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ABSTRACT

In this study three techniques were used to strengthen glass which were
heat treatment, etching, and lamination process with a polymer. Soda-lime
glass is used as a raw material for this purpose. In heat treatment process, the
glass was heated to different temperatures which were (°Ye°C, 1++°C, 1Ye°C,
and 1°+°C). The temperature of the cooling air was the same of the ambient.
Air cooling temperatures were (YV°C, Y:°C, and Y°°C). Cooling process was
conducted by three ways which were first by free convection, second by air jet
(forced convection) and finally by air jet to limited time then quenched in oil.
The best performance to strengthen the glass by heat treatment was heating
the glass to 1¢+°C, then taking it out of the furnace and cooling it by air jet of

temperature of Y Y°C for Y° seconds, then quenching it in oil.

Diluted Hydrofluoric acid (HF) bath was used to etch this glass with
concentrations of (¢7, Y+7, Y+/, Y+7/, and ¢+7). The temperature of etching
bath was Y°°C. The well performance for etching was at (°/ and ) +7%) for Vo
minutes where the glass transparency of these concentrations was the best

among the others.

Lamination process was done by compressing glass plies with acrylic sheets to
form a body using epoxy as a glue material. Mechanical properties such as
bending, hardness, dynamic toughness and finally shooting by a Kalashnikov

rifle were done in the study.



For heat treatment, three point bending test shows the best value was
Y+ 4.¢MPa as a fracture strength. For the etching the fracture strength of glass
was (VIY.YMPa and YY1.{MPa) at (°% and )+%) HF respectively. The
combination of heat treatment and etching gave fracture strength of (YY1MPa

and YY°.YMPa) at (% and ) * %) HF respectively.

The hardness of annealed glass was ¢4 Kgf/mmv. Heat treatment of the
glass was decreasing the glass hardness to ©Y1.YKgf/mm' at best conditions of
this process. Etching process was raising slightly the hardness of the glass
(oVY.¥Kgf/mm' and °YAKgf/mm') at (7 and )+7) HF respectively. The
combination of heat treatment and etching was giving enhancement for
hardness where it became (°°YKgf/mm' and ©%1:.YKgf/mm') at (7 and ) +7)

HF respectively.

The results of static toughness of laminated glass showed an increment in
absorbed energy as the number of glass and acrylic layers was increased. The
static toughness of treated (heat treatment with etching) glass with acrylic
was higher than that of the untreated one. Dynamic toughness showed an
increment in absorbed energy by the laminated glass as the thickness of
laminated glass was increasing. The absorbed energy in dynamic toughness

was much higher than that of the static toughness.

Shooting test showed that the sample of laminated glass consisted of five
layers of treated (heat treatment with etching) glass with five layers of acrylic
can defeat the Kalashnikov's bullet of caliber of V.1Ymm from a distance of

Yem.
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CHAPTER ONE

Introduction

A glass is defined by American Standard for Testing and Materials (ASTM)
as "an inorganic product of fusion which has been cooled to a rigid condition
without crystallization" [Y,Y]. It is an inorganic substance with the same
structure of liquid state of that substance. It has a short-range order instead of

a long-range order as in crystalline materials [Y,Y, ¢,°].

The characteristics that make glass desirable and useful are its hardness
and transparency and other properties [1]. Silica is the most important
constituent of glass, but other oxides are added to reduce the melting point in
order to simplify processing or to change the physical characteristic of glass.
Because of the unique properties of glass, it can be cast, rolled, drawn, and

pressed like a metal, in addition it can be blown [V].

The theoretical tensile strength of glass is around () ***+*MPa) while the
measured tensile strength of glass is much lower around (YYMPa). This large
discrepancy is due to small flaws in the glass, particularly those on the surface

which are subjected to a tensile stress. To remove the flaws from the surface



of a piece of glass, there are two ways; either by polishing or by chemically

etching [A,4].

The compressive strength of glass is very high but the tensile strength is
low compared to most metals. Tensile and compressive stresses can be
controlled by both mechanical and chemical methods (Heat treatment and ion-

exchange).

In both methods compressive stress is created in the surface layers [1,V]. There
are essentially four types of glass categorized by the amount of heating and

cooling rates used in the manufacturing process [} *]:
a. Annealed float glass.

b. Heat- treated glass.

c. Tempered glass.

d. Chemically strengthened glass.

In general, a higher temperature coupled with a more rapid cooling rate in the

production will produce glass that is stronger and more resistant to breakdown

1.

Modern architectural designs required glazing materials that provides
enhanced levels of security and safety performance properties. These
properties include resistance to ballistics, blasts, hurricanes/cyclic wind
pressure and physical attacks. Applications may also required desirable

properties such as sound reduction, solar and thermal control [) +].

One of the solutions for these requirements is a laminated glass which is a
multiple plies of glass interlayered by resins and/or plastic glazing materials

(such as polycarbonate sheet or acrylic) which are often complex in nature.



They are designed to provide specific levels of performance. In all their
application, the thickness and configurations of the components play an
important role. The thickness of the glass portion of the laminated glass
appears to be a more apparent degree of green. It is ranging from the simple
glass- Polyvinyl Butyral (PVB) laminates in windows to advanced glass
polycarbonate laminates in bulletproof glass [Y),)Y]. It can be manufactured
from heat-strengthened and fully tempered or chemically tempered glass for

additional benefits, and this will follow cost [ ¥, £].

Almost all security glasses are laminated glass which can be designed to
resist attacks by a wide range of weapons. They have two main requirements

which are [ °]:
). To resist penetration by a special bullet.

Y. To avoid spalling or flying shareds of glass leaving the rear face, as a result of

the impact.

Bullet-resistant laminated glass can typically meet both of these

requirements [ °]. Table (1-)) illustrates the type and caliper of weapon, bullet

weight, bullet velocity, thickness, and areal density for glass-clad
polycarbonate [Y1]:
Table (1-Y) General properties of many targets[) 1]
Weapon Caliber Weight, g Velocity, Thickness, Areal
m/s mm density,Kg/mm'

Handgun imm A £ It vy

Handgun imm V.o rYav_t.o YA vV

Handgun «.ttn, Yon tyo ' A vy




Handgun «.Yevin, Voo AN V4.0 *A

Rifle V.Y V.Y Vi.-Vye vy.o VYo

Rifle V.Y ) AY AE ¥ YA

Rifle v.ay i.ve AY . VAN VYA
CHAPTER TWO

LITERATURE REVIEW

Y.\ Introduction:

Several papers have been published in the literature concerning the
strengthening of glass. They include etching, heat treatment, chemical
treatment and laminated glass. These papers will be viewed to show the

evaluation of glass technology of the related matter:
). Literature review concerns with Etching

Ernsberger (Y%7 +) has shown that the tensile strength of glass increases
when glass is etched in (°%) hydrofluoric acid (HF) solution, and shown
decreasing in the density of crack patterns when the time of etching is

increased [VVY].

David and Alfred (Y 4A%) have studied the weakening effect of insoluble
reaction products that make contact with but are not deposited on the glass
surface. They have used rods of soda-lime glass and etched it to a constant
depth (Y« +£)+um) in acid bath of () *wt% HF, YAwt% H\SO:, the rest water).
They have used mixer and have shown that the impact of the insoluble

reaction products on the etched surfaces can cause strength degradation [YA].



1. Literature review concerns with ion-exchange

Shibin et al. (Y449¢) have investigated the thermal shock of phosphate
laser glass. They have concluded that there is an increasing in the thermal
shock property by a factor of (V) at the glass treated by the ion exchange in a
molten of KNOr and NaNOk. This result reflects a dramatic enhancement of the
thermal loading capacity for the glass without affecting the optical properties

of this glass [ 1].

Peitl and Zanotto ('%%%) have investigated the thermal shock of
borosilicate glass which is subjected to ion exchange in molten of KNOy. The
samples of this glass are held in the molten bath at £¢1°C and ¢A+°C for
periods of ¥, £, A, Y1, YY and ¢ hours. They have concluded that the strength
of thermal shock of this glass increased where the number of cracks are

decreased in the treated sample [Y +].

Hoikwanlee et al. (Y + ¥) have studied the flexural strength of chemically
hardened glass by using single ion exchange. They have used samples of soda-
lime glass in a molten of KNOy at temperatures ranged form ¢V +°Cto ©71+°C for
periods varied (+.°-¢) hours then held at £2+°C for Y¢ hour. The strength of
glass has measured by three point bending. The strength of untreated glass
was AN YMPa. They have found that the maximum value of strength was
1) Y.AMPa after an ion-exchange process at ¢Y+°C for ) hour then, at ¢¢+:°C

for Y¢ hour. After ion exchange treatment the strength increased by factor of

LNARIF

A. K. Varshneya and Glenn A. Dumais ()%A°) have studied the ion
exchange process in a bent samples of soda-lime glass. KNOY has used as a

bath of treatment with stirrer. The interval of processed glass is ¢ hours at



§++4°C, £2+°C and ©Y:°C. They have showed that the maximum diffusion
occurred from the tension side while the minimum diffusion of ions occurred
from the compressive side, and the neutral side is between them. These
observations support the notion that extremely applied stresses can alter the

average site size for cation diffusion in glass [YY].
r. Literature review concerns with lamination of glass

Veer et al. (Y44V) have investigated the possibility of mechanically or
chemically cohesion of glass/glass, glass/metal and glass/polymer. Several
techniques of joining are used which are: mechanically by bolts, chemically by
adhesives, and by soldering, and physical joining by welding. They have
concluded that the best joining technique of glass laminate can be done

chemically by adhesives [YY].

