

246 810 10.5 7.7

1370 169 555 4 .9 3.6 Layer  des t royed , no
damage to s u b s t r a t e

191 630 6.2 4.6 Si~ N~ substrate frac-
tured , tensile failure

—lOO ,+200 Si* RT 169 555 4.9 3.6 Layer destroyed , no
da mage to substrate

191 630 6.2 4.6 SI 3N substrate frac--
tured , tens i le  f a i l u r e

“ 1370 152 500 3 .7  2 .7 Layer des t royed , no
damage to s u b s t r a t e  - -

[69 555 4 .9 3. 6 Si ~N 1 s u b s t r a t e  f r a c —
tured , ori gin u n c e r t a i n

— 5 yb Si unreacted

42 
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Table VI I

RT Ballistic Impac t Properties of NC— l32 and NCX—34 Si 3 N1~
wi th 1 mm Thick RSSN Layer (—l0O ,+200 Si) ,

25— 30 v/a Unreacted Si Nitrided 24 hr s at 13 75 °C

Sub s trate
Material Imp act Veloci ty Impact Energy Co ents

rn /sec f t / s ec  louleg ft—lb s

Nc— 132 Si3N~4 191 630 6. 2 4.6 Two—thirds of layer retained ,
no damage to substrate

“ 212 695 7.6 5.6 Layer destroyed , no damage
to substrate

230 755 9.1 6.7

246 810 10.5 7.7 Si3N~4 substrate fractured ,
Hertzian failure

NCX—34 Si3N~ 191 630 6.2 4.6 Half of layer retained , no
damage to substrate

212 695 7.6 5.6

230 755 9.1 6 .7  Layer destroyed , no damage
to substrate

“ 246 810 10.5 7.7 “

260 850 11.4 8.4 “

“ 271 890 12.5 9. 2 Si 3N~ substrate fractured ,
tensile failure
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Table VIII

RT Ballistic Impac t Tes ts of RSSN Layers , 1 mm Thick ,
ott NCX—34 Si3N~ (Nitrided to 1375°C, 8 hrs)

Layer Imp act Velocity Impact Energy Comments
rn/sec f t / s e c  joules ft—lbs

—325 Si 169 555 4.9 3.6 2/ 3 of layer destroyed , no
damage to subs t ra te

191 630 6.2 4.6 Si 3N L4 subs t ra te  f r a c t u r e d ,
tensile fa i lure

— l00 ,+200 Si* 260 850 11.4 8.4 layer destroyed , no damage
to sub s trate

“ 27o 890 12.5 9.2 Si 3NL~ substrate fractured ,
tensile fa i lu re

282 925 13.6 10.0 “

* 60 v/o  Si unreac ted

_ _ _  

-~



Table IX

RT Ballistic Impact Properties of NC—l32 and NCX—34 Si3N~ with
1 mm Thick RSSN Layers, Nitrided 1 hr at 1375 °C , N 2

Substra te  Impact Velocity Impact Energy
Material Layer rn/ sec f t/ s e c  j oules f t—lbs  Comments

N C—132 —200 Si* 230 755 9.1 6.7 Layer destroyed onl y at
poin t of impac t , no damage
to substrate

260 850 11.4 8.4 Two— th i rds  of layer re—
tam ed , no damage to
sub s tra te

282 925 13.6 10.0 Layer destroyed , no
damage to substrate

300 980 15.4 11.4 Si3N 1 substrate fractured ,
Hertzian failure

NCX—34 “ 300 980 15.4 11.4 Half of layer destroyed ,
no damage to substrate

N C— 132 —325 Si~~ 282 925 13. 6 10. 0 Layer destroyed , no
damage to subst ra te

“ 300 980 15.4 11.4 Si 3NL4 substrate fractured ,
Hertz ian  fa i lure

NCX—34 “ 300 980 15.4 11.4 Layer destroyed , no
damage to sub s trate

* 30 yb unreac ted Si
** 20 v/o unreacted Si

45
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Table X

RT Ballistic Impact Properties of NC—132 and NLX—34 Si~ N w i t h  1 mm
Thick RSSN Layer s, N i t r i d e d  1 hr  at 1375°C in 96% N -, /4% 11

