
-r

9*
AD—A039 220 AIRESEARCH MFG CO OF CALIFORNIA TORRANCE F/G 11/2

HIGH TEMPERATURE SLOW CRACK GROWTH IN SILICON CARBIDE. (U)
MAR 77 0 E SCHWAB, H A WARREN N00011476 C 0249

UNCLASSIFIED 77—13571 NL

END
D A l I
II ME D

p



_
~~
;;;,

~~
_ 

— — — -. ~~~—i~~--~ 
.,,1

~~~~~-.

‘

4,

C’? 
_ C.”

AIRESEARCH MANUFACTURING COMPANY
OF CALIFORNIA

ANNUAL SUMMARY REPORT
HIGH TEMPERATURE SLOW CRA CK
GROWTH IN S ILICON CARBIDE
(13 Oct 1975—13 Oct 1976)

77—13571 March 30, 1977

Approved for public release; distri bution unlimi ted

Reproduction in whole or in part is permi tted for any
purpose of the United States Government.

Research sponsored by

Office of Nava l Research
Department of the Navy

Under Contract NOOO11~-76-C-O2l.9(ONR Contract Authori ty NR097-~iO1/8—8-75)

~~~~ D D~C

§



1~cnsioi tir /-i ITIS fltte S.etti.
htl SectIsi 0

0

AIRESEARCH MANUFACTURING COMPANY ~
-

OF CALIFORNIA

~~~~~~~~~~~~ 
;; 

~c/~~~~
,-r7\ j~~~NU~L SU &E~~~~~~~~~~ 

( ( 
-

~ HIGH TEMPERATURE iLOW CRA CK 1
GROWTH !N ~ iU~PN~ CARBID E.

()
~t i975—l3 OcrT~76F

(2~ -13571
1 March 30 , 1977

- r ~~~~ ~9-
)..—‘~ 

1~ E .,Achwab ~~~ / i i

Mater~ah tnglneerln - - -

for
Off ice of Naval Research
Departme f the Navy 

-
~~~

Under Con tract NU~ø1k-76 249~~~~~
(ONR Contract Authority NRO97-~4O118-8-75)

Approved : øi. Approved :)~L4V~w ~C’4 W. S. Miller . O~Reil 1y
:1 Program Manage r C ief Engineer

Heat Transfer and Cryogen c Systems

D D C

=Th
~3i7c91~~ ffl~~~~n~JJ

[PXS~BIBUTION STATEMENT A D
Approved for public release;

— 
D1stiib~tj~n UnJi n~ited

L. -—-~~~--— - ---- - -• -- - -  ~~~~~~~~~~- -~~~~~~~~ - - ~~~~~ -~~-~~~~~~~~~~



ABSTRACT

Double— tors i on crack growth tests of Super KT silicon i zed Silicon carb i de
were conducted f rom 871 to 1316 C in air , under static and cyclic loading. No
slow static— crack growth was observed. Cycl ic-slow crack growth of 0.03 to
0.20 iim/cycle was observed at M( va l ues of 1.95 to 4.31 MNm 3’2. The range of
K IC valu es was 2.45 to 5.53 MNm 312. I t was concluded that more definitive
testing is needed to characterize the material ’s res ponse to cycl i c and s tatic
loads.
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NOMENCLATURE

DT Double— torsion (test)

• hp horsepower

K Stress intens i ty factor

L
~
K Stress intensity range during cyclic loading

KIc Fracture toughness (or c r i t i ca l stress intensity
factor)

Kmean Average stress intensity factor during cyc l ing
loading

KT Trade name (Carborundum Co.)

NC—430 Trade name (Norton Co.)

NC-435 Trade name (Norton Co.)

P Load

SiC Silicon carbide

• Silicon i zed Densified by reaction of SiC and carbon with infil-
tra ted silicon metal.

SKT Trade name (Carborundum Co.)