Veer and de Vries (Y*:*)) have studied the behavior of transparent
laminated composites which are prepared with different configurations
ranging from one layer of glass to layers of segmented glass with
polycarbonate foils and they simulated numerically with finite elements
method by using ANSYS program. They have found that the transparent
laminated composites have much better mechanical properties comparable to

aluminum and they have high impact resistance [Y ¢].

Hobbelman et al (Y+ + ') have studied experimentally and analytically the
behavior of combination glass layers with polycarbonate layers. They prepared
many samples with dimensions, height YAmm, length ¢Y+mm. The thickness
and the number of polycarbonate layers have varied. YD FEM program ANSYS
has used to analyze the behavior of these composites. They have found an

agreement between the experimental and analytical work [Y?].



£, Literature review concerns with glass against bullets

Hazell and Armstrong (Y:+Y) have done experimental and numerical
programs to investigate the mechanics of perforation of the V.1Y x ©Ymm NATO
ball round through multiple glass systems. Each system consisted of four float
soda-lime glass plates with either +.+, 1.2, or °mm spacing between each plate.
The thickness of glass plate varied from Ymm to Y Ymm. They have proved that
the simulation does not predict the full dynamic response of the materials.
Experimentally they have showed that the spacing between each plate results
in little difference to the residual momentum of the penetrating core. The
system of four Y Ymm layers of glass with +.* space has stopped the projectile

with depth of penetration ¢ *mm [Y1].

Richards et al. (Y444) have studied the performance of float soda-lime
glass/polycarbonate laminates experimentally and numerically by using
AUTODYN program. They have used three thicknesses of this glass which are
Ymm, Tmm, and YAmm. The final thickness of the system (composite) is
Yomm. A V.Y x ©Ymm NATO ball round is used as a standard projectile. They
have found that the system of Y Amm thick glass with 1mm polycarbonate has
stopped the projectile. The results of the numerical work is relatively the same

of the experimental work [YV].
%, Literature review concerns with glass hardness

Everstiejin et al. (Y41 +) have reported that annealed glasses exhibit higher
hardness values in comparison with quenched glass. Because the quenched

glass have a more open structure (low density) than that annealed glass [YA].

Yoshioka and Yoshioka (Y44 ¢) have constructed an apparatus for Vickers

indentation of soda-lime glass with indenter velocity of (*-Y.A m/s) and load of



Y.°N to YV.¥N. A camera has monitored the size of the growing impression
during the loading cycle. They have concluded that the fastest growth in an
indentation size occurred at initial loading and the initial penetration rate was

typically .Y times the collision velocity [Y1].

It is clear from the preceding papers that there were four techniques to

strengthen glass which were:

). Etching the glass surface.

Y. Strengthening by chemical ion exchange.
Y. Strengthening by tempering.

¢. Strengthening by laminating.

Y.Y The Aim of The Study:

The present study will be concerned with strengthening soda-lime glass to
resist bullet impact. To do this goal, most of methods available in literature
have to be evaluated especially the methods which are not counteract each
other. The strengthening of glass by tempering, etching, mixed them together

and laminating were adopted.



CHAPTER THREE
THEORETICAL PART

Y.\ Introduction:

Glass becomes a popular commonly in the growth of civilization. When a
liquid is cooling rapidly enough such that the atoms do not have enough time
to rearrange themselves in a crystalline pattern before their motion is arrested
then glass is formed. The density and mechanical properties of glass are solid-
like. Unlike a crystal, glass may not be represented by a simple chemical
formula. In the absence of any external effect such as mechanical, thermal and

magnetic the properties of glass are isotropic like those of a typical liquid

[YE,V].

¥.Y Glass structure

Silica glasses and minerals are not composed of discrete molecules but
they are three dimensional connected networks. The basic structure unit of the
silicate network is the silicon-oxygen tetrahedron in which a silicon atom is
bonded to four larger oxygen atoms. Silica is belonged to tectosilicate class in
which all the oxygen ions in each (SiO:) tetrahedron is shared with neighboring
tetrahedra. This result in a stable and strongly bonded structure in which the

ratio of Si: Ois Y : Y as shown in Figure (Y-) and ¥-Y) [V,)£{,Y)V].

The units of silica tetrahedron are linked at the corners by sharing of one
oxygen atom between two silicon atoms. All four oxygen atoms from one
tetrahedron can be shared with four other tetrahedra to give a three-

dimensional network. These shared oxygen atoms are called "bridging



oxygen". In pure silica glass or pure silica minerals, such as quartz, the ratio of
silicon to oxygen is ):Y and all oxygen atoms are bridging. Some atoms when
presented in glass, such as sodium, are ionically bonded to oxygen. This
disrupts the continuity of the network, since some of the oxygen atoms are no
longer shared between two tetrahedra, but they are bonded to only one silicon

atom. This type of oxygen atom is called a "non-bridging oxygen" [ £].

There are three major constituent groups of oxides that may be found in glass

batch [V,YY]:

V. The forming oxides, which are forming glasses by themselves joining

together as previously mentioned silica glass structure as illustrated in Figure
(Y-Y). These oxides are BOy, P+O- etc....

Y. Modifiers or alkali oxides of low-valence elements such as sodium and
potassium. They tend to break up the continuity of the chains, but they can be
added in limited amounts. Addition of such oxides leads to a lower melting
temperature and simplifier processing as shown in Figure (Y-¥). Examples of

such network modifiers are LixO, NaxO, and K+O.

Y. The intermediate oxides which do not form glasses by themselves but join
the silica chain to maintain a glass as illustrated in Figure (Y-¢). Examples of

such intermediate oxides are PbO and AlyOx.




Fig.(¥-Y) Two-dimensional sketch of a silica network in crystalline material [¥'].

Fig.(*-Y) Two-dimensional sketch of silica glass form [V].
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Fig.(¥-¥) Two dimensional schematic of the silicate glass
structure in the presence of modifier ions as (Na) and the

formation of non-bridging oxygen [£].




Fig.(¥-¢) Schematic of intermediate lead oxide occurs both in the

silica network as (Pb*‘) and as a modifier in internal position (Pb*") [ V].

¥.¥ Types of Glasses

¥.¥.) Soda-Lime Glasses(SLG)

Most commercial soda-lime glass compositions are based on a eutectic
composition in the (NaxO-CaO-SiOy) phase diagram located at about
YYwt%NayO, °wt%Ca0, and YYwt%SiOy. A typical composition of soda-lime
glass is (Y°NayO. ) +Ca0. YAIOy. YYSiOy wt%) [VY]. Soda-lime glass is almost
insoluble in water. Its density is about (Y.¥g/cm'), hardness is about (°toY) on
the Mohs scale, stiffness(E) is about Y +GPa and design strength above YMPa. It
is transparent and electrical insulator with a good dielectric strength. It has a
high thermal expansion (about 4 +x)+"/°C) [1,YY]. It is used to make sheets for
windows, bottles, jars and household lamps. After some treatments, this glass is

used to manufacture safety glass, windshields and antiballistic sheets [V +].

Tables Y-) and Y-Y explain fracture toughness and tensile strength of some

material in comparison with soda-lime glass [YY].

Table (Y-V) [YY]

Material Fracture toughness K,:(MPa m'm)
Pure ductile metals Yoo —You
High strength steel 6. Vot

Mild steel AR



Titanium alloys
Aluminum alloys
Cast iron

GFRPs

Boron fiber epoxy
Polypropylene
ABS polystyrene
Nylon

Acrylic

Epoxy

Silicon Nitride, SivN:
Silicon Carbide, SiC
Alumina, AlxO¢

Soda-lime glass

Material
Low alloy steel
Nickel alloys
Copper
Aluminum alloys

CFRPs

co_\Yo
Yy —¢o
T-Y.

Yoo

2

nlv_nl/\

Table (Y-Y) [YY]

Tensile strength (MPa)

TA —Yeun
Crve =Y
e
Yoo =V

\hh—\‘hh



Boron fiber epoxy Yo vy,

Polypropylene Yy —v1
Acrylic VY.
Epoxy ¥eo Y.
Nylon Yo
Diamond -

Silicon Nitride, SirN: -
Silicon Carbide, SiC —
Silica glass, SiOx -
Alumina, AlxOr -
Mullite -
Soda-lime glass —

¥.Y.Y Other glasses

A wide range of glass quantities are manufactured for many purposes.

Some of them are listed below:
Y.¥.Y.) Lead Silicate Glass

When the lime (Ca0) is substituted by lead oxide (PbO) in the soda-lime-
glass mixture, the result is a glass with a higher refractive index. This glass is
used for vases and other reflected uses. It absorbs gamma and x-rays, so it is

used for shielding those rays in technical equipments [, £,Y+].
¥.Y.Y.Y Borosilicate Glass

This glass has a composition of (A SiOy. 'Y B+Or. £ NayO. ¥ AliOr wt%). It

has a low coefficient of thermal expansion (about Y.VYx\:"/°C), high melting



temperature (transformation rang), and excellent chemical durability.
Therefore it is used for laboratories and chemical ware, but also for

manufacturing of cooking ware like Pyrex and Kimax [Y,Y+].
¥.Y.Y.Y Aluminosilicate Glass

A typical composition of this glass is (°A SiOy. Y+ AlkOy. Y1 CaO. © B+Or.)
NayO wt%). This glass has a good electric properties, good resistance to
chemical attack, and good use for high temperature applications. It is used for

electrical and electronic applications [Y*].
¥.Y.Y.¢ Silica Glass

Silica glass is the glassy form of the chemical compound SiOx. It has the
highest refractoriness, lowest coefficient of thermal expansion among glasses
(0.0x)+7/°C), very high chemical resistance, high optical transparency, and
low dielectric constant. Major applications of this glass group are lighting,
semiconductor industry, optical use, high-energy laser optics, and spacecraft

windows [Y].

