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Fractographic analysis of vitreous calcia-alumina 
eutectic fibres produced by inviscid melt spinning 
(IMS) 
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The mechanical properties of inviscid melt spun (IMS) CaO-AI2Oa (46.5 wt % CAO-53.5 wt % 
AI203) eutectic fibres were examined by fractographic analysis as well as four-point bending 
and micro-indentation. The averaged fracture strength and elastic modulus values of the 
IMS Calcia-Alumina (CA) fibre were determined to be 460 MPa and 99.8 GPa, respectively by 
using four-point bending tests. The inner mirror constant (M) was determined to be 
2.39 MPa. m 1/2 by using the plot of the fracture strength (~)  obtained from the bending tests 
as a function of r -~/2, where r is  the inner mirror radius measured from scanning electron 
microscopy (SEM) on the fractured CA fibres. The flaw-to-mirror ratio (c/r) for the CA fibre 
was calculated to be 1 : 11.24. Also, the critical flaw size (c) of the CA fibre was estimated to be 
2.35 gm. The averaged elastic modulus value from Knoop micro-indentation was 
determined to be 102.5 GPa which is in good agreement with that from the four-point 
bending tests. 

1. Introduction 
The inviscid melt spinning (IMS) technique has been 
successfully applied to fibre fabrication [1-12]. The 
development of the IMS method means that the spin- 
ning of inviscid ceramic melts has become possible. 
This is achieved by overcoming the Rayleigh breakup 
of the molten stream during spinning. This is made 
possible by using the pyrolysis of a hydrocarbon gas 
such as propane which then forms a carbon sheath on 
the surface of the molten stream which stabilizes the 
molten stream until solidification occurs. The IMS 
technique is a very rapid and low cost fibre fabrication 
method compared to other current ceramic high per- 
formance fibre fabrication methods. These other tech- 
niques include chemical vapour deposition (CVD), 
used to grow ceramics on tungsten and graphite fila- 
ments [13 16], the pyrolysis of cured polymer fibres 
[17-19], slurry processing of a ceramic powder and 
organic polymer mixture [20-22] and diffusion based 
sol-gel processing of metal alkoxides [23-25]. Ce- 
ramic fibres of CaO A1203 (CA) [1-8], BaO-TiO2 
(BT) [9], CaO-A1203-MgO (CAM) [10], AlaO3- 
ZrO2 (AZ) [11] and AlzO3-MgO (AM) [12] have 
been produced using the IMS process. In order to 

decrease the ceramic melting temperatures eutectic 
compositions of binary or ternary ceramic systems 
were used in IMS. A decreasing in the melting temper- 
ature meant that the reduction of the ceramic melts by 
carbon could be prevented. The as-spun eutectic CA 
fibre (46.5 wt % CAO-53.5 wt % A1203) was a vit- 
reous phase whilst the other mentioned fibres were 
po!ycrystalline. In addition only the CA fibres were 
long ( ~> 30 cm) and dense, whilst the other fibres were 
short (~ 1-5 cm) and slightly porous. The CA fibres 
have been subjected to investigation of their micro- 
structure, crystallization behaviour and chemical 
durability. It is known that due to a rapid grain 
growth during crystallization the mechanical proper- 
ties of a CA fibre drop once it reaches the crystalliza- 
tion temperature of 930 ~ Thus, CA fibres can only 
be used for reinforcing glass-ceramic and metalma- 
trices which can be processed and utilized at relatively 
low temperatures. Some glass-ceramics, such as [3- 
spodumene containing BzO 3 and TiOz, can be pro- 
cessed at temperatures lower than 930~ by using 
sintering and crystallization heat treatments [26]. Sys- 
tems that have been studied to date include CA fibre 
reinforced cement [27], aluminium alloy [28], and 
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J3-spodumene glass-ceramic matrix composites E29]. 
However, a detailed study on the mechanical proper- 
ties of CA fibres has not been performed and this 
information is of importance to the application of 
CA fibres especially as a composite reinforcement, 
medium. 

The central focus of this study is on the fracto- 
graphic analysis of the CA fibre. The analysis of frac- 
ture strength, elastic modulus, and fracture toughness 
of the CA fibre was also performed. Four-point  bend- 
ing, Knoop and Vickers micro-indentation tests and 
alsoscanning electron microscopy (SEM) have been 
used in this study. 

