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Abstract 

Most studies dealing with fractographic analysis are 
based on the occurrence o f  features, such as mirror, 
mist and hackle zones,formed symmetrically around a 
dq/'ect. Calculations are carried out hereupon. In this 
study, polished borosilicate specimens, and ground, 
annealed and chamfered borosilicate glass specimens 
are used jor fractography. Six dc:/'ect types could be 
distinguished, whereo[" .[bur types deviate from 
symmeto,. The strength data, obtained Jrom three- 
and Jour-point bending, are described by a Weibull 
probability density function. Discontinuities present in 
the Weibull graphs were expected to be linked to the 
six defect populations. However, although glass is 
assumed to be an ideal and isotropic material, no such 
relationship has been foumt. 

Die meisten Untersuchungen, die sich mit der Bruch- 
bildanalyse bc:/assen, basieren au[' dem Erscheinungs- 
bild des Bruches, wie z.B. Spalt-, faserige und 
Spitzbruchzonen, die sich svmmetrisch um einen 
D~['ekt bilden. Dies dient als Ausgang [~ir nachfol- 
gende Berechnungen. In der vorliegenden Arbeit 
wurden polierte Borsilikatproben, geschl(ffene und 
angelassene Borsilikatglasproben sowie Borsilikat- 
glasproben mit abgeschriigten Kanten mit Hilfe der 
Bruchbildanalyse untersucht. Die Festigkeitsdaten 
aus Drei- und Vierpunktbiegeversuchen werden duch 
eine Weibull- Wahrscheinlichkeitsdichtefunktion 
beschrieben. Diskontinuitiiten in den WeibulI-Kurven 
werden im Zusammenhang mit der Population yon 
sechs Defektarten erwartet. Obgleich Glas als ideales 
und isotropes Material betrachtet werden kann, 
konnte jedoch keine solche Beziehung gefunden 
werden. 

* Also affiliated with Philips Research Laboratories, P.O. Box 
80000, 5600 JA Eindhoven, The Netherlands. 

La plupart des ~tudes utilisant l'analyse fractographi- 
que sont basc;es sur la presence de caractOristiques 
telles que des zones miroirs, des zones accidentOes ou 
dffuses jormOes sym&riquement autour d'un dOfaut. 
Les calculs tiennent compte de ces ./hits. Dans ce 
travail, des &'hantillons de verres borosilicatc; polis, 
ainsi que des c;chantillons usinOs, recuits et chanfreinOs 
ont Otc; utilisOs pout" l'c;tude /ractographique. Six types 
de d~/auts peuvent &re distingu~s, parmi lesquels 
quatre types d&,ient de la svmOtrie. Les r~sultats de 
r~;sistance, obtenus en.flexion trois et quatre points, 
sont ~#c'rits par une Jbnction de densit~ de probabilit~ 
de Weibull. On s'attendait gt ce que les discontinuitds 
constat¢;es dans les graphiques de Weibull soient liOes 
aux six populations de d~['auts. Cependant, bien que le 
verre puisse ~tre considOrc; comme un matOriau ideal et 
isotrope, de telles relations n'ont pas OtO trouvOes. 

1 Introduction 
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Fractography of  brittle materials is used to deter- 
mine the origin of  failure during strength testing. In 
general, this origin can be traced to material 
inhomogeneities, such as pores and microcracks, 
which occur either due to material processing 
(volume defects) or machining (surface defects). 
Fracture features, such as mirror, mist and hackle 
zones, and crack branching, are formed upon failure. 
Generally it is assumed that these are formed 
symmetrically around the critical defect. 1 -5 Calcul- 
ations to obtain material parameters, such as mirror 
constant and fracture toughness, are carried out 
with the assumption that symmetric fracture fea- 
tures occur, a6 - 9 

In a number of  cases, the bimodal behaviour of  a 
Weibull graph was associated with different types of  
failure origin, such as the distinction between 
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Table 1. Properties and dimensions of the borosilicate glass samples 

Bars Disk 1 ~ Disk 2 ~ 

Dimensions (mm) L = 50 D = 20 D = 30 
H =  4.5 t = l ' 5  t = l . 5  
W= 3'5 - -  - -  

Tolerance on dimensions (mm) 0'1 0'1 0-1 
Chamfer width (ram) 0.07 - -  - -  
Roughness (l~m) < 0'1 < 0'3 < 0.3 
Flatness (l~m) < 5 < 5 < 5 
Density (g/cm 3) 2.21 2.51 2"51 
Poisson's ratio h 0.189 0'224 0.224 
Young's modulus (GPa) h 61.6 71-3 71.3 

a Disk' and disk 2 represent the disks used for bor and ror respectively. 
h Measured with the pulse-echo technique. 

volume defects and surface defects, but without 
significant support of fractography. It is, however, 
clear that such a correlation can be made unequivo- 
cally. Therefore, some tests were done, in order to 
verify such a one-to-one correlation. Three- and 
four-point bend tests were done, and the resulting 
strength data are described by means of Weibull 
statistics. The chosen test material was glass, because 
of its assumed ideal behaviour and isotropy. 
Fracture features are examined by means of optical 
and scanning electron microscopy. For both the 
polished and the ground, annealed and chamfered 
series the relationship between the defect types and 
Weibull statistics has been studied. 

