
Effect of annealing and chemical strengthening on soda lime glass
erosion wear by sand blasting

Chabane Bousbaa, Abderrahim Madjoubi,
Mohamed Hamidouche, Nourredine Bouaouadja*

Laboratory of Non Metallic Materials, Department of Optics, Mechanics,

Faculty of Engineering, University Ferhat Abbas, Sétif 19000, Algeria

Received 8 February 2002; received in revised form 18 May 2002; accepted 1 June 2002

Abstract

The purpose of this work is to study the effect of ion exchange strengthening on the erosion wear resistance of a soda lime glass
exposed to sand blasting and to examine the influence of the residual stresses introduced during sand blasting. All sand blasting
erosion tests were carried out in laboratory at normal incidence with a sand flux velocity of 12 m/s using incremental eroding masses
up to a cumulative mass of erodent of 210 g. Three sets of glass samples were used for this study. The first set of glass samples was

strengthened by ion exchange in a salt bath containing a mass of 98% KNO3 and 2% Al2O3. Glass samples of the second set were
exposed to sand blasting in their as received state whereas those of the third set were submitted to an annealing treatment after each
incremental erosion test in order to eliminate any residual stresses introduced during sand blasting. After a detailed characterization

of the sand used and the determination of the mechanical properties (microhardness and fracture toughness) of both the treated and
untreated glasses, we compared the evolution of the mass loss, the erosion rate, the roughness and the optical transmission as a
function of the eroding mass for the three sets of glass samples. The results show that the ion exchange treatment improves slightly

the glass erosion resistance mainly for small eroding sand masses. The ion exchange treatment becomes less effective beyond an
erodent mass of 120 g where the erosion rate for the different sets tend toward nearly the same steady state. All the mean arithmetic
roughness curves show a maximum in the interval (90–120) g and tend after a slight decrease toward the same value (Ra�2.2 mm).

The optical transmission decreased sharply for all glasses independently of the treatment they received after a surface degradation
with a mass of 210 g. The difference in the behavior of the as received glass samples and of those annealed after each incremental
test reveals the importance of the residual stresses introduced during sand blasting. They seem to effectively enhance the mass loss.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In Saharan regions, glass articles are frequently
exposed to sand blasting damage. The glass surfaces are
deteriorated by the impact of fine sand particles of dif-
ferent shapes carried by the wind. The material removal
caused by these repetitive impacts can be detrimental to
the glass mechanical strength and its optical properties.
This kind of solid particle erosion on soda lime glass

takes place essentially by brittle fracture. There is a
resemblance between the morphology of the cracks
caused by sand blasting and those obtained by sharp

quasi-static indentation. The impacts of sand particles
induce elastic–plastic fractures where lateral cracks are
responsible for the material removal. This occurs by
chipping when the lateral cracks interact with each
other and with the glass surface. Radial cracks traces
can also be observed on the glass surface like radial/
median cracks obtained by Vickers indentation.
In general, the kind and extension of solid-particle

erosion of brittle materials are affected by the properties
of the target material (hardness HT, fracture toughness
KCT), the properties of the erosive particles (hardnessHP,
fracture toughness KCP, shape, size and specific gravity)
and by external conditions (impact velocity, incidence
angle and temperature) as shown in Fig. 1.1 Despite the
complexity of the erosion of brittle materials due to the
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interdependence of these parameters, some advanced
theoretical and experimental understanding of the phe-
nomena have been sought in the recent past.2�21

Most developed models of the erosion rate during
solid-particle erosion of brittle materials were based on
the depth and the extent of the lateral cracks using
indentation theory. The analysis is made using either
quasi-static indentation theory2�4 or including dynamic
effects5 at normal angle incidence. These models of ero-
sion by elastic-plastic fracture show the importance of
the fracture toughness of the target material KCT and to
a lesser extend its hardness HT for improving its erosion
resistance. Different relations of these two properties to
the erosion rate of brittle materials (ceramics and cera-
mic composites), developed by Wada and Watanabe6�8

using multiple regression analysis of experimental data
confirm the importance of their effect. The quantity HT/
KCT representing the brittleness of the target material9

was also used as a guide for erosion resistance.
A Hertzian type of fracture characterised by a purely

elastic deformation and the formation of cone cracks
can occur when the erosive particles are blunt or softer
than the target material.1 This type of brittle cracking,
hardly observed in our experimental work dealing with
glass sand blasting erosion, can cause material removal
when cone-cracks interact.10 Different models of this
type of brittle erosion were also developed by the
past.10,11

