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Manufacture of short-fibre reinforced glasses by extrusion and 
examinations regarding tlieir structure and tlieir mechanical properties"") 
Klaus Langhans^) and Erwin Roeder 
Lehrstuhl für Werkstoffkunde und Mechanische Technologie, Universität Kaiserslautern (FRG) 

Technical applications of glasses are mainly hmited by their well-known tendency to brittle fracture. One promising possibihty to improve 
the mechanical properties of glasses is the embedding of high-strength reinforcement fibres for increasing the strength and, first of all, the 
fracture toughness of these materials. Therefore, new fields of apphcation for these glasses can be developed, where their many favourable 
properties become effective. 

In this paper the manufacture - by extrusion - of short-fibre reinforced glasses as weh as structural and mechanical examinations of the 
thus produced specimens are represented. Due to the manufacturing process, extrusion results in a nearly unidirectional orientation of the 
fibres, parahel to the axis of the rod, with a corresponding high degree of reinforcement. After the explanation of the theoretical 
fundamentals of short-fibre reinforcement of brktle materials, the properties of the materials used for the experiments and the manufacture 
of the composites are described in detail. The subsequently illustrated examinations have clearly shown improvements of the mechanical 
properties of the glasses as well as good accordance with the theoretical considerations. 

Herstellung kurzfaserverstärkter Gläser durch das Strangpreßverfahren und Untersuchungen zu ihrer Struktur und ihren 
mechanischen Eigenschaften 

Die technische Anwendung von Gläsern wird in erster Linie durch ihre bekanntermaßen hohe Sprödbruchneigung eingeschränkt. Eine 
aussichtsreiche Möglichkeit, die mechanischen Eigenschaften von Gläsern zu verbessern, bietet die Einlagerung hochfester 
Verstärkungsfasern zur Erhöhung der Festigkeit sowie vor allem der Bruchzähigkeit dieser Werkstoffe. Dadurch können diesen Materialien 
neue Anwendungsgebiete erschlossen werden, in denen ihre zahlreichen vorteilhaften Eigenschaften zur Geltung kommen. 

In der vorhegenden Arbeit werden die Herstellung kurzfaserverstärkter Gläser mittels des Strangpreßverfahrens sowie strukturelle 
und mechanische Untersuchungen der dabei erhaltenen Probestäbe dargestellt. Das Strangpressen führt verfahrensbedingt zu einer nahezu 
unidirektionalen achsparallelen Ausrichtung der Kurzfasern im Strang mit entsprechend hoher Verstärkungswirkung. Nach der Darstellung 
der theoretischen Grundlagen der Kurzfaserverstärkung spröder Materiahen werden die Eigenschaften der verwendeten Versuchswerk­
stoffe und die Herstellung der Verbünde eingehend beschrieben. In den anschheßend erläuterten Untersuchungen der Verbundproben 
konnten sowohl deuthche Eigenschaftsverbesserungen der Gläser als auch gute Übereinstimmungen mit den theoretischen Betrachtungen 
festgesteht werden. 

1. Introduction 
Although glasses show some excehent properties, 
their practical use today chiefly is hmited to optical 
apphcations, articles of daily use and some branches 
of the chemical industry and laboratory techniques. 
The main reason for this shuation is their strong 
tendency to brittle fracture. The other properties, 
however, make efforts to find new apphcations for 
these materials worthwhhe. Here, only the very high 
degree of chemical resistance, the excellent hardness 
and wear resistance, the low density, and the limhed 
thermal stäbihty of glasses should be mentioned. As, 
however, the brittleness of glass is a result of its 
structure and can be influenced only in a very 
restricted way, intensive efforts have been made in 
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the last few years to improve the fracture behaviour 
by embedding fibres with both high strength and 
stiffness [2]. 

