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IV | Abstract

Abstract
Heated automotive backlights are composed of the soda-lime-silicates glass substrate, the
enamel and silver thick films, and several lead-free soldered connectors. The challenges faced
with this composite stack are significant cumulated degradations of the initial glass strengths
by the subsequent addition of layers and connectors. SEM fractographic analyses undertaken
on the composite stack have revealed that fracture originates in the enamel layer and more
precisely the region near the interface with sintered silver. The soda-lime silicate glass and
enamel glass frit were found to have comparable values while the fracture toughness of
sintered silver has been found to be one order of magnitude higher. The most critical defects
of the stack are located in the enamel, due to their relatively large size, and the fragile nature
of this layer. Additionally, the amount of compressive residual stress in the enamel film is
lower compared to the surface of the tempered glass substrate. Finally, the soldering of the
connector transfers tensile stresses in the brittle part of the stack. Therefore, tensile stresses
are applied to the porosities present in the enamel. Theses porosities act as stress
concentrators, facilitating the propagation of cracks which in turn decreases drastically the
mechanical strength of the composite stack. In the case of high tensile soldering stresses,
several cracks can propagate in the enamel from pre-existing critical defects and propagates to
the glass, leading to the formation of glass chipping in the glass substrate. The formation and
growth of large glass chips can lead to spontaneous breakage of the backlights. The soldering
process has the highest influences, among the process parameter, onto the mechanical strength
of the composite stack.
The robustness of the automotive backlight can be increased by reducing the amount and size
of porosities in the enamel layer and by optimizing the residual stresses in the stack.

V | Kurzfassung

Kurzfassung
Beheizte Heckscheiben bestehen aus Kalknatronsilikatglas, dicken Schichten aus Emaille und
Silber, sowie mehreren bleifrei gelöteten Anschlüssen. Die Herausforderung bei dieser
Verbundstruktur sind die signifikanten sukzessiven Verschlechterungen der anfänglichen
Glasfestigkeit durch nachträgliches Auftragen von Schichten und Anschlüssen. REMFrakturanalysen, die auf der Verbundstruktur durchgeführt wurden, haben ergeben, dass die
Fraktur ihren Ursprung in der Schmelzschicht und insbesondere in dem Bereich nahe der
Grenzfläche mit dem gesinterten Silber hat. Die Kalknatronsilikatgläser und die
Emailglasfritte weisen vergleichbare Werte auf, während die Bruchzähigkeit von gesintertem
Silber um eine Größenordnung höher liegt. Die kritischsten Defekte der Struktur befinden
sich in der Emaille aufgrund ihrer relativen Größe und der brüchigen Beschaffenheit dieser
Schicht. Darüber hinaus ist die Druckeigenspannung im Emaillefilm geringer als an der
Oberfläche des Glassubstrats. Schließlich überträgt das Löten der Anschlüsse Zugspannungen
auf die spröden Teile der Verbundstruktur. Die Zugspannung konzentriert sich in den in der
Emaille enthalten Porositäten und begünstigt die Ausbreitung von Rissen, was wiederum die
mechanische Festigkeit der Verbundstruktur drastisch verringert. Bei hohen Zugbelastungen
können sich von im Schmelz vorhandenen, kritischen Defekten ausgehend ein oder mehrere
Risse vergrößern und sich auf das Glassubstrat ausbreiten, wodurch Sprünge im Glas
entstehen. Die Bildung und das Wachstum großer Sprünge kann zu einem spontanen Bruch
der Heckscheibe führen. Der Lötprozess hat unter den Prozessparametern den größten
Einfluss auf die mechanische Festigkeit der Verbundstruktur. Die Robustheit der Heckscheibe
kann durch die Verringerung von Anzahl und Größe der Porositäten in der Emailschicht und
durch die Optimierung der Eigenspannung in der Verbundstruktur erhöht werden.
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Growth constant
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Contact depth
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J

Diffusion coefficient
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Intrinsic diffusivity
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K

Tip geometric factor
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Fracture toughness in opening mode I
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L
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Length
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Weibull modulus
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N
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Pmax
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Pore fraction
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Activation energy
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r