The lateral cracks nucleate in the plastic zone devel-
oped at the impact sites when a critical load of the ero-
sive particles is reached whereas Hertzian cracks initiate
their propagation from surface flaws surrounding the
impact sites.12 The critical load for the lateral cracks
formation is related to the target mechanical properties

(fracture toughness and hardness) and remains inde-
pendent of the surface condition (prior surface flaw size
and density). Contrary to the Hertzian type of erosion,
it is not necessary to have a perfectly polished surface to
improve the glass erosion resistance caused by elastic-
plastic fracture such as sand blasting erosion.
The effects of the particles properties (KCP and HP) on

the erosion wear of brittle materials were also con-
sidered by some authors.13�15 A study of the erosive
wear of different brittle materials using erosive particles
with different hardness14 shows that target materials
having small fracture toughness such as glass are eroded
essentially by brittle fracture. When the necessary
impact energy is reached, the erosion mechanism is of
the Hertzian fracture type with softer erosive particles
(HP/HT<1) or of the elasto-plastic fracture type with
harder erosive particles (HP/HT>1). Another study on
the effect of the particles toughness on the erosive wear
of brittle materials15 shows the tendency for an increase
of the erosion rate with tougher particles at an impact
angle of 80� and no clear relation when the impact angle
is 30�. The authors explained this difference in the effect
of the particles fracture toughness by the different ero-
sion mechanisms encountered with the two impact
angles. The erosion is characterised essentially by brittle
fracture with a 80� angle and scratching with a 30�

angle.
Studies on the effect of the incidence angle on the

erosion rate on brittle materials show that the maximum
erosion is reached at normal incidence. This is also the
case for glass sand blasting erosion as was shown in a
previous work.16 On ductile materials, the material
removal is obtained by plastic deformation and reaches
its maximum rate at shallow impact angles (around 30�

Fig. 1. Parameters to consider in solid particle erosion.
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impact angle). However, It was also shown that even
glass tends to be eroded by plastic deformation similarly
to ductile materials when eroded by very fine particles
or at low velocities.1 One particular study shows indeed
that the erosion rate of a soda lime glass eroded by 9 mm
silicon carbide particles at a velocity of 136 m/s reaches
its maximum at around a 30� incidence angle.17

The ‘‘ductile’’ type of erosion on brittle materials is
characterised by minor chipping with no crack forma-
tion. According to I.M. Hutchings,1 the transition in the
erosion mechanism from plastic deformation to brittle
fracture was explained by the necessary collision energy
of the particle to reach a certain threshold. He proposes
for different engineering materials that the dimensionless
expression (KCT

2 /r.HT
2 ), where r is the radius of the parti-

cle, can be used to determine the nature of the dominant
erosion mechanism. Lower values of this expression
would indicate the presence of brittle fracture.
To describe the nature and the mechanism of erosion

of different materials, other authors18 proposed instead
a new parameter known as the erosion efficiency �
defined as:

� ¼ 2:Er:H=�:V2 ð1Þ

where Er is the erosion rate, H the hardness, � the den-
sity of the target material and V the velocity at impact.
This efficiency can reach 1000% in the case of glasses

which behave in an ideally brittle manner in erosion
tests.
Besides, theoretical erosion maps based on the onset

of fracture in the elastic and plastic regime were derived
to show the erosion mechanism transitions.19,20

It is also interesting to note that repeated quasi-static
Vickers indentations on soda lime glass with sub-
threshold loads was shown to lead to an increase of the
plastic zone until radial cracks appear after a certain
number of cycles.21 The cracking starts when the resi-
dual stresses produced by these cumulative impressions
become critical. Comparatively, we could study the
effect of the residual stresses induced during solid parti-
cle erosion with repetitive fine particles impacts as is the
case with glass sand blasting at different velocities.
The usual way used for reducing impact damage on