Unlike the commonly used hot-pressing process, 
resulting in composites with the shape of plates or 
shehs [3 to 5] , the coextrusion technique, developed 
at the Lehrstuhl für Werkstoffkunde und Mechani­
sche Technologie, Universität Kaiserslautern (FRG), 
delivers specimens with high aspect ratios [6 and 7]. 
For the first time extrusion has been used for the 
manufacture of short-fibre reinforced glasses [8 and 
9]. Materials with discontinuous fibres, as opposed to 
endless-fibre composites, ahow nearly total freedom 
in shaping of parts, and in most cases also their 
manufacture is much easier and simpler. These 
advantages compensate the somewhat lower rein­
forcement effect. The special suitabihty of the 
extrusion process for manufacturing short-fibre com­
posites is proved by the fact that during extrusion the 
fibres get preferably oriented in parallel position with 
regard to the pressing direction, due to the viscous 
flow of the glass melt within the extrusion press. 
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Figures l a and b. Schematic presentation of a short-fibre 
composite in the neighbourhood of a single fibre, a) unloaded, 
b) loaded by tensile stress, Ef> E^. F= force. 
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Figures 2a and b. Model for calculating the stress distribution in a 
short fibre (figure a) and embedding this model in the total 
composite (figure b). 

In short-fibre composites, however, there occur 
inhomogeneities of deformations, as schematicahy 
shown in figures la and b for tensile stresses. 
Especially near the ends of fibres these inhomoge­
neities, resulting from the different elasticity moduh, 
can clearly be seen. 

For the computation of the distribution of stress 
in a Short fibre, according to Cox [10] and Kelly [11] 
the model in figures 2a and b is used. This model 
consists of a single fibre with the length L and the 
surrounding matrix. The whole composite is under 
the homogeneous strain, ε^, parallel to the fibre axis, 
but the condition of uniform elongation and tension is 
locally disturbed by the transmission of load onto the 
fibres. 

On condition that this stress transmission only is 
possible via shear stresses at the cyhnder surface of 
the fibre, but not by normal stresses at the fibre ends, 
this model results in the following relation for the 
fibre tensile stress: 

1 - coshOg-(L/2-x)) 
c o s h 0 3 - L / 2 ) J · 

(3) 

Figure 3. Progression of tensile stress, σ̂ , in the fibre and of the 
shear stress, Tf .m, at the fibre boundary (according to [11]) as a 
function of the variable χ which corresponds to the fibre 
length. 

2. Theoretical aspects of short-fibre 
reinforcement 
In case of composites with continuous fibres the 
strains of fibres and matrix can be presumed to be the 
same over the complete specimen with a high degree 
of approximation. This assumption results in the basic 
equation for fibre composites, the so-called hnear 
rule of mixture: 

(1) 

(2) 

with Ε = Young's modulus, υ = volume fraction, 
σ = stress, and the indices c = composite, f = fibre, 
m = matrix. 

From that follows, for the interfacial shear stress 

sinh (ß • ( L / 2 - x)) 
cosh (ß • LI!) (4) 

The value β in equations (3 and 4) includes the 
geometrical data of the model and the elasticity 
constants of the composite components. In [11 to 13], 
different expressions for β are indicated, which have 
ah a proportionahty β ~ λ/(0~/Ε^ (with = shear 
modulus of the matrix) in common. The curves of 
both stresses are schematicahy shown in figure 3. This 
schematic representation clearly shows that the 
reinforcement effect with short fibres is less efficient 
as compared to continuous fibres, which show the 
stress af = Ef ah over their length according to the 
linear rule of mixture. 

For the computation of the Young's modulus the 
deformation inhomogeneities of the matrix strains 
are neglected and the average fibre stress öf is 
inserted into the rule of mixture. With equation (3), 
this value is: 

af= l /L Jaf(x) dx^^f · tanhOe-L/2) 

(ß-L/2) ] 
(5) 

Thus, for the Young's modulus of the composite 
follows: 

E, = EfVi-
tanhOg-L/2) (ß-L/2) J + E„ (6) 
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Figures 4a and b. Behaviour of two fibre ends with different lengths 
at the occurrence of a matrix crack; case 1: length of the fibre end 
^fe < ^Pmax- Ρ^Π out, casc 2\ Icugth of the fibre end /fg > /ρ^^χ: brittle 
fibre failure; a) matrix crack, b) puU out in case 1 and fibre crack in 
case 2. 

With sufficiently long and slim fibres, the reduction 
factor in these equations assumes negligibly low 
values, so that there is only a small difference, as 
compared to long-fibre composites. 

