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Abstract

Mode I fracture toughness of SiC particle-dispersed ZrB, matrix composite has been measured using DCDC specimen. Compression test results
of the DCDC specimen show that the fracture toughness of the composite is independent of crack length with an average toughness ~ 3.5 MPay/m.
Optical microscope and SEM observations reveal a flat crack path and fracture surface with no significant toughening mechanisms in the composite
either through grain boundary deflection or SiC particle introduction. Comparison with previous ZrB, matrix composites, in addition to other short
crack test methods, there is an agreement with the results between what this study has come upon with respect to previous work.

© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

ZrB, has recently received extensive attention due to its
capabilities in ultrahigh temperatures [1,2], high thermal
conductivity and electric conductivity [2—4]. These features are
attractive for extremely high temperature applications, such as
next generation aerospace structures [5,6]. Usually, SiC
particles are added into ZrB, to increase sinterability [2,7,8],
oxidation resistance [8,10,11] and thermal conductivity
[4,8,12,13]. One poor property of SiC particle-dispersed
ZrB, matrix composites (hereafter denotes as SiC/ZrB,) is
its low fracture toughness.

Reported fracture toughness measurements of SiC/ZrB,
have been done through the Vickers indentation method [7,12—
15] or bending of a notched bar specimen [9]. Because of the
low fracture toughness in SiC/ZrB,, Vickers indentation
usually causes many sub-cracks to grow near the indenter
edge and this behavior is sensitive to the applied load, making it
difficult to define the growth of a unique pure mode I crack. In
order to measure true fracture toughness of SiC/ZrB,, it is
desirable to obtain toughness under a well-controlled naturally
grown crack. However, no experimental investigation has been
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performed to measure the toughness of SiC/ZrB, under a
naturally grown sharp crack under a well-predicted phase angle
at the crack tip.

It has been known that double cleavage-drilled compressive
(DCDC) specimen gives close to mode I toughness under
natural crack growth conditions. Therefore, using a DCDC
specimen seems suitable to measure the mode I fracture
toughness in SiC/ZrB,. However, no experimental results are
reported. The aim of this paper is to show mode I fracture
toughness of SiC/ZrB, using a DCDC specimen.

2. Experimental procedure

o-SiC particle-dispersed ZrB, matrix composite plate was
obtained from AGC Ceramics Co., Tokyo, Japan. The
composite contains 10 vol% SiC and ~4 vol% pores in the
matrix and its typical microstructure is shown in Fig. 1. X-ray
diffraction analysis confirms that the composite composed of a-
SiC and ZrB,. Observation of polished surfaces shows that the
SiC particle distribution is randomly dispersed without
noticeable segregations (Fig. 1).

The composite plate was cut into a double cleavage-drilled
compressive (DCDC) specimen using a standard metallurgical
cutting and polishing procedures. Final polishing, down to
0.5 pm diamond paste finish, of the surfaces was performed.
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Fig. 1. Typical SEM micrograph of the ZrB,—SiC material after polishing.

Fig. 2 shows shape and dimensions of the DCDC specimen. The
specimen had length 70 mm (2H), thickness 10 mm (2b) and
width 10 mm (2w). A through-thickness center hole with a
diameter of 4 mm and starter notches were introduced by the
arc discharge machining process. Starter notch width was
100 pm and a tip radius ~50 pm.

Uniaxial compressive load was applied to the DCDC
specimen to obtain stable crack propagation from notch tips.
This specimen was chosen because conditions at the crack tip
are very close to mode I [16]. A compressive load was applied
to the DCDC specimen using a screw-type driven test machine
(Instron Corp., Model 4204, NJ, USA). Tests were conducted in
ambient air (20 °C) at a constant crosshead rate of 0.05 mm/s.
During testing, loading was interrupted at a selected applied
load and the specimen was removed from the machine to
observe crack growth behavior by optical microscope and to
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Fig. 2. Schematic of the DCDC specimen shape and dimensions in mm.

measure crack lengths. The nominal resolution for measuring
the crack length is less than 0.5 pwm. Thereafter, the specimen
was reloaded; this process was repeated until crack length
extended from the notch ~20 mm. This loading—unloading
process did not affect crack growth behavior because it was
confirmed that crack growth occurred only during the loading
stage in the present work. After complete failure of the
specimen, fracture surfaces were observed by scanning electron
microscope (SEM).

3. Results and discussion

Stable crack growth is observed from both notch tips and the
crack length increased with increasing applied load. Crack
growth behavior from a notch tip is shown in Fig. 3. Near the
notch root, the path shows large-scale wavy behavior and small
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Fig. 3. Crack growth behavior from a notch tip shown in (a) the notch tip is signified by the [T]. The break up of (a) is through (a-1) to (a-3) and (b) shows the crack

path magnified.
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Fig. 4. An example of applied load versus crack lengths.
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Fig. 5. Toughness versus the average crack length.

deflections are superimposed on it, thereafter, the path tends to
become straight with increasing crack length. During test, both
the crack lengths from a tip of initial notch, Aa; and Aa,, are
nearly equal within the maximum 16% difference, therefore,
average value, Ad, is used for calculation of the fracture
toughness.

Adz%(Aal + Aay). 0

Here, the crack length is defined as the shortest distance
between initial crack tip and advancing crack tip drawn by lines
parallel to loading direction, which is usually used for definition
of crack length in a DCDC specimen [16-18].

Fig. 4 shows a typical example of the relation between
applied load, P, versus crack lengths, Aa. Plane strain fracture
toughness of the SiC/ZrB, composite was obtained using the
formula:

Aa w
K;(Aa) = a\/I_?(F (7 ’E)) 2
where o is the applied compressive stress, F(Aa/R,w/R) is the
non-dimensional function given by [17]:

F(%,%) - <@> [1 + (%) (0.235 - 0.259%” B
3)

where R is the center hole radius and w is the width of specimen.
In this case, Ad/R needs to be larger than about 2.5 for Eq. (2) to
be applied [17].

Plots of fracture toughness, K;(Aa), versus average crack
length, Aa, are presented in Fig. 5. For the short-range cracks
from O to 8 mm, Eq. (2) is not accurate; therefore the crack
length range of 8.1 < Ad < 21 mm should be used and the
toughness is in the range of 3.50 — 3.62MPa\/m with an
average of 3.54 MPa,/m. Previous reports have shown fracture
toughness of SiC/ZrB, to range from 3.5 to 6.1 MPay/m [19—
21]. Addition of third particles, such as ZrSi,, MoSi,, ZrC, C,
and YSZ [14,19-21], can increase the toughness.

Detailed observation of the fracture surface (Fig. 6) reveals
small grain level crack deflection behavior, however, there are

Fig. 6. SEM micrographs of the ZrB,—SiC fracture surface.
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several examples of cracking in the ZrB, that penetrates into SiC
particles. From these observations, only slight crack deflection
behavior contributes to toughening of SiC/ZrB,, therefore the
low fracture toughness of SiC/ZrB, originates from no useful
effective toughening mechanisms in the composite.

4. Summary

Mode I fracture toughness of SiC particle-dispersed ZrB,
matrix composite was measured using the DCDC specimen.
The fracture toughness of the composite is 3.54 MPa+/m,
independent of crack lengths. Only slight crack deflection
behavior appears in the composite and almost no effective
toughening mechanisms are involved in the composite.
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