¥.¢ Glass Transformation

The glassy state differs from crystalline materials where the change of
crystalline materials during cooling is converted from disorder to order
structure, but in the non-crystalline materials the change from disorder to

disorder structure with less empty spacing [£].

¥.£.) The Effect of Cooling Rate



The behavior of glass under cooling can be explained by the relationship
between volume and temperature as shown in Figure (Y-°). At glass melt start
to cool from high temperature (a), the volume shrinks along the line (ab).
When there is a probability of crystalline, the liquid will solidify by creating
nucleus and growth these nucleus to crystals without decreasing in its
temperature (line bd) then mass shrinks along the crystal state line (de) on
further cooling. In the absence of crystalline, the liquid at (b) passes into a
super-cooled liquid state without the appearance of crystals. Further cooling, it
becomes more and more viscous in a continuous manner with decreasing
temperature and the bath will be either (bg) or (bh) depending on the cooling
rate. There is no definite temperature at which the glass liquid transforms to a
solid as happened with crystalline materials. A slight decrease in slope of curve
occurs at what is called “glass transition temperature” (T,), or “fictive
temperature”(T;). Below this temperature, the material is considered to be a

glass; above it (Tg) will be a super-cooled liquid, and finally a liquid [T+, Y£].

—

Volume




Temperature,’C

Fig.(*-¢) Specific volume versus temperature behavior of

crystalline and non-crystalline materials [¥ +].

¥.¢.Y The Effect of Temperature on Glass Viscosity

The functional dependence of viscosity on temperature has been
measured in a number of glass-forming liquids. It is generally accepted that the
relationship between temperature (T) and viscosity (n) in a glass is reasonably
represented by Vogel-Fulcher-Tammann (VFT) empirically derived equation,

dating back to the Y4Y+'s [¢,Y°]:

Log:. n =-A +B/(T-T,) (¥-1)
Where: n = the viscosity in Pa.s (N.s.m'*) or in poise.
A,B and T, = constants
T = the temperature of interest (°C)

Where base )+ logarithms are used because the large numbers are involved.

The three constants A, B and T, in above equation can be determined for a



particular glass from three known temperature-viscosity points spanning at
temperature rang. Glass manufacturers often tabulate the values of A, Band T,
for their products. The various steps of glass forming are determined by using
the viscosity temperature (nT) curves. Five viscosity reference temperatures

are used as below [£,Y°,Y1]:

). The melting point; corresponds to the temperature at which the viscosity is

Y+ pa.s()* +p); the glass is fluid enough to be considered as liquid.

Y. The working point; represents the temperature at which the viscosity is ) )
pa.s() o p), in the rang of this temperature the glass is readily drawn or

pressed.

Y. The softening point; the temperature at which the viscosity is ¢x) ~1pa.s
(€x) Y p), is the maximum temperature at which a glass piece may be

handled without causing significant dimensional alteration.

¢. The annealing point; is the temperature at which the viscosity is * " pa.s
(Y Wp). At this temperature, atomic diffusion is sufficiently rapid that any

residual stresses may be removed within about ) © min..

©. The strain point; corresponds to the temperature at which the viscosity
becomes ¥x)+' pa.s (*x)+'* p); for temperatures below the strain point,
fracture will occur before the onset of plastic deformation. The glass

transition temperature will be above the strain point.

The temperature at which each these points occur depends on glass

composition [V].

The relationship between viscosity of glass and its temperature is very

important from the manufacturing point of view because it determines the



melting conditions, the time and temperature required to homogenize a melt,
the working and annealing temperatures, the rate of devitrification and the
critical cooling rate, as well as the temperature of annealing of residual

stresses. Figure (Y-1) shows this relationship [£].
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Fig.(*-1) Relationship between temperature and viscosity for

many types of glass [¥Y].

¥.e Safety Glass

Safety glass can be defined as a glass which has passed specific impact
tests and must either not break or break in a manner that will not cause injury.
There are three types of safety glass which are toughened glass, laminated

glass, and wired glass. All these glasses will be discussed as follows:



¥.%.) Toughened glass (Fully tempered glass)

Toughened glass is obtained when a sheet of glass is heated to
approximately 1©+°C in a furnace then chilled rapidly by cold air blower on
both surfaces. Toughened glass is four to five times stronger than float glass
and, if it is broken, it disintegrates into small fragments with dulled edges,

which are unlikely to cause serious injury [YV,YA].
¥.%.Y Laminated Glass

Laminated glass consists of two or more thin sheets of glass separated by
layers of a plastic or resin material. There are two main types of laminating

glass which are Polyvinyl Butyral and resin that will be discussed below:

a. Polyvinyl Butyral

This is the more commonly used variety. Two or more sheets of glass are
bonded together with one or more layers of Polyvinyl Butyral (PVB) (a plastic
interlayer in sheet form). The principal benefit of laminated glass is their
performance under impact. The glass may break but any broken fragments will
firmly bond to the interlayer. The interlayer also absorbs impact energy,
reducing the risk of penetrating the panel. The interlayer in laminated glass
provides two additional benefits: sound transmittance is reduced, particularly
at the higher frequencies and ultra-violet radiation (between YY: and YA:
nanometers) is reduced about Y7 [YVY]. Laminating glass is Yo/ to Y+ +/ as
strong as annealed glass of the same thickness depending on exposed

temperatures, plate size, stiffness and load duration [YA].



b. Resin

Resin laminated glasses are manufactured by pouring liquid resin into a
cavity between two sheets of glass which are held together until the resin
cures. This method is ideal for laminating glass having a heavily textured or
patterned surface. Not all resin laminates have safety performance. They are
principally used for decorative and acoustic purposes, where safety

performance is normally of secondary importance [YV].
¥.0.¥ Wired Glass

It is annealed glass which contains a wire mesh embedded within the glass.
It is intended to be used to safety building code requirements for fire
protection. The impact resistance and breakage pattern of wired glass is similar
to annealed glass. When the glass is broken, the embedded wire mesh helps to
hold broken glass pieces together and keep them in the window frame. The
visual quality of the glass is impaired by the wire mesh but this has traditionally

been accepted in low-cost fire resistance and roof glazing [Y4].
¥.%1 Strengthening of Glass

Normal glass has a high value of compressive fracture strength, but it has
moderately low value of tensile fracture strength due to occurring flaws on its
surface. The strength of glass tends to be limited by tension because of
propagation cracks that lead to fracture of the glass. To enhance the strength
of bulk glass, the surface of glass should be compressively prestressed. Any
applied load must then neutralize the compressive pre-load before potentially
damaging tensile stresses in the surface. The usable strength in the glass is
thus increased by the amount of the compressive stress [Y+,¢+]. Two

techniques are employed in strengthening of glass one physical and the other



is chemical. Both techniques are based on the fact that when the surface has
the slightest imperfection (minute scratch), glass remains extraordinarily
strong in compression but it becomes weak in tension. Thus, the strengthening
treatment consists of prestressing a glass object by inducing compressive
strains in its exterior, and thereby enabling it to counteract any tensile stresses

which develop under tension [YY]. The two techniques will be discussed below.
¥.1.) Physical Prestressing

The principle employed in the heat treating process is to create an initial
condition of surface and edge compression. This condition is achieved by first
heating the glass, then cooling the surface rapidly. This leaves the core of glass
relatively hot compared to the surfaces. The cooling process for the core will
make the surfaces and edges in compression state [¢1]. There are two types of

the physical prestressing: heat strengthened glass and fully tempered glass.
¥.1.).) Heat Strengthened Glass:

It is produced by heat treating annealed glass under regulated thermal
conditions. In this process, annealed glass has been cut to size and it is heated
in a furnace controlled between(¢4Y-A¢2°C) and then cooled by air. Sudden
cooling causes a compression envelope around the glass surface and edges and
balanced tension stress within the glass itself. This equilibrium of stresses
increases the strength of the glass to approximately two times than the
original annealed glass [YA]. Figure (Y-V) illustrates the characteristic of stress
profile produced by heat strengthening. Surface compression in heat
strengthened glass ranges from Y) to 1% MPa. When it fractures, the
fragments are larger than tempered glass but smaller than that an annealed

glass fracture [Y'A]. The fragments sometimes remain in the frame. It is suitable



for applications where annealed glass could be used but additional strength
and thermal endurance are desirable [)£]. It is not a safety glazing product and
therefore should not used where safety glazing is required. Glass thicknesses
from Y/A inch through /¢ inch are commonly subjected to the process of heat

strengthened [¢Y].
¥.2. V.Y Fully Tempered Glass

It is a heat treatment that can be applied to a certain types of glass, and it
is accomplished by introducing surface compression into the glass ['Y]. In this
process, the temperature of the glass is raised to a value in the neighborhood
of the softening point. Then the glass is removed from the heating furnace and
the surfaces are quickly chilled. Several chilling media can be used, including

blast of air or bath of oil [Y¢,¢V].

The exterior layers of glass is cooled and contracted while the interior of
the glass is relatively viscous. When the interior shrinks, the surfaces are rigid
and they are compressed by the contraction of the interior. Figure (Y-V) shows
the characteristics stress profile produced by tempering. The exact shape of
this curve depends upon the temperature range over which the rapid chilling

takes place.

Fully tempered glass is considered a safety glazing material and it matched
the requirements of American National Standard Institute for Safety Glazing
Materials Used in Buildings (ANSI Z4Y.)). It has a higher impact resistance as
order about four times than that of annealed glass [ £]. When it does fail, the
stored mechanical energy is instantly released causing rapid bifurcation of the
advancing crack fronts. This yields a dicing form where the pieces do not have

acute-angle corners. They are not expected to cause serious injury by sharp cut



edges [ ']. Because of its prestressed condition, tempered glass cannot be cut
by any means except the width and length can be cut by grinding. For this
reason, the glass must be cut to final size prior tempering. Full penetration of
the compression layer will produce instantaneous and total fragmentation of

tempered glass [ ¢].