glass is to put its surface in compression. This can be
achieved by thermal tempering, ion-exchange, vitreous
enamelling or by cladding with a material of lower
thermal expansion.22 The thermal tempering or cladding
methods give a relatively thick compressive surface layer
in comparison with the two other methods. It was
shown that the compressive surface stress field produced
by thermal glass tempering does not improve sig-
nificantly the glass erosion resistance to sharp particles23

as was noticed in sand blasting or by Vickers indenta-
tion, but it could certainly improve the material erosion
resistance caused by Hertzian cracking. The extent of

the lateral cracks produced by Vickers indentation can
be more pronounced if the glass is thermally tem-
pered.24 Other studies have shown that glass tempering
can have a small effect on its hardness and its elasticity
modulus by reducing them while the fracture toughness
seems to remain unchanged.25,26 This effect is due to the
more open structure of the glass obtained by rapid
cooling.
Ion-exchange is a chemical treatment which consists

of exchanging small ions by larger ions in the glass sur-
face using a molten salt bath. The expansion of the glass
structure generates a compression at the surface and a
balancing tension in the interior. This treatment is sim-
ple but costly when used industrially. According to I.W.
Donald,27 the thickness of the compressive layer varies
from a few micrometers up to several hundreds micro-
meters in dependence of the glass composition, the
treatment conditions and the sample thickness. Among
the main advantages of this treatment is that we can
obtain higher mechanical strengths and avoid glass dis-
torsion since it is usually made at a temperature lower
than the transition point. To our knowledge, the effects
of structural changes obtained by chemical strengthen-
ing or by coating techniques on the mechanical proper-
ties (KIC, Hv, E) and thus on the glass erosion
resistance, are not completely established.28�32

Our goal in this work is to study the effect of anneal-
ing and chemical strengthening on a soda lime glass
erosion when exposed to sand blasting. We have pro-
jected variable incremental erodent masses up to 210
grams normally to samples at a flux velocity of 12 m/s.
The samples were differently treated: as received,
annealed and chemically strengthened. We have deter-
mined the evolution of mass loss, erosion rate, rough-
ness and optical transmission as a function of the
incremental eroding sand mass.

2. Experimental procedure

2.1. Material characteristics

2.1.1. Glass characteristics and samples preparation
The material used in this study is an ordinary soda-

lime-silica glass which was delivered in its as received
state with a 3 mm thickness. Its mean chemical compo-
sition and some of its physical characteristics are given
in Tables 1 and 2.
The microhardness and the fracture toughness of the

as received and annealed glasses were measured by

Table 1

Mean chemical composition of the glass used

Oxides SiO2 CaO Na2O MgO Al2O3 Fe2O3 Others

Mass (%) 71.56 7.92 13.73 4.21 1.32 0.097 1.163
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Vickers indentation using a load of 1 N and a dwell time
of 20 s. We could not use a load less than 1 N for the
hardness measurements in order to reach the depth of
the roughness valley of the eroded glass. The dimen-
sional measurements of the imprint diagonals and of the
radial micro-cracks were made on an optical microscope
(Neophot 21). For the indentation tests made on the
chemically treated glass, loads within the interval (0.6–
0.8) N were under the threshold necessary for the
initiation of radial cracks while loads above 1 N induce
sometimes rapid chips formation impeding the radial
cracks observation. As the ratio l/a (with l ¼ c� a) of
the radial crack on half the diagonal is smaller than 2.5
for the loads used, we supposed that we have a Palmq-
vist type of crack system and choose the following Nii-
hara’s model33 for obtaining the fracture toughness.

K1c ¼
0:035

�
H:a1=2
� �

E:�=Hð Þ
0:4 l=að Þ

�0:5
ð2Þ

where H is Vickers hardness, E the Young’s modulus
and � a factor representing the ratio (H/�y) taken
approximately equal to 3.
In Table 3, are given the values of the glasses hardness

HvT, fracture toughness KCT and also the mean imprint
depths.
We prepared from the same soda-lime glass sheet,

glass samples having the same dimensions 50�50�3
mm3 in three different states:

� The first samples set was prepared in their as
received state without any treatment.

� The second set was annealed before and after
each incremental erosion test in order to elim-
inate any preliminary residual stresses or those
induced during each incremental erosion test.

The annealing treatment was made at a tem-
perature of 510 �C during one hour with a heat-
ing temperature rate of 3 �C/min and a cooling
temperature rate of 2 �C/min.

