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NOMENCLATURE

K stress Intens ity factor

I load

m weibu ll modulus

n slow crack growt h exponent

Pf failur e probability

S stress

SA SC trade name (sintered alpha silicon carbide)

SCG slow crack growth

SEM scannin g electron microscope

SIC silicon carbide

V crack velocity or growth rate

_______ 
78—15576— — *altW.CH MANWACTUIING coep*iy
rage

-
~

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - —.- -~~~~~ — -~~~~~~~~~~



CONTENTS

Section 
____

ACKNOWLEDGEMENTS I

NOMENCLATURE I I

1 I NTROOUCT ION 1—1

2 BACKGROUM) 2-I

3 EXPER IMENTAL PROCEDURE 3—1

4 RESULTS 4—i

5 DISCUSS ION 5—i

6 CONCLUSIONS 6—i

7 FUTURE WORK 7—1

8 REFERENCES 8—1

APPENDIX A- i

ii
1

- • A1R~VA*CH MA~ UFACTUIINS ~~~~~~~ 78—15576
_ _ _ _  OF CAUFOSMA P a g e l i i

— —- -. ~i ..i ~

— ——- . ~~~~ --~ 
— - - - -

~~~~--“
.-- .“- — -  -——--. -. . . - - - - - -..-- -~ —



SECTION 1

INTRODUCT ION

This report summarizes the results of the th i rd year of a continuing
research program on the various grades of silicon carbide of interest for naval
applicat i ons. This program has thus been desigr ated as O~~—3.

During the OM~—2 program
m* some of the important basic mechnica l proper-

ties of sintered alpha silicon carbide were investigated . At that time an
extensive l iterature survey was conducted and inc l uded as part of the OM~—2
annual report. Since that time one particu l ar l y significant program Invest i-
gation was conc l uded on the effects of ox i dation on S~G (Slow Crack Growth)
in SASC (sintered alpha silicon carbide). i n  this study by McHenry 1 it was
shown that when the oxide l ayer was removed from high temperature preoxidized
SASC samp l es they exhibited SCG at temperatures and oxygen partial pressures
where this phenomena had not previously been detected. This result indicated
that surface oxidation of SASC has some effect on the bulk properties (probably

- by changing the grain boundary chemistry) which causes the enhancement of ScG.

-‘~The ONR—3 program was initiated to further explore the limitat i ons of
SASC in oxidi zing and marine (sa l t—bearing) environments as a function of reli-
abilit y particular l y for use in high temperature heat exchangers and turbines.
The program was also formu l ated to generate stressed—lifetime data using dif-
ferential strain rate techniques. These data can be generated by stress rup-
ture testi ng, but it is a time consum i ng procedure. If there is little or no
crack growth for the particular testi ng environment during stress rupture
testing, the time to failure is either very l ong or occurs within a very narrow
stress interval. To minimize the need to collect stress rupture data, the
same Information can be generated from other types of tests. This approach is
based on the fracture mechanics theory that fatigue failure of ceramics occurs
from stress—dependent growth of preex i st i ng flaws to dimensions critica l for
spontaneous crack propagation. Furthermore, using expressions deve l oped for
time—to— failure pred i ctions , the life expectancy of parts under a particu l ar
cyclic l oad i ng schedule can be predicted from static (stress rupture) or dynam-
ic testi ng experiments.~J~jhe most reliable stressed—lifetime pred i ctions would
be those generated from a combination of static, dynamic , and cyclic testing,
since the operat i ng components wi l l  be subjected to l oad i ng which is simu l ated
by these three types of tests.

I

*See Section 8 for Reference List.
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SECTI ON 2

BACKGROUND

Dur ing the ONR 2 program a test plan was followed wh i ch helped to deter—
mi ne the stress—lifet i me—reliabilit y diagram as a function of temperature for
samples of sintered alpha silicon carbide with as fired surfaces and as fired
and salted surfaces. The test plan for ONR 3 was based on the results of ONR 1
and ONR 2 as w e l l  as on data generated on SASC at Penn State and the Rockwell
Science Center. The collect i ve data of these programs allows a reasonable
determ i nat i on of the rate of subcritica l crack growth in this materia l , wh ich
is important desi gn data for future Nava l applicat i ons. It also has the
objecti ve of i dent i fying those critica l parameters which limit or degrade the
strength of SASC.

The pred i ct i on of stressed—lifet i me for ceram i cs is based on the growth
of preex i sti ng cracks under stress to a critica l size where catastrophic fail-
ure occurs by spontaneous crack growth (energeticall y favored crack extension).
From fracture mechanics theory, the stress intensity/crack ve l ocity diagram
(K/V ) is of critica l importance for lifetime pred i ct i on. Figure 1 is a sche-
matic representat i on of the idea l K/V diagram. The stress i ntensity factor,
K, i s usuall y exp ressed as K = a( Y C ) 1”2 for ceramics where a stress, C =

crack length, and Y = a geometrica l factor. In region I , the rate of react i on
between t he corros i ve spec i es an d the atoms un der stress at th e crack t i p i s
controll ing, in reg ion II , the diffusion of corros i ve species to the crack
tip is rate controlling. Reg i on Ill  expresses the crack growth independent of
the environment , since the crack would be traveling faster than the diffusion
of the corros i ve spec i es.

This type of data can be generated from crack propagation tests of l arge
preformed cracks by the double torsion method . Determinat i on of the K/V slope
by double torsion methods may not be characteristic of crack propagat i on of
i nherent sur f a ce f l a w s , w hi ch us ua l l y are the cause of fa i l u re i n ceram i cs
since the double torsion experiment y ields data from a macroscopic crack.

In reg ions I and I l l , the slope of the K/V diagram , n, can be determ ined
from the ratio of strengths (a) at two strain rates (~ ) by

fa \ ~ + 

=f’~
• i \

‘ 2 ’ 
(1)

The va l ue of n can then be used to def i ne the relation between the failure time
In a constant strain rate test, t~~~, and the fai lure time under the maximum
stress obta i ned in a constant stress test, ~~~~~, using

(2)
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F igure 1. Schematic Representation of Idea l K/V Diagram

The probab ili t y of fa ilure of ceramics can be most accurately character-
i zed by means of the standard We i bull statistics expression as

m
/ 0  ~

S =  1 — e x p  —V 
~~~~ 