The stress distribution through the thickness of tempered glass is
approximately parabolic and the thickness of the surface compression layer is

considerably greater than the depth of the most sever flaw [ ¢,V +].

The color, clarity, chemical composition and light transmission which are
the characteristics of tempered glass remain essentially unaffected or
unchanged after heat treating. Likewise, specific gravity, expansion coefficient,
softening point, thermal conductivity, solar optical properties and stiffness
remain unchanged by heat treating process. The only physical properties
changed are improved flexural strength, tensile strength, improved resistance

to thermal stress and thermal shock [¢Y,¢Y].
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Fig.(*-V) Characteristic stress profile in heat

strengthened and fully tempered glass [ £].

¥.1.).Y Advantages and disadvantages of Heat Treated Glasses

The following advantages and disadvantages of heat treated glasses are

important from the subject point of view:

). More resistance to breakage as a result of thermal stresses.
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When it is broken, it breaks into small pieces in comparison to the large

shred of annealed glass [ Y].

. It is considered as a safety glazing material under the criteria of American

National Standard Institute for Safety Glazing Materials Used in Buildings
(ANSI ZAY . Y) [€V].

Heat treated glass (heat strengthened or tempered) has an optical
phenomenon that is called strain pattern or quench pattern. This
phenomenon appears as faint spots, blotches or lines. Strain pattern is not
normally visible, but it may become apparent under certain conditions of
illuminations, especially when light is polarized. The colors of the strain

pattern are sometimes referred to as iridescent [£¢].

. Neither heat strengthened nor tempered glasses can be cut or re-sized [ Y].

. Strengthened and fully tempered glasses have lower resistance to scratches

and abrasion than annealed glass [ ¥].

. Surface compression stresses higher than Y¢+ MPa could cause the glass

product to fail spontaneously [V +].

. The lack of symmetry in achievable glass cooling surface, glass tube,

containers and other complex-shaped products can not be meaningfully

tempered by thermal means [Y+].

. Heat treated and tempered glasses are expensive to produce versus to

annealed glass [ Y].

.1.Y Strengthening by lonic Exchange



It is based on introducing large ions in the surface of glass substituting
small ions in the surface. The result is an enlarging of surface dimensions. The
inner atoms will attract surface atoms preventing them to enlarge. This action

will cause compression in surface layer cause in strengthening of glass. [£°].
Y.V Etching

In general, etching refers to the remove of surface layers that contain the
flaws by chemical action. There are two kinds of etching either isotropic or
anisotropic depending upon vertical and lateral etching rates. Wet chemical
processes result in isotropic etching where both the vertical and lateral etching
rates are comparable, whereas dry etching process like plasma etching and
reactive ion etching are anisotropic as shown in Figure (¥-A) [£1]. Wet chemical

etching involves three essential steps [¢V]:
V. Transportation of reactants to the reacting surface(e.g. by diffusion).
Y. Chemical reactions at the surface.

Y. Transportation of the products from the surface (e.g. by diffusion).

Mask
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etch ,
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Fig.(*-A) Difference between anisotropic and wet isotropic etching [£V].

¥.V.\ Glass Etching

Glass is very sensitive to flaws which are formed during physical contact
and during cleaning glass surfaces. Chemical etching is one of the technique
that is used to remove these flaws from glass surfaces where it decreases the

density of flaws on the glass surfaces [A].

Many etchants can be used to etch glass depending on its composition
such as HF, Buffered HF, NaOH, NHyOH ....etc.. After etching, the glass surface
composition can alter from that of bulk depending on effectiveness of the
etchants where some processes such as adsorption (e.g. F or NH":) or ion-
exchange(e.g. Na® for Ca* ) can occur to varying degrees during etching [£V]. If
the etching bath is diluted hydrofluoric acid (HF), the chemical reaction of HF

acid with silica will be [£1]:
Si07(5)+iHF(aq,) - Sin(g_)+"Hv0 (V-*)
The controllable parameters in wet-etching are [¢V]:
V. Time.
Y. Temperature.
Y. Solution concentration.
¢. Solution recirculation.

Recirculation and agitation are variables that produce significant changes
in the etch rate. It increases the etch rate by Y°/. Also the etching rate

increases with temperature increasing as illustrated in Figure (Y-3) [Y4,£V]. Itis



important to note that the conventional chemical etching produce roughness

that will increase with the thickness of the layer removed as shown in Figure

(7)) [£AL.

i e

=

=

o>

<

Py £2°C
©

[a'4

[eT]

£

S ¥Y°C
oot

/ Yo°C
[HF] (Mole/Liter) g

Fig.(¥-%) Dependence of etching rate on temperature[ ¢ 1].



RMS Roughness, nm

Thickness of Layer Removed, um

Fig.(¥-V+) Increasing roughness with increasing thickness

of layer removed for soda-lime glass [£4].

¥.A Laminating of Glass

It is a technique that has been used to improve fracture control of glass to

increase the safety by avoiding spalling of glass fragments after failure has



started. Normal glass with a certain thickness has a definite strength value.
Increasing the thickness of glass will aid to increase the strength. On the other
hand glass is brittle and has small values of toughness, which raise the
dangerous of fragmentation by damage. Laminating glass with transparent and
tough material will serve as a material with adequate strength and toughness,

which will be safe for human use and Figure (Y-))) shows laminated glass [¢1].

o
Interlayer

polymer v
d

Glass

Fig.(¥-YY) Schematic for laminated glass [Y£].

The crack bridging and the crack arrest means that the material
(laminated glass) has potentially residual strength to allow to carry loads after
accidental overloading which introduces new cracks. Adhesive material plays
an important role in the performance of this material. When the adhesive is

too strong or too thick the energy will be focused in a small region of polymer



adjacent to the actual crack. This means that infinite strain will be focused on a
small area of polymer adjacent to the actual crack, which leads to failure of the
material. If the adhesive fails locally, local debonding becomes possible
allowing the distribution of the strain across a greater volume. It is clear, that a

brittle and strong adhesive in a thin layer is required [£4].
¥.2 Transparent Armors

Transparent armor can be defined as the materials that have dual
properties of being visually transparent and resistant to penetration by high
energy projectiles and fragments. Transparent materials are an effective part
of protection systems. Selecting the most appropriate glazing system is a
complex process and requires understanding of the type and level of

protection desired [Y4].

¥.4.Y Normal Transparent Shields

Many years architects have been fascinated by transparency in buildings.
Recent decades have shown an increase in the use of glass in facades, roofs
and other structures. In normal life, safety means are taken. One of these
means is the use transparent shields. The simple scheme of these shields is
shown in Figure (Y-1Y). These shields have multi applications which can be

covered in the following points [°*]:

). Resists intense impact: During windstorm and hurricanes, windows may be

subjected to gusting winds especially at coasts. Through the winds there are

windborne debris and the impact of these debris can destroy normal



windows. Using these shields can be sustained winds and protect the

occupants from the injuries.

Y. Fading: These shields protect the furniture and other materials that fade
and become discolor when faced the solar energy. They can block over 47

of UV energy while allowing most of visible light to pass through.

Y. Acoustic insulation: They correspond a super sound-damping in the place of

the high noise especially in areas near airports and can be used in

automobiles and trains.

Glass
Polyvinyl Butyral -

interlayer \"I '

Glass —

Fig.(¥-VY) Schematic of normal transparent shields [¢].

The maximum size of these shields is YY x Y+ inches depending on the
interlayer material [®+]. The behavior of laminated glass is different than that
of annealed and thermally toughened glass. When laminated glass is broken,
the vinyl interlayer remains in the frame with adhering the glass fragments
with the interlayer. This provides a strong barrier against forced entry. It can

not be cut from one side only, which renders glasscutters. In automobile the



windshields are usually relatively simple in shape due to the requirements for a
high level of optical integrity [¢+]. All glazing, whether automotive or
architectural, require precise control of stress levels to ensure the product to

meet regulatory or environmental/robustness requirements [©V].
¥.4.Y Ballistic Transparent Armors

Bullet-proof glass is one of these materials which is in saloon cars and in
tanks etc. and it is used to protect occupants from primarily small arms fire.
This type of glass has a complex structure and simply consisting of several
layers of soda-lime float glass bonded to layers of polycarbonate or acrylic by
urethane or by Polyvinyl Buteral (PVB) to produce a glass laminate. The
primary requirements for a transparent armor system is to provide a multi-hits
defeat capability while retaining visibility in the surrounding areas [YV,°Y].

Transparent armors constructions can be classified as follows [¢Y,2¢]:

). Glass-clad plastic, which is composite glazing made by either sandwiching
plastic sheet between laminations of glass with Polyvinyl Butyral (PVB), or
Urethanes; or by laminating a plastic sheet to the back side of laminated
glass to produce forced entry resistance or to be as anti-spall shield. The

glass facing will exhibit cracks and loses some partial of glass by an attack.

Y. All plastic laminated construction, polycarbonate and acrylic with adhesives
are the most construction of these laminates. This type is used against

burglar and missiles of medium speed.

Y. All glass laminated construction, where is made by sandwiching a thinner
layer of plastic (Polyvinyl Butyral or similar bonding agent) between two or
more layer of glass. The thickness of this glass either thin, medium ().Y°")

or higher depending on the security level.



