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NOMENCLATURE
L Load
m Weibull modulus
n Slow crack growth exponent
Pe Fai lure probabi li ty
S Stress
SASC Trade name (sintered alpha silicon carbide) |
SCG Slow crack growth :1
SEM Scanning electron microscope |
i B sic Silicon carbide i
| W Crack velocity or growth rate
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SECTION 1
INTRODUCTION

Silicon carbide is a candidate structural material for heat exchangers,
turbjines and other iatricately-shaped devices that must operate at 1000 to
1700 ¢ (1830 to 3090 F) in oxidizing and marine (salt-bearing) atmospheres.

Its high strength and hardness at elevated temperatures, low density and ther=-
mal expansion, high thermal conductivity, oxidation and corrosion resistance
and abundance of raw materials account for its candidacy for these applications,
Problems of brittleness, variability of properties and high cost of manufacture
remain, but are common to other contending materials as well, Of the available
dense grades of SiC, only sintered a=SiC (SASC) is easily shaged and contains
no low-melting free Si phase that would limit its use to ;3“0 c (2450°F). Lack
\Bi\{;:: Si also provides improved corrosion resistance’ *23-

he purpose of this investigation was to identify by survey the probable

maximum use temperatures and stress levels for Sintered Alpha Silicon Carbide
in expected marine (salt containing) and oxidizing environments as a function
of sample surface condition. The results of this survey should be useful to

define the areas where more detailed and more statistically significant exper-
iments could be conducted.
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SECTION 2

BACKGROUND

Perhaps because of much published research on environmental damage in
metals over the past several years (e.g. hydrogen embrittlement, stress-
corrosion, hot-salt corrosion, sulfidation and stress-alloying), there has
been some concern that ceramics such as SiC may be vulnerable also. The
chief concern has been a decrease in strength over long exposure times due
to environmentally enhanced slow crack growth (SCG) and/or hot corrosion
damage.

Small crack-like flaws cause fracture of SiC. Thus, corrosion pits,
shallow intergranular attack or surface chemistry changes may be highly dam-
aging if critical-size flaws are produced. On the other hand, surface-flaw
healing or blunting and favorable surface chemistry changes may improve
strength noticeably. Research to date has confirmed these expectations.

SLOW CRACK GROWTH (SCG)

SCG has been observed in sisicon carbldei SiC comggsitions containing
free fblifon were tested from 20 C to 1500°C 4,10,11,12%  pouble-torsion
tests!0,!1 of three grades showed discontinuous crack growth during static
loading and relatively high rates of crack growth under cyclic loading con-
ditions. SCG in water at room temperature was observed and used in precrack-
ing the test specimens.

Another investigatorlh found that flexure strength increased at lower
strain rates. This is the reverse of the expected behavior. Plasticity of
the silicon=rich surface was believed to have aco?snted for the strengthening.
Still another grade of SiC-Si material was tested “ at varying strain rates in
flexure. Strength degradation, presumably by SCG, was most pronounced above
1300°C and was related to softening melting of the Si-phase. Cracks were
found to be healed by melting and freezing of Si, restoring most of the strength
loss due to intentionally-created cracks.

Hot pressed SiC containing A1,0, is also prone to SCGZ"B’15 as revealed
by double-torsion and flexure testz ;t room and elevated temperatures in argon

with H20, 0, or S0, additions, in water and in air. Low temperature crack
growth is bzlieved to be a mol sture-related stress-corrosion process. At high

tempertures, plastic flow of the softened grain boundary phase is the suspected
SCG mechani sm,

Three grades of sintered SiC, not limited by Si, Al 03 or other additions,
are currently available or under development. The oldest,” a commercially-
available recrystallized 80 to 90 percent dense grade, exhibited discontinuous
SCG at elevated temperatures’, The relatively large grain size (100 to 200um)
is thought to have contributed to the discontinuous nature of crack propagation.