Substrate Impact Velocity Ij~pac t Energy
Natei -ial Layer rn/sec ft/sec joules ft—lb s (No-u- nts

N -132 —200 Si* 260 850 11.4 8.4 Layer  d e s t r o y e d  onl y ~ t

poin t  of impact , no
damage to substrate

i82 0 2 3  1 i .6 10.0 h a l f  of l aye r  des t royed ,
no damage to s u b s t r a t e

300 980 15.4 11.4 SI~ N I s u b s t r a t e  f r a c —
tured , tensile f a i l u r e

—2 00 Si * 300 980 15.’c 11 .4 Layer destroyed only at
point of impact , no
damage to s u b s t r a t e

315 1045 17 .2 12 . 7 Si1 N , substrate frac—
tured , llertzian failure

N - N - I — I N  — 325 Si** 191 630 6.2 4.6 Layer destroyed , no
d mmnpc - to subs t r a t e

CC 230 755 9.1. 6.7 SI - N substrate frac—
tu r ed , H e r t z i a n  f a i l u r e

260 850 11.4 8.4 SI~ N~ substrate frac—
tured , tensile failure

* 21 yb unreacted Si

** 5 v/o unreac ted  Si

46
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T~~~eXI
RT Ba l l i s t i c  Impact  P rope r t i e s  of NC X—34 S13N~ with 1 mm Thick RSSN

Layers , Nitrided for Various Time s at 1375°C in 96% N2 / 4% H2

N av e r Time a t 1375°C Impact Velocity Impact Energy Comments

________ 
(Vol % Si) rn/sec ft/sec joules ft—lbs _________ - -

—325 Si 30 mitt (20% Si) 343 1125 19.7 14.5 Layer destroyed , no 
Jdamage to s u b s t r a t e

1 hr (5% Si) 191 630 6.2 4.6

230 755 9.] 6.7 SI3N subs tra te
frac tured , Hertzian
fa i lure

—200 Si 30 mm (25% Si) 300 980 15.4 11. 4 2/3 of layer des—
t royed , no damage
to s u b s t r a t e

It 315 1045 17.2 12 .7 Si N substrate
f r a c t u r e d , Her t z ian
f ai lure

1 hr (21% Si) 300 980 15.4 11. 4 Layer  de s t royed
onl y at po in t  of
impact , no damage
to s u b s t r a t e