V Crack veloc ity or growth rate
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SECT I ON 1

I NTRODUCTION

Current ly, heat exchangers for use in gas turbine power systems are fab-
ricated from i ron—base alloys and are limited to heating the working fluid to
750°C. It is antici pated that future developmen t of meta llics can raise this
temperature to the 800°C to 875°C range. However , it is unlikely that i ron or
n ickel alloys can be used successfully when this temperature climbs to the
1000°C to 1200°C range , where si gnificant performance ga i ns are anticipated .
The magni tude of performance ga i ns possible is best illustrated by an examp le.
A 40—h p closed—Bray ton-cycle engine recently de l ivered to the Navy has growth
potent ial to app rox imately 500 hp. Th is gro.~th is accomp l i s h e d by i ncr eases
in both turbine inlet temperature and operating pressure , w ith no correspond-
ing increase in size . In order to obtain the required increase in heat
exchanger temperature capability , new materials and/or designs are required.

• Ceramic ma terials such as silicon carbide are most attract ive for this
hea t exchanger app l ication because they possess high comp ressive yield strength ,
h ig h res i stance to creep in the temperature range of interes t and are corros i on
and oxidation resistant. Perhaps most important , they wil l  prov i de the overall
power system with significant cost and we i gh t advantages over current sys tems.

~~TSSiJicon carbide (SiC) has been selected as a ma terial hav i ng good potenti al
for high-temperature heat exchanger applications . At the temperatures where
ceramic materials mus t operate in advanced eng i nes , some strength degradation
w ill occur. Therefore , it is important to characterize the strength properties
in the elevated temperature reg i me to establish effective operationa l stress
levels for heat exchanger component des i gn. Thus , the primary objective of
this program i s the evalua ti on of safe worki ng stresses for the app li cat ion of
sil i con carbide material to heat exchangers .

Failure of most ceramic materials with the potential for high—temperatur e
struc tura l app lication is controlled by the propagation of small preexisting
flaws until fracture occurs . The primary determinant of safe working stress
and serv i ce life is the nature of slow crack growth in these materials.

The des i gn of ceramic heat exchangers has been hindered due to the lack
of reliable test methods for obtaining high—temperature material characteris-
tics . Recently, however, a prom ising method for study ing the high-temperature
slow crack growth in ceramic material has been developed (..~*. This technique
uses an essentially constant stress intens i ty spec i men (the double tors i on
specimen) under constant displacement rate conditions .

*See list of references , Section 4. 
I
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In this prog ram , s low crack growth character izat ion of SiC is being
per formed using a fracture mechan ics app roach , wh ich enables the crack growth
rate to be related to the stress intens ity factor. From the measured f law
growth rate da ta , typ ica l proof stress diagrams w i l l  be constructed for use in
estab l ishing safe working stress levels in ceramic heat exchangers , and a
s imple application study will be performed.

This report sumar i zes the progress during the firs t year of this program
under Contract N000l4—76—C—O249 with the Off i ce of Nava l Research.

I
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SECTION 2

TECHNICAL PROGRESS SUMMARY

2.1 MATERIALS

Several grades of s ilicon carbide were considered for this program.
Selection was firs t restricted to the si licon i zed grades (Norton Company ’s
NC—430 and NC-435, and Carborundum Company ’s KT and Super KT) because their
strength at 1200°C, fabr icabi l ity, ava ilability and combination of phys i ca l
and oxidation resistant properties made them the leading class of ceramic

• heat exchanger materials. Of these, Super KT was the highest—strength material
available; hence, i t was chosen. (NC-430 and 1(1 grades have been subsequently

• tested in a parallel program for the Electric Power Research Institute by the
same team of i nvestigators using identica l test procedures (2).)

The init ial group of specimens was found , by rad iog raphic inspect i on, to
contain both discrete and widely—distributed ind i cations of high— density
defects. The Carborundum Company determined that these specimens were not
representative of future p roduction material for heat exchangers and prov i ded
a second group of specimens , desig nated SKT-B , wh i ch exhibited a far more un i-
form rad i og raph ic structure . The SKT-B specimens were used to determ i ne slow—
crack growth and fracture behavior.

Figures 2-1 and 2—2 show some of the radiographs of the initial group
and F i gure 2-3 shows some of the rad i ographs of the second gro~p of 25x75 m
spec i mens . (The light band in the center of each specimen is the side groove
used to guide the growing crack).

Properties reported by the supplier , Carborundu m , are listed in Table 2—1 .