Annealed glass is usually used in this application to a lower cost and to the
ability of produce curved products. Chemically or thermally toughened glass
can be used in this field for additional strength and for their fracture shape.
Other type of glass is used such as Vycor™ which is a 317 fused silica [®Y].
Using annealed glass or toughened glass will represent a difference of only Y/
to V7 of the composite strength of the product. The type of glass selected will
most often be determined by breakage characteristics, trade and
manufacturing considerations [°°]. Acrylic (PMMA) and polycarbonate (PC) are
the most plastic sheets that are used to manufacture laminated glass.
Polycarbonate has outstanding impact toughness particularly at low
temperatures while acrylic has better hardness and environmental durability.
This discrepancy between them returns to the motion ability of the main
chains of polycarbonate molecules while in acrylic this motion is not prevalent.
A new polyurethane (PU) with high performance can be replaced by
polycarbonate and acrylic specially with monolithic transparent armors such as

eye/face protection applications [°Y].

Laminations of glazy materials are adhered by interlayers of various
chemical compositions and thicknesses. The adhesive interlayer materials for
bonding glass to glass, glass to plastic or plastic to plastic shall be chemically
compatible with the surfaces which are being bonded. Interlayers not only
adhere one lamination to another but actually impart significant additional
strength to the product by shock impact absorption. The interlayer also serves

to retard further breakage after an adjacent lamination has shattered [°Y,°¢].

Spallation is fracture away from the impact point caused by dynamic
tensile stresses which arise from interactions of the initial, compressive stress

pulse with unloading waves from the free surface [¢1]. The backing layer,



which is usually polycarbonate, is used to prevent the spall at the rear face of
the target while acrylic has a spall behavior during impact, so it is not used as a

back layer [Y4].

CHAPTER FOUR

EXPERIMENTAL WORK

¢.) Introduction

This chapter deals with intimate practical techniques for glass
strengthening. In order to achieve this purpose, we shall apply etching and
heat treatment for soda-lime glass. Many apparatus and equipments are used

here to test and examine the mechanical properties of strengthened glasses.
¢.Y Used Materials

£.Y.) Soda-Lime Glass

A commercial soda-lime glass is used in the present work for its availability
and low cost. Chemical composition of this glass is shown in table (¢-)). The

thickness of glass is °mm.

Table (¢-Y): Chemical composition of Soda-lime glass

SiOv% | NayO% | CaO% | AlvO+% | K:O% | Rest%
TAY  [4ge .41 y oY v YT V.Y

¢.Y.Y Hydrofluoric Acid



Hydrofluoric acid is one of the hydrogen halides. It is a colorless liquid with
boiling point of Y4.¢°C [°V]. The concentration of HF acid used in the present

work is ¢ +7 and it is made by Quaker Chemical Company, Inc..
£.Y.Y Acrylic

Acrylic is a thermoplastic material. It is known as a cast acrylic for
production process. Acrylic sheets used in the present work are made by
Affiliated Company. Compared with glass, acrylic sheet is soft and tough. It is
not notch sensitive as glass but has a relatively notch sensitivity. It has resistant

to organic and inorganic chemicals and outdoor weathering [®A].
¢.Y.¢ Epoxy Resin

The epoxy used in all tests is produced by LEYCO CHEM. LEYDE GMBH. It is

colorless resin which have the properties given in table (¢-Y).

Table (¢-Y) The properties of epoxy [°14].

Density at (Y*°C) V.voglem’
Fully cured (Y¥°C) vV days
Compressive strength Ae-Y .+« MPa
Modulus of elasticity YA« +MPa
Minimum curing temperature V.°C

¢.Y Apparatus and Manufactured Equipments

V. Furnace / For heating samples, a vertical furnace is manufactured by the

researcher as shown in Figures (¢-)) with a heating rate of ) ¢°C/min.




Fig.(¢-V) Electrical furnace equipment.

Y. Air ducts [ Two type of ducts are manufactured by the researcher to cool the
test samples. Small ducts as shown in Figure (¢-Y). They constructed of two
fans with YA+« rpm, and at the end of them nozzles which makes the air
distribute on the glass faces. The final design of the two ducts are got after
many experiments done by the researcher. The design is about the same
design used in plants for strengthening glasses. The distance between them is
Yomm. Because of difficulties to control upon the air temperature, air cooling

temperatures (YV°C, Y+°C, and Y°°C) are selected depending on the ambient

air temperature in Summer or Winter.

Fig.(¢-Y) a) Ducts that are used to cool treated glass samples. b) nozzles.

Big ducts for cooling the big samples (impact samples) and they shown in

Figure (£-Y). The distance between them is ) * *mm.




Fig.(¢-¥) a) Ducts that are used to cool the large impact samples. b) nozzles

Y. Microhardness Vickers apparatus.

¢. Charpy apparatus.
¢t Procedures

£.¢£.) Heat Treatment

This process generated compressive stresses at glass surface and tensile
stresses in the glass core. The treatment demands heating and cooling the
glass. There are three cooling processes techniques involved in this study

which are: annealing hardening, blowing hardening, and quenching hardening.
¢€.£.1.\ Annealing Hardening

All processed samples with this technique are heated in the vertical
furnace to different temperatures (e.g. ©Ve°C, 1+ +°C, 1Y°°C and 1°+°C). After
arriving each temperature, the samples are taken out from the furnace and
cooled by natural air without using the ducts (free convection) to room

temperature.
¢.£.1.Y Blowing Hardening

To achieve this treatment the ducts are used in cooling process of the

samples. In this technique the samples are heated to different treating



temperatures (e.g. ©Y°e°C, 1::°C, 1Ye°C and 12:°C). After arriving each
temperature, the samples are taking out from the furnace and are cooling by
air jet that is generated by the ducts. The air jet in cooling process continues

until reaching the room temperature.
¢.£.1.Y Quenching Hardening

To increase cooling rate, this technique has been used in which the sample
of glass is subjected to limited time of air jet and then immediately quenched
in oil. The samples are heated to different treating temperatures (e.g. ©V°°C,
144 °C, 1Y0°C and 12:°C). After arriving each temperature, the samples are
taking out from the furnace and are cooling by air jet ,that is generated by the
ducts, to different times (e.g. Y®sec, *.°min, Ymin, Ymin, and Ymin) and then

quenched in oil at room temperature.
¢.¢.Y Etching

In this process, all preparation slides are cleaned in methanol alcohol.
Hydrofluoric acid is diluted by distillated water to different concentrations
which are (¢%, Y7/, Y+ 7/, Y+7/, and ¢+7%). These ratios represent volume ratios.
All samples mounted in a polyethylene holder are totally submerged in a
polyethylene container at Y°°C. After etching, the slides are washed by
distillated water and methanol alcohol, then finally dried. The etching solution
is recycled for each period of etching. During handling with HF acid, safety and
procedural regulations is followed. Hydrofluoric acid is an extremely toxic and
dangerous acid. HF should be handled in a laminar flow bench, using two pairs
of neoprene gloves and eye protection. The cover of etchant bath should be

tight -up.

¢.£.Y Laminating Process



It is used to prepare the samples for static, dynamic, and shooting tests. In
the present study, glass is combined with acrylic sheets. Because of primary
adhesive materials are not available in the markets, epoxy resin is used as a

glue material to tie glass and acrylic sheets together.

To produce a laminating sample, adhered material (epoxy) is poured
between two or more layers of glass and acrylic. These layers are put between
two wood plies. Pressure is applied on the plies to let air to escape from them
and distribute the glue to whole area of the samples as shown in Figure (£-%£).
Adhered epoxy material is kept on for YV days at room temperature to cure the
whole laminated sample. The design of glass is called glass-clad plastic. The
dimensions of the laminated samples are changed according to test. The whole

thickness is varied between YYmm to ¢ imm according to test requirements.
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Fig.(¢-¢) Schematic of the forming of laminated glass.



£.° Tests

£.2.Y Mechanical Tests
€.2.1.\ Flexure Strength:

Flexural test is used for determining the strength and deformation
properties of the glass specimen under flexural three-point loading. Flexural
load is the flexural stress at maximum load (according to JISR Y1+Y, YAAY),
PHYWE machine model YYeVY)-4Y, Germany, was used for determination of
flexural strength. The samples of soda-lime glass used in three point bending
test are cut from an annealed °mm thick soda-lime glass sheet by using a
diamond saw. According to machine standard, the glass specimen of
YY+xYexemm dimensions is supported on curved edge over a suitable span,
and a direct load is applied at the mid point between the supports at a uniform
rate of loading until breaking occurs. The loading rate was (°mm/min), and the
distance between two support point (span length) was )+ +mm as shown in
Figure (£-°). When the instrument is turned, the glass specimen will be forced
by upper point crosshead, hence the specimen is trained gradually until
breakage occurs. The fractural strength of three points was calculated from

measured value for individual test piece, a follows [1+]:

MOR or o = *pl/ YWT' (£¢-Y)
Where:

MOR= Modulus of rupture (MPa).



0 = Three point flexural strength (MPa) or Modulus of Rupture.
| = Distance between two supporting points (mm).
p = Maximum load at breaking of tested specimen (KN).

W = Width of tested specimen (mm).

T = Thickness of tested specimen (mm).

p.
)
S
QA/ I=Y+ «mm

W_X

<

Fig.(¢-°) Layout of three point flexure strength test.
£.9.1.Y Dynamic Toughness

This test can be done according to (ANSI Z3V.), Y4V?8), In this study, Charpy
apparatus for impact is used to know the absorbed energy because there is no
ability to processed large samples. A rectangular samples of 1 +mm length and
Yomm width are tested in this apparatus. The thickness for all samples is
unlimited and is ranging from °mm to ¢imm. This apparatus consists of an
arm with a hammer at the end. The hammer falls from a height of 1.2 m to hit

the sample.
£.2.1.Y Microhardness

This test was carried out by using digital microhardness Vickers apparatus

type (HVN-) + + + JZBYYYV-A2) with a diamond indenter. This instruments uses a



square-based diamond indenter with angle of YY1° between the opposite

faces.