Cylindrical coordinates

R

Radius

R

Gaz constant
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S

Contact stiffness

T

Temperature

[°C]
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[m]
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Tip geometric factor

[mm]
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1 Introduction
Heated backlights appeared and spread on the automotive market during the second half of
the 20th century. The first step involved in the manufacturing process of backlights consists in
cutting the initial flat soda-lime silicate (SLS) float substrate in rectangular panels, which are
further cut to the desired dimensions of the backlight model. The edges of the glass substrate
are grinded to reduce the size of the defects formed during the cutting step. After having
washed the glass substrate, the enamel paste is screen-printed onto the tin side of the glass, at
the outer periphery of the substrate. Then, the thick film is dried using IR lamps in order to
evaporate the solvents present in the paste. This glass-ceramic enamel, composed of a low
melting glass frit containing an oxide pigment, provides UV protection to the underlying
adhesive holding the glass to the vehicle frame. This coating also provides an aesthetic
function by hiding the connection areas near the edge of the glass. After that, the silver paste
is screen-printed on the enameled glasses to enable the heating and antenna functions. After
screen-printing, the glass is fired in conveyor infrared belt furnace. The firing treatment
includes the evaporation of the solvent present in the silver paste, the burning of the resin
present in the enamel and silver paste, the sintering of the layers and the bending of the glass
substrate to the final model dimensions. Then, the stack undergoes a thermal tempering to
increase the glass strength, by very fast blast cooling from 650°C to room temperature in 20 s.
Finally, several lead-free connectors are soldered on the silver busbars present on the right
and the left side of the backlight to provide the electrical current required to heat up the silver
lines. Therefore, the composite stack is constituted of the glass substrate, the enamel and
silver thick films, and several lead-free soldered connectors.
The challenge faced with this composite stack is the cumulated degradations of the initial
glass strengths by the subsequent addition of layers and connectors. The degradation of the
glass strength after enameling has been studied previously, revealing through fractographic
analysis of broken samples that the failure is initiated from porosities and pigments aggregate
in the enamel film. Then this failure propagates to the glass substrate.[1] Until now, the effect
of an additional silver thick film, coupled with the soldering of a connector, onto the
robustness of enameled tempered glasses has not been investigated. The soldering of the
connector with non-optimal process parameters can lead to the formation of one or several
glass chips, usually located directly below the external edge of the connector foot soldered
onto a soda-lime silicate glass. The presence of glass chips can be detected from the glass side
in
(Figure 1).

reflection

light
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In case of very high tensile stresses induced by soldering, spontaneous failure of the complete
backlight has been observed during the production, or during the mounting on the car body
using a robot. The macroscopic observation demonstrates the breakage origin is located at the
connector position. Furthermore, the formation and growth of glass chips below the external
edge of the connector foot have been observed during the aging of the backlights, revealed by
the temperature cycling tests.

(a)

(b)

Figure 1 : (a) Lead-free connector soldered onto the silver busbar, (b) glass chip directly below the external edge of
the connector foot visible through the glass side in reflection light.