2.2 TEST PROCEDURE

2.2.1 Specimen Preparation

Afte r inspection , a narrow groove, approximately 0.3 nm wide , was cut in
• one face of each double—tors i on (DT) specimen , halfway throug h the 2 mm thick-

ness. An edge notch was cut in one end of the specimen to a length of approx-
ima tely 15 nm on the smooth face and 8 mm on the notched face. All grooving
and notch i ng was done with a diamond slitting saw blade 75 nm in diameter and
0.3 nm thick , usin g soluble oil coolant.

Each specimen was then solvent-cleaned and p laced in a double— t9rsion
test fixture , as shown in Figure 2—4, for precrack i ng i n an I nst ron~~’teSter.
A drop of water was placed in the groove after inverting the fixture/specimen
assembly (to retain the water), and loading was applied so as to compress the
assembly at a rate of 5 j,m/m in. As verified by acoustic emission measure—
ments , a sudden drop in load s i gnalled the formation of a precrack. A typ i cal

*Uresco , Inc. -

~*Inst ron Corp.
77-13571
Page 2-1
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TABLE 2— 1

PROPERT IES OF SUPER KT TEST MATERIAL
BATCH NO. C-740-86

Hardness (Knoop) 2500

Chemistry (wt %) 8—12 Si(free),O.200 Fe ,
0.010 Ti , 0.050 Mn ,
0.004 Ni , 0.200 Al ,
0.01 0 Cu , 0.01 0 Ca ,
0.00)4 V , 0.020 Cr ,
0.006 B

Density (gm/cc) 3.1

Youngs Mod. io6 psi (GPa) 48 (330)
Torsiona l Mod . 22 (150)
Po i sso n ’s Ra t io 0.11

Th. Exp. Coef.
20-1400°C (10 6/°c) 5.8

Therma l Cond . (cal /cm sec °C)
25°C 0.22
600°c 0.08

Streng th—Ks i (MPa)—k Pt
R.T. 60 (41 0)
1 200°C 55 (380)
1 400°c 20 (140)

We i bull Mod. (2 parameter) 8—14

77-13571
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load—deflection plot taken during precracking is shown in Figure 2-5. The
leng th of the crack was measured with P-136 water—washable flourescent dye
penetrant . Figure 2—6 shows how c lear ly  the crack could be viewed and mea-
sured. Us i ng a microscope , the crack length could be readily measured to the

• nearest 1/4 mm .

2.2.2 Hiq~—Temperature Testing

Tests were conducted in an MTS* closed—loop servoh yd rau lic test machine ,
using SiC push rods to apply load to the self—aligning SIC DI fixture contain-
ing the DI specimen. As shown in Figure 2—7, the fixture was enclosed in a
1371°C air furnace using SiC resistance heating elements. Temperature of the
specimen was constant within ±3°C during loading.

Depend i ng upèn the test being conducted , either the deflecti on rate or
load was mainta i ned at a constant level (for static tests) or the load was
cycled between specified limits (for dynamic tests). Constant displacement
rate tests were conducted at 1.8 ~m/min. Cyclic tests were conducted at 0.4
to 0.8 of the expected Klc value , wh i ch p roduced AK values in the range of 1.95
to 4.31 MNm 312

~ 
Load, deflection rate and deflection were recorded on an

au tographi c X—Y p lotter as a funct i on of time . Crack length was measured
after testing, for computat ion of crack growth , to supp l ement recorded data ,
in those cases where the specimen rema i ned intact after testing.

2.2.3 Test Matr ix

The material property testing conducted on the program during this year is
summarized in Table 2—2. The constant deflection rate tests did not produce
useable crack growth data on the Supe r KT material. Three additiona l constant
load rate tests , not shown in Table 2-2, were performed on glass specimens to
see if the test method used on Super KT could dup licate published data when
used on glass specimens .

2.3 RESULTS

2.3.1 Stress Intensit y Tests

The data for determining the K Ic va l ues were obtained in two media.
Room tempera ture K i~ 

data was obta i ned in water during the precracking opera-
tion. Elevated temperature K IC data was obta i ned during the constant deflec-
tion rate tests in air. The K i~ 

data are summarized in Figure 2—8.