#See list of references in Section 7.
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Two dense, fine-grained (<10um), sintered SiC grades are under
development - beta-phase SiC and an alpha-phase SiC. Only the latter i? cgm-
mercially available. SCG evaluations of the a=-3iC have been reported9- 3,9,
Double-torsion tests revealed no SCG below 1500°C, except in water at_room
temperature with characteristics similar to hot-pressed SiC. At 1600°C, SCG
was observed in flexure tests at varying stess rates, but the secondary 8
phenomenon of oxidation-contamination damage in a Pt-Rh element air furnace
interfered with quantitative SCG measurements.

0XIDATION/CORROSION RESISTANCE

Despite thermodynamic predictions of instability in molten salts and slags,

SiC is highly resistant to att?ck in most important environments, including
slags formed from coal fly ash o1 Hot-pressed_SiC and porous recrystallized
SiC were severely attacked when immersed in 1000 C molten Nazsohl. However,
limi ted tests of hot-pressed SiC exposed to 1100 C combustion gases containing
lower c0nce?grations of salt (Na, V, Mg apd S) revealed no apparent strength
degradation'®. |In fact, exposure to 1400 C air healed thermal-shock cracks in
80 percent dense SiC flexure specimens, doubling the strength/. Similarly,
flexure strength increases of 10 to 15 percent have been reported for machined

sintered bars of a-SiC exposed to 50 thermal cycleg in 1870°c combustion gases'7,

and for B-SiC exposed f8r éo to 1000 hours in 1500 C ai or 20 minutes in 0,35
torr He at 1650 to 1950 c'S., The latter exposure was shown to produce rounding
of crack tips as the surface layers of SiC dissociated to form Si(g) and C(s).

LIFE PREDICTION

The design life of a ceramic component depends upon the stresses to which
it is subjected and the acceptable probability of failure (risk). The mathe-
matical relationships linking strength, probability and time have been under
development for some time Snd have been applied 5? EEactical ceramic products
including grinding wl eels? , spacecraft windows,“'?»4“ gas turbine components
and heat exchangers'”. To employ these relationships, knowledge of the pro-
perties of the ceramic in the expected environment is required. |In particular,
the initial distribution of flaws throughout the material, and the stress-
dependence of the subcritical crack growth rate must be known,

Of the various experimental methogs of obtaining this information, vari-
able stress-rate flexure tests of bars" is perhaps the most direct for two
reasons. First, it permits natural, microscopic flaw distributions (e.g., as-
fired, machined or envirommentally exposed) to be characterized by means of
relatively simple, inexpensive flexure tests of small bars, Second, it directly
measures the strength-degrading effects of the flaws. Double-torsion tests,

on the other hand, measure the growth of a large, artificial crack and provide
no statistical strength data.

8-15574
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SECTION 3

EXPERIMENTAL PROCEDURE

MATERI! ALS

Billets of sintered -SiC (SASC)* were prepared by cold-pressing and sin-
tering., Flexure bars were each 2.5 x 5 x 44 mm. Each of the specimens was
cut from the top surface of SASC billets, leaving the top face as-formed and
as-fired. The bottom face of each sample was ground transversely with 200-grit
diamond and then finished with 400-grit diamond. Long edges were lightly
chamfered by hand with 220-grit diamond lapping compound. Width and thickness
were within 0.13 mm of specified values. Ground surfaces were flat within
25um. Ground sides were parallel within 25 um and were perpendicular to the
faces within 1 deg. Visual, fluorescent dye-penetrant and radiographic inspec-
tions ensured that each specimen was free of defects greater than 0.5 mm long.

Density, measured by the immersion method**, varied from 3.07 to 3.16 g/cc.
Metalographic analysis revealed equiaxed grains averaging 8.6 um in diameter.
The microstructure is shown in Figure 1.

