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PHENOMENOLOGICAL STUDY OF THE BEHAVIOR OF SOME SILICA FORMERS 

IN A HIGH VELOCITY JET fUEL BURNER 

J.D. Cawley and R.F. Handschuh 
NASA Lewis Research Center and Propulsion Directorate 

U.S. Army Aviation Research and Technology Activity - AVSCOM 
Cleveland, Ohio 44135 

SUMMARY 

Samples of four silica formers: single crystal SiC, s1ntered a-SiC, 
reaction sintered Si3N4 and polycrystalline MoSi2' were subjected to a Mach 1 
jet fuel burner for 1 hr, at a sample temperature of 1375 °C (2500 OF). Two 
phenomena were identified which may be deleterious to a gas turbine appli
cation of these materials. The glass layer formed on the MoSi2 deformed 
appreciably under the aerodynamic load. A scale developed on the samples of 
the other materials which consisted of particulate matter from the gas stream 
entrapped in a S102 matrix. 

INTRODUCTION 

Silicon based materials are under consideration for a number of applica
tions in aircraft and automotive gas turbine engines. The majority of these 
are monolithic components which benefit from the' excellent high temperature 
strength of some of these materials, ego sintered alpha silicon carbide and 
reaction bonded silicon nitride. Another possible application is employing 
these materials in turbine tip gas path seals. The structural requirement of 
this application is minimal, however dimensional stability is crucial . 

The silicon based material are unstable in the presence of oxygen at the 
high temperatures experienced in the engine. Protection from gross reaction 
is afforded when an adherent film of Si02 forms on the surface during oxida
tion. This film serves as a barrier across which mass transport must occur 
for further oxidation, leading to parabolic scale growth kinetics. The class 
of materials which displays this behavior is termed "silica formers." 

It has been postulated that one-dimensional growth of an oxide film with 
a positive volume change, and parabolic kinetics on the surface of a turbine 
tip seal can be favorable (ref. 1). An additional requirement for this is 
that the oxide film is not deformable under the frictional forces produced by 
gas flow through the engine. 

The materials studied were; molybdenum d1silicide, single crystal silicon 
carbide, sintered alpha silicon carbide, and reaction bonded silicon nitride. 
It is well documented (e.g. ref. 2) that under a static air environment, at 
temperatures in excess of 1500 °C (2730 OF), these materials oxidize to pro
duce an adherent scale of vitreous silica. The purpose of this work was to 
examine the morphology of scales produced when oxidation took place in the 
high velocity effluent of a (Mach 1) jet fuel burner. 



EXPERIMENTAL 

The sample sources, geometr1es, and surface preparat10ns are deta1led 1n 
table I. 

The burner rig used was the NASA Lewis H1gh Temperature Erosion Rig which 
is described in detail in reference 3. The essential components of the rig 
are a jet fuel combustor, a Mach 1 nozzle, and a sample holder, see f1gure 1. 
The rig also has provision for introducing grit part1cles to the gas stream, 
however this was not used. 

The samples were placed in sample holder 50 mm (2 inch) from the nozzle 
exit slightly 1nc11ned, 15°, from perpendicular. Temperatures were measured 
using pyrometers. The same rig parameters (fuel pressure, air pressure, etc.) 
were used 1n all cases. Some variation was found in the temperature measure
ments with readings between 1325 and 1390 °C (2420 and 2535 OF). The diameter 
of the flame on the sample was 8 mm, (0.3 inch) outside of th1s a steep thermal 
gradient existed. S1ght1ng of the pyrometer may have contr1buted to the scat
ter. The time of exposure to the flame was 1 hour in all cases. 

RESULTS 

Molybdenum D1s111c1de 

Two types of surface preparation were used on the MoSi2 rods: as ground 
and static preox1dat1on at 1300 °C (2340 OF) for 24 hr. Both types were run 
in the Mach 1 burner rig for 1 hr at 1375 °C (2510 OF). The post test condi
t10n of the rods is shown in figures 2 and 3. From these photographs it 1s 
apparent that the Si02 produced through oxidation was physically blown from 
the leading edge and accumulated on the leeward side of the rod. This leaves 
the MoS12 unprotected and allows the reaction to proceed as ev1denced by the 
extensive pitting on the rod surface. The sample given the static oxidation 
appears to have less severe corrosion than the as-ground sample, however it 1s 
clear from the photographs that the preoxidation did not affect the character 
of the reaction. 