The test fixture used in these tes ts utilized flat faced load application
po int s ra ther tha n rounded points . When the specimen deflects under load , the
load application point shifts from the centerline of the loading point to the
edge. The K i~ 

va l ues in Figure 2-8 are based on the edge— to—edge moment arm
• (W M = 0.25 in.). The va l ues of K IC are presented in tabular form in Table 2—3.

Typ ica l load vs deflection plots for room temperature and elevated tem-
perature tests are shown in Figures 2—5 and 2—9. In these figures a sudden
drop in load wi th a constant deflection ind i cates the formation of a crack
in the specimen or the extensions of a p reexisting crack.

~MTS Systems Corp.
•1 77-1357 1
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Figure 2—6. Black—lig h t Photomacrograph of Fluores cent Dye—Penetrant in
Precrack. (Edge Notch is located at right-hand end of
specimen.) The scale in the photo con ta ins  f i n e  d i v i s i ons
0.01 in. apart.
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TABLE 2- 2

SUMMAR I OF TES TING

Numbe r of Specimens Tested or
(Number of Data Points)*
For Each Tes t

Test Series Temperature , °C

21 871 1093 1 31-6

Stress Intensity Tests 17 2 (6)* 2 3

Slow C rack Grow th , da/d t - 14 1~ 6
Cons tant Deflect ion Rate
Tests

Slow C rack Growth , da/d t - - -

Constant Load Tests

Cyclic Crack G rowth da/dt - 2 2 7

*tJp to three crack initiation points were obta i ned from each test
specimen at elevated temperatures during the constant deflection
rate testing. See Figure 2—10 for a typ ica l plot of constant
load rate data.

AIR [S(ARCH MANUFACTURING COMPANY 77—13571
— OF CALIFORNIA Page 2 1 1
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TABLE 2-3

DATA FOR SUPER KT SPECIMENS

K Ic at K i~ 
at

Ligament ~.. Load to Load to
Spec imen d~ 

T1~’ C rack T1 • T2~ C rack T2

No. (in.) (°C) (lbs) (MNm ~~
”2) (°C) (lbs) (MNm

_3h/2)

19 0.040 1316 42.5 14.90 21. 27.0 3 .11

20 0.040 
______ _______ __________ 

21 23.7 2.71

21 0.040 1316 1+8.0 
— 

5.53 21 30.0 3.46

22 0.0141 
________ ___________ 

21. 37.5 14.27
— 

23 0.0142 1316 140.0 4.61 21 28.7 3 .37

25 0.0143 1093 32.0 3.60 21 33 .0 3 .7 1

26 0.0141 1 093 39.0 4.41k 21 27.7 3.15

871 22.0 2.45 21 27.0 3.00 -
27 0.043 871 25.0 2.78 

_____ ________ _________

_______  _______  
871 _25.0,~ 2.78 

_____  _______  ________

28 0.0143 
_____ ______— __________ 

21 39.5 14.39

29 0.0143 
- ______ _______ __________ 

21 34.9 3.88
871 26.0 2.86 21 26.6 2.92

30 0.0144 8~~ 26.5 2.91 
____ _______  ________

________ ________ 
871 28.5 3 .13 

_____ ________ _________

31 0.043 
_____ _______  __________  

21 3J~.5 3.8~3

32 0.043 
______ ________ ___________ 

21 27.0 3.00

33 0.01+3 
_____ _______ __________ 

21 23.4 2.60

314 0.041 
______ _______ __________ 

21 34 .0 3.87

35 0.041 
______ ________ ___________ 

21 36.7 
_________

36 0.01+1 21 23.7 2.70

•
~
T2 

is the temperature during precracking in water; T~ is the subsequent

test temperature .

AIR(SEARCH MANUFACTURING COMPANY 
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SPEC IMEN
NO. 27 K = 2. 78 K = 2.78
871 °C Ic  I c

25 — IN A I R

K 1 = 2.145

= 2.22
20 —
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1 0 —

5 —  /
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/
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Figure 2-9. Typica l Constant Displacement Ra te Test Data
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There were an insufficient number of high temperature tests to establish
the statistica l distribut i on of K i~ 

va l ues ; however , some genera l observat ions
can be made concern i ng the data. For Super KT at 871°C i n  a i r , K Ic i s lower
than the measured values in water at room temperature. Between 8710C and 1316°C
K I c  increases with increasing temperature. More testing would be required to
estab l ish the statistica l distribution of the hi gh temperature K ic  va lues.