2 Experimental Procedure 

Two series of borosilicate glass specimens were 
prepared. The first series was ground and afterwards 
polished. The second series was ground and after- 
wards annealed, to reduce residual compressive 
stresses in the specimen surface. The annealing 
temperature was chosen at 540°C (within the 
annealing range of 525°C and 550°C), to prevent 
deformation of the specimen due to weakening at 
the upper annealing temperature. Annealing at 
540°C, representative for a viscosity of 10145 dPa, 
results in a stress reduction to about 0.6 MPa after 
1 h annealing. Strength testing was done in three- 
point bending with span length 20 mm (3pb20) and 
40 mm (3pb40), and four-point bending (4pb) with 
inner span length 20mm and outer span length 
40mm, ball-on-ring (bor) bending with loading 
radius 6mm, and ring-on-ring (ror) bending with 
inner loading radius 6 mm and outer loading radius 
10 mm. The crosshead speed of the testing machines 
was chosen corresponding to a strain rate of 
5× 10-4s -1. Dry conditions were achieved by 
means of flushing nitrogen gas with a dew point of 
-35°C through a chamber enveloping the test jig. 
The fracture planes of the specimen tested in three- 
and four-point bending were examined by means of 

a Zeiss optical microscope with 30-40 times 
magnification. SEM examination was done by 
means of a JEOL JSM-800A scanning electron 
microscope. The properties and the dimensions of 
the glass specimens are listed in Table 1, where L is 
the length of the bars, H the height, W the width, D 
the diameter of the disks and t their thickness. 

3 Results and Discussion 

Strength results for the ground and polished series 
are given in Table 2. The strength distribution can 
be described by means of a Weibull probability 
distribution function. The Weibull distribution is 
calculated, according to 1°- 12 

Pf = 1 - e x p  I \O-o/(°fx] m]_] 

where Pr is the failure probability, af is the failure 
strength, a o is the characteristic Weibull strength, 
and m is the Weibull modulus. The Weibull modulus 
is calculated, using a least-squares fit with a weight 
function on the linearized Weibull equation. The 
failure probability Pi is estimated by 1°- 12 

i -0"5  
P i -  

N 

where Nis the total number of specimens and i is the 
rank number. The weight function used was T M  

wi = [(1 - Pi) In (1 - -  e i ) ] 2  

For the polished series, the Weibull graph is shown 

Table 2. Results of the strength tests of the ground and polished 
borosilicate glass series 

Batch N Mean af (MPa) m a o (MPa) 

bor 40 237.3 + 51.3 5'0 242.6 
3pb20 40 200-6+29.9 10.9 213.3 
3pb40 40 193.4 + 21.8 10'8 202-9 
4pb40 40 160.7 ___ 34.4 5-2 177.9 
ror 40 125.7+31.0 3'4 134-5 
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Fig. I. Weibul] graph: failure stress (a 0 versus failure probability (Pf) e(!:he p~ished series, for three-point bending (3pb20 and 3pb40) 
and four-point bending (4pb~: The numbers 1 to 5 represent th e type 1 to type 5 defects. Type 6 defects do not occur. 

in Fig. 1. The Weibull graphs show a decrease in 
strength from bor towards 3pb20, towards 4pb40, 
towards ror, corresponding to the increase in 
effective (tested) surface. 

Fractography revealed four distir~ct regions on 
the fracture s u r f a c e , , s u r r o u r t d i n ~ e  critical de- 
fect. 1''~'5'~3 These regions am,;:from the defect 
growing outwards, a mir;forzone (a flat and smooth 
region), a mist zone  (smalr ridges parallel to the 
direction of cracl~ propagation), a hackle zone 
(similar to the mist zone but larger ridges), and crack 
branching (the formation of two or more primary 
cracks), as is shown in Fig. 2. 

5:CRACK BRANCHING 

"N, , A d 3: MIST 

, " '~e .9-;- ' ,'~:'::f,..z-f~ 2: M RROR 

l :  DEFECT 

Fig. 2. Schematic diagram of fracture features, with mirror (2), 
mist (3) and hackle zones (4) and crack branching (5), 
surrounding the strength determining defect (1). The arrows 

represent the direction of  maximum tensile stress. 

In the literature, analysis of fracture surfaces has 
been carried out with the assumption that symmetric 
fracture features are formed around the strength- 
determining defect. 1-s The samples studied here 
show, however, that this is only true for 46% of the 
tested specimens of the polished series, and for 35% 
of the tested specimens of the annealed series. Six 
defect types could be distinguished. A description, 
assisted by SEM photographs, is given in Fig. 3. 