In this reflection it has been shently assumed that 
the boundary between fibre and matrix is able to 
transmit the shear stress without a loss of interfacial 
adhesion. For the fracture behaviour of composhes 
with brittle matrices, however, it is desirable to have 
a somewhat limited adhesion. Thus, it gets possible to 
puh the fibres out of the matrix when a crack occurs in 
it (figures 4a and b, case 1). At this so-cahed puh out 
a high amount of friction energy is dissipated, raising 
the total fracture energy and giving the composite a 
pseudo-plastic failure behaviour [14 and 15]. 

When a piece of a fibre with the length, /p, and the 
fibre radius, rf, is pulled out of the surrounding matrix 
by the external force, F, against a Coulomb friction 
stress, τ = μρ, resulting from a radial shrinkage 
pressure, p, the friction energy 

Wp= j F(l)dl = j μ-ρ·2π·Γ^Ι-άΙ = 

= μ-ρ-π-ΓΊ·Ιρ (7) 

is dissipated where μ means the coefficient of 
Coulomb friction. The puh-out length, /p, however, is 
hmited in upward direction by the ultimate fibre 
strength, OF^, and the maximum fibre-matrix shear 
stress rf.jn,max: 

, Q f̂u-̂ f 
^ '•f-m, max 

and with pure friction, respectively: 

'pmax ~ 
^f u · f̂ 
Ιμ-ρ ' 

(8) 

(9) 

If both fibre ends have a distance of more than /pĵ x̂ 
from the crack (figures 4a and b, case 2), the fibre whl 
break brittly in the crack plane and thus almost does 
not contribute to an increase of fracture energy. That 
means that a fibre can only be pulled out definitely if 

its length does not exceed twice the value of /pmax-
The pull-out lengths, /p, in the crack plane wih be 
distributed between 0 and L/2. Therefore, the 
average puh-out work of one fibre can be calculated 
by 

LI2 

Wp = 2/L j μ·ρ·π·ΚΊ·1^άΙρ = 

= μ- ρ - π- rf L^I12 . (10) 

For the specific work of friction, related to the 
cross-sectional area of the composite 

VI 

follows 

M;p = — = τ τ μ ; ^ · ρ · ^ · ' ^ · ϊ 2 (11) 

for L < 2 /pmax . Ideally, when the fibre is exactly 
twice the maximum puh-out length, the result is: 

^f 'Pmax 
Wp = - — ^ ' μ-ρ-Ίΐ-Γ^' = 

π ' rj 

for L = 2 /pjnax . If, however, the fibres used for 
reinforcement are longer than 2 /pmax, according to 
Helfet and Harris [16] only the fraction 2 IpmJL can 
be pulled out. Thus, equation (12) changes to: 

21 
Wp = Pmax ^f 

L 12'μ-ρ 

L ' 1 2 . / / 2 . p 2 

• ^fu f̂ = 

(13) 

for L > 2 /pmax- An analysis of these equations shows 
two relationships. The first fact is that the pull-out 
energy and thus the whole fracture energy decreases 
with an increasing degree of adhesion between fibres 
and matrix, so that the desired limited degree of 
adhesion between the components can be explained. 
Furthermore, it can be seen that surprisingly the 
specific friction energy decreases with an increasing 
fibre length, if this value is more than 2 /pmax- In case 
of long-fibre composites, which nevertheless mostly 
show a higher work of fracture than short-fibre 
composites, there appear other energy-dissipating 
mechanisms which shah, however, not be considered 
here [7 and 17]. 



Table 1. Comparison of the most important properties of the 
composite components [18 to 21] 

A R glass Nicalon fibre 

Young's modulus in N/mm^ 73 000 180 000 
strength in N/mm^ 73 2 400 
elongation at rupture in % 0.1 1.3 
Poisson number 0.22 0.17 
density in g/cm^ 2.52 2.55 
thermal expansion 
coefficient in IQ-^K 9.0 3.1 

composite until the break of the matrix. An estima­
tion of the axial tensile stresses shows values which 
are simhar to the strength of bulk glass. Nevertheless, 
inside the specimens no cracks, caused by this 
phenomenon, could be found. As also Brückner [22] 
supposes, one reason for that can be seen in the fact 
that the strength of the thin glass layers between the 
fibres can rather be compared with the strength of 
glass fibres than with the strength of compact 
glass. 

