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ABSTRACT

The applicability of the chevron-notch technique for changes monitoring in fracture behaviour of fibre/gla
matrix composites was investigated. The fracture properties of a commercial available SiC-fibre reinforc
glass matrix composite thermally shocked and thermally cycled have been compared with the behaviou
the “as-received” condition. The room-temperature properties have been evaluated by using four-pc
flexure strength and three-point flexure chevron notch techniques. Specimens with straight sharp notch te
in three point bending have been also followed. The fracture toughness values determined by the chev
notch tests (the straight notch has been found as less susceptible method) were affected by thermal shoc
For the most thermal shocks applied comparable loss of flexure strength and stiffness of the samples
detected, which has been ascribed to microstructure changes occurred in the material during thermal char

INTRODUCTION

In ceramics reinforced by brittle fibres, an elastic fibre bridging and a pull-out bridging mainly cause tf
toughening. Both these mechanisms increase in some extent behind the crack tip along the process zone
[1-3]. The crack growth resistance rises as the crack propagates and leaves the wake. It is difficult to de
the intrinsic fracture toughness as a material parameter due to the increasing crack growth resistance
[2]. Nevertheless, an exact method of fracture behaviour quantification is needed when further developrr
of fibre/brittle matrix composites and assessment of their possible operational degradation is to be made.

The chevron notched specimen technique is a well-established method used to determine the frac
toughness and the work of fracture of brittle materials [2,4-6], including particle reinforced glass matr
composites [7]. As indicated elsewhere [8], however, the technique has not received wide application
measure the fracture toughness of fibre reinforced brittle matrix composites. Other specimen configuratic
for example straight notched specimens [9-11], have been more extensively used in these materials. A
from our own previous research [8,11], few reports are available on the applicability of the chevron notct
specimen to fibre reinforced ceramics and glasses. Mecholsky has pointed out, however, that as long a:
notch is large enough to cover many fibres at the critical crack length, the chevron notch test represen
useful method to measure the fracture toughness and the work of fracture in ceramic composites [10].

In the work of Ha and Chawla [12], for example, it was shown that using the chevron notched three-po
flexure technique the different mechanical behaviour of mullite matrix composites containing mullite fibre
with different coatings could be detected. In our previous investigation [8,11], the differences in fractu
behaviour of glass matrix composites after different thermal ageing conditions were detected by tl



technique and reliable fracture toughness data were obtained. On the basis of such previous experienc
chevron notch test, it was thought to be an instructive exercise to extend the investigation to samy
thermally loaded under different conditions, i.e. thermal shock and thermal cycling, as done in the pres
study.

The purpose of the contribution can be seen in the analyses of the suitability of the chevron notch techni
for the assessment of the fracture behaviour of fibre/glass matrix composites and the degradation that
occur following thermal exposition or thermal cycling.

MATERIAL AND EXPERIMENTAL METHODS

Materials

The material investigated was a commercially available unidirectional SiC Nicalon (NL202) fibre reinforce
borosilicate (DURAN) glass matrix composite fabricated by Schott Glaswerke (Mainz, Germany
Information on the composite constituents is giveifable 1. The composite was prepared by the sol-gel-
slurry method [13]. The samples were received in the form of rectangular test bars of nominal dimensic
4.5x3.8x100 M The density of the composites was 2.4 §/end their fibre volume fraction 0.4. Fairly
regular fibre distribution and the absence of porosity were found by microstructural investigations.

TABLE 1
PROPERTIES OF THE PURE GLAY®URAN) AND COMPOSITE CONSTITUENT$13]

Density Young's modulus Poisson’s Thermal exp. coeff. Tensile strength

[g/cm’] [GPal] ratio K7 [MPa]
Matrix DURAN 2.23 63 0.22 3.230° 60
Fibre SiC Nicalon 2.55 198 0.20 3.00° 2750
Fibre/glass composite 2.40 118 0.21 aa® 600-700

Thermal ageing involved heating the samples in air at 600 °C and 650 °C for 20 minutes and then dropj
them into a stagnant water bath maintained at room temperature. Up to 20 quenches were conducted in
sample. Thermal shock under these conditions has been shown to lead to damage in the form of m:
microcracking in these materials [14]. For the thermal cycling test in air, the samples were alternated quic
between high temperature (700 °C) and room temperature for different numbers of cycles. The details
procedures have been given elsewhere [15].