The relationship between the defect types ob- 
served and the Weibull graphs is shown in Fig. 1 for 
the polished series. A decrease from high towards 
low strengths was expected to be followed by failure 
on type 1 defects at high strengths, from type 2 and 3 
defects at intermediate strengths, and from type 5 
and 6 defects at low strengths. Such a relationship, 
however, has not been found. The defects seem to be 
distributed randomly. This poor relationship was 
considered to be the result of residual compressive 
stresses on the specimen surface, caused by grinding 
and polishing. 

Annealing is capable of removing the residual 
stress. However, it can possibly also affect the defect 
size distribution. Therefore, the effect of annealing 
upon Weibull statistics is studied. The Weibull 
modulus m is 3"6 (20 specimens tested in 3pb20) for 
the annealed series, and 5"5 (20 specimens tested in 
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(a) (b) 

(c) (d) 

(e) (f) 
Fig. 3. Representative SEM photographs of the six defect types. The small white arrows show the defect (1), mirror (2), mist (3) and 
hackle zone (4) and crack branching (5). The large white arrows show the direction of maximum tensile stress. (a) The mirror is formed 
symmetrically around a surface defect (type l), along the side of the bar of maximum tensile stress; (b) the mirror is formed strongly 
asymmetrically around a surface defect (type 2), along the side of the bar of maximum tensile stress; (c) the mirror is formed around 
several surface defects (type 3), which are located along the side of the bar of maximum tensile stress; (d) a volume defect (type 4), formed 
due to processing inhomogeneities; (e) a type 5 defect, which is located on the side of the bar; and (f) a type 6 defect, which is located at 

the chamfered edge. 

3pb20) for the non-annealed series. The 95% 
probability interval for m for 20 samples is 4.6 4- 2-5. 
Annealing seems not to affect the defect populations 
significantly, as shown by the similar Weibull 
modulus for annealed and non-annealed ground 
specimens. 

Results for the ground and annealed specimens 
showed strength data for 4pb samples below ror 
tested samples, which was not expected, according to 
the effective tested surface of both tests. Frac- 
tography on 4pb and 3pb20 tested samples indicated 
that 54% of all tested samples failed on about 10 #m 
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Table 3. Strength results of the annealed and chamfered 
borosilicate glass series 

Batch N Mean af (MPa) m a o (MPa) 

3pb20 30 237.8 _+ 47"0 6"2 259-8 
bor 30 243-4 + 56'6 4.5 262.7 
4pb40/20 30 180.4 _+ 49,8 3-8 205.6 
rot 30 125.7+_31.0 3.4 134.5 

a decrease of type 1 defects is found from 47% for 
3pb20, towards 23% for 4pb. This behaviour is 
followed by an increase in effective tested surface 
from three-point bending towards four-point bend- 
ing. The larger the effective tested surface becomes, 
the more other than ideal (type 1) defects are present. 

defects at the edges of the test bars (type 6 defects). 
These edge defects were considered to be responsible 
for the lower strengths. Chamfering was done to 
remove the type 6 defects, which were introduced 
during grinding. A chamfer of 0.07 mm was con- 
sidered to be sufficient. 

Strength results for the ground, annealed and 
chamfered series are given in Table 3, accompanied 
by the Weibull graphs in Fig. 4. Fractography shows 
that the relationship between the defect types, which 
were comparable to those of the polished series, and 
Weibull statistics, is not understood, as for the 
polished series. Chamfering seems not to be suffi- 
cient to eliminate type 6 defects. 

A slight tendency in the occurrence of defect types 
is noticed, however, from 3pb20 towards 4pb. The 
occurrence of (ideal) type 1 defects decreases for the 
polished series from 68% for 3pb20, towards 53% 
for 3pb40, and 23% for 4pb. For the annealed series 

4 Conclusions 

In spite of the ideal and isotropic behaviour of glass, 
in which the defects can be traced and classified very 
well, no relationship has been found for the polished 
series and the annealed and chamfered series 
between the observed defect types and Weibull 
statistics. Therefore, the identification of different 
failure origins from Weibull graphs alone without 
fractography is useless. Fractographic studies on 
less ideal and more crystalline materials will be more 
difficult. The poor relationship between Weibull 
statistics and the observed defect types of the 
polished series cannot be ascribed to compressive 
residual stresses on the specimen surface only, 
because the annealed series show a comparable poor 
relationship. Annealing is considered not to affect 
the defect populations caused by grinding. The type 
6 defects along the edges of the test bars, which are 
assumed to reduce the failure strength, could only 

Fig. 4. 
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partly be removed by means of chamfering. They are 
absent in the polished series as a result of the 
polishing step. 
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