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ABSTRACT: Experimental and theoretical investigation of fumetinthe borosicate glass//,0; platelets
composite was performed. This composite is a petiygestructural material for many applications doets
low production expenses and satisfactory propeetes at elevated temperatures. The fractograparcl/-
sis was employed to reveal vitality of tougheningcmanism with increasing content of reinforcemBuoissi-
ble synergy between crack deflection and otherhienmng mechanisms was examined.

1 INTRODUCTION ture toughness both experimentally and theoreti-
cally.

Glass is known as a relatively cheap and easybto fa

ricate material with satisfactory properties. How-

ever, it is a material with very brittle behaviol@ 2 EXPERIMENTAL

typical fracture toughness value is around of 0.6

MPa.nt?). The low fracture toughness is a limiting The experimental glass ceramic composite was fab-

factor for employing such material in design ofricated via powder technology and hot-pressing, as

loaded components. Therefore, an extensive researdbscribed in a previous study (Boccaccini &Trusty,

dedicated to the improvement of mechanical proper2003). Alumina platelets (TS100, Lonza-Werke,

ties of inherently brittle materials including gtdsas Waldshut-Tiengen, Germany) of hexagonal shape

taken place. There are many possible ways how tand with major axes between 5 and 2b and axial

increase the fracture resistance. The possible symatio of 0.2 were used. A commercially available

ergy of more than one toughening mechanism is aforosilicate glass (DURAN, Shott Glass, Mainz,

parently advantageous. Particle/matrix interface deGermany) was selected for the composite matrix.

cohesion and particle pull out, accompanied bysamples containing 0, 5, 10, 15 and 30 vol.% of

deflection of crack trajectory provide the typical platelets were considered in this study.

synergistic toughening effect. As was presented elsewhere (Boccaccini
A successful example of ceramic platelet rein&Trusty, 2003, Tood et al., 1999) the composite mi-

forcement of glass is the borosilicate glasgiAl crostructure exhibits a dense glass matrix whese th

platelets composite developed by Boccaccini et aplatelets are distributed homogenously. The exis-

(2003). They demonstrated a better mechanical béence of a strong bond between the matrix andplate

haviour of the composite over that of the unreindets was confirmed by transmission electron micros-

forced glass matrix in terms of hardness, Young'sopy (Winn et al., 1997). The thermal expansion

modulus, fracture strength and fracture toughnessnismatch between matrix and reinforcement cause

By means of a detailed experimental investigationpresence of internal residual stresses. The thermal

the mechanical properties enhancement was ascribegpansion coefficient of the borosilicate glassrirat

to three concurrent phenomena: the Young'ss much lower than that of the alumina platelets,

modulus increment resulting from the platelets addiwhich results in net tangential compressive and ra-

tion, the presence of a compressive residual sinessdial tensile stresses in the matrix upon coolirognfr

the glassy matrix, and the crack deflection mechathe processing temperature. The measurement of

nism. these residual stresses was conducted by fluores-
The paper aims to analyze a relationship betweetence spectroscopy technique, as reported in (Tood

reinforcement volume fraction as well as surfaceet al., 1999).

roughness and mechanical properties especially frac Fracture toughness values were obtained using

the chevron notch technique. Test pieces of standar



cross-section (3 x 4mm) were cut from the round The combination of toughening mechanisms puts
shaped plates of diameter 40mm and thickness afito effect during crack propagation which hasran i
4mm by precise diamond saw. The chevron notcfluence on fracture surface formation. Therefor th
with top angle of 90° was machined by ultra thinfracture surface characteristics indicate the egaplo
diamond blade into each test piece. A Zwick/Roelment of toughening mechanisms during different
electromechanical machine was used for loading istages of fracture process. Figure 2 shows a depend
three point bend test with a span of 20mm. Crossence of relative surface roughness on alumina plate
head speed of 0.1mm/min was used for loading. Thiets content accompanied by fracture toughness data
samples were tested at room temperature and at room temperature. The surface roughness is line-
500°C. The elevated temperature has been selectady increasing with rising amount of alumina plate
just below the temperature of viscous flow of thelets in the borosilicate glass matrix up to approxi
glass matrix. The Maytec high temperature furnacenately 15 vol. %. At higher reinforcement content
was used to conduct tests at elevated temperaturéle roughness increase is slowing down. Figure 2
Load-deflection traces were recorded and the fraccompares the change of surface roughness and the
ture toughness was calculated from the maximurevolution of fracture toughness with platelets vol-
load Fmay and the corresponding minimum value ofume fraction.