Mechanical testing

The flexural strength and Young’s modulus were determined in four-point bending using 32mm outer sp
and 16 mm inner span. A cross-head speed of 0.1 mm/s was used.
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Figure 1. Schematics showing the loading geometry and fracture plane for
(a) chevron notch and (b) straight notch technique

The chevron notch (CN) specimen technique was employed for fracture toughness deterrfiigatieri).
Chevron notches with angles of 90° were cut using a thin diamond wheel. A three point bending (with sy
of 16 mm) at a constant cross-head speed of 0.1 mm/min was employed. Graphs of load versus deflec



were recorded and the maximum force was determined from each trace. The fracture toughness value
calculated from the maximum load.{f) and the corresponding minimum value of geometrical compliance
function (Y min). The calculation of the function’¥, for chevron notch bend bars was based on the use of
Bluhm's slice model. The calculation procedure used for the purposes of this investigation has been descr
elsewhere [6]. The chevron-notch depjlivas measured from SEM micrographs of fractured specimens.

Additionally, straight-notched specimen technique (Figure 1 b), recommended as a standard procedure |
was also employed. The straight notch having width of abouudb@nd depth of about 1.5 mm has been
ground by thin diamond wheel. Then the tip was sharpened by hand by polishing with a conventional ra
blade and diamond paste of size of il Testing conditions were the same as in case of CN technique.

The acoustic emission technique (AE) was used during the test. Traces of cumulative number of counts
events) were obtained in the same time scale as the load vs. time plots. This technique allows for an acci
detection of the microcrack initiation onset at the chevron notch, which occurs when a sharp increase in
number of AE events is observed. Valid measurements for compugraye&Kthose in which this increase of
AE events coincides with the end of the linear part of the force versus time trace, as explained below.
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Figure 2: Load deflection curves obtained from 3-point bend tests of CN specimens
with cumulative curve of AE events

RESULTS AND DISCUSSION

Correlation of chevron notched and straight notched specimens

Fracture behaviour of pure glass

For pure glass the load deflection traces have been found to be qualitatively comparable. The typi
examples of load - deflection records are showhigure 3. Summary of primary data is suppliedTiable

2. For specimen with straight notch the load is increasing to a maximum, then the crack is initiated below
notch root running more or less by unstable manner. For CN specimen the crack was initiated at about 1/z

TABLE 2
PRIMARY DATA FROM BEND TESTS CARRIED OUT WITH PURE GLASS

STRAIGHT NOTCH CHEVRON NOTCH

Nr. Fracture load Notch depth Fract. toughness Nr.  Fracture load Notch depth Fract. Toughness
Frnax [N] [mm] Kic [MPam™] Frnax [N] [mm] Kic [MPam’}

2/1 16,50 1,577 0,69 3/1 13,39 1,390 1,23

2/2 13,06 1,914 0,67 3/2 9,34 1,390 0,79

2/3 13,24 2,077 0,69 3/3 9,85 1,400 0,82

2/4 19,03 1,660 0,83 3/4 9,38 0,978 0,59

2/5 26,86 1,639 1,16 3/5 13,47 0,925 0,81

2/6 17,92 1,667 0,79 3/6 9,99 0,988 0,64

217 17,19 1,618 0,75 317 11,33 0,990 0,73

2/8 16,86 1,534 0,70 3/8 12,51 1,020 0,84




2/3 of maximum force, than is running in stable regime (i.e. the crack driving force being controlled k&
increasing length of crack front). The onset of unstable fracture (necessarycfaletermination)
corresponds to maximum force. Fully compatible fracture behaviour can be observed when comparing L
specimen techniques based on load deflection traces. When comparing the data for pure glass ne
comparable & values have been gained from both specimen techniques (0.75*)Pthwse for CN
specimens and (0.73 MPé{ﬁ)l for specimens with straight notch. As shown in Figure 4 the scatter
characteristics are slightly different. This is explained by different sizes of highly stressed zones (the higl
volume stressed the lower scatter - specimens with straight notch).
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Figure 3: Load deflection traces obtained at 3-point bend test for pure glass
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Figure 4: Weibull plot of fracture toughness data for pure glass

Fracture characteristics for composite material

For the composite, the record from specimens with straight notch is typical by pop-in effects that can
observed at maximum loadrigure 5). The pop-ins have been assigned to the stopping of major crack
propagation at fibre/matrix interfaces followed by the interface delamination. Fractographic observatio
have supported this explanation. The delamination is observed in fracture surfaces very near the notch
and in almost cases also on specimen side surfaces. For the chevron notch specimen the crack is develo
about 1/2 to 2/3 of maximum load and is smoothly running up to maximum load after which unstable fractt
occurs.