2. E x p e r i m e n t a l  p r o c e d u r e  
The detail procedure of CA fibre fabrication is de- 
scribed in previous papers [-1-12]. The as-spun CA 
fibres were straight and approximately 30 cm in length 
and 200-300 gm in diameter. Fracture strength and 
elastic modulus values of the CA fibres were deter- 
mined by four-point bending tests. Since the diameter 
of the CA fibres were large in scale, a single fibre could 
be handled very easily. The inner and outer span 
distances for the bending jig were 11.61 and 23.22 mm, 
respectively. The lowest crosshead speed of 0.254 mm 
per min was used for the bending tests. All the frac- 
tured samples were labeled for further fractographic 
analysis. 

Scanning electron microscopy (SEM: Jeol 35-C, 
Japan) was applied to the fracture surface analysis of 
the CA fibres which were used for the bending tests. 
The inner mirror radius which is the distance from the 
fracture origin to the mirror-mist boundary (r), was 
measured from the samples. Specimens with asymmet- 
ric mirror were excluded in the measurements. 

Vickers and Knoop micro-indentation tests were 
used to obtain the fracture toughness and elastic 
modulus of the CA fibre. The CA fibres were cut into 
15 mm lengths using a razor blade and the faces 
were polished using SiC papers (grit #600). Five 
fibres were vertically embedded in an epoxy mount  
using a clip. The top and bottom surfaces of the 
sample mounts were polished using the SiC paper (t) 
and alumina powders (1.00 and 0.05 gm). During the 
polishing special care was taken to maintain the top 
and bot tom surfaces parallel. After the polishing the 
CA fibres were exposed at both the top and bottom 
surfaces of each mounL For  both the Vickers and 
Knoop micro-indentation tests the applied load was 
2.7N. 

3.  R e s u l t s  a n d  d i s c u s s i o n  
From the straight lines observed for the deflection 
data in the four-point bending tests the averaged elas- 
tic modulus value was determined to be 99.8 GPa. The 
fracture strength values also obtained from the bend- 
ing tests ranged from 365=512 MPa and the averaged 
value was determined to be 465 MPa. The fracture 
surfaces of the CA fibres were examined by SEM. 
Fig. 1 shows a typical fracture surface of an IMS CA 
fibre. The flat and smooth 'mirror' is bounded by the 
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Figure 1 Scanning electron micrograph (SEM) of typical fracture 
surface of the inviscid melt spun (IMS) CaO-A1203 (CA) entectic 
fibre. 

region containing small radial ridges known as 'mist'. 
The mist is bounded in turn by 'hackle' containing 
larger radial ridges, which is bounded by macroscopic 
crack branching. The inner mirror radius (r) of each 
fractured CA fibre was measured. The fracture 
strength (~f) values are plotted as a function of r - 1/2 
in Fig. 2 in which the line represents the least square 
fit to the data. All the data points can be expressed 
using the empirical relation [-30-37]: 

M = ~ f r  1/2 (1) 

where c~f is the fracture strength, M is the inner mirror 
constant, and r is the inner mirror radius. From the 
slope of the line in Fig. 2 the inner mirror constant 
of the CA fibre (M) was determined to be 
2.39 M P a . m  1/2. This value is close to that of silica 
glass (~2.33 M P a . m  1/2) and higher than those of 
borosilicate glass (~1.87 MPa.ml/2),  aluminosilicate 
glass (~2.14 MPa.ml/2),  and soda-lime glass 
(~  1.92 M P a . m  1/2) [,33]. 
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Figure 2 Plot of fracture strength (crf) of the IMS CA fibre obtained 
from four-point bending as a function of r- 1/2, where r is the inner 
mirror radius measured from SEM, micrographs. 



Figure 3 Scanning electron micrographs (SEM) of typical 
(a) Vickers and (b) Knoop micro-indents on the polished IMS CA 
fibre. Fibres were vertically mounted in epoxy resin. 

