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SUMMARY

The single-edge-precracked-beam (SEPB) method involves creation of a straight-through crack from an
indentation crack. The straight-through crack is developed by applying a controlled bending load to a specimen
via a precracking fixture. The fixture induces a sequence of (1) stable growth of the initial indentation crack,
(2) pop-in, and then (3) arrest—thereby forming a straight-through precrack. The effects of indentation load on
precracking load as well as on precrack size were studied for experimental variables such as specimen width,
fixture span, and material. Finite element analysis was used to obtain the stress distribution and stress intensity
factor, thus providing a quantitative prediction of the precracking load and precrack size for silicon nitride,
alumina, silicon carbide, and two silicon carbide whisker-reinforced silicon nitrides. Fracture toughness values
obtained from the SEPB method were compared with those obtained from other methods.

INTRODUCTION

The single-edge-precracked-beam (SEPB) method, first applied to ceramics by Nose and Fujii (ref. 1),
produces a sharp straight-through precrack in a ceramic beam specimen so that the specimen can be evaluated
for fracture toughness. In the SEPB method, originally termed the "bridge"-indentation method (ref. 2), a
straight-through crack is developed from a Vickers indentation flaw placed in the center of the tensile surface of
a specimen. The crack develops when a controlled bending load is applied via a precracking fixture. The
fixture induces a sequence of (1) stable crack growth of the initial indent crack, (2) pop-in, and then (3)
arrest—thereby producing a sharp straight-through precrack.

The effects of precracking parameters such as indentation load, precracking load, and precrack size have
been studied experimentally and analytically by Warren and Johanneson (ref. 2) and Bar-On et al. (ref. 3).
However, their studies did not include in-depth analyses of these parameters on the basis of "indentation" and
conventional fracture mechanics principles.

In this report, the effects of indentation load on precracking load as well as on precrack size are presented
as a function of fixture and specimen configurations. Strain gaging, finite element analysis, and indentation
strength data were incorporated to obtain the stress distribution and stress intensity factor, thereby obtaining
analytical solutions of the precracking parameters as a function of indentation load. The analytical solutions
were compared with the experimental results obtained for silicon nitride, alumina, silicon carbide, and two SiC
whisker-reinforced silicon nitrides. Fracture toughness was also determined from the precracked specimens of
the tested materials and compared with the values obtained from other methods.

*NASA Resident Research Associates at Lewis Research Center, Cleveland, OH.
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Finally, strain gages were used with some of the specimen and fixture configurations to estimate the tensile
stress as a function of applied compressive load for comparison with finite element analysis and indentation
strength results.

ANALYSES
Indentation Fracture

For indentation cracks produced in ceramics and glasses by a Vickers indenter and subjected to an applied
remote stress, the net stress intensity factor K, assuming a half-penny crack configuration, consists of two terms
(ref. 6):

K=K +K

r
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The first term, K, is the mode I residual stress intensity factor due to residual stresses produced by the elas-
tic/plastic mismatches of indentation. The residual stress is represented by a point force acting on the center of
the half-penny crack plane. The second term, K, is the mode I applied stress intensity factor due to an applied
remote stress ¢,. L is a material/indenter geometry constant associated with the residual contact stress, P is the
indentation load, a is the crack size, and Q is the crack geometry factor. The functional dependency of K on a
indicates that stable crack growth with conditions of K 2 Kic and dK/da < 0 proceeds during loading until an
instability point where dK/da = 0 and K = K\ are fulfilled. Using this instability condition, one can obtain from
equation (1) (ref. 6)

3K
o= — (22)
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where o, and a, are, respectively, the fracture strength and the critical crack size at instability. The stable crack
growth occurs from the as-indented initial crack size a; to the end of stable crack growth at size a, Also, from
equation (2), the fracture strength as a function of indentation load is determined to be

P 3

When the indented specimen is gradually loaded in the precracking fixture, the relationship between the
compressive load F, and the maximum applied tensile stress g, induced in the specimen is elastic. Hence,



c =aF 4

where
a = f(S,L,W,1,E,v)

where « is a proportionality constant that depends on the inner span S and outer span L of the fixture, and on
the width W, thickness ¢, Young’s modulus E, and Poisson ratio v of the specimen. With increasing applied
load, the indent crack is subjected to continuous stable crack growth until the instability point (o, and a) where
the half-penny-shaped indent crack pops-in to form a straight-through crack. Therefore, precracking occurs at
the instability condition of the indent crack when

F =F with o, = 0 &)

where F, is defined as the precracking load.