Single Crystal Silicon Carbide 

The single crystal silicon carbide was exposed to the burner in an as
polished state. The behavior was Qualitatively different from that of the 
MoSi2. Scaling, or a buildup of material on the SiC surface occurred directly 
under the location of the flame, see figure 4, while the rest of the surface 
displayed interference colors typical of passive oxidation. A typical cross 
section of the scale material is shown in figure 5. The thickness (50-100 pm) 
is far in excess of what is expected from the formation of Si02 during pas
sive oxidation (~0.2 pm) for 1 hr at 1375 °c (2510 OF). 

Two sources of unanticipated sources of particulates were identified after 
the experiments were run. The first was residual alumina grit particles from 
previous operation of the rig in the erosion mode. Evidently a certain frac
tion of the grit particles which had accumulated in the plumbing of the rig 
became entrained in the gas stream during our experiments. It should be noted 
that no erosion due to particle impact has been observed for either oxide or 
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metal specimens under these conditions. This implies that the number density 
of these residual particles is small. 

The second source of particulates was the sample holder itself. As illu
strated 1n figure 11, the stainless steel clamping block used to hold the spe
c1men had a corner which protruded very close to the main gas stream. Some 
erosion of metal from this corner was observed. These erosion products would 
be expected to become entra1ned in the gas stream. 

The microstructure of the scale 1s complex. There 1s an 1nterm1ttant 
contact between the scale and the carb1de. The scale also appears cracked and 
contains inclusions. Energy dispersive x-ray analysis revealed the presence 
of 51, Al, Fe, and T1. Using an electron m1croprobe, element mapping was done 
near the carbide/scale interface. Maps for 51, Al, Fe, and 0 are shown in 
figures 4 to 7 respect1vely. It 1s clear from these that silicon and aluminum 
are present as oxides while iron is present as a metallic species. A second, 
and striking, feature is that the silica phase is the minority phase by volume 
but it forms a continuous matrix which contains inclusions of alumina and iron. 
Reference to the micrographs also indicates that the scale thickness is several 
times the diameter of the inclusions. These micrographs therefore suggest a 
mechanism for scale growth by the adhes10n of particles in a "glue" of silica. 
This can give rise to the formation of scales which are many t1mes thicker 
than what is p~ed1cted on the basis of oxidation alone. 

Sintered Alpha Silicon Carbide 

Samples of both as-fabricated and as-fabricated plus static oxidation at 
1300 °C (2370 OF) for 24 hr were exposed to the burner. The preox1dat1on had 
no effect on the observed result. The scale growth on the s1ntered alpha . 
silicon carbide appeared qualitatively the same as the single crystal silicon 
carbide except that the boundary of the scaled reg10n is less distinct, see 
figure 12. Attempts at a transverse section were unsuccessful. 

It was also observed, under high magnification, that the scale contained 
a high density of bubbles, see figure 13, which is typical for this material 
(ref. 4). 

Reaction Bonded Silicon Nitride 

One sample of silicon nitride in as-fabricated form was exposed to the 
burner. A scale formed on the block which visually appeared to be similar to 
that formed on the silicon carbide. It was not investigated on the micro
scopic level. 

DISCUSSION 

Identification has been made of two phenomena which may affect the suit
ability of the use of silica formers in gas turbines. The first was the defor
mation of the oxide scale film under the aerodynamic load. This is highly 
undesirable because the existence of a continuous mass transport barrier is 
fundamental to passive behavior. It is notable that the S102 film on the MoSi2 
was observed to be much more deformable, inferentially of a lower viscosity, 
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than that on the s111con carb1de. The reason for th1s is unclear, 1t 1s 
poss1ble to speculate that the presence of molybdenum reduc1ng the v1scos1ty 
of the scale. 

In the append1x a s1mple model 1s developed to determ1ne the deformat10n 
and mass flow of a v1scous glass f11m due to aerodynam1c fr1ct10n over an 
ox1d1zed rod. The model was app11ed us1ng molybdenum d1s111c1de parabolic 
rate constants (ref. 5) at various stagnat10n point (on the rod) ox1de layer 
th1cknesses and v1scos1t1es. The model results are shown 1n f1gure 14. The 
observed mass flow suggests a v1scos1ty several orders of magn1tude lower than 
that reported for v1treous s111ca at th1s temperature (v1scos1ty 
zl.0x109 N-s/m2 at 1450 °C). 

The sever1ty of th1s problem m1ght also be enhanced dur1ng long t1me 
exposures when impur1t1es 1n the fuels (such as Ca, Cu, Fe, and Pb) may 
depos1t on and reduce the v1scos1ty of the scale. 