Figure 5. Sectional view of the laboratory extrusion press used in 
this work. 

3. Properties of the components 
A R glass, an alkah-l ime-s i l ica glass (Schott Glas­
werke, IVIainz (FRG)), and Nicalon SiC fibres 
(Nippon Carbon Ltd., Tokyo (Japan)) were chosen 
as components for the composite. The A R glass is 
delivered as a powder, 99 % of the particles being 
smaller than 60 μm and 50 % smaher than 10 μm [18]. 
The Nicalon short fibres are supplied with an average 
length of 1 mm, and their diameter is about 15 μm 
[19]. They are produced by cutting them from 
endless-fibre bundles. Each of these bundles, also 
called "rovings", consists of 500 single fibres, and is 
coated with a polymer size which is a protection for 
the fibres and a coupling agent in polymer matrices 
[20] . 

The comparison shown in table 1 proves that the 
fibres are a weh-suited reinforcing component for AR 
glass with respect to the mechanical properties. In 
regard to Young's modulus, strength, and elongation 
at rupture, they show excellent conditions to improve 
the mechanical properties of the glass. The consid­
erable difference of the thermal expansion coeffi­
cients, which is a feature of a low degree of physical 
compatibility, is, however, an argument against this 
combination. During the cooling down from the 
manufacturing temperature, the fibres get under 
radial and axial pressure, the matrix, however, under 
axial and, at the fibre boundaries, under tangential 
tensile stresses. 

This S t a t e of stresses results in a good amount of 
friction between fibres and matrix, but in brittle 
matrix materials internal tensile stresses are disad-
vantageous, since they lower the strain of the 

4. Manufacture of the composites 
For the success of the extrusion as well as for the 
quality of the resulting samples, it is indispensable to 
mix the silicon-carbide short fibres with the AR-glass 
powder in an extremely homogeneous way. Due to 
various reasons, however, this is very difficult [23]. 
One problem is the bulk factor of the fibres and their 
high tendency to form clews. Α second reason for the 
difficult miscibihty features is the very different 
geometry of the components to be mixed. Thus, it is 
inevitable that some fibres break during the mixing 
process. It must, therefore, be the aim of the mixing 
process to reach homogeneous mixtures in such a way 
fibres are preserved as much as possible and the 
formation of clews is avoided or existing clews are 
destroyed. After many variations of the mixing 
parameters, the following process proved to be 
suitable. 

First of all, sized fibres are c l e a n e d in an 
U l t r a s o n i c bath with distihed water. Subsequently, 
the roving pieces are mixed with the glass powder, 
using a laboratory-type mixing propeher and adding 
disthled water again. The sthl existing fibre size 
protects the fibres at the beginning of the process 
without avoiding their necessary singularisation unth 
the end. In addition to this, also the forming of clews 
can be nearly forestalled. Moreover, it is advan-
tageous to dissolve about 2 wt% of hydroxyethylcel-
lulose (HEC) in the distihed water and raise its 
viscosity considerably in this way. So the flow of the 
powder-fibre dispersion is much less turbulent, 
whereby the danger of clew forming and fibre 
breaking is nearly reduced. Neither the polymer size 
nor the HEC has a negative effect on the properties of 
the composites, hence the decomposition tempera­
tures of both materials are much lower than the 
extrusion temperatures and they are removed during 
heating up. IVloreover, there are some indications 
that the chemical processes during the decomposition 
lower the oxidic deterioration of the fibres by 
consuming the oxygen in the mixture and producing a 
kind of inert-gas atmosphere. After the mixing 
process the mixture is being dried and filled into the 
Container of the extruding press. 

This machine can be seen in figure 5, in a sectional 
view. Container, inner and outer holder, die holder, 
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Figures 6a and b. Temperature and viscosity ranges (figure a) and 
pressures (figure b) suitable for extrusion as a function of 
fibre-volume fraction. 

and plug are made o f a high-temperature resistant 
steel (X 10 Cr Ni 18 10), the plug having a ghding ring 
made of cast iron at the top. The die is manufactured 
of electrographite, a material with which the glass 
melt does not bond. The electric-resistance furnace 
can produce temperatures up to 900 °C inside the 
C o n t a i n e r , and for its regulation there is a thermo­
couple element instahed in the wah of the C o n t a i n e r , 
near the deformation zone. The hydraulic plunger, 
that can partly be seen on the right side, can produce 
a plug pressure of more than 500 bars. 