(3)
\ a~~/

Where S is the failure probabilit y, V is the stressed volu me or surface area
depend ing on the type of flaws causing failure , Of  is the fracture stress, a~is the character i stic stress (which is a normalizin g constant), and m is the
We i bu l l modulus. The fracture strengths of a group of samp l es can be used to
estimate m and when Equat i on (3) Is rewr i tten as

In In ~~ In V — m In a~, } + m In (O f) (4)

The va l ue of S can be estimated from S = s/n 4- 1 where n is the total number
of samp l es in a test and s is the number of the sample when the group is
arranged in i ncreasing order of fracture stress. When In In (1/1—S ) is p lotted
versus In O

~~
, m Is the slope.

- AIRWARCH MANUFACTURING COMPANY
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The ratio of failur e times at different applied stresses can be written
as

)

n 

= 

(
~~~~~ )

Using this relat i on, data from the exper i mentall y determ i ned failure probabil-
ity curve can then be used to pred i ct the famil y of failure probability curves
as a funct i on of time to fa i lure, wh ich can be used to pred i ct stressed life-
time. If the time to failure of samp l es tested at greatly different strain
rates (~~>iO

2) is used to pred i ct the failure probabil ity at long lifetimes , it
is possible that a refinement of the pred i ction can be made, prov i ded that
subcr itica l crack growth is occurr i ng at all the strain rates tested.

H
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SECTION 3

EXPER I MENTAL PROCEDURE

MATER IALS

B illets of sintered alpha silicon carbide (SASC) manufactured by Carborund&in
Company were prepared by cold— pressing and sinter i ng. The flexure bars were
2.5 x 5 x 44 rim. Each of the spec i mens were cut from the top surface of SASC
b i l lets , l eav ing the top face as— formed and as—fired . The bottom face of each
sample was ground with 200—grit diamond and then finished with 400—grit diamond .
Long edges were l ightly chamfered by hand with 220—grit diamond lapping com pound .
W idth and thickness were within 0.13 inn of specified values. Ground surfaces
were flat w ithin 25 l.im. Ground sides were parallel within 25 i.irn and were per-
pend ic u lar  to the faces w i th i n 1° . V i sua l , f l u o rescent d ye— penetrant and radio-
graphic Inspections insured that each specimen was free of defects greater than
0 .5 inn long . Density,  measured by the immersion method (ASTM—C373—72) varied
fran 3.08 to 3.15 9/cc.

For eac h test , spec i mens were selected at random from among those which
passed inspection so that the variation s due to composition and processing
differences would influence all the test groups ~n the same way. All specimen s
were tested on the as—fired face since most components for heat exchanger use
would be used in the as—fired condition with little or no elaborate surface
treatment.

Table I out l ines the exper imenta l test plan for ONR 3. Indicated are the
sample test condition , ass i gned group number , test temperature, test d isplace-
ment rate and the number of spec i mens prepared for each test. Samples Indicated
as be in g ox idi zed were treated for 24 hours at 1260°C in a ir so that we i ght ga in
by ox idat i on was past the i n i t i a l  ra pid react i on to a po in t of constant we ight
gain with time. This schedule was selected after consideration of oxidation
exper i ments conducted on SASC by Costello and Tressler2. Sam p l es i nd i cated as
bei ng salt treated were cleaned with i sopropanol and coated with concentrated
antificial ocean sal twater (ASTM—D 1141—52 (without heavy meta l s)), baked in a i r
at 900°C for 65 hr then 1260°C for 65 hr in an electric furnace. The as—fired