Now by using equations (3) to (5), the precracking load F), can be determined from

_ 1
F , = a_cf (6a)
4/3
F = 1 3Kee | pows (6b)
» a(S,LW,L,E V)| 40r°
The residual contact stress constant L, is an empirical expression given by reference 7
EY*
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where H is the material hardness and ¢ is a calibration constant (¢ = 0.016 for the Vickers indenter).
Substituting equation (7) into equation (6) yields

an
F o= ! {‘PKw H ‘1 p-is ®

P oS,L,W,t,E,v)| QE 16

where @ = 3/(4°'). This equation shows that, for a given indentation load and a given fixture configuration,
the precracking load is a strong function of fracture toughness, but a weak function of hardness-to-Young’s
modulus ratio (H/E). Also, note that E and H do not differ significantly in advanced ceramic materials. For a
given material and fixture, a plot of log F, versus log P should yield a slope of -1/3, according to equation (8).

The proportionality constant & can be evaluated by strain gaging specimens, finite element analysis of the
system, or by the indentation strength method. In the indentation strength method, indentation strengths are
determined as a function of indentation load, and then these indentation-strength/indentation-load data are



combined with the precracking-load/indentation-load data, thereby yielding the constant q, according to
equations (3) and (6).

Finite Element Analysis

Finite element analysis was used to evaluate the proportionality constant o as a function of S, W, and E.
The analysis also was used to estimate precrack sizes. The mesh used in this study is presented in figure 2.
The following assumptions were made regarding boundary conditions:

(1) There is a two-dimensional plane strain condition.

(2) The upper fixture made of silicon nitride is rigid and provides a uniform compressive load along the
upper surface of the specimen.

(3) The lower fixture made of hardened tool steel is not rigid, but deformable.
(4) No friction exists at the contact surfaces between the specimen and the upper fixture.
(5) The specimen and the lower fixture are perfectly bonded.

The third and fifth assumptions were found to be very important and realistic because a rigid body assumption
initially made for the lower fixture resulted in an erroneous stress distribution. The fixed values of Z = 18 mm
and 7 = 3 mm were used throughout the analysis.

Typical stress contours are shown in figure 3, where o, is plotted for S = 4 mm and W = 4 mm for the
material. This result shows that the stress distribution through the beam width is not symmetric with respect to
the central axis of the specimen. The neutral axis is shifted toward the x axis. Although not presented here, the
shear stress o,, along the y axis was found to be negligibly small in comparison to O,

A summary of the evaluated « as a function of S and W is presented in figure 4. Here, a was obtained
from equation (4) by evaluating 0,,(max) as a function of F, in megapascals per kilonewtons. This figure
shows that a increases with decreasing W and increasing S. Note that the simple beam theory is approximately
applicable to the o_-§ relation, but inapplicable to the ¢_,-W relation (note that in the simple beam theory:

o, > S/WP) for the SEPB specimen loaded via the precracker fixture. The effect of Eon a in a range of £ =
290 to 330 GPa was found to be insignificant.