A pigment is put on the glass surface to show the trace. The hardness number
has been read from special table which contains the average diagonal and HVN
number. The applied load was *.°N with loading duration of Y+ Second. The

Vickers microhardness (HVN) was calculated using the following equation:

HVN=V.Aet¢P/D,’  in(Kgf/mm) (£-Y)
where:
P = applied load (Kgf).
D, = mean diagonal of the indentation (um).
£.2.1.¢ Shooting

The ballistic test is performed according to the National Institute of Justice
(NIJ) standards (NIlJ Standard *)+A.+)). This standard was chosen because it
enables the user to gain an understanding of the aspects of how to improve
the ballistic impact resistance of various systems without requiring a large
amount of costly test samples. Figure (£-1) shows the layout of shooting
process following the NIJ standard. According to this standard, when a
projectile penetrates the specimen, if any fragment of the projectile or
specimen creates a hole in the aluminum witness plate then it is considered as
a complete penetration. If no hole exists, it is considered as a partial

penetration [1)].



The impact samples have dimensions of Y x)Y+x®mm. The thickness of
these samples is ranging from Y7 to ¢ imm after lamination with acrylic layers.
The test specimen is rigidly clamped between two steel frames. A gasket of
rubber is located between glass and steel to avoid any fracture of glass due to
friction between glass and steel. A plate of *.© mm thick aluminum located
behind the specimen at a distance of Y°.Y¢écm to record penetration of
samples as shown in Figure (¢-Y). The weapon used in this test was a

Kalashnikov rifle [1V].
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Fig.(¢-1) Layout of the shooting process.

i ey

Fig.(¢-Y) Holder of impact samples.
£.0.Y Optical

It is an optical apparatus which is used to show the strain pattern that is
formed in the heat treated glass. It contains a fluorescent in a special shape
and filter. The angle between the fluorescent and the filter is ©°°to obtain the

strain pattern. In this examination, red color indicates that the stresses are

compression and the blue color is tension.

CHAPTER FIVE

RESULTS AND DISCUSSION

®_\ Introduction:



This chapter includes the main results which are obtained from the
experimental observations. It presents the effect of strengthening methods on
the strength of annealed soda-lime glass. To arrive the goal of this study which
is developing the impact strength in glass. Several tests are done to know the
best conditions for strengthening glass against projectiles. The tests include

modulus of rupture, hardness, dynamic impact and shooting by rifle.
.Y Modulus of Rupture

This test is commonly carried out on glass in which it gives an indication of
glass strengthening. The behavior of all curves of heat treatments are matched
with the Hélene carré and Laurent Daudeville where they have mentioned that
the residual compressive stresses grew with initial treating temperature to
10.°C and stay constant beyond it up to 1A+°C[1Y]. Each point in these Figures

represents average of three values.
.Y.) Annealing Hardening

Figure (°-)) presents the effect of initial treating temperatures on the
fracture strength of glass with different indoor air temperatures. It is clear that
the strength of as received glass is (1¢.AMpa). Above glass transition
temperature (T,) of soda-lime glass (£V£°C-2Y2°C), the strength increases with
increasing initial treating temperature until 1©+°C. The main reason of this is
due to the increasing in the residual compressive stresses in the surfaces of
glass. After the temperature (1°+°C) the glass begins in distortion so, that it is

impossible to continue in heating [T Y].
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Fig. (¢-Y) Fracture strength versus initial treating

temperatures of glass without fan cooling.

_Y.Y Blowing Hardening

Figure (°-Y) shows the effect of initial treating temperatures on the
fracture strength of glass with different air blowing temperatures. It indicates
an increase in fracture strength of glass with increasing initial treating
temperature. The cooling process of individual treated temperatures were
achieved with air blowing at three temperatures which were (V°C, Y+°C, and
Y0°C). The air blowing temperature of Y Y°C gives the best and highest values of

strengthening for all initial treating temperatures of blowed glass.



Fracture strength of thermally treated glass has been affected by the
temperature of air cooling. It is higher at lower air temperature () V°C) because
of the increase in cooling rate and due to the increase in thermal gradient
through thickness of glass. This gradient causes a residual stresses on each side

of glass [1Y].

w
o
o

N
al
o

N
o
o

e S

Blowing temperatures

=
4]
o

=
o
o

°
1c

+

[ J —— 20¢
-
—o—

a
o

°
35C

Modulus of Rupture (MOR), MPa

As received glass

o

30 40 50 575 600 625 650

b

Initial temperature,’C
Fig. (¢-Y) Fracture strength versus initial treating

temperatures of glass with fan cooling.

In both Figures (°-Y) and (°-Y) the increase of strength is compatible with

the built up residual stresses. Cooling speed plays an important role in the



fracture strength of treated glass. As shown in Figure (°-Y) the cooling is done
by fans (air jet) while in Figure (°-)) is without fans. Generally, the fracture
strength of treated glass by air blowing hardening is more than that of annealed

hardening. The results of Figures (°-) and ©-Y) are given in table (°-)).

For better comparison between heat treatments of samples with and
without using fan cooling, table (°-)) shows the modulus of rupture of both
producers. It is clear that the heat treatment with fan gives higher values of
modulus of rupture. In general, the increasing of temperature difference
between glass and air will give a higher value fracture strength. This fact

belongs to the increase of hardened thickness, which gives more strength [1Y].

Table (¢-Y) Modulus of rupture (MOR) results of heat treated glass with different
cooling speed

Temperature of Without fans With fans
cooling air, °C Initial ove e 1Yo 1o ove e 1Yo 1o,
temp.,’C
'V MOR YREA AV [ Yy [ YYAY [ YA Yoo [ YELA] ¥R
Y. MOR YE0 ¢ | YT A [ YAYY [ O YAA [avv R [ YAe Yy | Yely
vo MOR AVRAAN[YeEw Y [ YA [y A V. Y ESAY LD

.Y.¥ Quenching Hardening

Figures (°-Y, ©-¢, and ©-°) show the effect of initial treating temperatures
and oil quenching on the fracture strength of glass. Cooling process in these
Figures is done by using air jet to different times at the same air temperatures
(YVY°C, Y+°C, and Y°°C) and then quenched in oil to cool at room temperature.
As mentioned above, the increasing in fracture strength of treated glass may

occur by increasing the difference of temperature between the core and the



surface of treated glass. Furthermore, one can see whenever the air jet time is
low, the fracture strength of treated glass is high and vice versa. This behavior
may be explained by existence of balance between air jet time and dipping in
oil. The unbalance in this process, causes failure for the treated samples. This
fact is clear from Figure (°-°), where we have no value of modulus of rupture
by the blowing time of Y° seconds due to break of sample. Hence, a shortening
in time of air cooling before oil quenching causes an increase in the modulus of

rupture.
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Fig. (°-Y) Fracture strength of glass treated by
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Fig. (°-®) Fracture strength of glass treated by

quenching in oil at ¥¢°C.

Table (©-Y) shows a comparison between all values of modulus of rupture
for quenching with oil and quenching with air only. The quenching in oil gives
higher value as in air. The strength is increasing by increasing the quenching

temperature difference, which causes building of harder glass surface.



Table (¢-Y) Results of modulus of rupture of heat treated glass with different times of

air blowing
Initial treating Temperature of | Time of air blowing, min (then quenched in oil) | Cooling
Temperature, cooling air,°C with fan
°Cc

Yosec. | +.0 \ Y v

ove X% MOR Yae ¥ | VARV [ VAVY [ VAN |- VAL
N - MOR YYya [ yvayr [ Yyo A [ YR - Yo
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Ne. - MOR Yot 4 vy [ vavae | yary | ™.

ove Yo MOR - Vot ¢ . Yoo ¥ VeEE A 1.
T - MOR - ARSI Ve yeo4.y Yoy A \1¢
1Yo - MOR = VAL 144.Y YAY R YAV VAV R
0. - MOR = VAY,Y | YVAE V4¢ ¢ VaY. A V4o

¢.Y.¢ Effect of Etching

Figure (°©-1) illustrates the effect of etching time on the fracture strength of
glass using different concentrations of Hydrofluoric acid (HF). All the specimens
treated with different concentrations of Hydrofluoric acid show increasing in
their fracture strength. This is because of decreasing in surface flaws density
and etching process which blunts the crack tips [ 1]. In low concentration of
(HF) acid, glass specimen needs more time to reach its maximum fracture
strength. Also, this process of etching removes small layers of glass surface and

causes a thin smooth surface of glass, which shows transparency up to its



maximum fracture strength. After this stage, the surface of glass will acquire
some roughness and pits with large diameter. This is a characteristic feature of
translucent appearance of glass. On the other hand, the high concentration of
(HF) acid will cause reducing in time to reach its maximum fractural strength,
and the transparency appearance will be early absent, since more thickness of
glass layer will be removed. So, ¢7 and )7 (HF) for ).Y° hour are considered
the best result of glass strengthening, where the fracture strength was Y1Y.Y
and YY1.£MPa respectively. The specimens have been treated with °% and

)+ 7 (HF) will be adapted for all next tests.

The behavior of results of the etching process comes with agreement of

researcher [V V].
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Fig. (¢-1) Effect the etching time on the fracture

strength of glass.

¢.Y.¢ Etching and Quenching hardening

As discussed in article ©.Y.Y that the best results of quenching process
were by using jet air for Y© seconds within ambient temperature of YY°C, then
quenching in oil. On the other hand, etching process has been adopted of ¢/

and )+ 7 HF acid for Y.Y%hour.