CC 315 1045 17 .2 12.7 Si N substrate
fractured , Hertzian
f a l lu re

1½ hrs (14, Si) 191 630 6.2 4.6 Layer destroyed , no
dam age to subs tra te

‘ C  230 755 9.1 6 .7  S i . N  subs t ra te
fractured , tens ile
fa i l u r e

2 hrs (6/ Si) 191 630 6.2 4 .6 Layer destroyed , no
damage to substrate

CC Cl 230 755 9.1 6.7 Si 3N~ s u b s t r a t e
f r a c t u r e d , tens i le
fa i  lure 

- ~~~~~~~~~~~~~~~~~~~~~~
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Tab le XII 
-

RI and 1370°C B a l l i s t i c  Impact  P r o p e r t i e s  of NC—l32 and NCX—34 -

Si~ N ., with 1 mm Th i ck RSSN Layers Containing 5 vol % Residual  Si
(1 hr at 137 11°C , N - / 112) -

‘

ave r S u b s t r a t e  Temp . Impac t  Ve loc i t y  Impact  Energy Comments 
I

_____ __________ 
rn/ sec  f t/ s e c  j ou les  f t — l b s  

__________

— 323 Si No—l32 RT 169 555 4.9 3.6 Layer destroyed , riL -

damage to substrate

‘ C  C C  RT 191 630 6.2 4.6 S i N  substrate frac-
t u r e d , tens i le  fa i lure

1370 °C 230 755 9.1 6 .7  Layer  des t royed , no
damage to substrate

C C  C C  1370°C 260 850 11.4 8.4 Si,N substrate frac—
tured , tensile failu re

NC X—34 RI 191 630 6.2 4 .6 Layer des t royed , no
damage to s u b s t r a t e

RT 230 755 9.1 6.7 Si ,N , substrate frac— 
-

tured , Hertzian
f a i l u r e  -

•

C C  It 1370 °C [52 500 3 .7  2 . 7 Layer  v i r t u a l ly  In— -
-

tact , no damage to
su b s t r a t e

1370 °C 169 555 4 .9 3.6 Si~ N 1 s ubs t r a t e  f r a c —
tured , fracture I

origin uncer ta in
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Table XII I

1370°C Ballistic Impact Properties of NC—132 and NCX—34
Si 3N , with 1 mm Thick RSSN Layers Containing —25 vol 7. Residual Si

(30 tnin at 1375°C, N2/H2)

Subs t ra te  Layer Impact Velocit 1 Irn~ act Energy Comments
__________ ______ 

rn/sec ft/sec loules ft—lb s 
_________

NC—132 —200 Si 300 980 15.4 11.4 Layer des troyed , no
damage to substrate

I t  C C  315 1045 17.2 12.7 Si 3NL, substrate frac—
tured , Hertzian
f a i lure

NCX-34 C C  260 850 11.4 8.4 Layer des troyed only
at point of impact , no C

damage to substrate

IC C l  282 925 13.6 10.0 Si 3N1~ subs trate frac—
tured , f r a c t u r e  origin

- t uncer ta in

NC—132 —325 Si 315 1045 17.2 12.7 2/3 of layer destroyed ,
no damage to subs t ra te

336 1100 19.0 14.0 Si3N~ substrate frac—
tured , Hertzian failure

NCX—34 260 850 11.4 8.4 2/3 of layer des troyed ,
no damage to substrate

I t  282 925 13. 6 10.0 Si 3N~. substrate frac-
tured , fracture origin
uncertain
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Table XV

RI 4—pt Bend Tests on ~iC—l32 and NCX—34 S13N4,
W i t h  and WIthout 1 mm Thick RSSN Surface Layers

Layer Nitridin g Treatmen t Modulus of Rupture — lila (ksi)
N C— l 32  N c x — 3 4

None * None 662 (96)  848 ( 123)

-325 Si** Ar , 1150°C, 20 hrs 695 (101) 827 (120)

-325 Si** Ar , 1150 °C , 20 hr s 627 (91) 690 (100)
+ N~~, 1250°C, 24 lirs

‘1
—325 Si** Ar , 1150°C, 20 hrs 327 (47.5) 414 (60)

+ N 2 ,  1250°C, 24 I-irs 700 (102) poor bond

+ N2, 1375°C, 24 hrs

—100 , +200 Si** IC  405 (58.7) 462 (67)

-325 Si* Standard 324 (47) 414 (60)
Ar , 1150°C, 20 1-irs 710 (103) poor bond
+ i~2 ,  1250 C , 24 hrs
+ N 2 ,  1375 °C , 60 hrs

—100 , +200 Si* 338 (49) 427 (62)

None * C C  785 (114) 725 (105)

*Average of 10 tests

** t~verage of 5 tests
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Tab le XVI

RT 6—pt  Bend S t rength  of NC— l 32 and N CX—34 Si~ N~ with
Well Bonded RSSN Layers Nitrided in N2 /H 2 to 1375°C

Substrate Layer Vol 7. Si Modulus of Rup ture *
l~~a ksi

NC-132 -325 Si (98%) < 5% 632 91. 0