2.3.2 Constant Deflection Ra te Tes ts

I nves tigators have found that the following relationship exists for glass
and other brittle materials :

- V = P ( C + Ba)

• where -. Y = defl ect ion

P = load

C = an in i t ia l  constant

B = a proportiona l cons tant

a = crack length

Div id ing both sides of the equat i on by P and differentiating both sides with
respec t to t i me resul ts i n

dy/d t _ 
~~~~~ = B

~
, — B ~~~, or 

~ 
a

This formula shows the relationship between deflection rate,Y , and slow
crack growth rate , a. In order to evalua te the proportiona l cons tant B it is

• necessary to establish load versus deflection curves at a deflection rate wh i ch
is sufficiently slow to allow the slow crack g rowth rate to show up as a change
of slope or a fla tten i ng of the load—deflection curve at the hig her deflections.

• A material with no slow crack growth or a deflection rate wh i ch is too fast
• w i l l  result in the failure of the test spec imen with no noticeable flattening

of the load—deflection curve.

The constant deflection rate tests performed on the spec imens d i d not
resul t in  any load—deflec tion curves with flattening. A typ ica l p lot is shown
in Figure 2-9. These results indicate that either the deflect ion rate (1.8

• 
~m/m i nute) used in the test was too high or that the materials did not have
any noticeable slow crack growth.

W hen the cons tant deflection rate tests fa i led to produce any ind ication
of slow crack growth on Super KT specimens , it was decided to conduct some
additiona l tests on glass specimens. The purpose of the testing with the glass
specimens was to see if the test procedure used with the ceramic specimens would
y ield values of slow crack growth for glass that would compare favorably with
published va l ues.

77—13571
______ Page 2—15 I
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Three glass spec i mens were prepared and inserted in the test fixture with
• the groove and support assembly (See Figure 2-14) upward so that water would be

reta i ned during the test. The test results were similar to those for the Super
KT specimens in that no flatten i ng of the load— deflection curves was not i ced
prior to failure . These resul ts con trad i ct pu b l i s h e d  da ta for  g lass  where
def inite flattening of the load-deflect ion curve occurred before failure . The
load cell used for the glass tests was the same one used for the Super KT
specimens and has a 100 pound load range . The ability of this load cell to give
accurate feedback information for deflection rate contro l on the glass specimens
i s not good because the fa i l i ng load for these spec i mens was in the order of
2 pounds.

Because of the questionable accuracy of the feedback info rmation from the
load cel l , the tests on the glass specimens neither proved nor disproved the
suitability of the 1.8 km/minute deflection rate for testing ceramic materials.
Further testing with a more sensitive load cell is planned.

2.3.3 Constant Load Tests

When the constant disp la cement rate tests failed to find any ind i cation
of slow crack growth in Super KT, it was dec i ded to conduct a constant load
test at 1316°C. One spec i men was loaded at 1316°C to approximately 80% of the
load found to induce the extension of the precrack on specimens used in the
constant load rate tests. The load was held constant for 10 hours and the
load and defle ction values were mon i tored and recorded at intervals during the
test. The test data is shown in Fi gure 2—10. No change in crack length could
be detected following the test.

The tes t appears to in d i cate that the re i s no slow crack grow th for Super
KT at 1316°C. One test is not sufficient to prove or disprove the existence
of slow crack growth in Supe r KT material at 1316°C. More constant load test-
ing at 131 6°C, and a t other eleva ted tempera tures , wou ld  be req ui red to
cha racterize the high temperature slow crack growth rates for Super KT material.

2.3.4 Cyc l i c  Crack Growth Tests

Eleven Super KI spec i mens were selected for cyclic crack growth rate test-
ing. Two specimens were tested at each of the two test temperatures , 871°C
and 10930C , and seven at 1316°C. The applied loading was undirectiona l (not
reversed) and was cycled above and below a mean va l ue. The load range selected
varied from a low of approximately 40% to a hi gh of approximately 80% of the
load required to extend the precrack on specimens tested in the constant load
rate ser ies. The rate of cyc l ing varied between 0.1 Hz and 11 Hz with the
majority of the specimens being cycled at 2.78 Hz. The testing continued
until the specim8n failed or unti l approximately 10 ,000 cycles were accumulated.
One test at 1316 C was continued until 40,000 cycles were accumulated. The
load and deflec t ion excursions were recorded continuous l y th roug hout the short
duration tests and were recorded at approx imately 1 000 cycle intervals for the
longer duration tests. The results of these tests are summarized in Table 2-Li.

AIR ESEARC II MANU FACTURING COMPANY
OF CALIFORNIA

77— 13571
Page 2-16



U,

-

I — I—

4

(0
4J
(0• — 

~.O 0

0 U,
a,

I— I-

Ui -~
0 

L
Ui

I-
U,
C

L)
4

0
4 7

-

a,
S

I 0~
LL

I
0

I~- Z

~~UJL~ -~~~~~~z o

0- Ui .-

2

~NI ‘N0IJ.~31J3cJ 3AIIV13~I

_ I I I I I
— 

C C 0 0
(‘4

91 ‘OVO1

77—13571
~ AIRE SEARCH MANUFACTURING COMPANY

— OF CALIFO RNIA ge

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-• - -- -• - - ----

~~
-- - - --•----- 