The second phenomenon observed was the adhes10n of debr1s w1th1n a matr1x 
of S102 somewhat analogus to br1cks and mortar. The S102 was not the major 
phase by volume but served the role as the b1nder. Th1s would be a problem 1n 
a seal app11cat10n 1f debr1s collects on the seal surface produc1ng h1gh spots 
that lead to rubs aga1nst the turb1ne blades. It would also be undes1rable to 
have the shape and surface roughness of a1rf01ls made from s1l1ca formers mod1-
f1ed by the depos1t10n and adherence of debr1s. Wh1le the types of debr1s 
observed were part1cular to the test set up 1t 1s ant1c1pated that any type of 
part1cu1ate 1ngested or produced 1n an eng1ne would 11kely adhere. 

CONCLUSIONS 

These exper1ments were somewhat pre11m1nary 1n nature and further exper1-
mentat10n under more controlled c1rcumstances 1s des1red, however, 1t may be 
concluded that: 

1. The S102 f1lm formed on the MoS12 rods deformed apprec1ably under 
the aerodynam1c load of the h1gh veloc1ty effluent of a Mach 1 jet fuel burner. 

2. The scale formed on s1ng1e crystal s111con carb1de was composed of 
metal and ox1de part1cu1ates embedded 1n matr1x of S102. These scales were 
several part1cle d1ameters th1ck and many t1mes th1cker than expected from 
ox1dat10n alone. 

3. The scales formed on s1ntered alpha s111con carb1de and react10n bonded 
s111con n1tr1des appeared s1m1lar to the scale formed on the single crystal 
s111con carb1de. 
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APPENDIX: EFFECT OF HIGH TEMPERATURE COMBUSTION FLOW OVER 
AN OXIDIZED ROD 

A simple flow model is developed to determine the deformation of a viscous 
glass film due to aerodynamic friction at high temperatures as a function of 
position on the periphery of the oxidized rod. The overall model is shown in 
figure (15) with the parameters of interest indicated. 

The assumptions used for this analysis are as follows: 

(1) constant gas temperature equal to 1700 K. 
(2) Constant gas velocity equal to sonic velocity for air at 1700 K. 
(3) Linear pressure drop (constant pressure gradient) around the peri-

phery from the stagnation point to the separation point (ref. 6). Pressure 
was assumed to be the same in the highly viscous layer as in the gas. 

(4) Shear stress due to the hot gas acting on the oxide layer was constant 
and was found from a potential flow solution to the Navier-Stokes equations 
for cylindrical geometry (ref. 7). 

(5) The rate constant for oxide layer growth was assumed to be constant and 
given in reference 8. 

Analysis 

First the continuity equation is applied to the model and is shown in 
figure 16. The change in mass flow, ~m, is given by the following equation: 

where 

R radius of the rod 

~e angular increment 

~Z depth (length) of rod 

p density of viscous layer (oxide) 

M rate of flow of rod material to oxide layer 

The mass flow rate, M, of the rod to oxide layer is given by 

K K 
M=~---IL

& - &p2 

Kp parabolic rate constant from reference A3 

& viscous layer thickness 
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The rate constant Kp was taken from reference Band 1ts value used 1n 
th1s analys1s was 

2 
4.Bx10-1 ~ 

m -s 

which was the experimental value found in reference B for molybdenum 
dis1l1c1de at 164S K and partial pressure of oxygen of 14 torr. 

Substituting equation (A2) into (A1) gives: 

Gz) (:~) • Rp (~) (A3) 

lett1ng ~~ be the change in mass flow rate unit depth and lett1ng ~e 
approach zero gives: 

d" ('K) ....m _ Rp --'l 
de - & 

This expression determines the rate of flow of rod mater1al with respect to 
angular position and is dependent on the oxide layer th1ckness. 

(A4) 

Next the momentum equation is needed to determine the loading effect on 
the oxide layer thickness. Figure 17 shows the model used for this 
formulation. 

The forces that are on the oxide layer are shown in figure 11. For a 
nondeformable control volume in steady flow the sum of the forces is g1ven by 
(ref. 6): 

LF = 1 pv(v.A) dA 
C.S. 

For low Reynolds number flow the flux terms on the right hand side of 
equation (AS) can be neglected. From the diagram this gives 

- (~P&L) + To(R ~e)L = TRL ~e 

or: 

Dividing through by ~e 

where 

pressure gradient 

6 

(AS) 

(A6) 

(A1) 

(AB) 



TO,T shear stress gas to ox1de, ox1de to rod 

The gas pressure was assumed to decrease 11near1y as a funct10n of 9, 
from the stagnat10n po1nt to the separat10n po1nt (f1g. 15). The pressure was 
assumed to behave by Bernou1l1 1 s Theorem g1ven by reference 6 as: 

1 2 
P1 + 2" pV1 = C1 (A9) 

wh1ch means the total pressure 1s constant or 

(A9a) 

pressure and veloc1ty at pos1t1on 91. 