surface to be tested faced upward in a clean SIC sitten . The samples were
cooled slowly in the furnace.

FLEXIJRE TESTING

Flex ure tests were cond ucted in a SASC floating—pin , 4—point bend fixture
(Carborund um Company) hav i ng a 38 mm outer span and a 13 mm inner span (Figure 2).
Load s were app l i ed by a univer sal test machine (Instron Corp.) at varing dis-
placement rates, through silicon carb de push rods (Figure 3). Load i ng rates,
recorded autogra ph i cal l y, were converted to stra i n rates through the equation

78—15576.. NRESLA CN MANUFACTURING COMPANY p 3—1.~~~ OF CALIFORNIA age
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TABLE I

TEST PLAN FOR ONR 3

Sample Group Test Displacement Number of
Cond ition Number Temperature Rate Samp l es

‘C i n/m m

A 100 20 0.02 10

A—O 101 20 0.02 10

A—O 102 20 0.0002 10

A—O(Dry N2 ) 103 20 0.0002 10

A—O 104 1550 0.02 10

105 0.002 5

106 4’ 0.0002 10

107 1275 0.02 5

108 
I 

0.002 5

109 4’ 0.0002 5

110 1000 0.02 5

____________  

112 4’ 0.0002

A—a—S 1 1 3 1550 0.02 8

114 0.0002 8

115 1275 0.02 8

- 

116 4’ 0.0002 8

A—S 117 1550 0.02 8

118 4’ 0.0002 8

119 1275 0.02 8

120 4’ 0.0002 8

As Fired
0 = Oxidized
S = Salt Treated_ 

78—15576
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= 1 .5 [ (6)

Iwhere I i s the recorded load rate , W i s the spec im en w i dth, H is the speci men
th ickness and E is the elastic mcd~ lus. A value of 414 GPa (60 Mpsi) was used
for E at all temperatures, based upon available data3’4.

The f i xt ure an d spec i men wer e conta i ned w i t hi n a s i l i con carb i de element
electric furnace (W.P. Keith Co.) which provided temperatures as hi gh as 1620°C.
Temperatures were mon i tored with a micro—optica l pyrometer and were within 3°C
of the reported value.

Fracture surfaces of each spec i men were examined under l ow—magnification
stereom i croscope to locate the fracture or i g in. Traceability of specimens was
maintained to allow future scanning electron microscopy (SEM ) anal ysis.

________ 
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SECTION 4

RESULTS

The results for each group of data were computer processed to plot the
We i bul l  fa i l ure probabil i ty d iagram and to calculate the mean , standard devia-
t i on , median failur e stress (at 50 percent failur e probabilit y ), and We i b u l l
modulus (m). The plots and Weibu l l modulus are generated from the data using
equation 4. Flqur e 4 shows a typi cal computer output for each group. Appen—
dix A contains a complete set of plots for all groups tested. Table II lists
the results for each sample group.

For groups tested at very different strain rates but identica l environ-
men tal  con di t i ons , the slow crack growth exponent (n), (the slo pe of the KV
curve) can be estimated . Equation 1 was used to plot the log of the average
f racture stress versus the log of the stra i n rate and est i mate the val u e  of n
from regress i on anal ysis. Figur e 5 shows a typi cal com puter p lot of th i s data
w ith calculated n value. Appendix A contains a collection of all similar plots
der i ved from the test plan . Table I l l  lists all the n value s calculated from
the test data .

H
j
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TABLE I I

GROUP RESULTS FOR ONR 3

Sample Group Displacement No Mean Std. Med i an We ibu II
Condition NO. Temp. Rate Tested Stress Dev. Stress rn

In/mm KSI KSI KSI

A—As Rec 100 20 0.02 10 43.8 3.6 44.1 11.9

A—O 101 20 0.02 10 54.4 4.2 54.8 12.3

A—O 102 20 0.0002 9 50.3 5.0 50.9 7.1

A—O—D ry N2 103 20 0.0002 10 56.2 3.9 56.6 13.2

A—U 104 1550 0.02 tO 47.1 7.6 47.6 5.9

105 0.002 5 43.7 5.2 44.0 f R

106 0.0002 10 34.1 4.9 34.4 6.7

107 1275 0.02 5 54.3 7.6 54.7 6.1