For each test, specimens were selected at random from among the various
billets, so that the usual batch-to-batch property variations due to composi=
tion and processing differences would influence all the test groups in the
same way. Most specimens were tested on the as-fired face because most surfaces
of formed parts are expected to remain as-fired. A few test groups were tested
on the machined face to simulate cut and ground surfaces as well. The surfaces
of certain specimens were wiped with isopropanol and were subsequently treated
to permit corrosion and oxidation effects to be evaluated. Some were oxidized
by heating 65h in air at 1260 C; gthers were coated with concentrated artifical
ocean saltwatsr***, heated at 120 C to evaporate the water and then subjected
to 65h at 900°C plus 16h at 1260°C in air in an electric furnace. The surface
to be tested (as-fired or ground) faced upward during the oxidation or salt
treatment so that the oxidation or corrosion process would be uniform. The
samples were cooled slowly in the furnace.

FLEXURE TESTING

Flexure tests were conducted in a SASC floating-pin, 4=point bend fixture*
having a 38mm outer span and a 13mm inner span. Loads were applied by a uni~-
versal test machine (Instrom Corp.) at varying speeds, through silicon carbide
push rods. Loading rates, recorded autographically, were converted to strain
rates through the equation

we ()
*Carborundum Co,
*%ASTM=-C373-72
1e9c%ASTM=D1 14152 (wi thout heavy metals)
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Figure 1. Sintered Alpha SiC Microstructure
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where L is the recorded load rate, W is the specimen width, H is the specimen
thickness and E is the Young's modulus, A value of 12 GPa (60 Mpsi) was used
for E at all temperatures, based upon avai lable data’»°,

The fixture and specimen were contained within a silicon carbide element
electric furnace which provided temperatures as high as 1620°C. Temperatures
were moni tored with a micro-optical pyrometer and were within 3 C of the
reported value.

Fracture surfaces of each specimen were examined under low-magniflcation
steromicroscopes to locate the fracture origin. Selected specimens were
examined by scanning electron microscopy (SEM).

L~ ] 78-15574
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SECTION &4

RESULTS

The results of each group of replicate tests were plotted in Weibull form,
as shown in Figure 2. The computed arithmetic mean strength, standard devi-
ation, median strength (at 50 percent failure probability) and Weibull modulus
(m) are shown. A least-squares straight line fit was used to compute m, as
defined by the linear equation

In In[!/(l-Pf)] =m InS + InS (2)

where Pg is the failure probability, S is stress and S, is a constant, The
results are summarized in Table 1 for all groups of specimens. Detailed data
are shown in Appendix A.

Various strain rates were used to test groups of samples at a given sur=
face condition and temperature, Results of these tests were plotted on a
logarithmic scale as strength versus strain rate. The mean strength and strain
rate for each group of data were fit to a straight line (Figure 3) to obtain
the slow crack growth exponent (n) defined by

v = AK" (3)
and
n+1 s ()
& E e
(51’52) /€, |

where V is the crack growth rate, A is a constant, K [s the stress intensity
factor, and §; and Sy are the strengths of samples tested at strain rates
€1 and €,, respectively.

Figure 4 shows typical surface and subsurface pores at fracture orgins.
Note the angular, sharp appearance of grains in the pore of the as-fired sample
(@), compared with the rounded appearance of grains in the oxidized pore (b).
In (c) the porous origin has a relatively flat shape and angular grains.

Table Il summarizes the results of SEM analysis of fracture origins.
J
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TABLE 1