~~~
—— -- - • - - - - -



(.9
—S

• — ~~ r~, ‘.0 LA ‘0 Ø\ C) LA LA C) LA

~~ I — N (~~ C~\ (‘4 LA .., ‘.0 ‘.0 C) ‘.0
~ i E • . . . . . .

Z (‘4 -~~ — -t -~~ (‘4 4~ 
ev , t.~

0 0 LA LA 0 0 0 0 C) C) 0

U) — -.

-o _ _

-J
C C) C) 03 r.~ 0 0 0 0 C) C) C)

~0~(0 ~~ .— (‘4 .- (‘4 N N (‘4 (‘4 (‘4 (‘4
0 ____ — — — — — —  — — — —
— 0 0 0 LA 0 C) C) C) C) 0 0
-o X - . . . . . . .
a, (0 0) ‘.0 03 ‘.0 ‘.0 03 ‘.0 (‘4 N (0 C9

— - -‘  (‘~ ~~ (‘4

— — — — — — — — — — —
0 0 LA 0 0 C) C) C) C) 0 0

C - . . . . . .
o~ C) (0 — C) ‘.0 C) ‘.0 \C) (‘4

(‘4 (‘4 (‘4 (‘.1 — —
O a,

LA 0• -o >- 0 I N C) ~ I I S C) (‘4
0 “s O  • 5 . I I I

I0 ”s C) 0 0 C)
C-,

-1- 1-’ _ _ _ _ _ _ _

c~i ~~~ a, 
—

~~~~~~~~~~
• (_) — a, —. 03 CO 03 03 0)

• Ui U ~~‘ N ~~ N. N. N. N. N. — —.._I (_) ~~~~~~~~~ I S . . • . .
— .- N C~I (‘4 (‘4 (‘5 C) C) — C)

< .-J _ _ _ _I- L) — — — —
• 

4 >- Ill 0 C) C) 0 0 0 ‘.0 C) ~~ C)
• (~) a’ N. 0) 0 C) N. N’~ ~~ LA ‘.0 0 C)

4-’ — CO C C) 0 (‘4 (v~U- U , U  .- -

• 0 di >- O\ 0 0 0
I— c) (TI — —>. — —

~~ (.9
• (0 (‘4 C CO — csj

<~ C) 0 0 0 fA ‘.0
C . . . -

~~ 
-
~ C)

0 -
~~ 0 0 a, a, a, a, C) C)

— a, _____ _ ._ — — — —~~~~~~~~~~

— .- (0 (0 (0 ~ 
-1- N. C’

4-’ (0 (‘4 (0 (~~ ‘0 U- U- U- U- CO ~~~C C 4— LA U- CO .— ..1~ ~~ LA
C .