After fIlling into the C o n t a i n e r , the glass pow­
der-fibre mixture is heated up to the pressing 
temperature and precompressed at a low plug 
pressure. Thereafter, the required pressure is ad­
justed and the now compact block is transformed into 
a rod. Figures 6a and b show the temperature and 
thus the viscosity ranges and the pressure amounts as 
a function of the fibre-volume fraction, that have 
proved to be successful during the experiments. It can 
clearly be seen that with an increasing fibre fraction 
the pressing temperatures as well as the pressure have 
to be raised to get comparable extrusion veloci-
ties. 

5 . Structural examinations of the composite 
samples 
Figure 7 shows a pohshed cross-section of a glass-
composite rod produced as described in section 4. 
with a fibre-volume fraction of 25 %. The homoge­
neous distribution of the fibres and the low degree of 
porosity in the rod can clearly be seen. The 
examinations of the cross-section with an automatic 
image-analysing S y s t e m (TAS plus, Wild-Leitz, 

Figure 7. Polished cross-section of an 
reinforced AR-glass rod (vf = 25 %). 
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Figure 8. Comparison of the measured shear stresses at the fibre -
matrix boundaries (O) with the calculated thermally induced radial 
shrinkage pressure stresses (—) as a function of fibre-volume 
fraction. 

Wetzlar (FRG)) [24] confirm these impressions also 
quantitatively. The porosity values, as determined, 
are about 2 to 7 %, the fibre-volume fraction shows 
only smah stragghng over the cross-section. 

Another examination at the cross-sections was 
made with regard to the shear strength at the 
fibre-matrix boundaries. The method, as used, has 
been developed by Marshah [25 and 26] and is based 
on Vickers-microhardness testing. With the aid of this 
method, that cannot be described here in a detailed 
way, it is possible to determine the boundary-shear 
stresses on the basis of the force apphed and of the 
thus caused lowering of the fibre to a level below the 
cross-section plane. The results of these measure­
ments are demonstrated in figure 8; they show a 
nearly linear decrease with increasing fibre fraction. 
Α comparison of these values with the results of 
approximate computations of the thermally caused 
radial shrinkage pressures, also shown in figure 8, 
yields an interesting relationship. There is a clear 
correspondence of the dependences of these two 
values on the fibre-volume fraction. This allows the 
conclusion that stress transmission between the 
AR-glass matrix and the SiC fibres mainly is based on 
the Coulomb-friction effect and that other bonding 
mechanisms are at best of subordinate importance. 
Thus, the maximum boundary-shear stress can be 
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Figure 9. Longitudinal polished section of an extruded short-fibre 
reinforced glass rod (vf = 10 % ) . 
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Figure 10. Fractions of analyzed fibres with an angle difference of 
less than ± 5° and ± 1 0 ° , respectively, to the rod axis as a function 
of fibre-volume fraction. 

expressed as τ = μρ with a mean coefficient of 
friction oi μ = 0.34 resuhing therefrom. 

As already mentioned in section 1., the special 
suitabihty of extrusion for the manufacture of 
short-fibre reinforced glasses is to be found in the fact 
that the fibres adjust themselves preferably in parahel 
direction with regard to the axis of the rod [27]. Α 
judgement of this ahgnment behaviour of the fibres 
was also possible by using the automatic image-ana­
lysing System, but at longitudinal metahographic 
sections of the samples. Although the Impression, 
when inspecting such an image, as shown in figure 9, 
seems to be unequivocal, it is not unproblematic to 
judge the ahgnment objectively. 