Figure 5 shows the stress intensity factor as a function of the straight-through crack size for different levels
of precracking load (§= W= 6 mm). The stress intensity factors were obtained by varying the crack size for
each level of precracking load. Here, the influence of residual contact stress due to indentation (i.e., K field)
was neglected, since precrack size is, in general, more than 10 times the indentation crack size. The quasi-static
stress intensity factor was utilized to predict a precrack size for a given precracking load. Note that the
difference between K. and K, for dynamic crack arrest was assumed to be negligibly small. Figure 6, recon-
structed from the results of figure 5, summarizes F, as a function of precrack size for different levels of fracture
toughness. These results indicate that precrack size increases with decreasing K. for a given precracking load.
However, unlike the F, - P relation (eq. (8)), there is no closed-form solution relating the precrack size and F,



Sequence of Precracking

The sequence of crack pop-in to form the straight-through crack (which now can be illustrated according to
equation (1) and the finite element analysis (fig. 5)) is depicted in figure 7. The net stress intensity factor K is
plotted as a function of crack size a for different levels of the applied stress. As the applied compressive load
increases, K of an indentation crack increases, resulting in stable crack growth, Aa, with conditions of K 2 K¢
and dK/da < 0 at a = a, + Aa,. With a further increase in load, the crack continues to grow stably until the
instability condition of K = K,c and dK/da = 0, where the indent crack pops-in to form a straight-through precr
ack with a size of a,,. If further subjected to increasing applied stress, the precrack grows stably, because K 2 K,
to a crack size of a = a,, + Aa,, where K decreases with crack size, resulting in a crack arrest condition of
K < K, and dKlda < 0. The four distinct steps of precracking are summarized in figure 8.

EXPERIMENTAL RESULTS AND DISCUSSION
Precracking

Figure 9 shows the results of crack size measurements as a function of applied compressive load F, for the
two types of indent flaws: as-indented, and indented and annealed. For the as-indented flaws, the indent crack
normal to the applied stress grows stably until F, = 11.9 kN, where the stably grown indent crack pops-in
because of the instability condition and forms a straight-through crack with a size of @, = 2 mm. With further
increasing load, the straight-through crack proceeds to grow stably. On the other hand, the annealed indent
crack does not exhibit any stable crack growth because the residual stress has been relieved; it remains intact
until instability at F, = 13.6 kN, where the intact indent crack pops-in to form a straight-through crack with a
size of a,, = 2.5 mm. Note that both F, and a,, are greater in the annealed indent flaw than in the as-indented
flaw, indicative of the residual stress effect, as reflected in equation (1). This precracking sequence for the
indent flaw is in good qualitative agreement with the results shown in figure 7.

Configuration of Precrack

To ensure a good precrack (symmetrical and straight), it is essential that the loaded surfaces of the
specimen and the upper and lower fixtures are as parallel as possible. Likewise, the indentation placed in the
specimen center should be aligned in the center of the fixture span. Typical examples of precrack configura-
tions are shown in figure 10, where the front and side views of the acceptable and unacceptable precracks are
presented. The acceptability of a precrack was based on the requirements specified by ASTM E-399 (ref. 4). It
was found that a good precrack could also be achieved by placing multiple indent cracks across the thickness of
the specimen. This is particularly useful for some ceramic materials, such as SiC and ALO;, which have
relatively high porosities that generally inhibit well-defined indent crack patterns because of chipping and
crushing. The effects of the number of indents on normalized precrack size a,/W and precracking load are
shown in figure 11 for the SiC whisker-reinforced silicon nitride material. Note that a,/W and F, are almost
independent of the number of indents (up to three) since the spacing between the adjacent indent cracks is large;
whereas, for the higher number of indents (up to seven), the effects are rapidly amplified because of the de-
creasing crack spacings.

Precracking Load Versus Indentation Load

Figure 12 summarizes the experimental data on F), as a function of P for all the tested materials (S = W =
6 mm). This figure shows that as the indentation load increases the corresponding precracking load decreases.



The solid lines (which are based on eq. (8)) in the figures represent the best-fit lines with a slope of the -1/3 in
the log F, versus the log P plot. All the correlation coefficients of this functional fit analysis were higher than
0.920 except those for the silicon carbide material, indicating that the data fit to the theoretical equation (eq. (8))
is reasonably good. However, the silicon carbide material exhibited a lower correlation coefficient of 0.820,
suggesting that the silicon carbide material does not follow the theoretical curve well because chipping and
crushing produce an ill-defined indentation crack pattern in the specimen surface. Note that the higher indent
loads produced more ill-defined indent cracks, thereby resulting in the poor correlation between F,and P.