108 0.002 5 52.4 8.9 52.8 4.5

109 3 0.0002 5 49.1 2.1 49.4 17.6

110 1000 0.02 5 55.4 2.7 55.6 17.7

112 0.0002 10 51.9 10.8 ~2.4 4.7

A— U— S 113 1550 0.02 8 48.2 5.7 48.7 7.9

114 3 0.0002 6 35.8 5.4 36.1 5.7

11 5 1275 0.02 7 57.1 5.8 57 .6 9.1

116 0.0002 8 53.2 4.8 53.~ 10.2

A—s—Ubt Pro Oxiilzed ) 11 7 1550 0.02 7 50.6 9.1 51 .1 5.1

118 3 0.0002 8 32.9 4 •M 33~~

11 9 1275 0.02 8 53.5 7.6 54.0

‘20 3 0.0002 8 44.5 7.9 44.8 ‘.3

A - As Fired
0 - Oxidized
S Salt  Treated

_______ 78— 1 5576(
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TABLE I I

CALCULATED SLOW CRACK GROWTH EXPONENTS

Sample Group Test
Cond ition Numbers Temp. n

A— 0 101 , 102 20 53

A—O 104, 105, 106 1550 14

A—0 107, 108, 109 1 275 48

A—O 11 0, 112 1000 54

A— 0—S 113 , 114 1550 15

A—O—S 115 , 116 1275 61

A—S 117 , 118 1550 9

A—S 119 , 120 1275 23

A = As Fired
O = Oxidized
S = Salt Treated
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SECT ION 5

DISCUSSION

The measured strength of the sintered alpha silicon carbide test bars is
similar to those va l ues measured durin g ONR 2. Sample group 100 Is i ntended
as basel ine data to indicate the condition of the as—rece i ved, as—processed sur-
face. The measured strength l eve l (43.8 KSI , S.D. = 3.6, m = 11.9) is l ower
than that observed for the i dentica l test condition during ONR 2 (49.6 KSI , S.
D. = 6.9 KSI , m = 7.7). The standard dev i at i on and Weibul l modulus indicate
that altho ugh the strength of the newer material is lower on these as—fired
surfaces , the di str i but i on and sever i ty of the strength l imi t in g f l aws  is more
even.

High temperature ox i dat i on (1260°C for 24 hours in air ) significant l y
improves the room temperature strength of SASC as—fired surfaces. This is ev i-
dent by comparing group 100 (43.8 KSI , S.D. = 3.6 KSI) to group 101 (54.4 KSI ,
S.D. = 4.2 KSI ) tested at the same displacement rate. The We i bul l modulus is
simi liar for the two groups (11.9 and 12.3 respective l y) indicat i ng that  the
severi ty of the strength limiting flaws has changed but their distr i bution pro-
babl y has not. This is consistant with theor i es of strength improvement by
flaw blu ntin g from the formation of an oxide layer .

Slow crack growth (SCG) stud i es on sintered alp ha SIC have shown unt i l
recent ly  that SCG did not exist be l ow 1 500°C5’6’7 (except in water). Preoxi—
dat i on has recent l y been shown to enhance SCG i n SASC 1 . This result is
reaffirmed by groups 101 and 102 which show a strain rate dependence of failure
stress with a crack growth exponent, n, of 53. This va l ue is in good agreement
with McHenry ’s1 determination of 41. McHenry also determined from neutron
act i vation and TEM that after oxidat i on the internal oxidation of sintered
silicon carbide had i ncreased and 1-hat a viscous flow mechan i sm is operative
during failure.

The results of the hi gh temperature tests on oxidized , as—fired surfaces
are shown in Figure 6 with one (normal) standard deviation confidence limits
(used throughout). Also shown are the pertinent results from ONR 2. The
difference in streng th at each temperatu re for the var i ous d i sp l acement rates
tested ind i cates the presence of SCG. Figure 6 indicates that average frac-
ture stress decreases with increasin g temperature. A probable maximum use
temperature would be 1550°C after wh i ch the strength decreases rapidly.

The calculated n va l ues indicate that SCG becomes enhanced in oxidized
samp l es with i ncreasing temperature (See Table 3). This trend is also apparent
for the as—rece i ved , ox idized and sa l ted samp l es (Groups 113— 116 ) and as—
recei ved and salted samp l es (Groups 117—120).