Especially for this purpose a programme has been 
developed for the image-analysing system which is 
able to analyze a longitudinal section independently 
with regard to fibre orientation. This programme first 
of ah computes an aspect ratio for each fibre section 
to exclude such sections that are not suitable for an 
orientation analysis. These can be fibre fragments, 
cut by the ground surface, but also fibres that are 
oriented nearly normally to the plane of the section. 
Subsequently, the end points of ah remaining fibre 
areas, in the direction of the rod axis, are registered, 
and the angle of the straight line connecting these 
points with the axis is being calculated. The Output of 
the fibre orientation determined in this way is 

numerical and - if wanted - graphical. The graphic 
representation of a good fibre orientation is similar to 
a narrow Gaussian distribution curve. 

For comparing the various angle distributions, the 
fibre fractions lying inside an angle region of ± 5° and 
± 10°, respectively, at this two-dimensional analysis, 
are being used. Both fractions are slightly decreasing 
with increasing fibre-volume fraction as figure 10 
shows. 

6. Determination of meclianical properties of the 
composites 
Besides those structural examinations the specimens 
were also subjected to investigations with the aim of 
determining their mechanical properties and their 
fracture behaviour. Since the tenshe test used as a 
rule for many metahic materials is connected with a 
couple of problems in case of brittle materials, 
bending tests were chosen in the present case, as 
usually. For determining Young's modulus and 
strength, four-point bending was used, and impact-
bending tests offered information about the compo­
sites' fracture behaviour. 

The four-point bending test was carried out on a 
computer-controhed universal testing machine ac­
cording to DIN EN 100 [28]. Compared to 
three-point bending, where the maximum bending 
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Figures IIa and b. Typical load-deflection diagram drawn after measured values of the four-point bending method and respective 
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Figure 12. Young's moduli of extruded short-fibre reinforced glass 
composites as a function of fibre-volume fraction. LRM = Linear 
Rule of Mixture. 
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Figure 13. Bending strength of extruded short-fibre reinforced 
glass composites as a function of fibre-volume fraction. 

moment is at one point, this kind o f load has the 
advantage that there is a constant moment without 
the influence of shearing forces over the complete 
ränge between the two load points. Thus, a higher 
degree of measuring precision can be obtained. 
Figures IIa and b show a typical load-deflection curve 
of a composite in comparison to non-reinforced glass 
(figure a) and the used four-point bending equipment 
(figure b). The glass specimen was also produced by 
extrusion of glass powder to ensure comparable 
conditions. This specimen shows the typical ideal 
brittle behaviour with a correspondingly low work of 
fracture that can be determined from the area below 
the graph. Until the fracture itself, no unelastic 
deformation of the material can be seen. 

In case of fibre-reinforced glass, however, even 
after exceeding the strain of rupture of the matrix 
glass and the appearance of the first matrix crack, 
further load is necessary to destroy the specimen 
totally. This pseudo-plastic behaviour mainly causes a 
clearly raised work of fracture. 

In principle, such a load-deflection curve can be 
divided in three areas. At the beginning, at low loads, 
a linear-elastic behaviour can be seen. That ends whh 
the appearance of the first matrix crack at the 
tensile-stress side of the specimen. This crack is 
impeded in its expansion and slowly grows toward the 
pressure side, during the further loading process. In 
the already broken region, only the crack-bridging 
fibres are carrying load. This second phase thus is 
connected with a continuous decrease of the speci-
men's stiffness, recognizable by the decreasing of the 
curve gradient. When the crack at last has parted the 
whole glass matrix, only those fibres, which have a 
low degree of bending rigidity, cause the connection 
of the specimen fragments. That resuhs in a rapid 
decrease of the bending stiffness in the third phase, 
but - furthermore - energy is needed to puh the 
crack-bridging fibres out of the matrix and thus cause 
the total S e p a r a t i o n of the specimen. 

In the quasi-statical bending test essentially two 
values are determined that are interesting for judging 
the composhes: the Young's modulus for the behav­
iour in the Hooke's area and the maximum support-

able bending stress. The Young's modulus, which, 
according to the model described in section 2 . , should 
be only neghgibly smaher than the corresponding 
value of long-fibre composites, unfortunately could 
not fulfh the expectations. The determined values 
always were much lower than the calculated ones, as 
can clearly be seen in figure 12. Even the stiffness of 
non-reinforced glass only sometimes could nearly be 
reached at high fibre fractions. The reason for that is 
to be found in the considerable difference of the 
thermal expansion coefficients. The high internal 
tenshe stresses within the matrix caused thereby can, 
in connection with surface microcracks, weaken the 
material even at comparatively smah loads and thus 
decrease the amount of stiffness. 