A typical result of a evaluated by strain gaging is presented in figure 13, where the maximum tensile
stress (or strain) occurring in the specimen surface was plotted against applied compressive load F,. This figure
shows clearly that linear elasticity holds between F, - Oume Linear regression analysis of these values gives
a = 13.240.1 MPa/kN. This result is for S = W = 6 mm in GN-10 SiC,/silicon nitride.

Results of indentation strength versus indentation load for each test material are summarized in figure 14.
Similar to the F,-P relation (fig. 12), indentation strengths decrease with increasing indentation load. The solid
lines (which are based on eq. (3)) in the figures represent the functional-fit lines with a slope of —1/3 in the log
o, versus log P plot. The correlation coefficients were >0.930 for all the tested materials except the silicon
carbide material. The silicon carbide material exhibited a poor correlation with a coefficient of 0.830, as in the
F-P relation. With the use of the o,-P data in conjunction with the F,-P data (fig. 12), the constant o was esti-
mated on the basis of equations (3) and (6), and is presented in table II for all the test materials. Regardless of
the test material, & is almost constant, with an average value of a = 13.3+0.9 MPa/kN. The reason for o’s
insensitivity to the test materials is that the major material property, E (probably v, t0o), does not differ signifi-
cantly among the test materials, as seen in table I.

Figure 15 summarizes the constant a evaluated by strain gaging, finite element analysis, and the
indentation strength method for different S and W. Here, L = 18 mm and z = 3 mm. It can be seen that the
finite element solution agrees somewhat with experimentally evaluated data. Therefore, it can be concluded that
equation (8) together with the o values in figure 15 can provide a relationship between F, and P.

Precrack Size Versus Indentation Load

A summary of the experimental results of precrack size a, versus indentation load P is shown in figure 16
with a,, normalized with respect to W. The figures show that a,, decreases with increasing P, and that for a
given P, a,, increases with decreasing W and increasing S. A poor correlation between a, and P was observed
for the silicon carbide material because of the uncertainty in crack size measurements. For a given Sand W, a,
is a weak function of P. The solid lines represent the best-fit lines to experimental data. Figure 17 illustrates a
typical example of how to estimate a precrack size for a given indentation load (and K.). The prediction here
is made such that F,, is determined first from equation (8) with « for a given P, and then with this determined
F,, the corresponding a,, is obtained from data as shown in figure 6. Unfortunately, no closed-form solution is
available for the a,-P relation. An additional effort is in progress to include various combinations of S and W,
It should be mentioned, however, that the experimental data shown in figures 12 and 16 can also be utilized as
an engineering data base in SEPB precracking parameters.

Fracture Toughness Evaluation
Figure 18 summarizes the results of fracture toughness measurements as a function of normalized crack

size a,/W determined by the SEPB method for the five test materials. The fact that the fracture toughness is
almost independent of crack size suggests that the tested materials do not exhibit any significant R-curve



behavior. However, moderate R-curve behavior has been observed in the alumina material by indentation
strength and chevron-notch methods (ref. 8). Because of ill-defined crack front configurations, the K.
determined for the silicon carbide material was considered inaccurate. Note that the K, for typical silicon
carbide materials ranges between 2 and 3 MPavm; therefore, the evaluated K. for NC 433 also appears
unrealistically high (= 5 MPavm), as seen in figure 18. In fact, any indentation-induced K. measurements in
silicon carbide materials have a similar limitation because a well-defined crack pattern is not formed. The
chevron-notched beam method is strongly recommended for this type of material.