FLEXURE TEST RESULTS

Group | Surfece . Temp. 4 | Strapeth (wsl) ibull__ Constent No.
Condition (c) (10™%/s0c)* “eae $td.Osv.  Mediend e n Yests
A As~fired 20 S0 8.6 6.9 §0.2 7.7 9
F 1060 2 $6.9 6.1 $7.3 8.0 5
" 50 §h.9 §.7 55.3 8.2 | 5
1340 ’ 2.9
1 3 50.5 5.9 50.9 7.6 | [3
’ san 3 © 1.9 3.6 .2 8.2 J .7 3
1 26.6 2.7 26.8 9.1 6
= o=
[T As-fired 20 50 58.5 7.0 §9.0 8.0 9
A Plus oxidized 1340 t &0 53.2 6.k © 83.7 7.5 } 27.0 8
w U &6.6 $.7 &7.1 7.8 9
35 1620 30 30.9 5.2 31.0 - &
c As-fired 20 so Sh.t 7.7 54.6 6.8 10
G Plus salted 1060 5 53.6 &4 53.9 10.1 5
X 50 56.6 5.8 57.1 9.4 -9
L { 6 51.7 8.5 52.2 5.2 } 1.9 6
" L -0 5.6 b 7.4 5
L ‘30 33.0 3.0 33.2 10.1 X3
s 1620 { 2 26.6 - - - ; 16.5 1
b 4 0.5 26.3 bk 26.5. 4.8 5
] Ground® 20 90 50.7 3.4 510 13.7 ?
(] 1340 90 §5.6 6.2 $6.1 7.4 1
x 1620 1 27.9 - 27.9 . - )
v Groundd 20 90 52.2 - 52.2 - 1
E Plus selt 3 8.3 9.7 8.7 4.5 8
Y 1340 t &0 52.2 8.k 52.6 5.3 } 38.4 ]
° 2 A8.4 8.6 48.9 5.4 0
z 1620 { 30 36.3 5.6 36.6- 5.7 ‘ 8.3 5
v 0.5 23.1 2.0 23.2 9.5 5
Mversge of actus! values #elbull curve Intercept ot P, = 0.5 ATransverse to long axis
78-15574
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(a) Surface pore, as-fired

(b) Surface pore, oxidized
Group A sample

as-fired Group B sample

(c) Subsurface pore,
salt-coated as-fired
Group M sample

F£-29007
Figure 4. Scanning=Electron Micrographs of SASC Fracture Origins i
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SECTION 5

DI SCUSSION

Effect of Temperature, Surface Condition and Strain Rate Upon Strength

When rapidly strained (30 to 90/Msec), SASC exhibited a small increase
in strength (exceptooxidized samples) from 20 to 1340 C, and a marked decrease
in strength at 1620 C (Figure 5). Slow s§raining (0.5 to 6/Msec) produced a
small strengsh decrease from 1060 to 1340 C and a larger strength decrease from
1340 to 1620 C than rapid straining produced (Figure 6). '

The 18 percent increase in 20°C mean strength (Figure 7) achi;vgd 9y
oxidation pretreatment is in good agreement with previous findings/» 17, At
20°C, whereas 2 of 4 as-fired (A) samples failed from surface defects, only 4
of 10 oxidized (BB) samples did so (Table 11). Admittedly the fractographic

sample is small, but it appears likely from these results that oxidation did

heal some surface defects. Indeed, Figure 4b shows rounding and smoothing of
grains after oxidation,

The fracture strength of as-fired and salted samples tested at 1340°¢
tended to be limited by surface defects at high strain rates and by subsurface
defects at slow strain rates (Tablell). It is likely that slow straining pro-
ivdes time to heal surface flaws. However, the salt may be causing some
subsurface defects by an undeterm’ ned mechanism. Clearly, more data are needed.
Otherwise, the effect of surface condition and pre-exposure to hot salt or air
was small, and within the scatter of the data for all test temperatures for
which comparisons could be made (Figure 7 and 8). This és gn agreement with
trends of simi lar experiments on SiC materials by others 16,17,

LONG-TERM STRENGTH PREDICTION

The significance of the above data can be expressed by computing, for each
test conditon, the estimated stress, Sy, that can be sustained for a given life,
te, Without failure at a designated probability level. To compute this stress,
the SPT (strength-probability~time) relationships described by Davidge, et. al.
were combined mathematically to yield the following:

1/m
S‘ R Sm(-lnP ) (5)
I(ml)(t./t*)]”n

where S is the median strength of samples tested under constant strain rate
for a fracture time t* and Pg = 1=Pg. For a given set of data, fracture time
varies as the strength varies. It fs reasonable and convenient to approximate
t* = Sy/E for each data set. Thus,

1/
Se = ,sm'*lm. (=1npg) ™ (6)
1/n
[(m)te e )]
78-15574
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Equation (6) permits strengths to be computed rather quickly for any survival
probabi lity and lifetime of interest, provided that the material properties n,
m and at known t** are known. This may be much less tedious and more exact
than constructing and interpreting SPT diagrams for each temperature/surface
condition combination., Alternatively, the time to failure can be computed from
a rearrangement of equation (5), yielding

B *\ (-1np n/m n
= =in

T 2

APPLICATION TO CERAMIC HEAT EXCHANGER DESIGN {

The procedures discussed above allow calculation of design stresses for
a given heat exchanger problem statement. As an example, taking Ps = 0.999
and a desired life of 500h (1.8 Msec,) the estimated strength is

ol !
s " (0.001)!/™
S, (500h, 0.999 Py) = —— —1/n
' [(ml)(lzaxlos)c] i
Table |11 compares predicted strengths for several of the surface: conditions
and temperatures tested. Figure 9 displays the results in graphical form. ]
J

A statistic worth mentioning is the lower variability in stresgth for ’
as-received ground surfaces, compared with as-fired surfaces at 20 C. This '
result warns that the common practice of testing only ground surfaces at room

temperature will often result in underestimating the variability of as-fired !
and elevated-temperature strengths, Clearly, the 500h strength of as-fired !
SASC at 1340°C and Pg = 0.999 is degraded significantly-(52 percent) by salt {
exposure, Oxidation exposure without salt degraded the as-fired strength only !
11 percent at the same temperature and reliability level, The strength of

salted ground SASC was not as low as salted as-fired material,

At 1620°C, the 500h as-fired strength is not strongly degraded by sslt
exposure, but it is already at a relatively low level compared with 1340 C.
Howexcr, ground plus salted sanples had very low predicted strengths at
1620°C.

From a design standpoint, it is interesting to comparg the 500h strengths
of as-fired (unsalted) with ground and salted SASC at 1340.C and two reliability
levels. For 50 percent probability of success, as-fired surfaces are about 3
percent weaker, but for 99.9 percent probability of success, as-fired surfaces
are Li percent stronger., This fact is a direct consequence of the difference
in Weibull moduli for the two surface conditions,

78-15574
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TABLE III

PREDICTED STRENGTHS FOR SASC BARS FOR 500h LIFE AT Ps = 0,999 AND 0.5

Surface Condition Temperature SE,(KS')*
(c) P, = 0.999 P, = 0.5
As-fired 1340 4.1 32.2
1620 5.6 12.0
As-fired plus oxidized 1340 12.6 29.7
As-fired plus salted 1340 6.8 17.1
1620 5.2 13.2
Ground plus salted 1340 9.8 33.3
1620 2.8 6.7

*Average of values calculated at each of the strain rates tested.
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SECTION 6

CONCLUSIONS

SASC suffers a large strength decrease from 1340 to 1620°C. From 20 to
1340 °C there is little change in strength due to temperature, strain rate or
surface condition with these exceptions:

(a) Ground surfaces show less strength variation at 20°C than as-fired
surfaces.

(b) Preoxidation at 1260°C increases the 20°C mean strength of as=fired
surfaces 18 percent. This seems to be related to rounding of surface
defects during the preoxidation.

(c) At 13h0°C, ocean=-salt coating increased the strain-rate dependence
of strength for as-fired samples. Reduced strength of these samples
appears to be related to subsurface defects being the origins of the
slow=strain fai lures, rather than the more common surface defect
origins,

—] 78-15574
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