C C  — 3 2 5  Si (99 .6%) <5% 361 52.3

— i00,+200 Si (98.5%) 5—10% 338 49.0

—32 5 or — 200 Si (98%) 20—25% 503 73.0 C

N IX- 34  -325 Si (98%)  <5% 640 92 .8

—325 Si (99.6%) <5~ i8 .2 ( w e l l — b o n d e d )
708 103. 0 (po orl \ ’ —3 -~onded) p

— 100 ,+200 Si (98 .5%) 5— 10% 513 74 .5

—325  or —200 Si (9 8%) 20—25% 572 83 .0

* \ve r ige of t h r e e  tests

52
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Table XVII

Weight Gain and Oxide Formation on N C—l32 and N CX— 34 Si 3N~Controls A f t e r  75 Cycles from 200 -
~
- 1370 °C and 150 -

~~ 1200°C

Subs tra te Thermocycle Wt Gain_mg * Oxide Formation

NCX—34 200 ~~- 13 70 °C 8. 2(0 .30  mg/ cm 2 ) Y 2 Si 2 07 4- Si02

NC—132 23(0.85 mg/cm2) NgSiO3 + Si0 2 + glass

NCX-34 150 -* 1200°C 4(0.15 mg/cm2) Sb 2 (major) + Y2SiO5 (minor)

NC—132 I I  6.7(0.25 mg/ cm2) Si02 (major) + S12N2O (minor)
- I + unidentified minor phase

*average of six samples
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Table XX

Weigh t Gain and Oxide Formation for NC—132 Si 3N14
with —200 RSSN Surface Layers after 75 Cycles f rom

2OO °C-+ l37O
5
~C , Both Wi th  and W i t h o u t  CVD SIC Overlayer s

Substrate Layer Overlayer Thermocycle Wt Gain Oxide Forma t Lon
(mg)

~C— l32 none none 2O0-~l37O°C 23 IigSiO 3 + SW 2 + glass

—200 Si none 153 4 - c rj s t o b a lj t e  (S10 ) 1
C C  CVI J SiC “ 52 “

C

II

L _ 
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Tab le XXII

Ballistic Impact Properties of Thermally
Cycled* RSSN/HPSN Combinations

Impact Energy for Substrate
Layer Thermal  Cycle Fracture (j ou les )

NC—132 Si3N4 NCX—34 Si5/N 1
RT 1370°C RT 1370°C

Non~ None 1.9 2.8 2.8 2.6
C C  75 cycles , l5O-~l2O0 °C 2 .3 2 .6  3 .3  3. 0

75 cycles , 2OO-~-l370 C 2 .0 2 . 4  3 .1 2 .2

—200 Si (20—25 yb Si) None 15.4 — 17. 2 13.6
75 cycles, l50-~-l20O°C 15.4 — 19.0 15.4
75 cycles , 200-+l370°C 19.0 — 19.0 17,2

—200 Si + CVD SiC None 15.4 — — —
C C  75 cycles , 200-*1370°C 17 .2 — — —

—325 S i ( 2 0 — 2 5  yb  Si) None 15 .4 17. 2 — —
“ 75 cycles , l5O-~12OO °C 15 .4 19. 0 — —

75 cycles , 200--137O°C 17.2 19.0 — —

*Cycle = 15 mm heatup + 40 m m  hold + 10 mm cold air b las t cool
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R79—914364—12 
FIG. 1

MI CROSTRUCTURE OF NC—132 (a) AND NCX—34 (b) HOT—PRESSED Si3N4 (T EM REPL ICA )
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R19— 914364-- 12 FIG . 3

NCX—34Si 3N4 OXIDATION STUDY

100 HR 930°c
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4 u i - I  I )  c to  6

INTERFACE BETWEEN 100. ~200 RSSN LAYER AND NCX—34 Si3r.J4,
NIT FIDED TO 1375°C . 60 H A S . N2
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RiO 91-12t 1-1 12 FIG . 7

RSSN LAYER (— 100 , +200 Si) NITRIDED TO 1375°C , 24 H R S , N2
(25—30 V/O UNREACTED Si)
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R79 -914364 - 12 FIGi3

RSSN LAYER (—100 , +200 Si) NITRID ED TO 1375°C, 8 HR S, N2
(60 VIO UNR EACTED Si)
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R 7 9 - 9 1 4 3 6 4 - - 1 2  FIG 9

RSSN LAYER (—325 Si ) NITRIDED TO 1375°C , 8 H A S , N2
(Si COMPLETELY NJTR IDED)
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RiO 91-1 3C4 12 FIG. 10

RSS N LAYER (—100 , +200 Si) NITR IDED TO 1300°C , 8 HAS , N2
(10 VIO OF Si CONVER TED TO S13N 4)
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R79—9 14364 -- 1 2  FIG. 11

BALLISTIC IMPACT SAMPLE OF NC—132 Si3N4 WITH —200 RSSN
LAYER AFTER 9.1 JOULE IMPACT 
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RSSN LAYER (—200 Si ) NITRIDED TO 1375°C, 1 HR , 96% N 2/4% H 2 
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R79— 9 143 64 - 12 FIG. 13