geometrical compliance functiorY (,,) using the
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whereB andW stand for the width and height of the
specimen, respectively. The calculation of the geo
metrical compliance function was based on Bluhm’s
slice model (Bluhm, 1975). Reliability of this tech
nique for composite materials was reported elses
where (Boccaccini et al., 2003, Dlouhy & Boccac-< L Rentve reushness
cini, 2001). ] P N AR BN B R I PN
Scanning electron microscopy (SEM) was used ° 5 10 15 20 25 30

f f hi | ff f Volume fraction of Al,O, platelets [%0]
or fractographic analyses of fracture surfaces O?‘:igure 2. Dependence of relative surface roughaesisfrac-

tested chevron notched specimens. ture toughness on alumina platelets volume coriterglass
Fracture surface roughness was measured by prmatrix at room temperature.

filometer MicroProf FRT using a chromatic aberra-
tion method for z-axis measurement. The FRT Marl
lll software was applied for analysis of measurec
fractured surfaces and 3D surface reconstructions.

A plot of fracture toughness values on the volume
content of alumina platelets in borosilicate glass
trix is shown in Figure 1.
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Figure 1. Dependence of fracture toughness on alumpiate- b)

lets volume fraction in glass matrix at room anevated tem-  Figyre 3. Reconstructed fracture surface for a)adhb) 30 %
perature. volume fraction of alumina platelets in borosilieabatrix.




The two main toughening mechanisms responsisupplying the evidence of examples of crack deflec-
ble for roughness (pull out and crack deflectior® a tion and particle pull out are shown in Figure 5.
weakened at the highest reinforcement volume frac- At the highest volume fraction of alumina plate-
tion and therefore the increase of fracture toughne lets in borosilicate glass matrix, not all partsie-
increase is lower in comparison to lower content oteracting with the crack front (present at the tinae
platelets. On the contrary, the higher contentlof a surface) contribute to toughening effect as shawn i
mina platelets, which are tougher than the glass mé&igure 6. Platelets cluster are observed even thoug
trix, is acting against the weakening of key toughe a desirable degree of homogenous patrticles distribu
ing mechanisms. Typical examples of reconstructetion is reached.
fracture surface obtained from the profilometric
measurement conducted on the fracture surfaces
chevron notch test pieces for both 0% and 30% ¢
alumina platelets volume content in borosilicate
glass matrix are shown in Figure 3. The correspong
ing scanning electron images are displayed in Eigu
4. It is evident that the fracture surface rougknes
has been significantly increased when reinforceme
is incorporated into the borosilicate glass. Tha-co /ﬁ-— ,
nection between surface roughness and reinforc¢ = &%
ment volume content was proved however the A
roughness will certainly depend on the shape a
dimension of the platelets as well as on the bandin
between platelets and matrix.

Figure 5. Example of toughening mechanisms evidémdbe
SEM image of fracture surface.

4um

b) : . o~ :
Figure 4. Fracture surface for a) 0% and b) 30%mwel con-  Figure 6. Clustering of alumina platelets when higimforce-
tent of alumina platelets in borosilicate glassirRgSEM). ment content Is present.

The fractographical analysis proved presence of
several toughening mechanisms. The micrographs
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The most comprehensive model for describing A
toughening by crack deflection has been developeg,
by Faber & Evans (1983). This model uses a strain
energy release rate approach where the ratio betwee _ G

the average strain energy release rate at thectifle 4= {[—‘000391 sing, +( ¥ B) coé, S'Wz} +
crack front(G) and the strain energy release rate for ' (8)
the undeflected crack fror®, gives the relative 2)¥2
toughening. Crack advance is assumed to be 90\7-[5700501 cogs, +( + ) cos, cqssZ]} '

erned by the strain energy release rate

ere

L wherep; andy; are angles by which discs are offset
— k2 (1_,2 2(1_,,2 2 with respect to the direction of crack propagation
G E[kl (1 v )+k2 (1 v )+k3(1+|/)], 2) (parallel to thex—axis), A is the interparticle dis-