The aim of the project is the increase of the robustness of the automotive backlight by
optimizing the composite stack properties and the manufacturing processes. Thus, the
objective consists in formulating and validating the general failure model of the composite
stack, in the case of mechanical solicitations and aging tests. Hence, the physical mechanisms
leading to the formation of the glass chips after soldering and aging have to be studied to
provide a deeper comprehension of the actual in-service failure mechanisms. The contribution
of the different elements of the composites stack on the degradation of the initial glass
strength has to be investigated. Additionally, the microscopic location of the breakage origin
in the composite stack has to be determined by fractography analysis. Finally, the influence of
the main process parameters, in the frame of their respective parameters range during the
production of backlights, has to be evaluated. The quantification of the effects of the process
parameters enables to focus the optimization on the most critical process and to optimize the
range of the respective parameters.
The manufacturing process and the physical mechanism taking place in different elements of
the composite stack are described in the state of the art (Chapter 2). First, the different
manufacturing processes involved in the production of automotive backlights are presented in
detail, theses information are mainly the knowledge from Saint-Gobain. Then, the theory on
the fracture mechanics of brittle materials, such as glass, is explained in greater detail. This
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theory, explaining the criterias of crack propagation through a material, is extensively referred
to through the thesis to establish the general failure model. Finally, the properties of the
different elements constituting the composite stack, described in the literature, are
summarised.
After that, the theoretical background, the experimental protocol and sample preparation
related to the different experimental techniques employed for the characterization of the
composite stack properties are described in Chapter 3 - 4.
Then, the experimental results are presented and discussed in Chapter 5. The location of
the failure origin in the composite stack has been investigated by fractographic analyses using
SEM on backlight broken by three-point bending. The material properties of the different
elements of the composite stack have been summarised. The properties of the enamel and
silver thick films, such as Young’s modulus and fracture toughness, have been characterized.
Indeed, the state of the art does not provide information on the properties of these layers in the
frame of backlight production conditions. After that, the physical properties of the different
elements of the composite stack, such as the residual stresses, the defect size, and geometry,
have been investigated. Then, the effect of the main manufacturing processes parameters,
including the firing time and temperature, the preheating temperature, the soldering power,
are determined with a Design of Experiment.
The main failure modes taking place in automotive glazing are the failures under
mechanical solicitations and aging. The in-service failure mechanisms of both failure modes
are investigated in order to formulate a general failure model of the composite stack. After
that, several optimization strategies, based on the failure model, are tested in order to improve
the mechanical strength of the system and the aging resistance. The amount and size of the
defect can be reduced by optimizing the firing process as well as modifying the enamel paste
properties. The amount of residual stress resulting from soldering can be reduced by wisely
selecting the adequate material for the solder alloy and the bridge constituting the connector.
The main results are summarised in the general conclusion (Chapter 6). Finally, the
propositions of future research, describing the additional promising modifications of the
composite stack to increase further the mechanical strength of the system, are presented in the
Chapter 7.
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2 State of the art
The first part of the state of the art describes the different manufacturing processes involved in
the production of automotive backlights. The information concerning the description of the
processes are mainly the internal knowledge from Saint-Gobain. Then, the theory on the
fracture mechanics of brittle materials, such as glass, is explained. Finally, the properties of
the different elements constituting the composite stack, described in the literature, are
summarised.

2.1 Backlights manufacturing process
Heated backlights are constituted of the glass substrate, the enamel and silver thick films, and
the soldered connectors. The manufacturing processes involved in the production of
backlights, such as the screen-printing, firing and soldering steps, are described in greater
detail.
2.1.1 Float glass substrate
The first step of the manufacturing process of backlights consists in cutting the initial flat
soda-lime silicates float glass (SLS) float substrate in smaller rectangular panels, which are
further cut to desired dimensions of the backlight model. The edges of the glass substrate are
grinded to reduce the size of the defects formed during the cutting step. The substrate used for
the production of backlight consists of soda-lime silicate float glass with a typical
composition of 73 wt% SiO2, 14 wt% Na2O, 8 wt% CaO, 4 wt% MgO, 1 wt% Al2O3. After
having washed the glass substrate, the enamel paste is screen-printed onto the tin side of the
glass, at the outer periphery of the substrate.
2.1.2 Enamel and silver pastes
The enamel and silver pastes are composed of inorganic particles in suspension in an organic
medium. The organic medium, composed of the resin and the solvent, provides the
printability of the pastes onto the glass substrate. The resin serves as a support for the
inorganic particles, enabling homogeneous dispersion of the particles in the paste.
Additionally, the resin provides the adhesion of the enamel to the glass substrate after drying,
allowing the screen-printing of the silver paste onto the enamel layer. The addition of solvents
permits the adjustment of the viscosity of the pastes by dissolving the resin. The inorganic
particles present in the enamel paste consists of several low-melting glass frits, crystalline
pigments spinels, and crystal seeds particles. The term ‘glass frit’ refers to fine powder glass
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particles obtained by crushing an initial glass having the desired composition in oxides. The
glass frits in the enamel, after fusion, forms a continuous glass-ceramics layer. The pigments
spinels provide the black color and UV protection. The crystal seed initiates the partial
crystallization of the enamel. The inorganic particles present in the silver paste consists of a
mix of silver particles of different size, and the low-melting glass frits providing the adhesion
to the enamel layer or the glass substrate. The glass frits in the silver enable the binding to the
underlying layers, such as enamel or SLS glass, depending on the location on the backlight.
2.1.3 Screen-printing
The screen-printing method enables the industrial production of high-quality images onto
substrates of various shapes, curvature, and dimensions. The ink thickness deposited on the
substrate can be adjusted by the type of screens. The screen fabrics involved in the production
of automotive glazings are made of ultra-fine polyester filament. The screen is covered by a
photosensitive layer called emulsion. The pattern on the screen is obtained by recovering the
emulsion with a positive photomask, exposing the screen to UV lamps and washing the screen
to remove the undesired areas. The screen printing process consists in transferring paste
through a patterned screen fabric, using a squeegee, to deposit the paste onto the glass
substrate.[2] The viscosity of the paste is reduced by the high shearing stress applied during
the downward pressure of the squeegee onto the screen, inducing the flowing of the paste
through the screen mesh, transferred onto the surface.