� The remaining glass samples were strengthened
by ion exchange making the glass surface in
compressive state. The chemical treatment was
made in a salt bath containing a mass of 98% of
KNO3 and 2% of Al2O3 at a temperature of
480 �C during 5 h.

2.1.2. Sand characteristics
The sand chosen for this study comes from the region

of Ouargla in the Saharian region sited at the oriental
Erg in Algeria. It was used in its as received state with-
out any preliminary washing. Fig. 2 represents a sand
sample showing the particles shape and average size. We
noticed that the sand is composed from differently
shaped and colored particles. Some of these particles are
limpid and translucent. The sand particles granulometry
distribution for a sand mass of 100 g is not very dis-
persed (Fig. 3). It was obtained using a series of sieves.
With successive sieving periods of 15 minutes, the dis-
tribution expressed in a histogram form (Fig. 4) shows
that most sizes lay in the interval (200–250) mm.
The particles appear mostly rounded in shape

although sometimes angular forms appear. The round-
ness is predominant as the elongation index (Ei) mea-
sured on a representative sand particles sample shows.
This index is defined as the ratio (Ei=Lp/lp) of the
greatest length dimension Lp observed on the sand par-
ticle over the greatest dimension lp measured perpendi-
cularly to Lp (Fig. 2). To determine the grains
elongation index, we used a sample of 100 sand particles
in the main interval (200–250) mm. We observed that
about 20% of theses particles are rounded as the elon-
gation index approached 1 and 70% present a limited

Table 2

Some of the physical glass properties

Properties Values

Thermal dilatation coefficient 	 8.5 10�6 K�1

Young modulus E 72 GPa

Poisson’s coefficient 
 0.22

Density � 2.47 g/cm3

Transition temperature Tg 530 �C

Table 3

Hardness, fracture toughness and mean imprint depth for the three

types of glass

Glass state As received Annealed Chemically

tempered

HvT (GPa) 5.78	0.13 5.91	0.25 6.61	0.20

KCT (MPa
p
m)33 0.84	0.021 0.78	0.018 1.85	0.085

Mean imprint depth (mm) 3.62 3.58 3.38 Fig. 2. Micrograph showing the sand morphology and size, and the

lengths LP and lP to consider in the elongation index determination.
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elongation with an index located between 1.1 and 1.5
(Fig. 4).
Colored aspect of the grains suggests they have a

diversified mineralogical composition. The principal
minerals composing the sand of Ouargla region are
brown tourmaline, limetine, limonite, colored quartz
and gypsum. The hardness according to Mohs scale of
these mineral constituents is given in Table 4.
In order to measure the hardness and the fracture

toughness of the sand particles, we glued the particles

into a thermosetting resin pellet. Before making the
indentations for these measurements, we proceeded to
successive micro-grinding operations made with differ-
ent fractions of alumina oxide (F80, F28 and F10). A
polishing final operation, using iron oxide particles of 1
mm mean size, was used to obtain a good flatness of the
pellet surface with a well prepared particles surface. We
determined the sand particles hardness using a load of
0.6 N and a dwell time of 15 s on a sample of 30 grains.
The obtained values present a certain dispersion
(Hv=14.49	3.28 GPa). These values are higher than
the glass hardness values despite their diversified miner-
alogical composition. We attempted to determine the
particles fracture toughness with a load of 1 N. Among
30 trials carried out, we notice that radial cracks
appear in all cases (2c=20.9	1.8 mm) and that only
one particle disintegrated. Because of the impossibility
to measure directly the sand particles Young’s mod-
ulus, we could not have an estimation of the fracture
toughness.

Fig. 3. Granulometry distribution obtained for the sand used.

Fig. 4. Histogram showing the elongation index of the sand particles

used for a sample of 100 sand particles.

Table 4

Sand mineralogical composition

Minerals Quartz Tourmaline Limenite Limonite Gypsum

Mohs hardness 7 7–7.5 5–6 2–5 2
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The sand density (�=2.639 g/cm3) was measured on a
finely crushed sand sample using a helium pycnometer.