_________ AIRES(ARCH MANU FAC TURI NG COMPANY 78— 1 5576
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Fi gure 7 shows the resu l ts of the hi gh temperature tests on oxidized , as—
f i red and sa l ted surfaces (AOS). The results show little difference from those
obta i ned on oxidized surfaces (AO). Figure 8 shows the results of the high
temperature tests on the salted , as— f i red surfaces (AS) where the average frac-
ture strengths are l ower for 1-he 1275°C tests. This result and 1-he l ower n
value of 23 at 1275°C i nd i cate that the presence of salt dur i ng the ox id at i on
has increased the materials susceptibilit y to SCG. The ox i dat i on treatment is
of r e l a t i vel y short durat i on (24 hours at 1260°C) when compared to the salt
treatment (65 hours at 900°C then 65 hours at 1260°C) so that one would expect
to observe the same strength and SCG behavior for AOS and AS exper i ments if the
salt had no effect or if I-he protect i ve oxide l ayer had no effect. At 1275°C
the ox ide layer seems to have formed a protect i ve barr i er which prevents the
salt treatment from appreciabl y changing the SCG or strength properties.

The calculated n values and measured strength va l ues at 1550°C for a l l
groups in Figures 6, 7, and 8 seem to ind i cate that the decrease in strength
is most important and little difference in SCG due to surface conditions is
apparent at this high temperature.

It is difficult to determine conclusions regardin g average va l ues with
high levels of si gnificance from the above data. The test p l a n shoul d be
viewed as a set of exper i ments to exp l ore material limitations. High l evels
of si gnificance for proposed hypotheses can not be determ i ned because i t i s
the nature of the mater i al to have large standard dev i at i ons of measured
strengths, par ticular l y on as—fired surfaces . The results and conclusions
should not be taken li gh t l y ,  however , s ince the results of this program are
in good agreement with those results determined in similar studies.

LONG-TERM STRENGTH PREDICT I ON

As a design exercise the prediction of stressed lifet i mes was undertaken
using the STP (Streng th—Probabilit y—Time ) relationship s described by Davidge
et at .8 T he estim ated st ress can be expressed as

n+1
n 1/m

Se = Sm (—In Ps) (7)
1/n

(n+l)(t e Ec)

where 5e i s t he est i mat ed stress, Sm is the median stress, n i s the ca lcu l ated
s lope of the K, V curve , Ps is the probabilit y of surv i va l , t i s t i me, E is the
elastic modulus taken as 414 GPa (60 M~5~

), ~ i s t he stra i n rate and m i s the
We i bu il modulus.

APPLICAT I ON TO CERAMIC HEAT EXCHANGER DESIGN

The procedure discussed above allows calcu l ation of design stresses for
a g i ven heat exchanger problem statbnlent. Reasonable demonstrotion des i gn

AIRESLARCI4 MANUEAC UNING COMPANY 78— 1 5576
Page 5—3 
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goals of 500 hours and 99.9 percent reliability were chosen. Equat i on 7 then
becomes

n+1

1/m
Se (500 h, 0.999 Ps) = Sm (0.001) (8)

r 1 1/m
x 109)cj

Table IV l i sts the res u lts of these cal cu lat i ons for each test temperature and
sample condition .

For each of the sample groups tested , the pred i cted failure stress (Se)
at 1550°C is very low . Be l ow 1275°C the predi cted stresses are in a reasonabl e
range to allow design of hi gh performance heat exchanger components. In stud i es
conducted for the Electric Power Research Institute 9 (EPR I ), similar design
goals were used to design ceramic components for a hi gh temperature heat
exchanger using pred i cted failure stresses and computer finite element anal ys is.
With the aid of the computer , designs giving rise to high stress risers were