. . tance, approximated by the point-to-point spacing
whereks, ko, andks are the local stress intensities forthrough the volume

the deflected segments along the crack front, End

andv are the Young modulus and Poisson's ratio, re{A} ~ N;¥3, 9)
spectively. The toughening increméstis predicted
as whereNy is the number of particles per unit volume.
ReplacingA by (A) in Equation 4 and integrating
G :% - (3) over all possible configurations, the strain enawyy
©o{G) ™ lease rate due to twist of the crack front can then

N written as
whereG stands for the critical energy release rate

of the matrix. We have corrected some errors in th§G>T 47
expression for the strain energy release rate elériv "~ —_4I
by Faber & Evans, (1983) and obtained m i

2 . A 2
S co§%( 2 sifp+ coé%j cogp+ cogx X—{Cosz—( Y sif g+ co§<—2>j cop+
{

073
[ [d6,d6, da dB du, du,x
0

Glm
_ (4) (10)
) cog 2 sirf ¢ codg A1V +cog px Siﬁﬁ co§</1—>+
xsin® = co$ =+ 2 ( ?- coé—} 2 2
2 2 1-v 2 </1>
where A is a tilt angle andpis a twist angle. Ob- CO§7 sirf ¢ coSg oy — 52(/1> ’
serve that the expression in Equation 4 posselses t 1-v V=eos—>1 1
required limiting properties, i.e.
lim & - 0, Iimi - cos“g. (5) where already the modification by the amount of
o-m2Gy, -0G, 2 crack front subject to twist was introduced via the
Faber and Evans considered cracks deflected @ctorn
spheres, discs, and randomly oriented short rods A _ :
(whiskers). In the case of disc shaped particleset E—acosel siry, +( B) co8, sip,
is necessary to describe the disc orientation veith 1= . — (11)
spect to the crack front and to adjacent discs.€fhe \/A'2 +[ asinG, +(1-p) sinG, |

fective tilt angleA=0 was introduced, and, by virtue ) _
of the partide geometry’ the average tilt an@{¢ nis the ratio of the undeflected to twisted crack

can be expressed as front lengths. o _
. _ For 6, and 6, of like-sign, the resultant tilted
(/]}z a/26,sin6, +(1- B)/ B, sirb, (6) crack, occurring along one-half of the crack front
asing +(1-p) sing,

has a driving force normalized with respect to the
length of undeflected crack

where the angle®; and 6, describe the tilt of . " on
neighbouring discs with respect to the plameoc- @_i [ ¥
cupied by a planar cracl, B [K0;1) are relative lo- G = 7 .[ I
cations at which he crack plane intercepts thesdisc
The twist anglep of the crack between two adjacent (12)
discs is

6 E, @B b,



where¢ is the ratio of the undeflected to tilted crack

front lengths One ofseveral possible events may occur when-
A ever the crack meets the particles. If the particle
— —0cosh, Simﬁ( 1_[3) co8, sip, toughness exceeds that of the matrix, and the-parti
&= 2r (13) cles are strongl_y bonded to the surro_unding maxeria
\/Arz +[0( sind, - (1-B) sind ]2 then the crack is trapped by the particles. Thigjpro
! 2 ess can significantly improve the strength of dtleri
and solid. However, for trapping to be effective, therp
ticle toughness must be at least three times that o
= 1 tan®, tard, the matrix. If the particles have a low toughnéeiss,
A =3 arcta cox. + arcta cost (14)  crack breaks through them, and the toughness of the
! 2 composite is little better than that of the matb-
is the average tilt angle across the tilted plane. serve that for the composite investigated, the rati
The total strain energy release rate in the presehce the particle fracture toughned§:™ and the matrix
discs is fracture toughnesK . is about of 3.5. More gener-
ally, Bower & Ortiz, 1993 suggested that for bridg-
(G)=(G) +(G)". (15) ing particles to form the particle critical stragm-

o _ _ ergy release rat&’" should exceed
The toughening increment derived from Equations 3

and 15 by numerical integration is plotted in Fagur G/ 5[ 2 R\’
7. Apparently, the crack deflection model fairhepr = 1+ 4’85 :
dicts the toughening increment up to the volume
fraction of ALO3 platelets about of 10 vol. %. How- whereR denotes the particle radius ands the par-
ever, for the volume fraction of 30 vol. % the @efl ticle spacing. If this is not the case, the cragksc
tion alone underestimates the experimental data yrough the particles: the maximum possible tough-