2.2. Sand jet impingement apparatus

Different erosion test rigs were proposed in the litera-
ture. These depend on the impact velocities used. As
recommended by the standards for airborne particles
erosion testing (DIN 50 33234 and ASTM G76 8935), we
opted for a horizontal jet impingement system. It is
composed of an ejector in form of an elongated cylind-
rical with a conical convergent end allowing regular
particle suction. The convergent end of the ejector is
tied to a cylindrical nozzle of reduced section and hav-
ing a length between 1 and 1.5 m enabling the particles
to reach nearly the velocity of the air flux carrying these
particles. In general, the ratio of the conduit length to
its interior diameter L/’ has to be in the interval 25–80
in order to avoid turbulent flow and reach a steady flow.
In Table 5, we compare our ratio corresponding to 40
with those of other erosion test rigs used and found in
literature.36�42 The greatest ratio found among these
that we can notice is 333. The ASTM G76–89 recom-
mends a ratio (L/’=25) while the norm DIN 50 332
proposes a conduct with a length of 120 mm and a dia-
meter of 8 or 18 mm. In this work, the nozzle inner
diameter is 25 mm. The inner surface of the conduit is
supposed to not influence the velocity profile, as it dis-
cussed to by R.J.K. Wood.42

2.3. Test conditions

The air speed used for projecting the sand particles
out of the convergent end was fixed at 12 m/s. All glass
samples were placed normal to the sand flux. The dis-
tance between the convergent end and the samples is
fixed constant to 50 mm for all the erosion tests. The
sand mass rate is about 10 g/min and the sand flux is
estimated to be 0.338 kg/m2/s. The variable parameter is

the cumulative erodent mass: 5, 10, 20, 30, 60, 90, 120,
150, 180, 210 g. During erosion tests, the temperature
and humidity rate in the laboratory were nearly con-
stants: 25	1 �C and 43	5% RH. The mass loss of the
samples was measured before and after each experiment
on a Sartorius analytical balance with an occuracy of
0.1 mg.

3. Results and discussion

3.1. Mass loss

Fig. 5 presents the cumulative mass loss evolution as a
function of the incremental eroding sand mass for the
three glass states. We can observe the same tendency for
the three distinct curves. We have a smooth increase of
the cumulative mass loss in the beginning up to 60 g of
eroding mass and a clear more important augmentation
beyond. The curve for the as received glass above that
of the annealed glass shows the effect of the residual
stresses left by the erosion damage. This effect seems to
continuously increase with the mass projected as we can
see from the increasing separation of the two curves
although the same annealing treatment was taken after
each incremental erosion test and the same lapse of time
(24 h) was chosen between two successive tests. We
cannot speculate at the moment on the effect of the
environment (aging) on the mass loss when dealing with
such successive erosion tests. This would need further
experiments. The effect of the environment on soda lime
glass lateral crack formation was approached by Thir-
uvengadaswamy and Scattergood43 during indentation
cycling tests. They showed that postcycling aging can
produce delayed chipping but this remains dependent
on the load cycling history. We could have a similar
effect with sand blasting.
The chemically strengthened glass curve evolves simi-

larly to but below that of the annealed glass. The dif-
ference in the mass loss is more important for small
sand masses. It decreases and becomes almost constant
beyond a sand mass interval of (90–120) g. The two
curves are nearly parallel to each other. The erosion
process reaches probably a steady state in all cases after
a cumulative sand mass of 120 g, but the chemically
strengthened glass remains slightly more resistant to
erosion.
The histogram in Fig. 6 shows the evolution of the

relative cumulative mass loss for the small incremental
eroding sand masses. It seems that we have an incu-
bation period for the strengthened glass corresponding
to an eroding mass less than 10 g. The two other glasses
(as received and annealed) present some mass loss even
with a mass of 5 g.
The following figure shows a general view (Fig. 7A)

and some details (Fig. 7B) of the damage generated by

Table 5

Characteristics of some examples of erosion test rigs rates used in lit-

erature

Nozzle conduit

diameter ’ (mm)

Nozzle conduit

length L (mm)

Ratio

L/’

Velocity

(m/s)