The K. values obtained by the SEPB method are tabulated in table III, where the K values evaluated by
the indentation strength (ref. 9) and the chevron-notched beam (ref. 10) methods (refs. 11 and 12) are also
included for comparison. Although the K values estimated by the SEPB method are slightly lower than those
obtained by the indentation strength and chevron-notched beam methods, the overall agreement of the SEPB
results with other results is excellent (except for the silicon carbide material), suggesting that the SEPB method
is a convenient and simple means for evaluating the fracture toughness of ceramic materials. The SEPB method
also has been successfully applied to mode I and II fracture behavior of Si;N, (ref. 13). However, one
important limitation in the SEPB method is that, at high temperatures, crack healing occurs readily in an air
environment because of the combined effect of oxidation and the very small crack opening displacement present
in the precrack (refs. 12 and 14). The use of an inert environment or the chevron-notched beam method is
recommended for high-temperature (>1000 °C) K¢ evaluation.

SUMMARY OF RESULTS

The precracking parameters for ceramic single-edge-precracked-beam (SEPB) specimens were analyzed
with the finite element analysis and the indentation strength methods.

1. A relationship between precracking load and indentation load was derived as a function of specimen and
fixture configurations, and material constants (Young’s modulus, material hardness, and fracture toughness). An
excellent agreement was found between theory and experiment.

2. A prediction methodology relating the precrack size to the indentation load was presented on the basis
of the relation between precracking and indentation loads and the numerically obtained precracking load versus
precrack size relation.

3. A reasonable agreement in fracture toughness estimation was found between the SEPB and the
indentation strength and chevron-notched beam methods for silicon nitride, alumina, and two silicon carbide
whisker-reinforced silicon nitrides. However, an accurate fracture toughness value was not achieved for NC 433
silicon carbide because ill-defined crack patterns produced by indentation caused crooked precracks to form.

APPENDIX—SYMBOLS
a  crack size
as critical crack size at instability, size at end of stable crack growth

a, as-indented initial crack size

a, size of straight-through precrack
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Young’s modulus of specimen

applied compressive load

precracking load

material hardness

net stress intensity factor

mode I applied stress intensity factor due to applied remote stress o,
specimen fracture toughness

mode I stress intensity factor due to residual stresses produced by elastic/plastic mismatches of indentation
contact length between upper silicon nitride plate and specimen
indentation load

inner span of fixture

specimen thickness

specimen width

proportionality constant relating force applied to precracking fixture and maximum tensile stress induced in
the specimen

stable crack growth

maximum bending strain

Poisson ratio of specimen

material/indenter geometry constant associated with residual contact stress
stress

applied remote stress

fracture strength

maximum bending stress

normal stress parallel to the x axis

shear stress in the xy plane
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normal stress parallel to the y axis
calibration constant (0.016 for Vickers indenter)

crack geometry factor
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TABLE I.—PHYSICAL PROPERTIES OF

TEST MATERIALS
Material Young Hardness,’

modulus,? H,

E, GPa

GPa

Norton Si;N, 295 16.7
Norton SiC,/Si;N, 305 19.4
Garrett SiC,/Si,N, 330 16.0
96 percent Al,O, 324 10.0
NC 433 SiC 311 23.5

*Measured by strain gage.
*Measured by Vickers microhardness tester.

TABLE II.—EVALUATION OF PROPORTION-
ALITY CONSTANT, a, FROM

INDENTATION DATA
[Span = width = 6 mm.]
Material FP'?, o P, a,?
kKN-N"* | MPa-N"* | MPa/kN
Norton Si;N, 65.7 787.7 12.01
Norton SiC,/Si;N, 73.7 989.7 13.43
Garrett SiC,/Si;N, 89.2 1277.3 14.32
96 percent AL, O, 46.4 632.3 13.62
NC 433 SiC 58.5 764.4 13.07
Average o = 13.3+0.9
la = G,Pm/Fme.
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TABLE IIL.—SUMMARY OF FRACTURE TOUGHNESS, K,

ESTIMATIONS
Material SEPB Indent strength | Chevron notch
(refs. 11 and (refs. 10 to 12)
12)
K MPavin

Norton Si;N, 3.50 |*0.25 3.90 *0.05 | 4.30 *0.30
Norton SiC,/Si,N, |4.62 | .42 4.64 03 | 490 20
Garrett SiC,/Si;N, |5.18 | .41 553 A1 | 5.46 28
96 percent Al,O, 3.09 17 3.20 21 | 3.67 .05

*Numbers in these columns represent one standard deviation.