~~~(0 . . .
a, U- .— .— .— .— C) —
-J

—
I) (0 4. F” N-
(0 .— C) C’1 LA LA ‘.0 4. 03 03 —. 0
L 4-’ ~ 

LA LA N. . — Q~ 
C) 4. ‘0

C-.) .
~
. . ( 0  . . • . . . .

C —~~~~~~~~~~~~~~~~ — — — —  0 — .— 0 0

4J ~ . ~- ‘0 — .. ‘.0 .- ‘0 ‘.0 ‘.0 ‘.0 ‘.0
u E L) N. .— N. (3’s — O) - ‘— —
a, 4)0 CO ~~ 03 0 ~~ 0 ~~ ~e. ~~
I- I- ~~~ -.

~~ 
Q_

~ 
(54 (V~~ ‘.0 ~ 0 — (54

0 (‘4 (‘4 ~~ 5Y\ (4)  (A (A 4. 4. 4.

( AZ

AIRESEAPCH MANUFACTURING COMPANY 
77—13571

OF CAL IFORN IA Page 2—1 8

- —• I



••-

Two of the seven specimens which were tested at 1316°C, spec i mens g9 and
32, had been previously subjected to approximately lO~OOO cycl es at 871 C.
Specime n 29 failed on appl i cation of the load at 1316 C and specimen 32 failed
after 270 cycles . Two othe r specimens , numbers 36 and 39, which had not been
subjected to prior testing also failed afte r a small number of cycles , 190
cycles and 15 6 cycles respectively . One specimen , numbe r 141 , was cycl ed at

• a mean load of 20 pounds at 1316°C and withstood 140.000 cycles without failure .
The mean loads for the other specimens tested at 131 6°C were 214 and 28 pounds .

The small numbe r of cyclic crack growth rate tests performed do not form
a sufficient statistica l base for establishing da/dn va l ues for Super KT but
they do ve r i f y the test procedure used and give a “ballpark” fee l for the
da/dn va l ues to be anticipated . Much more of this type of testing will be
required to establish da/dn ranges for this material. The relat ively large
percentage of specimens which failed at a low numbe r of cycles at 1316°C would

F seem to indicate that Supe r KT would not be a viable candidate for use in hi gh
temperature app lications wh i ch are subjected to cyclic loading.

77- 13571
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SECTION 3

SUMMARY AND DISCUSS I ON

The stress intensity factor , K Ic, for Super KT mater ia l tends to f i rs t
decrease from its va lue at room temperature (in water ) with increasing environ-
mental temperature and then increase with increasing temperature (in air). At
room temperature , in water , the ave rage K i~ val ue for Super KT is approximately
3.5 MNm 3/

~ wh ile at 1316°C in a i r  the average KIc val ues have increased to
app roximately 5,3 MNm-3/2. Based on the small amount of high temperature test-
i ng, Super Kl would appear to h~vç a slig h t l y  hig her K ,c value at elevated
tempe ratures than KT and NC-143O’~

2). More eleva ted temperature testing will
be required to ver i fy  these tre nds .

The constant deflect ion rate tests failed to produce the anticip ated
flattening of the load versus deflection curves with increasing deflection .

• Failure to establ ish the load plateau during constant deflection rate testing
can be ca used by a rate wh i ch is too hig h to a l low the plateau to develop or

• by an absence of slow crack growth in the material being tested . The deflec-
t ion rate used in the testing was 1.8 kun/min. If the crack growth rate
induced by the test deflection rate is hig her t ian the norma l specime n crack
growth rate , the specimen will simpl y crack along its entire length without
exhibiting the desired flattening of theload vs. deflection curve at the
h igher deflection. To obtain the des i red load vs. deflection curves , the
constant deflection rate must be reduced to a leve l wh i ch is of the same orde r
of magnitude as that of the slow crack growth rate of the material being tested.
For ma ter ia l s  w it h low slow crack growth rates, the required test time could
be cost—pro h ib i t ive.

When the Super KT specimens failed to show the anticipated flattening of
the load versus deflection curve it was decided to conduct similar tests on
glass specimens in an attempt to dupl i cate published load versus deflection
data . These tests also failed to produce the load plateau found in published
data. The results of the glass tests would seem to indicate that the 1.8 I&m/min
deflection rate is too high to al low the load-deflection curve to develop the
plateau. The glass test results are questionable due to the fact that the load

• cell used in these tests was not sufficiently sensitive to give accurate feed-
back information for proper deflect ion rate control. More testing with a more

• sensitive load cell will be required to establish the ability of the 1.8 urn/mm
deflection rate to produce acceptable results .