References

4.95 305 62 90 36

3 90 30 15–35 37

4.72 308 65 52 38

8 100 12.5 368–423 39

6 2000 333 18–45 40

10 3000 300 300 8

1.5 16 10.66 20–300 41

30 2.2 13.63 10–200 20

16 1000 62.5 300 42

25 1000 40 12 Present

work
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sand blasting on the as received glass. We observe on
Fig. 7A that the flaws sizes are variable (singular or
multiple) and they are randomly distributed on the ero-
ded surface. The details on Fig. 7B show that the mate-
rial removal takes place by the formation and
propagation of lateral cracks which develop into chip-
pings of different sizes. We can also notice the similarity
between the singular impact flaws and the cracks systems
obtained by sharp indentation. When there is an interac-
tion between different impact flaws, the erosion mechan-
isms become complex and therefore difficult to describe.
In Fig. 8 obtained for the strengthened glass, we

observe that the flaws induced by sand blasting have a
different morphology in comparison with the as received

Fig. 5. Cumulative mass loss variation as a function of incremental eroding sand mass.

Fig. 6. Histogram showing an incubation period for the strengthened

glass in comparison with the as received and annealed samples.

Fig. 7. Micrographs showing a general view (A, �120) and some

details of the flaws generated by sand blasting for the as received glass

state (B, �280).
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state (Fig. 8A). The lateral cracks seem to be oriented in
all directions inducing a material removal in a closed
outline (Fig. 8B). This type of damage configuration is
hardly observed in the case of the as received state. In
the same test conditions, the singular impact flaws for
the strengthened glass seem to have reduced sizes. This
is probably related to the improved fracture toughness.

3.2. Erosion rate

The erosion rate is determined as the rate of material
mass removal against the mass of the particles projected
at the sample. Fig. 9 presents the cumulative erosion
rate evolution as the eroding mass increases for the dif-
ferent glass states.
The erosion rate of the strengthened glass is clearly

smaller than for the two other states especially during
the beginning of the erosion process up to a mass of 60 g

Fig. 8. Micrographs showing a general view of a strengthened glass

surface eroded by sand blasting (A, �120) and some details of an

impact morphology (B, �280).

Fig. 9. Erosion rate variation as a function of eroding mass for the three glass states.

Table 6

Hardness ratio, brittleness factor and efficiency obtained for the dif-

ferent glass states in relation with the steady erosion rate

State As-received Annealed Treated

by KNO3

HvP/HvT 2.51 2.45 2.19

HvT/KCT (m�1/2) 6881 7577 3573

Efficiency � (%) 325.5 250.9 230.4

Steady erosion rate (mg/g).10�2 10.1 7.55 6.02
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Fig 10. Glass surface roughness as a function of eroding mass for the different states.

Fig. 11. Mean optical transmission values before and after sand blasting for the different glass states.
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of eroding sand. The behaviour of the strengthened
glass curve changes also beyond this point in compar-
ison with the other curves. The erosion rate increases
before reaching a steady state while the two other curves
show a decrease toward nearly the same steady state.
The closeness of the curves shows that the chemical
treatment used for reinforcing the glass surface against
erosion becomes less effective beyond 120 g of eroding
mass. According to these results, the chemical treatment
used seems to be inefficient for glass erosion resistance
during the lasting sandstorms often encountered in
Saharian regions.
The effect of the residual stresses induced by the

cumulative erosion damage is also apparent in this figure

as the curve for the annealed state remains distinctly
below that of the as received glass. However the
increasing effect of the residual stresses which is appar-
ent in Fig. 9 is less obvious when dealing with erosion
rate rather than mass loss. The erosion rate values
obtained for 210 g cumulated erodent mass is 10.1, 7.55
and 6.20 (mg/g)10�2 respectively for as received,
annealed and chemically treated states.
The effect of glass treatment on the hardness ratio

(HvP/HvT) and the brittleness index (HvT/KCT) is
shown on Table 6. The steady state erosion rate for each
glass state and the efficiency are also indicated. The
efficiency values obtained for the three glass samples
sets exceed clearly the limit of 100% mentioned by

Fig. 12. Micrographs showing the contrast of the eroded zones for the three glass states: (A) as received, (B) annealed, (C) chemically treated.
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Manish Roy.18 These values correspond therefore to a
brittle erosion mechanism although the air flux velocity
used in our experiments was relatively weak (V=12 m/s).
For a cumulative sand mass of 210 g, the dispersion

of the steady state erosion rate for the three glass states
is limited to 6–10.10�2 mg/g. The strengthened glass
has, however, the lowest erosion rate when the corre-
sponding parameters (HvP/HvT and HvT/KCT) are the
lowest. There is no significant difference of these para-
meters values for the as received and annealed glasses.