The constants, C1 and C2 were found by us1ng the property data of Jet A 
fuel burned 1n a1r found 1n reference 9, and the assumed son1c veloc1ty of the 
h1gh temperature gas. For th1s analys1s C1 and C2 were found from 

3 
p = 0.2122 Kg/m , 

v = B26 mis, and 

P = 1.0133x105 N/m2; 

5 2 C1 = 1.737xlO N/m 

4 2 C2 = 3.7878xlO N/(m -rad1an) 

The next parameter needed in equat10n (AB) was, TO, or the shear 
stress act1ng on the gas-oxide surface. An integrated average value was found 
from f1gure 18. This figure plots the nond1mens1onal shear stress versus 
nond1mens1ona1 pos1tion for var10us types of bod1es. These curves were 
developed from a potential flow solut1on of the Navier-Stokes equations 
(ref. 7) for var10us shaped bod1es. Us1ng the parabo11c shape of the c1rcular 
cy11nder plot an 1ntegrated average nond1mens1onal shear stress was found. 
Th1s value, To' was found to be equal to 4.066. Th1s value along with the 
gas properties prov1ded the average shear stress TO. 

T = 2To ~Uend 
o U2 u 

p en 

Uen free stream gas velocity; (Ucn Vsep) 

p gas densHy 
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v kinematic viscosity of the gas 

d diameter of the rod 

Solving for ~o with the appropriate values gives: ~o = 2106.7 N/m2 per 
unit depth. 

To evaluat~ the shear stress between the viscous oxide layer and the rod, 
~, it is necessary to evaluate the flow of the oxide layer first. 

m1 = p 61L Ve (All) 

m1 mass flow rate of oxide layer at 1th position 

p density of viscous layer 

61 oxide layer thickness at position 1 

L length of rod exposed to gas flow 

Ve average velocity across oxide layer thickness 

If it is assumed that the velocity profile in the oxide is parabolic, then the 
velocity as a function of position in the oxide is given by: 

Ve(Y) = A + By + Cy2 (A12) 

where y is the coordinate in the normal direction from the rod surface. The 
following boundary conditions are imposed: 

Boundary Condition 1: 

Boundary Condition 2: 

Ve = 0 

aVe 
ay = 0 

at y = 0 (at the rod-oxide interface) 

at y = 6 

Using condition (1) in equation (A12) gives 

A = 0 

using condition (2) in equation (A12) gives: 

B = -2 C6 

Substituting A and B into equation (A12) 

Ve(Y) = -2C6y + Cy2 (A13) 

For the continuity equation the average velocity, Ve, is needed and this is 
given by reference 6 to be: 

(A14) 
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Subst1tut1ng equat10n (A13) 1nto (A14) and evaluat1ng g1ves the follow1ng 
express10n for average veloc1ty: 

1nsert1ng equat10n (A1S) 1nto equat10n (All) and solv1ng for C g1ves: 

C _ _ 3rii 
- 2p03 

Now us1ng equat10n (A13) and the relat10nsh1p between shear stress and 
veloc1ty prof1le: 

T = II aVe I 
ay y=O 

(shear stress at the 1nterface) 

= -2Co 

Subst1tut1ng equat10n (AlB) 1nto (A17) the shear stress at the ox1de-rod 
1nterface 1s: 

II ox1de layer v1scos1ty 

3lJrll 
T = 2 

po 

m flow rate of ox1de per un1t length 

p ox1de layer dens1ty 

6 ox1de layer th1ckness 

Now the shear stress between the rod and the ox1de layer 1s known 1n 
terms of the ox1de layer flow rate and the ox1de layer th1ckness. Now 
equat10ns (A19), (A10), and (A9a) can be 1nserted 1nto equat10n (AB) and 
solved for "6", the ox1de layer th1ckness. Th1s equat10n then becomes: 

3 ToR 2 3riilJR 
6 + (6P) 6 - (6P) = 0 

toe p toe 

Numer1cal Method 

(A1S) 

(A16) 

(A17) 

(AlB) 

(A19) 

(A20) 

The numer1cal model used 1s shown 1n f1gure 19. The procedur.~, used 1s as 
follows: 

(1) Assume an 1n1t1al layer th1ckness 60 at the f1rst step, set rno = O. 
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(2) Use the initial guess 00 w1th equat10n (A4) and a fourth-order 
~unge-Kutta approximation to find the mass flow rate per un1t depth 
m1 at !he ith pos1t10n. 