RSSN LAYER (— 325 Si ) NITRIDED TO 1375°C , 1 HR , 96 -1 N2 4 ~- H2
( SV /O UNREACTED Si)
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R79—91 43 64 - - 12 FIG. 14

BALLISTIC IMPACT SAMPL E OF NC X —34 Si3N4 WITH — 200 RSSN
LAYER (21 V/O Si)A FTER 15.4 JOULE IMPACT
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R79-914364 12 FIG. 15

BALLISTIC IMPACT SAMPLE OF NCX—34 S13N4 WITH —200 RSSN
LAYER (21 V I’O Si) AFTER 172 JOULE IMPACT
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B A L L I S T I C  IMPACT SPECIMEN OF NCX—34 Si3N4 WITH —325 RSSN LAYER (5 V/O Si)
IMPACTED AT 1370°C , 169 M/SEC (4.9 JOULES )
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FI G. 17

FRACTURE SU RFACE OF BALLISTIC IMPACT SPECIMEN SHOWN IN FIG. 16
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- i  !9 9 143 6 4— 12 FIG. 18

Ballistic impact Properties of NC-132 S13N4 with RSSN Energy Absorbing
Surface Layers
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R iO  91-flP-1 12 FIG. 20

IMPACT SURFACE OF A STEEL SPHERE AFTER 130 M/SEC (2 -8 JOULES ) IMPACT
WITH NCX- 34 Si3N4 CONTROL
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R79— 914364—12 FIG. 21

IMPACT S U R F A C E  OF A STEEL SPHERE AFTER 230 M/SEC (9.1 JOULES)
IMPACT WITH A —200 RSSN LAYER (6 V/O Si) ON NCX—34 Si3N4
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R/ O  914364 -12 FIG. 22

IMPACT SURFACE OF A STEEL SPHERE AFTER 260 M /SEC (11.4 JOULES) IMPACT
WITH A—200 RSSN LAYER (21 V /O Si) ON NCX—34 Si3N4
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R79—9 14364 - - 12 FIG. 23

POINT OF IMPACT THROUGH A—200 RSSN LAYER DOWN TO THE HPSN SUBSTRATE
FOR A STEEL SPHERE TRAVELING AT 300M/SEC
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R 79- 91 13/i-u 12 FIG. 24
RACTURI SURFACE OF NC 132 S~~N.1 W ITH 325 Si LA’~ER (NIT RIDED AT

MAXIMUM TEMP . OF 1 2500C FOR 24 HRS. )
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RiO- 91-136-1 12 FIG. 26

FRACTURE SURFACE OF POORLY BONDED RSSN LAYER (—325 Si . 98%C) ON NCX—34 Si3N4,

NITRIDED TO 1375°C, 60 HRS , N 2
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R/O 91-13/ i - i  1 2 I- IG . 27

FRACTURE SURFA CE OF STRONGLY BONDED RSSN LAYER (—100 , +200 Si)
ON NCX—34 Si3N4, N I T R I D E D  TO 1375°C , 60 HAS , N2
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R7 9 914364 1 2 FIG. 28

FRACTURE OR IGIN OF NCX—34 Si3N4 WITH LOOSE — 100, +200 Si PARTICLES

ON THE SURFACE , NITRIDED TO 1375°C, 60 HAS, N2
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R /O - 9 1-i /U-i 12 I- IG. 29

FRACTURE SURFA CE OF — 325 Si ‘1:3 C RSSN LAYER ON NC—132 Si3N4
N I T R I D E D  IN 91; N25 ’ 4 H2 TO 1375°C, 60 HAS
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R79 - - 9 143 64—1 2 FIG. 30

FRACTURE SURFACE OF — 325 Si (98%) RSSN LAYER ON NCX—34 Si3N4,

NITRIDED IN 96 - N2:4” l H2 TO 1375°C , 60 H R S
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R; - ’ 91 -i:3 (~i 12 FIG. 31

F R A C T U R E  SURFACE OF — 325 Si (98’~~) RSSN L A Y E R  ON
NC 132 Si3 N4, NITRIDED IN N2 TO 1375°C , 60 HAS
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~/ 9— 9 14 364— 12 FIG. 32

Effect of RSSN Layer on R.T. 4-Pt. Bend Strength of NC- 132 S13N4
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R79—9 14364—12 FIG. 33

Effect of RSSN Layer on R.T. 4.Pt. Bend Strength of NCX•34 S13N4

A Ar , 1150C, 2O hrs
B N2, 1250C , 24 hrg
C N2, 1375C , 24 hrs

HEAT TREATMENTS D N2, 1375C. 60 hre
E 96N2/4H2, 1250C , 24 hrs
F~ 96N2/4H2, 1315C, 60 hrs
G 96N214H2, 1375C, 1/ 2 hr

120 — —

- 800

100 - —

0
— >

- 600
I -I-
~~~8 O -  