Figure (°-Y) shows the fracture strength of initial treating temperature
glass when it is subjected to both quenching and etching (°7 HF) processes.

There is gradually an increase in fracture strength.

Figure (°©-A) shows the fracture strength of initial treating temperatures
glass when it is subjected to both quenching and etching () *7 HF) processes.
According to these conditions, fracture strength of treated glass shows similar
behavior of that mentioned in Figure (©-V); but the values of fracture strength
are higher. This may be attributed to the accumulated effect of both etching at
V+7 HF (reducing flaws density and quenching (residual stresses)) [1¥]. It is
clear from Figures (°-Y) and (°-A), that the etching process does not provide

any enhancement to raise the fracture strength of treated glass. For this



reason, the following glass specimen can be thermally processed only without
etching, unless it demands enhancement in bonding strength when glass is

used as a laminated habit.
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Fig. (°-A) Fracture strength of treated glass

(etching of Y+7Z HF and quenching).

Table (°-Y) shows results of the fracture strength of glass processed with

etching and quenching process.

Table (¢-¥) Fracture strength results of glass processed with etching and quenching

processes.
HF concentration% Initial treating | Temperature of air | Air blowing time, min
Temperature, °C cooling,°C

Yesec.
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©.¥ Hardness

The behavior of hardness of all the following treated glasses are in

agreement with that mentioned by Everstiejin et al [YA].

¢.Y.) Annealing Hardening



Figure (°-%) reveals the effect of initial treating temperature on the Vickers
hardness number of heat treated glass. It shows that the glass hardness

decreases with increasing initial treating temperature.
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Fig. (°-%) Vickers hardness numbers of heat

treated glass without fan quenching
.Y.Y¥ Blowing Hardening

Figure (°-)+) shows reversal relationship between heat treated glass with
the air blowing effect and their Vickers hardness number. This behavior is
similar to that illustrated in Figure (°-%). It has been observed that whenever
air blowing present, the Vickers hardness number of heat treated glass is more

decreased than that of natural cooling. As a result of this, the slope of Vickers



hardness number is more descending than that found in Figure (°-%). It is
believed that when annealed glass is subjected to air blowing quench, the
structure of glass will be of low density [YA], so according to this, its hardness
tends to decrease gradually with decreasing air cooling temperatures as shown

in Figures (°-1 & ©-Y+). Table (°-¢) illustrates the results of Figures(®-4) and

(¢-) +) for comparison.
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Fig. (¢-V+) Vickers hardness numbers of heat

treated glass with fan quenching.



Table (¢-£) Vickers hardness numberls of heat treated glass with and without fan

guenching.
Temperature of Without fans With fans
cooling air,°C Initial ove T iye 1o ove T 1ye e
temp.,°C
\RY% Hardness | ®¢1.¥ oty oty Y | 0tV V [ OYVY ovy AR AR
A\ Hardness | ®¢A VY | o¢q ¥ | 0¢¢ ¥ | oty Y oty oYV.Y | eYa Y | oYV
ve Hardness | ¢4 | et¢a [ o¢n [ecer | ogn [ ot¥ | o¥y [ovary

.Y.¥ Quenching Hardening

Figures (°-)), ©-VY, and ©-1Y) show the relationship between the initial
treating temperature and Vickers hardness number of heat treated glass. All
specimens in these Figures were cooled by air jet to different times then
quenched in oil. The ambient temperature of cooling in Figure (°-Y1) is YY°C, in
Figure (°-VY) is Y+°C, and in Figure (°-)Y) is Y°°C. They reflected a reversal
relationship, where the hardness is increased as the initial treating
temperature decreased. This behavior is also established, because the surface

will have lower density.
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Fig. (°-\Y) Effect of initial temperatures on the

hardness of heat treated glass.

Table (©-°) displays the results of these Figures for comparison.

Table (¢-¢) Vickers hardness numbers of heat treated glass.

Initial  treating | Temperature of Time of blowing air, min
Temperature, °C | cooling air,°C
Yeosec. .0 \ \ A
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Y. ¢ Effect of Etching

Figure (°-)¢) represents the relationship between glass etching time
(minutes) and corresponding Vickers hardness number (Kgf/mm‘). It may be
noted from this Figure that, there is an increase in hardness of etched glass for

both concentrations ©7 and ):7% HF up to Y® minutes. After this time of



etching, Vickers hardness number will be decreased. It is believed that, any
smoothness of glass surface will cause the first on ascending order in hardness
number up to Y@ minutes etching time. After that time the glass surface will be
probably damaged giving decreasing order in Vickers hardness number. Also, it
may be noted that whenever a concentration of etching is high ()*7%), the
corresponding Vickers hardness number is high too in comparison with that of

low concentration (7).
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Fig. (°-Y¢) Shows the effect of etching time on

the hardness of glass.



¢.¥.¢ Etching with Quenching hardening

Figures (°-)° and ©-)1) show the effect of the initial treating temperature
on the Vickers' hardness of etched and heat treated glass. Cooling process in
these Figures is done by air blowing to Y® seconds at ambient air
temperatures (YY°C and Y:°C) and then quenched in oil. All specimens in
Figure (°-)°) are etched by ¢/ HF while in Figure (°-)1) the etching was by
Y «7 HF. It has been observed, that the values in these Figures have the same
decreasing behavior of those in Figures (¢-Y), ©-)Y, and ©-1Y) but somewhat
higher than them. This raising in hardness value deduced from the

modification in the surface state of treated glass by etching.
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Table (°-1) shows results of hardness numbers of heat treated and

qguenched glass with and without etching for comparison.

Table (¢-1) Shows the results of etching process on hardness of heat treated glass

HF concentration% Initial  treating | Temperature of Heat treated glass Heat treated glass
Temperature, °C | cooling air,°C with etching without etching
Time of blowing air, Time of blowing air,
min, Yesec. min, Yeésec.
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. ¢ Strain Pattern or Quench Pattern Photos

Strain pattern of thermally treated glass have been recorded qualitatively
as photos visualized from polarscope apparatus. It may be noted from the
photos, that any increase in red color in specimen is generated from
compressive stresses. As a result of this, the specimen shows an iridescence.
Figure ()) can not display any color because it is untreated. Figure (V)
represents the strain pattern of heat treated glass at 1¢+°C then cooled in air
without air jet. This Figure has strain pattern different from other Figures
because the hot glass surfaces is directly in contact with natural cooling air.
Figures (¥, ¢, ©, and 1) show the strain pattern in the samples of heat treated
at (1°+°C), cooled with ambient temperature of (YVY°C) and by air jet to
different times (Y®sec, *.°min, Ymin, and Ymin) respectively finally quench in

oil. It has been observed that all the above mentioned photos have the same



pattern because they are subjected to the same condition and manner of air
cooling. They show increasing in red color which indicates increasing in
compressive stresses as the temperature increase. Figure (V) represents the
impact sample where it shows the strain pattern similar to that of upper
Figures. It is noted from the Figures that the strain pattern take the shape of
the air blowed out of the nozzles. The strain pattern presents in this study are

compatible with behavior of a technical report [£¢].

Fig. (V) strain pattern of untreated glass. Fig. (Y) Strain pattern of heat treated

glass at 12:°C then cooled in air




Fig. (¥) Strain pattern of heat treated Fig. (¢) Strain pattern of heat treated

glass at 12:°C, cooled in air jet to Yesec. glass at 1¢:°C, cooled in air jet to
(its ambient temperature is YY°C), and «.°min. (ambient temperature is YY°C),
guenched in oil bath. and quenched in oil bath.

Fig. (°) Strain pattern of heat treated Fig.(") Strain pattern of heat treated
glass at 1¢:°C, cooled in air jet to Ymin. glass at 1¢:°C, cooled in air jet to Ymin.
(ambient temperature is YV°C), and (ambient temperature is YV°C), and

guenched in oil bath. guenched in oil bath.




Fig. (V) Strain pattern of impact glass that
heat treated at "¢ +:°C, cooled in air jet to
Yesec. (ambient temperature is YV°C), and

guenched in oil bath.
¢.® Laminated Glass

laminated glass specimens are prepared and tested by Flexural test, static
toughness, dynamic toughness, and shooting test. In each test the samples

exhibit different behavior and following explanation of each behavior.
¢.%.Y Flexural loading

Experiments are done to achieve flexural test on laminated glass
specimens. Vertical displacement has been read using a digital gauge for each
reading of loading. Figures (°-\V, ©-YA, 234 and ©-Y:) show relationship
between load and the vertical displacement for the laminated glass. Figures (°-
YV and ©-YA) were for two glass layers with one acrylic. Figures (°-)% and ©°-
Y +) were for three glass layers with two acrylic. The state of glass in Figures (°-
YVand ©-Y1)is as received while in Figures (°-YA and °©-Y ) is treated (etched
and heat treated) glass. In all Figures, vertical displacement increases with

increasing applied load till maximum loading, where we have fracture of glass.

The presence of pplymer in a sandwich glass specimen is considered to be the

Twq glass layers with one acrylic layer

reason for the increasing load after glass Arac ure,
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Fig. (¢-Y+) Relationship between load and the
vertical displacement of treated (etching with

heat treatment) glass with two acrylic layers.

Table (°-Y) shows the different displacement of glass laminates by the
different applied load. It is easy to see, that the treated glass laminates have a
wider displacements and resist heavier load. This behavior is matching with the
results of the researchers F. A. Veer and S. M. de Vries, in addition with

Hobbelman et al [Y¢,Y°].

Table (¢-Y) fracture load and displacement at glass fracture of treated and untreated
laminated glass.