Acoustic emission, a technique that has gained application for detecting the onset of microcracking wi
testing composite materials [17], was used to assess whether valid conditions for obtaining fracture toughi



data from the CN test were met. When a mechanical stress is applied to a composite, several frac
phenomena can occur in the material, including matrix microcracking, fibre-matrix debonding, delaminatic
and fibre failure. The acoustic emission technique showed that individual fracture events started at about
to 2/3 of the maximum load (a smooth increase in the cumulative number of AE events point labelled
arrow 1 in Figure 2). Microstructural changes corresponding to this acoustic emission should be ma
microcracking and partial local interfacial decohesion. These microfracture events, however, did not resul
a departure from linearity of the load - displacement trace. The first non-linearity observed in all sampl
tested occurred at loads close to the maximum load applied, and it was associated with a strong increa:
the cumulative number of acoustic emission events. This increase is so high that the crack propagation tr
the glass matrix and fibre debonding and fracture only could be responsible for this significant effect.
increase in the number of AE events observed at the end of the linear part of the load-deflection trace (ar
2 — Figure 2), indicates that the actual crack is developed at the chevron-notch tip. In these cases,
measurements of & can be taken as valid, since the unstable fracture (at maximum force) occurs from
propagating crack perpendicular to fibre axis.
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Figure 5. Load deflection traces obtained at 3-point bend test for composite material

TABLE 3
PRIMARY DATA FROM BEND TEST OBTAINED FORSIC FIBRE-GLASS COMPOSITE

STRAIGHT NOTCH CHEVRON NOTCH
Nr. Fracture load Notch depth Fract. toughness Nr.  Fracture load Notch depth Fract. toughness
Frnax [N] [mm] Kic [MPam™] Frax [N] [mm] Kic [MPanm’}
8/1 593,12 2,117 25,19 9/1 295,32 1,770 24,31
8/2 563,47 2,082 23,56 9/2 296,45 1,770 24,60
8/3 642,53 2,148 28,01 9/3 279,91 1,790 24,08
8/4 656,15 2,058 26,93 9/4 303,45 1,770 26,10
8/5 663,23 1,912 24,77 9/5 285,54 1,800 25,25
8/6 653,93 2,056 26,81 9/6 283,39 1,800 24,18
8/7 678,25 2,069 28,04 9/7 297,22 1,760 23,64

Differences have been found when comparing the fracture toughness characteristics determined by using
straight notch bend specimens with those obtained from chevron notched specimens. Typical example
load deflection traces are shownHigure 5 andsummary of primary data is given ifable 3. In Weibull

plot the differences are evident from the shift of prime alopgkis Figure 6) showing the overestimation

of toughness characteristic for specimen with straight notch (26.19 ¥fFfamstraight notch technique
against 24.59 MPalfi for CN technique). Not only the average Kalues but also the scatter characteristic
differ in remarkable extent. Only the data obtained from load - deflection traces having no more than c
pop-in are on level fully comparable with data from CN specimens.



The higher Kc values obtained from specimens with straight notch can be explained by prematu
localisation of fracture events to the stage of delamination. This is known phenomena typical also for lo
fibre/glass composites that delamination may occur also in case the crack is already running perpendicul
to fibres. The standard matrix cracking preceding the unstable crack formation is more or less suppres
and/or it is strongly affected by delamination. The pop-ins observed correspond well to this phenomer
even when they are accompanied by strong increase of AE events (arrow 3 in figure 2) — after delamina
some time is needed for further macrocrack development. The microcracking localisation is connected v
larger energy dissipation and causes movement of unstable (macro)crack initiation to later stages of loac
Because of impossibility of crack length measurement during test an uncertainty arises how to obtain the
crack length values corresponding exactly to the critical conditions of load, both quantities being necess
for K,c values calculation.