3.3. Roughness

The surface roughness was measured in the central
zone affected by erosion in the median direction. Fig. 10
shows the surface roughness Ra variation as a function
of the sand mass projected for the three glass states. The
surface roughness of the non eroded samples is about
Ra=0.071 mm. We notice from this figure that the
roughness values which are closer for the different glas-
ses at the start, become distinguishable beyond a mass
of 20 g of sand mass. They remain smaller when the
glass is chemically treated. All the three roughness
curves have a maximum followed by a smooth decrease
toward a stabilised state. A maximum of 3.43 mm is
reached after 90 g of eroding mass for the as received
glass. The annealed and treated glasses present a max-
imum of 3.62 and 2.50 mm respectively for a mass of 120
g. The closeness of the curves after 210 g reveals a lesser
effect of the chemical treatment on the erosion resis-
tance beyond a certain point.

The roughness curves show a typical behaviour
encountered in brittle materials wear damage in
function of time. From the roughness values, it is
evident that chemically strengthened samples present
the highest resistance to erosion. This can be
explained by the increased fracture toughness due to
the treatment.

3.4. Optical transmission

The transmission measurements were carried out at
550 nm. Fig. 11 shows the average values of the optical
transmission before and after sand blasting with a mass
of 210 g at a velocity of 12 m/s normally projected on
the samples. The optical transmission drops sharply
from a value of 91.5% for the as received glass before
erosion tests towards 8.5, 9.9 and 12.9% after erosion
respectively for the as received, annealed and toughened
glass states. Here also, the chemical treatment does not
improve much this optical property.
The micrographs A, B and C shown in Fig. 12 corre-

spond to the damaged zones after a sand blasting with a
cumulative erodent mass of 210 g for respectively the as
received, the annealed and the chemically treated glass
states. We observe that the damaged zones become
translucent with a slight difference discernible through
the contrasts between the eroded and noneroded zones
for the three cases. This contrast diminishes gradually
for the three state in the following order: as received
(A), annealed (B) and strengthened state (C). The haze-
ness measured with a Hazemeter XL-211 is about 96, 90

Fig. 13. Optical transmission evolution with cumulative erodant mass for annealed glass state.
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and 85% respectively for as received, annealed and
chemically treated states.
An example of the optical transmission evolution with

cumulative eroding mass for the annealed state shown
in Fig. 13 reveals a Gaussian form.

4. Conclusion

In order to study the effect of ion exchange strength-
ening on the erosion wear resistance of a soda lime
glass, we proceeded to successive incremental erosion
tests using small masses up to 210 g on glass samples in
their as received state and when strengthened by ion
exchange at normal incidence with a velocity of 12 m/s.
A part of the experiment as received glass samples were
submitted to an annealing treatment after each incre-
mental test in order to examine the effect of the residual
stresses introduced during sand blasting. The sand used
presents a varied mineralogical composition. It was used
in its rough state. Most particles are rounded in shape
and have a size within the interval (200–250) mm. Their
average microhardness is 14.49	3.28 GPa for an
indentation load of 0.6 N.
The evolution of the mass loss and the erosion rate as

a function of the eroding mass used incrementally on
the different sets of glass samples shows that the ion
exchange strengthening provides a limited improvement
of the glass erosion resistance. The fact that this treat-
ment is only effective for small masses can be explained
by the shallowness of the glass layer submitted to ion
exchange and its improved mechanical properties. The
measured micro hardness and fracture toughness of the
strengthened glass (Hv=6.61 GPa, KIC=1.85 MPa

p
m)

are higher than those of as received glass (Hv=5.78
GPa, KIC=0.84 MPa

p
m). All the mean arithmetic

roughness curves show a maximum in the interval
(90–120) grams and tend after a slight decrease toward
the same value (Ra�2.2 mm). Besides the problem of the
shallow thickness of the compressive layer obtained, a
rapid optical degradation was also observed. The opti-
cal transmission of the strengthened glass dropped from
91.5 to 12.9% after sand blasting with a mass of 210 g.
The damaged zone becomes translucent. The annealing
treatment made after each incremental erosion test
revealed that the residual stresses introduced during
sand blasting enhance somehow the mass loss.
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