No. of Figures| Glass state Number of | Fracture load,| Displacement
layers KN at glass
fracture, mm
o-\v Untreated ¥ \.ve v
o-VA Treated ¥ Y.ve V. AY
e-14 Untreated ° Y.A ¥.¢
o-Y. Treated ® Y.ve Y.40




¢.%.Y Toughness measurements
.,0.Y.\ Static Toughness

The static toughness represents the absorbed energy during low rate
loading. The value of this term can be determined by measuring the area under
curve in load-displacement relationship [1¢]. Figures (°-)Y to ©-Y+) are used to
count the static toughness of laminated glass specimens, where the area is

measured up to maximum load.

Table (°-A) shows the static toughness of the previously mentioned
laminates. It is clear, that the static toughness of treated glass laminates is
higher than untreated one for different laminate numbers. Furthermore, the
results show that the absorbed energy is increased as the number of

glass/acrylic layers increased.

Table (¢-A) fracture load and displacement at glass fracture of treated and untreated
laminated glass.

No. of Figures Glass state Total number of Static toughness,
layers joules
PRYY Untreated Y Y.va
°-VA Treated v €14
°-14 Untreated ° £
°-Y. Treated ° v.vy

©.0.Y.Y Dynamic Toughness




At high loading rate or moving loads, toughness is known by dynamic
toughness. In this study, we have used many thicknesses of acrylic glass
laminated systems ranging from °mm to ¢Amm. In table (°-%) the values of
dynamic toughness are tabulated. It can be concluded that the dynamic
toughness is increased with increasing thickness of laminated glass due to the

increase of the absorbed energy.

As a comparison of the results of dynamic toughness with that of static
toughness, the magnitudes of dynamic toughness are higher than those of

static toughness because glass is strong under high loading rates [YA].

Table (¢-9) The magnitudes of dynamic toughness for laminated glass.

Configurations Thickness, | Impact energy,
of laminated glass mm Joule
One layer of untreated glass ° ¥

One layer of treated (etched and ° A
heat treated) glass.
Two layers of treated (etched and ‘Y ot
heat treated) glass with one acrylic
layer.

Two layers of treated (etched and AR T
heat treated) glass with two acrylic
layers

Three layers of treated (etched and AR ARE
heat treated) glass with two acrylic
layers.

Three layers of treated (etched and AR \Ye
heat treated) glass with three
acrylic layers.

Four layers of treated (etched and Y4 V4.
heat treated) glass with three
acrylic layers.

Four layers of treated (etched and Yy AR
heat treated) glass with four acrylic
layers.




Five layers of treated (etched and vy Yye
heat treated) glass with four acrylic
layers.
Five layers of treated (etched and £ Yoo
heat treated) glass with five acrylic
layers.
Six layers of treated (etched and te >Y e
heat treated) glass with five acrylic
layers.

©.9.Y Shooting Test

This test shows the possibility of laminated glass to stop the bullet at a
firing distance of ) *m. The results of this test are summarized in table (©-)))-
ordered by the thickness of samples. All glass that is used in these samples was
soda-lime glass. The type of all samples is glass-clad plastic (acrylic). As
received, etched, and heat strengthened glasses in addition to acrylic and
epoxy as a glue are used to fabricate the samples of this test. Table (°-)+)
shows the best conditions of each strengthening process with their

characteristics.

Table(e-Y+) shows the best performance of strengthened glasses.

Etching process Heat treatment process

HF concentration is )+ 7. Initial temperature is 1°+°C.

Time is Yemin. Blast with air for Y seconds at
VVY°C air temperature then
guenched in oil

In the samples () to ¢), the state of glass is untreated (as received glass)
and their thicknesses are ranging from Yi1mm to ¢+mm. All these samples

shows complete penetration. The thickness of sample (°) is ¢+*mm, and it



shows partial penetration. The state of glass in this sample was treated (by

etching and heat treatment) glass.

Sample (1) has glass in state of untreated and sample (V) has glass in a
state of treated (by etching and heat treatment). The thickness of two samples

is £ Ymm. After the test, the two samples exhibit partial penetration.

Figures (°-YY to ©-Y°) show photos of tested samples (£ and ¢), and their

witness plate.

In sample (A) the glass state is treated by etching only. The sample shows
partial penetration. Figures (©-Y1 — ©-YY) show laminated samples and some of
their witness plates after shooting test and the last Figure shows some of

bullets before and after test.

For all samples after testing the glass and acrylic layers have obvious
cracking as a result of bullet impact. The vicinity region around hole of the
tested sample, is cracked very heavily, and appeared as a powder, opaque of
comminution region. A comminuted glass is ejected during the impact. Radial
cracks have propagated away from the comminuted region to the edge of each
glass layer while the acrylic is cracked during impact due to the nature of
brittle fracture like glass. Acrylic layers do not show the comminuted fracture
but they are ejected as a small pieces away (in front of and behind) the sample.
As a matter of fact, the bullet will cause a large diameter damage in the

sample.

The glue (epoxy) used to bind the glass and acrylic layers has a tendency to
become weak in bonding so that the glass suffered from delamination
happening during impact. Here, it should be noted, that the glue used in this

work is not very active where there is no better glue in the local market.



From table (°-))), one can clearly see that the resistance to bullet through

the laminated glass increase with increasing target thickness. The glass state

(treated or untreated) is an important condition to limit the areal density of

the laminated glass. As shown in table (°-)1)) the areal density (which is the

ratio of the weight to the area of the sample) of sample (°) is \’/\."Kg/m* while

that of sample (¥ and V) is 4YKg/m'.

So the results of testing the samples have not matched with those in

papers [Y1,YVY], because of the difference in materials used in this study. One

can conclude from table (°-))), that a sample like of (no. °) is sufficient to

resist bullet. This sample has the lowest areal density and the lowest thickness

of all following samples, which resist bullet impact.

Table(®-YY) Shot summary

No. Glass Configuratio No. of layers Target Areal Firing Notes Fracture

of state n thicknes density, distance, mode of

target Glass Acrylic s, mm Kg/m m samples
constituents
\ As Glass-clad A Y K YV.A ‘e Complete Small pieces
received acrylic penetration of glass and

glass acrylic
Y As Glass-clad Y ¥ Y¢ tt.0 ‘e Complete Small pieces
received acrylic penetration of glass and

glass acrylic.
Y As Glass-clad ¢ ¢ Yy YA ‘e Complete Small pieces
received acrylic penetration of glass and

glass acrylic.
¢ As Glass-clad ° ° £ VAo K Complete Small pieces
received acrylic penetration of glass and

glass acrylic.




Treated Glass-clad ° ° £ VAo K partial Very small
(By acrylic penetration pieces of
etching glass or
and heat powdered
treatment) and small
acrylic
pieces
As Glass-clad 1 1 €4 ay K Partial Small pieces
received acrylic penetration of glass and
glass acrylic
Treated Glass-clad 1 1 €4 ay K Partial Very small
(by acrylic penetration pieces of
etching glass or
and heat powdered
treatment) and small
acrylic
pieces
Treated by Glass-clad 1 1 ¢4 ay ‘e Partial Small pieces
etching plastic penetration of glass and
only acrylic

Fig. (¢-YY) Front view of laminated

sample before shooting test.

*heat treated +etched

* Thirknace=5% s mm

*Untreated




Fig. (¢-YY) Front view of laminated Fig. (¢-Y¥) Front view of laminated

sample after shooting test. sample after shooting test.

Trace of bullet for untreated glass

Trace of bullet for treated glass

Figure (°-Y£): Front view Figure (¢-Y¢): Back view of
of witness plate of ¢ *mm the same plate with behind

thick sample after test. view.

*heat treated +etched




Figure (¢-Y1): Front view of laminated Figure (°-YV): Front view of

sample of £4mm thick after shooting laminated sample of ¢4mm thick

test. after shooting test.

Figure (-YA): Front view of witness Figure (¢-Y4): Back view of the

plate of ¢3mm thick sample after same plate with behind view.

Shooting test.



Before impact After impact

*Etched only

Fig. (°-¥+) Front view of laminated Fig. (°-¥V) Bullets before and

sample after shooting test. after impact test.

CHAPTER SIX

CONCLUSIONS AND SUGGESTIONS

1.Y Conclusions:

On the basis of this study, measurements and observations performed, the

following findings can be concluded:

V. £ *mm thick laminated glass which contains treated (etched and heat treated)

glass can be used to avoid a bullet of Kalashnikov rifle about distance of

Yem.



Y

. Heat treatment decreases hardness of the annealed glass. © percent is the
decrement of hardness due to the heat treatment at the same conditions

that mentioned above.

Y. Etching can increase the fracture strength of glass by decreasing the flaws

T s

density on the glass surface. The increment in HF concentration and etching
time with constant of HF concentration can decrease the fracture strength
of glass because of the over etching. In this study the best etching is at )+ /

HF for Yemin.

. Etching can raise the hardness of glass by creating a new surface with a
relative smooth. © percent is the increment in the hardness of etched glass

at ) +7Z HF for Yomin.

. The effect of etching on the heat treated glass does not sensibly increase the

strength of heat treated glass but the hardness is relatively modified.

. Toughness of glass can be increased by combining it with a polymer because

the polymer makes bridge among cracked glass and it holds the pieces of

cracked glass together.

. The using of toughened glass in laminated glass attributes to raise static and

dynamic toughness, in addition, the increasing of layers number can

increase laminated glass toughness.

. The fracture strength of glass can be raised by heat treatment. The best

conditions that the study is suggested are heating the glass up to 1¢+°C and
then rapidly cooled by air jet for Yo seconds (air temperature is VY °C),

finally quenched in oil.

.Y Suggestions:




Y. Using another type of glass such as Vycor'™ ... etc.
Y. Using lon-exchange in place of heat treatment.

Y. Mixing HF acid with other acids such as HSO: ...etc to modify glass surface

smoothness.
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