reworked to reduce these stresses be l ow the predicted safe stress l evels. The
predicted stresses for I-his study would be acceptable for simi tar designs be l ow
1275°C if the fabricated components had the same properties of the tested bar
spec i mens. A preliminary conclusion is that SASC would be an acceptable high
temperature heat exchanger material for use in marine environments if the
materi Ul could be processed into the comp l ex shapes needed without degrading
the measured mechanica l propert i es.

- AIRESEARC H MANUFACTURING COMPANY 78— 1 5576
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TABLE IV

HEAT EXCHANGER DESIGN STRESS

Se*
Surface Cond ition Tem peratur9 P5 = 0.999

°C KSI

A—C ) 20 20.7

A— C) 1000 20.0

A—C) 1275 18.9

A—C) 1 550 5.6

A— 0—S 1275 21.7

A—O— S 1 550 10.3

A—S 1275 15.5

A—S 1 550 3.5

* Calculated usinq weighted average of m for data
sets used to determine n.
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SECTION 6

c~ONCLUS IONS

The results of O~~ 2 and OI~1~ 3 are In good agreement for the strength
versus temperature relationships investigated . Strain rate experiments and
calculated n values agree w ith the recent resu l ts of McHenry 1 that SASC is
susceptable to SCG after oxidation . At 1 550°C the strength of SASC begins
to decrease significantl y Ind i cat i ng a maximum l ong—time use temperature.
Coating and fusing ocean salt onto the surface of oxidized samples seemed to
have l ittle effect on the fracture stress. Fused salt coatings on as—received
spec i men s seems to decrease the fracture stress at 1275 °C but at 1550°C the
fracture stresses are similar to those for oxidized samp l es. The predicted
fa ilure stress for demonstration goals of 500 hr and 99.9 percent reliability
ind i cate that a reasonable design stress is indicated from 20 to 1275°C for al t
the env i ronmenta l cases Investigat.Id . There is also, most l i kel y, a tempera-
ture range above 1275°C and below 1550°C where relativel y hi gh des i gn stresses
are ava ilable. This should be determined as the subject of future research

• work. Si nce more spec imens were tested in O~~ 3 for each test cond i t i on these
l ife predict ion results are more significant than ONR 2 and therefore a better
indication of the material properties, especially Weibu l l modulus.

L

4_______ 78—15576
AIRtSFARCH MANUFAC1URIFIG COMPANY 

OF CALIFORNIA Page 6-1

___________________ 
— k~

_-~~~~y _ 
-



SECTION 7

FUTURE WORK

In ONR 4, extensive SEM (scanning electron microscope) anal ysis w i l l  be
conducted to identif y the fracture origins and possible extent of damage caused
to the material m icrostructure by the oxidizing and salt environments. These
invest i gations wi l l  be used to determine what method(s) (transmission electron
microscope, microprobe, etc.) should be used to Identif y strength degrading
species. In addition , samples of SASC tested under similar condition s but
y ielding dIfferent resu l ts wi l l  be anal yzed to identif y poss i ble m i crostructural
or chemical strength l imiting phenomena.

An area of additional study is also suggested by th i s present data and that
of O~R 2 10. The allowable working stresses of SASC at 1275°C are considerab l y
higher than at 1550°C. The lower temperature api,roxlmates the upper use limit
of the silicon i zed materials whereas the higher is considerab l y above. Thus
the area between these two temperatures should be explored in greater detail in
order to fully define the use limitations of SASC.

I
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APPENDIX A

TEST DATA

We ibu l I Plots Page A— i through A—20

Strength—Strain Rate Plots Page A—2 1 through A—28
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