Testing Machine
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Plate
Silicon * .
Nitride Specimen

Plate

_____________ Acoustic

Lower Emission
- Plate | j— Probe
777777777777 V777777777777 /7 /////1////////
Front View Side View
Controller

e

CAT Scope

Figure 1.—Schematic of SEPB experimental apparatus. Span, S, 3 1o 6 mm; length, L, 18 mm.
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Figure 2.—Finite element mesh (haif-plane). Compressive load
Is applied from the top surface of a specimen.
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Figure 5.—Finite element analysis results of stress intensity factor as a
function of precrack size for the straight-through crack and different
precracking loads. Specimen span, S, and width, W, 6 mm.
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Figure 6.—Precracking load versus precrack size for
different fracture toughnesses, K;'s, reconstructed
from figure 5. Specimen span, S, and width, W, 6 mm.
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EXPERIMENTAL PROCEDURES

The materials used in this study were silicon nitride with an equiaxed microstructure (Norton'), 96 percent
alumina,’ siliconized silicon carbide (Norton®), and two SiC whisker-reinforced (30 vol %) silicon nitrides
(Norton' and Garrett*). The physical properties of the test materials are summarized in table I. All the
specimens were in the form of flexure bars with 4- to 6-mm width, 3-mm thickness, and 25- to 50-mm length.
The specimens were finished with a 320-grit diamond wheel, and the prospective tensile surface of each
specimen was hand-polished with 600-grit SiC paper prior to indentation.

A Vickers microhardness indenter was used to make indents in the center of the polished surface of each
specimen with the indentation diagonals parallel and perpendicular to the prospective tensile stress direction.
Then the indented specimen was placed in the SEPB fixture such that the indent site was located exactly in the
center of the lower fixture span (fig. 1). The specimen was loaded gradually by an Instron® servohydraulic
testing machine (Model 8501) with a crosshead speed of 120 um/min. Precracking was detected by an acoustic
emission probe attached to the lower fixture in conjunction with a CRT display (fig. 1). The corresponding
precracking load was monitored with the testing machine console. A wide range of indentation loads P from 30
to 440 N were used with experimental variables of span S from 3 to 6 mm and specimen width W from 4 to
6 mm. The outer span, as well as the contact length between the upper silicon nitride plate and the specimen L,
was fixed to be 18 mm. The lengths of test specimens were typically 25 mm; however, it was found that
specimen lengths between 18 and 50 mm did not have a significant effect on precracking load and precrack
size.

The precracked specimens were fractured with a four-point bend fixture to determine their precrack sizes
as well as fracture toughness K. The precrack size of each fractured specimen was measured by a low-power
optical microscope. A dye penetrant was used to demarcate the precrack front. An average precrack size was
obtained by measuring the crack length at the center and at two positions midway between the center and the
side surface of the specimen, as specified in ASTM E-399 (ref. 4). Fracture toughness was evaluated with the
formulation developed by Nisitani and Mori (ref. ).

Additional testing was carried out to measure crack size as a function of applied compressive load during
loading. Two types of indent flaws were utilized: as-indented, and those annealed in 1250 °C N, gas to
remove residual stress produced by indentation. The crack sizes were measured with an optical microscope
during periodic interruptions of the tests. The chosen test material was Norton silicon nitride. One indentation
load of P = 98 N was utilized.

The indentation strength data for each test material were determined for an indentation load range of
P =50 to 300 N to provide additional information regarding the stress distribution developed in the specimen
during precracking. Three specimens were used at each indent load. This was considered sufficient for the very
low standard deviation of the indent strength (<5 percent).

"Norton Co., Northboro, MA. No commercial designation; this material was custom made for NASA.
ALSIMAG 614 96 wt % alumina; G.E. Ceramics, Laurens, SC.

SNC 433; Norton Co., Northboro, MA.

*GN 10 + 30% SiC,; Garrett Ceramic Components, Allied Signal, Torrance, CA.

3Instron, Canton, MA.
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