(3) Using m1 just found, substitute into equation (A20). Note: 

(~i+1 = ~i + d~/de1101) 
(4) Solving the third degree equation by Newton~s Method for 01+1' 
(5) Th1s is now used at the next pos1t1on for m in equation (A4). 
(6) Repeat the process until the separation point is reached. 

Numerical Results 

The numerical results of the above analysis are shown on figure 14 as 
presented in the discussion. This f1gure is a summary of vary1ng the 1n1t1a1 
layer thickness 00 and the oxide layer v1scos1ty on the mass flow rate per 
un1t depth at the separat10n p01nt. At high v1scos1ty the behavior of the 
mass flow is dom1nated by the ox1de th1ckness, 00, at the stagnat10n p01nt. 
However, as the oxide layer v1scos1ty decreases the effect of a th1n 1n1t1al 
layer 1s m1n1ma1 on the mass flow rate at the separat10n p01nt on the rod. 
This 1s evident as the plotted mass flow rate per unit depth 1s invariant for 
two orders of magn1tude d1fference in the 1n1t1a1 oxide layer, 00, th1ckness. 
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TABLE I. - SPECIMEN TYPE, SOURCE, ANO GEOMETRY 

Sample LD. Source Burner r1g 
sample geometry 

aMolybdenum d1s1l1c1de Kanthal Corp. rods, 5 mm (0.2 1nch) 
(2 spec1men) d1ameter 

bS1ngle crystal s111con carb1de Carborundum Co., crystals, roughly 10xlOx3 mm 
Acheson furnace c (0.4xO.4xO.12 1nch) 

dS1ntered alpha s111con carb1de Carborundum Co.c Quarters of a tube, 
(2 spec1men) 1B mm (0.7 1nch) o.d. 

eReact10n bonded s111con n1tr1de A1r Research Cast1ng Co. blocks, 13x25x50 mm 
(0.5x1x2 1nch) 

aSurface preparation: First specimen etched w1th HF (25%) for 45 min, finished ground 
w1th 325 mech SiC. Second specimen same as first then stat1c1y ox1d1zed 1n a1r at 1300 °C 
(2370 OF) for 24 hr. 

bSurface preparation polished to scratch free surface with successive grades of d1amond 
paste down to 1/4 pm. 

cSupp11ed by J.W. Halloran Case Western Reserve Univers1ty. 
dSurface preparation: first spec1men as fabr1cated, second spec1men stat1c1y oxidized in 

air at 1300 °C (2370 OF) for 24 hr. 
eSurface preparation; as fabricated. 
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Figure 1. - High-temperature erosion rig. 



(a) Axis of MoSi 2 rod" 

(b) SEM micrograph close up of the Si02 ridge. 

Figure 2. SEM micrograph of a rod which was staticly oxidized for 24 hr at 1300 °c 
then oxidized in the Mach 1 burner at 1375 °c for 1 hr. 



Figure 3. SEM micrograph along the axis of a MoSi 2 rod which was ground with 320 mesh SiC and 
oxidized in the Mach 1 burner rig at 137SoC for 1 hr. 

4. SEM micrograph of single crystal SiC surface after hI' oxidation at °c in 
Mach 1 burner rig. 



Epoxy mount I Scale I Carbide 

Figure 5. SEM micrograph of the cross section of the builtup materia! using backscattered electrons. 



Figure 6, Electron microprobe image of carbide/scale interface using backscattered electrons. 

Figure 7. - Silicon elemental distribution around carbide/scale interface. 



Figure Aluminum elemental distribution around carbide/scale interface. 

FirJure I ron around carbide/scale interface. 



Figure 10. Oxygen elementa I di stribution arou nd carbide/ sca Ie interface. 
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fuel combustion products. 



Figure 12. SEM micrograph of the scale built up on the sintered alpha silicon carbide. 



Figure 13. Higtl magnification SEM micrograph of Ule scale formeci on sintered alpha silicon carbicie. 
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Figure 16. - Continuity equation model. 
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Non dimensional position, x/L 

Figure 18. - Shear stress as a function of position for various geometry. From Fluid 
Dynamics Handbook by Streeter. For circular cylinder: X • ei; L = em at X/L' 
.609 separation point alb - aspect ratio for elliptic bodies. 
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