For chevron notch the failure is initiating in relative small volume near the chevron notch tip and conditic
for crack propagation without premature localisation (to fibres/matrix interfaces) are more advantageous. -
crack tip driving force is higher than in case of straight notch. This is important feature of chevron notch tt
condition for unstable crack propagation are formed during running crack whereas as the critical condit
(for K\c determination) the initial notch (depth) is taken.
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Figure 6: Weibull plot of K¢ data for composite material

The fracture initiation in CN specimens is thus connected with comparably lower probability than fc
specimen with straight notch that major crack tip meat the weak matrix-fibre interface and change 1
trajectory along the interface. The differences observed and the evidently more advantageous condition
the exact measurement led to preferable use chevron notch technique for fracture toughness determinati
long fibres/brittle matrix composites.

Fracture toughness of thermally aged and shocked materials

Figure 7 summarises the results obtained from the mechanical tests performed. Except for the san
thermally cycled from 700 °C for a high number of cycles (821), for which a strong loss of flexure streng
was measured (422 MPa against 688 MPa of as rec state), the data seem not to be significantly influence
the thermal loading conditions investigated. The material exhibits averggales in the range 18-26
MPam?, which are close to data quoted in the literature for similar fibre reinforced glass and glass-ceran
composites [9] and for SIC/SiC composites [17]. Observation of fracture surfaces by SEM revealed extens
fibre pull-out, for thermally shocked samples and for the sample thermally cycled for 466 cycle
Comparison of fracture surface micrographs for different conditions showed that the average pull-out leng
were similar to that of the as-received material. This is consistent with the little variation of fractur
toughness, K, and work of fracture initiation, YW/ (as shown below in Figure 8). Furthermore, the
significant fibre pull-out effect exhibited by the composites is indicative of a weak interfacial bond remainin
after the thermal loading. The interfacial bond in the present material before and after thermal shock loac



was measured using a push-out indentation technique and the results were reported elsewhere [8]. T
measurements confirmed that under the conditions of thermal loading investigated in the present study,
interfacial shear stresses, e.fgaiond sher 4 rength( &;)anddebunki ngshear & rength( &), remained
nearly constant and were closed to the as-received values. Thus, thermal shock and cycling at
temperatures investigated did not lead to a degradation of the carbonaceous interface.
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Figure 7: Fracture toughness of thermally shocked and cycled samples

The material aspects have been analysed in detail elsewhere [18], the supplied data should evidence the
susceptibility of chevron notch technique for identification of very subtle differences in fracture behaviot
and extent of toughening mechanisms in composites.

Work of fracture initiation

The work of crack initiation (My) was evaluated from the area under the load-displacement curves limited b
the load point at unstable fracture initiation. This substantial portion of the work of fracture was determinec
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Figure 8: Correlation of work of crack initiation with fracture toughness for CN specimens

as the deformation work related to the doubled area of fracture surface. Arising froam&hergy criterion
for crack initiation can be adopted by considering the following equation, valid for straight notch/crack:

Wi, = Kic” (1v?) 1 2E (1)
or 2EW)Y2 = Kic (19 2)



where E,v are, respectively, the Young’s modulus and the Poisson’s ratio of the material. To a fir:
approximation these relations can be used as a basis for correlating the work of crack initiation with fract
toughness. The values of \are given in Fig. 8 as value of expression,,t8E)Y? i.e. in a quantity
comparable with fracture toughness values. Because the value?fofl the right-hand side of Egs. (1) and
(2) approximates to 1, some overestimation can be observed in comparison to the real valyethad K
aspect may be also connected with the uncertainty qf determination for CN specimen in materials with
rising crack resistance curves and it needs further investigation. Nevertheless, the good correlation betw
the values of W and K¢ is giving support about the suitability of the CN technique for toughness
assessment in this kind of fibre reinforced brittle matrix composites.

CONCLUSION

The work has demonstrated that the chevron-notch technique can be a reliable method to assess fra
properties in brittle matrix composites reinforced by long brittle fibres. The data obtained have shown t
high susceptibility of CN technique for identification of very subtle differences in fracture behaviour an
extent of toughening (degradation) mechanisms in composite. Because of the dependence of work of frac
on the chevron notch geometry, the technique can be used in a relative way to compare values from the ¢
CN specimen geometry.

The Kc values determined using the CN technique on the SiC-fibre reinforced glass matrix compos
investigated (in the range 18-26 MP4nare comparable to data in the literature obtained in similar
materials using other techniques. The fracture toughness and work of fracture values determined by the
specimen method confirm previous findings regarding the retention of “composite” fracture behaviour of tl
investigated materials after thermal shock and thermal cycling under the conditions investigated.
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