(16)

Imc

about of 50%. ness of the composite is then (Rose, 1975)
G R( G
c — =1+ 2—(—'° -1]. @n
& 22 2 e b\ G,.
Ve If GX' is comparable &, very little improve-
@ 18 ment in toughness is observed. This is the cadweeof t
£ ' z composite investigated due to a high difference of
%’ Young’'s modulus, see Table 1.
- -3
_ag’ 14 Table 2. Young’modulus of borosilicate glass camtag Al,Os
© ) ; , platelets
D —o deflection+Young's modulus increase
14 o  experimental data Platelet content [%] E[GPa]
=—=o deflection alone
1.0 0 63
0 10 20 30 5 65
10 70
Volume fraction of ALO, platelets V, [%)] 15 79
Figure 7. Relative toughness predictions base upack de- 30 102

flection model and upon the combination of the kreeflec-
tion+Young’s modulus increase model.
In the case that; > an, (Wherea; anday, are the

Other toughening mechanism in this materialcoefficients of thermal expansion of the second
could be considered: a contribution of residuaPhase and matrix, respectively), compressive hoop
stresses to toughening, an increase in fractughtou Stresses and tensile radial stresses will exisiraro
ness due to the increase in Young's modulus resulthe second phase, and the crack (growing perpen-
ing from the platelets additions (Table 2), and thdlicular to trajectories of maximum tensile stress)
crack trapping (Xu et al., (1998)). Note that ne ex Will deflect around the particle.

tensive crack bridging by AD; platelets was ob- It was predicted (Tood et al., 1999) that the exis-
served. tence of local compressive stresses between the par

ticles would decrease the stress intensity factor a
Table 1. Thermomechanical properties of the conpasin- hence contribute to toughening. However, in the di-

stituents rection normal to the disc-shaped inclusion, thsre
E[GPa] G|[GPa] v a[10%°C] no constraint and the residual thermal tractiores ar
Glass matrix 63 26 022 33 very low in both the matrix and the inclusion. Thus,

Al,O; platelets 402 248  0.23 8.9 the crack prefers to deflect along the platelegrint




faces while the twisted crack front between plasele
is shortened due to a decrease of twist anglerigadi
to higher energy release rate. As a result, bothge
in Equation 3G and({G) respectively, effectively

increase and the net toughening increment does n 7 ) ’
change. / """"""""""""""""""""""""""
The effect of Young’s modulus is easily to intro-
duce using Equation 3. Namely, it holds { . R
&=\/E G =\/£%| (18) Figure. 8. Scheme of the pyramidal element peraljicap-
Kime Ern G = <G> proximating the tortuous crack front.

whereE is Young’s modulus of the composite, see
Table 2. The toughening prediction based upo
Equation 18 is plotted in Figure 7, too. It is séwat

the agreement with experimental data is very good.

The characteristic periodicitied,, and Ay are
rL‘Jsually determined by Fourier analysis of the reugh
ness profiles measured at appropriate locations on
the fracture surface. The effective stress intensity
factor kess for the pyramidal front (normalized by the
remotekK, factor) can be calculated using the follow-
ing approximate analytical expressions for local
stress intensity factors:

4 FRACTURE TOUGHNESS ASSESSMENT
BASED UPON SURFACE ROUGHNESS
ANALYSIS

© . ©
For a sufficiently precise assessment of the rough® :CO{EJ{ v sind+ COZ{_ZJ CC@’}
ness-induced shielding effect (RIS) the following

steps must be undertaken: K = sin(%) o2 (sz | (20)
(i) Construction of a real-like model of the

crack front based on a 3D determination of the sur = co{gj sind Cog{ Q- C(g{gﬂ
face roughness; 2 2
(i) Calculation of local stress intensity factors
ki, ko andks along the crack front;
(i) Calculation of the effective stress inteysit
factorKeg.