The bending strengths, as related to the original 
cross-section, however, show much better results 
(figure 13). These values continuously rise up to 
15 vol.% fibres to more than twice the quantity of 
non-reinforced glass. The S t a g n a t i o n of the ascent 
recognizable at high fibre fractions mainly can be 
traced back to the rising problems in mixing and to 
the increasing amount of fibre damage. Besides that, 
partially rather clear fluctuations of the fibre pro­
perties are quite an important factor. This can be seen 
from the fact that the highest measured values even 
with high fibre-volume fractions do not show any 
Stagnation. 

The impact-bending test is used to determine the 
behaviour of materials at shocklike loads which 
especially in case of brittle matrices can cause critical 
stresses. Therefore, also the fibre-reinforced glasses 
were subjected to that test which can yield valuable 
results in a short time and with few specimen 
preparations. The value measured in this test is the 
work of fracture from which the so-called impact 
resistance is calculated. This is displayed in figure 
14 as a function of the fibre-volume fraction. In this 
case, too, a Stagnation can be seen at higher fibre 
fraction, but not below 20 %. In a way simhar to the 
bending strength, the highest measured quantities 
show a continuous increase up to 25 %. This 
difference also has to be traced back to the varying 
fibre properties. 
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Figure 14. Impact-resistance values of extruded short-fibre rein­
forced glass composites determined (O) and calculated (—) for 
different fibre lengths (equation (14)) as a function of fibre-volume 
fraction. 
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Figure 15. Fracture surface of an impact-bending specimen with 
puh out of fibres {v^ = 20 % ) . 

Α very interesting relation results by adding the 
impact resistance of non-reinforced glass, «„g^ which 
is also made by extrusion of glass powder, and the 
calculated pull-out energy, both multiphed by the 
corresponding volume fractions. Since the fibre 
length even after some fibre damage is much higher 
than 2 /pmax, equation (13) has to be used for this 
calculation: 

1 
L 12μ^' ρ 

2'Vi + a, ng (14) 

The results of these calculations for different fibre 
lengths are also displayed in figure 14. The great 
simüarity of the tendencies of the measured and of 
the calculated values and the nearly exact conformity 
with the calculation for 0.8 mm long fibres ahow the 
conclusion that indeed the surface energy of the 
non-reinforced glass and the puh-out energy are 
mainly responsible for the quantity of work dissipated 
in impact bending. 

Scanning electron microscopic photographs of 
fracture surfaces of impact-bending specimens (figure 
15) show the fibre ends typical for the puh-out 
process as well as the Channels out of which the fibres 
of the corresponding specimen piece have been 
puhed. Moreover, these pictures, too, clearly show 
the parahel orientation of the short fibres within the 
composite. 

7 . S u m m a r y 

The extrusion technique, used for the first time for 
the manufacture of short-fibre reinforced glasses, has 
proved to be very suitable for this purpose. Its special 
advantage lies in the experimentally verified pre­
ferred orientation of the fibres in the direction of 
extrusion. The specimens, as produced, show clear 
advantages, compared to non-reinforced glass, with 
regard to strength and fracture toughness. These 
eventually can even be increased by further optimi­
zation of the manufacturing process. Especially, a 

possible further development of mixing with regard to 
higher fibre fractions and the possibhity of extrusion 
in vacuum should be mentioned here. Moreover, the 
investigations should be expanded to other fibre-
matrix combinations. 

The combination of the properties of fibre-rein­
forced glasses - here once more low density, limited 
thermal and extremely high chemical resistance, high 
hardness and wear resistance, and clearly improved 
mechanical properties compared to non-reinforced 
glass should be mentioned - is not reached by any 
conventional material. For that reason, short-fibre 
reinforced glasses seem to be suhable for special 
applications in aeronautics and astronautics, in 
chemical and medical techniques, in universal engi­
neering and manufacture of apparatus, and in 
structural glazing, for example in the building 
trade. 
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