By substituting Equation 3 into Equation 1 the fol- 
lowing relationship can be obtained [34]: 

M = Y K i c / ( 2 c / r )  1/2 (4) 

By using the mirror constant (M) of 2.39 M P a ' m  1/2 
and a fracture toughness (KIc) of 0.90 M P a ' m  1/2 and 
assuming Y is equal to 1.12, corresponding to a penny 
shaped (semi-circular) flaw, the flaw-to-mirror size ra- 
tio (c: r) of the CA fibre was determined to be 1 : 11.24. 
According to the measurements of Mecholsky e t  al. 

[33] the flaw-to-mirror size ratios for most glasses 
range from 1 : 10 to 1 : 12.5. Krohn and Hasselman 
[36] have calculated this ratio for soda-lime glass and 
found it to be 1 : 10. Thus, the flaw-to-mirror size ratio 
for the CA fibre seems to be reasonable. Substituting 
the values of Klc (0.9 MPa.ml/2),  (Yf (465 MPa), and 
Y (1.12) in Equation 2, the critical flaw size of the CA 
fibre was calculated to be 2.35 gin. From the SEM 
observation the averaged inner mirror radius was 
~26.5 btm. Thus, from the flaw-to-mirror ratio of 
1 : 11.24 the critical flaw size of the CA fibre was again 
estimated to be 2.36 gin. 

The averaged Vickers micro-hardness value of the 
CA fibre was determined as 7.1 GPa  which is higher 
than that of aluminosilicate glass (~6.6 GPa) and 
soda-lime glass (~  5.6 GPa). From Knoop micro-in- 
dentation tests the average elastic modulus of the CA 
fibre was determined to be 102.5 GPa  which is very 
close to the 99.8 GPa  obtained from the four-point 
bending tests. Table I lists the mechanical properties 
of the CA fibres obtained in the present study. 

Fig. 3 (a and b) shows SEM micrographs of the 
typical Vickers and Knoop micro-indents on the 
polished CA fibre. From Vickers micro-indentation 
the averaged fracture toughness value (Kic) of the 
CA fibre was determined to be 0.9 M P a - m  1/2. This 
value is close to that of aluminosilicate glass 
(~0.91 M P a m  1/2) and slightly higher than that of 
soda-lime glass (~0.75 MPaml/2).  

The prediction of critical flaw size is of importance 
to the application of glasses. The general expression 
commonly used to calculate critical flaw size, c, is 
[33, 34]: 

c = (y2/2) (2E7o/cy 2) = (y2/2)(K2c/(y 2) (2) 

where err is the fracture strength, E is the elastic 
modulus, 7o is the critical fracture energy, and Y is 
a constant which depends on the flaw geometry. 
Equation 2 can be rewritten for err as: 

~ f  = Y K I c / ( 2 c )  1/2 (3) 

4. Conclusions 
The averaged fracture strength of an IMS CA fibre 
was determined to be 460 MPa  from four-point bend- 
ing tests. The fracture strength (C~e) values from ben- 
ding tests were plotted as a function of r -  1/2, where r is 
the inner mirror radius whose values were measured 
from SEM micrographs of the fractured CA fibres. 
From this plot the inner mirror constant (M) was 
determined to be 2 . 5 2 M P a . m  1/2. From Vickers 
micro-indentation tests, an averaged value for the 
fracture toughness (KIt) of the CA fibre was deter- 
mined to be 0.9 M P a . m  1/2. In addition the flaw-to- 
mirror ratio (c/r) of the CA fibre was calculated to be 
1 : 11.24. Also, the critical flaw size (c) of the CA fibre 
was estimated to be 2.35 gin. The averaged Vickers 
micro-hardness value was determined to be 7.1 GPa  
for the CA fibre. The averaged elastic modulus values 
of the CA fibre from the four-point bending and 
Knoop micro-indentation tests were determined to be 
99.8 and 102.5 GPa, respectively. 

TABLE I Summary of averaged mechanical properties of the inviscid melt spun (IMS) CaO-A1203 eutectic fibre 

Vickers Elastic Fracture Fracture Inner mirror Cri t ical  Flaw-to-mirror 
hardness, Hv modulus, E strength, c~f toughness, Km constant, M flaw size, c ratio, c:r 
(GPa) (GPa) (MPa) (MPa-m 1/2) (MPa.m l/z) (gm) 

~7.1 ~ 100 ~645 ~0.90 ~2.39 ~2.35 ~ 1 : 11.24 
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