The first step can be achieved by means of a 3
reconstruction of fracture morphology. This can bé
carried out by means of the MicroProf FRT based on -2 o K2
the optical chromatography. The second problenk?, = j § (kf +k>+—=2 jd@.(Zl)
can be solved using a numerical program system 20, (2R +7—4)7n I-v
FRANC3D based on the boundary element method.
The third step is solvable by a standard mathematic
The nearly exact numerical solution by means of th
FRANC3D is, however, connected with extremely

high time consumption, more or less inadequate t : . S
the efficiency' of the results obtained. Therefore, a_%téggalc?;otkkllue d(;llffeetrear;cezlz)e(;sdfs/vn_lr]lhnu;hetr?errc;)ry?:r?]cij dal
simple pyramidal model of the crack front was Ioro'mod’el is used herea.1,“ter for 'the as’sessment of the

posed (Pokluda et al., 2004) for approximate ana: . - = L
lytical estimations. This model is based on a pyra{%_ontnbutlon of RIS to fracture toughness in invest

mid-like periodical approximation of the tortuous gated materials.
crack front, which is characterized by respectiite t
and twist angles? and @, towards the macroscopic 4.1 Resultsand analysis

?r;aecgsﬁlrzgeélziz tFr:guéEagk -If-r?)itg) rz;)r?clletkrlcéuggr(;sisc itThe measurements of 3D fracture surface _morphol-
ogy were performed by means of the MicroProf

éﬁgéﬁp%’?omZ?ﬁugigogzgge\',véﬁe&pf2?,@%':2 dgﬂtheFRT. The obtained profiles were subjected to the
Fourier analysis in order to determine the characte

(the highest twist angle of the pyramidal band) b>fstic periodicitiesAy, and Ay and, simultaneously,

following simple equations: the corresponding profile roughneRs were estab-
A, tan@ = A, tand R = cogd. (19) Ii_shed. The measured values for all specimens are
displayed in Table 3. Note that the valuesigfare

The results calculated according to Equation 20
are sufficiently accurate provided thag, << 2a,
wherea is the precrack length. The global normal-
tred effective factokes for the pyramidal model of
e crack front can then be computed as

Comparison of results obtained by means of the
yramidal model and the FRANC3D code revealed
at, in the whole range of both the surface rough-
ness and the roughness periodicity typical for real



an order lower than the double-length of the preron notch technique. The increase in fracture tough-
crack (&2 =4 mm) which ensures a reasonable validness values by incorporating 30 vol. % of alumina
ity of the pyramidal model. Determined roughnesslatelets into borosilicate glass matrix was of wtho
characteristics were then used for computatiomeft 1.5 MPa.n°. This value is more than two times
normalized effective factoke; according to Equa- higher than the fracture toughness of plain barosil
tions 19, 20, and 21; the results are also shown icate glass. Surface roughness of all fractured-chev
Table 3. ron notch test pieces was analysed with the aim to
establish a relationship between the fracture +esis
Table 3. Computed characteristics of the pyramidatiel re-  tance and the surface roughness. The surface rough-

lated to measured specimens. ness increases linearly up to 15 vol. % alumina
Sample AJO5[%] R App[um]  Ag[pm]  Bn Ko platelets content in borosilicate glass matrix. This
E6 0 1.011 373 114  0.0455 0.983 onset of roughness is followed by a steady state
c2 5 1.053 412 171 0.3178 0.924 where changes in roughness are negligible. How-
S1 10 1199 102 32 0.2040 0.763 @yer, the analysis based upon the pyramid-like- peri
D3 15 1.115 341 170 0.2410 0.719

odical approximation of the tortuous crack front
(Pokluda et al., 2004) revealed that the saturation
, ) the RIS effect starting at about 15 vol. % 0$@{ is,

The dependence of the reciprocal valu&sfi.e.  most probably, associated with the resolution limit
of the ratio Ki/Kim: (predicted relative fracture o the MicroProf FRT device. Theoretical calcula-
toughness ratio) on the volume fraction 0@  {ions of the fracture toughness enhancement based
platelets is shown in Figure 9. Itis clear th& RIS ,non corrected crack deflection model developed by
effect raises the fracture toughness of about 40 %. Fgper & Evans, (1983) combined with the influence
of the increase in Young’'s modulus resulting from

B6 30 1.229 102 128 0.7311 0.714

wsf 0 T T T T ] the platelets additions were found to be in good ac
) 140 [ . cordance with experimental data.
fﬁ 1,35- ]
" 1,30 | A
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