An exam i nation of the test procedure used in the constant deflection rate
testing indicated other poss i ble  impro vement s for f ut ure test i ng . The use of
wider and thinner specimens would provide a larger deflection for a g ven
stress va lue . Small errors in measurement would be a much smaller percentage
of the large r deflection band . The reduct ion in  specime n thickness is much
more effective in increasing deflection than an increase in specimen width.
Another possible improvement in the measurement of deflect ions would be to
measure the relati~,e displacement between the specimen and its holding fixture .
The present method of measuring specimen deflection is by measuring the move-
men t of the cross head of the testing machine. This includes the loa d cell ,
the push rods and holders , and the test f ixture and the test specImen.
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_______ AIMS(ARCH MANUFACTURING COMPANY 77—1357 1— OF CALIFORN IA 

Page 3— 1



-~~~

0One Super KT specime n was tested at 1316 C at a constant load of approxi-
mately 80% of the precrack load. No slow crack growth was found in the tested
specimen.

The absence of slow static crack growth in Super KT is c o n s i s t e n t  with
• the absence of the expected load plateau during constant velocity testing,

and wi th previous findings for non—sil iconized sinte red SIC containing boron -

However , disco n t inuous “fast” crack growth coul d we l l  have occu rred as ev i denced
• by severa l abrupt dro ps in load , as wel l  as by some prema ture f a i l u res du ri ng

loading .

More constant load testing must be conducted at elevated temperatures to
establish whether slow crack growth exists for Super KT and to determine the
stat is t ica l distribution of th i s  growth if it does exis t .

The cyc lic crac k grow t~ rate is affectç~ by many more factors than the
static crack growth rate. Evans and Linzer~ > have found tha t the cyclic
crack growth rate is a function of temperature , frequency , mean stress intensity
fac tor , and load ampl itude . The cycl ic c rac k growth rate testing accomplished
to date on the Super KT specimens have provided two data points at 871 , 1 093
and 1316 C at a cyclic frequency of 2.78 Hz and two additional point s at 1316 F,

• one at a cyclic frequency of 0.1 Hz and one at a cyclic frequency of 11 Hz.
Many more data points are requ ired to characterize the cycl ic  9r~ck growth rate
with respect to the factors mentioned above. Evans and Linze r~

’t also pointed
out tha t , where the cyclic growth rate data does not depend on cycling frequency,
the cyclic and quasi-static slow crack growth mechanism s are equiva len~~~ i. e.,
the cyclic growth data can be derive d from the slow crack growth data ‘ . The
transition temperature at which the cyclic and quasi-static slow crack growth
mechan isms start to diffe r has not been determined .

Insufficient data was obta ined to permit meaningful proof test diagrams
and app lications studies to be completed .

77-13571
Page 3-2

— ~~ _. *IRES(A RCH MANUFACTU RING COMPANY
OF CALIFORNIA



—• • —.- -~ — -  rr~-ir 1k_ii~~~~~ ~~; 
•
~~~

• 
~~~~~~~~~~~~~~~~~~~~~ ~~~

—•-
~
• ••

~ 
• •-

~~ 
• • •

~
••

~~
•
~~~

••

SECTION 14

FUTURE WORK

Because of its highe r operating temperature potential , non—siliconized
sintered SIC is more attractive for heat exchangers than siliconized silicon
carbide grades (containing free silicon). The recent developments in produc-
ing this type of SIC have made its future availability in fabricated shapes
appear econom i cally feas ible. Accordingly, the attention of this program for
next year will be directed primarily to the crack growth and fracture toughness
of non-sil iconized sintered SIC , us ing the most effective test techniques
ava ilable.

In addition , testing of Super KI will be continued , to more accurate l y
characterize its s ta t ic  and cycl ic  load response so that a meaningful des i gn
application stud y can be carried out. Tests on glass specimens will also
cont inued to verify existing data forms , us ing a l ow— range loa d cell.
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