-z
I-
U) -

~ 6 0 -  — — - 400
I.-

~~~ 4 0 -

- 200

20 -

-J a. 
~ ~ ~5 a. a. a’ ~~

‘ 

~r ~~
‘ a’

+ 
— + + + + + + + + +
+ w LU LU LU

z + ~, 
— + + + + + + +S ~~, ~ 
+ < ~ I ~

+ + + + + + + +  T
_J 

, 
U, U) 0 0 0 0 U)(‘U (‘U Q Q 0 a 0
~) C’J

79—O 9_ I3~ _4



R79 914364 12 FIG. 34

H
NCX—34 Si3N4 (LEFT) AND NC— 132 Si 3N4 (RIGHT) SAMPLES EXPOSED FOR

75 CYCLES FROM 200°C TO 1370°C,

O.5~~ti

19 04 - 80 14

—



R/9 914364 12 FIG. 35

RSSN LAYER ( - --200 Si) ON NC- - 132 Si3N4 AFTER 75 CYCLES TO 1370°C
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R/9 ~)14364 12 FIG. 36

THICK (0.15MM) CVD Si C ON — 200 RSSN/HPSN BALLISTIC IMPACT SAMPLE
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R79—914364—12 FIG. 37

THERMALLY CYC LED (21 CYCLES TO 1370°C) SAMPLE OF —200 RSSN ON NC—132 Si3N4
WITH THICK (0.15 MM) CVD SiC OVERLAYER

0.5CM
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R79 ---914364— 12 FIG. 38

THIN (25p), FINE GRAINED CVD Si C OVER LAYER ON —200 RSSN
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R79 — 914364—12 FIG. 39

OXIDIZED SURFACE OF CVD SiC OVERLAYER AFTER 75 CYCLES TO 1370°C.
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R79-914364--12 FIG. 40

SEM OF NC—132 Si3N4 EROSION SAMPLE TESTED AT 1370°C, 5 HRS.
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R79-- 914364—12 FIG. 4 1

SEM OF NCX-34 Si3N4 E R O S I O N  SA M P L E  TESTED AT 1370°C , 5 HRS.
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R7 ~l 43: 4 1 2 F 1G. 43

HOT GAS EROSION TEST SAMPLES AFTER 5 HRS. AT 1370°C

- 200 1 S - 225 RSSN NC—1 32 NCX— 34

0.5 CM
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R19 914:6~I 12 FIG. 44

SEM OF —200 RSSN EROSION SAMPLES TESTED AT (A) 1200°C, 5 HRS.,
AND (B) 1370°C, 5 HRS.
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SURFACE OF CVD Sè 3N4 OVER LAYER ON A —200 RSSN/HPSN EROSION SAMPLE.
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H /~I 91 -1364 1 F 1G. 46

CROSS—SECTION OF A CVD SI3N4 COATING DEPOSITED AT 1400°C
ON —200 RSSN LAY ER
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R79— 9 143 64—1 2 FIG. 47

CROSS—SECTION OF A—200 RSSN LAYER WI TH A CVD SiC OVER LAYER BEFORE (A)

AND AFTER (B) A 5 HR . 1370°C EROSION TEST
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R79—914364—12 FIG. 48

FRACTURE SURFACE OF —200 RSSN/HPSN COMBINATION
WITH CV D SiC OVER LA YER
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