(a)

(b)

Figure 2 : Sketch of the principle of the : (a) screen printing techniques, (b) thixotropic effect during the printing of
the paste.[3]

Therefore, the rheological behavior of the paste required for screen-printing is thixotropic.[4]
After the screen snaps off the surface, the low viscosity is maintained shortly. Hence, a
smooth surface of uniform thickness is obtained by the flow of the ink because of the surface

6 | State of the art

tension.[3] Finally, in the absence or at low shearing rate, the viscosity should increase rapidly
to avoid the spread of the paste resulting in loss of resolution. Thixotropy is a time-dependent
shear thinning phenomenon, characterized by the progressive decrease in viscosity in function
of the time for constant applied shear stress. When the shear stress disappears, there is a
gradual recovery of the initial viscosity.[5,6] The principle of the screen-printing techniques
and the thixotropic effect during the printing of the paste are presented in Figure 2.
2.1.4 Firing and tempering process
After screen-printing the enamel onto the glass substrate, the enamel is dried at 250 °C for
180 s to eliminate the solvents, allowing the subsequent deposition of the silver layer while
reducing the risk of porosity after the sintering process. After screen-printing the silver onto
the enameled glass substrate, the stack is fired in conveyor infrared belt furnace for 180 s
(Figure 3). The firing treatment includes the evaporation of the solvent present in the silver
paste, the burning of the resin present in the enamel and silver paste and the sintering of the
layers at 650°C.

(a)

(b)
Figure 3 : Sketch of the principle of the tempering process : (a) top view of the tempering furnace, including the
heating furnace, the bending cabin and the tempering station, (b) side view of the glass substrate during the simple
press bending steps followed with the tempering process.

Then, the hot glass substrate is transferred to the bending cabin to bend the glass to the final
model dimensions. According to the shape and complexity of the backlight, the bending
process is modularly adaptable. Most of the backlights are bent with the simple press bending
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which consists of pre-shaping the flat glass substrate onto the mold by blowing hot air from
below. The hot air is supplied by the hot air channel. The glass substrate is pressed against the
quenchring to obtain the final desired shape. Finally, the backlight undergoes a thermal
tempering, from a glass temperature initially at 650°C to room temperature in a 20s, by
blasting cold pressurized air from the nozzle present onto the upper and lower quenchboxes.
This thermal treatment creates high compressive residual stresses at the surface of the glass
and tensile residual stress in the core of the glass substrate (Figure 7a). The strength of the
backlight is increased by the amount of compressive residual stresses at the surface. For
automotive backlight, the surface compressive stress reaches 100 MPa whereas the core
tensile stress reaches 50 MPa.
2.1.5 Soldering process
Before soldering the connector onto the silver busbar, the surface is mechanically brushed
with copper bronze rotating brush to remove the silver oxide layer formed at the surface
during the firing. Then, the backlight is locally pre-heated, typically up to 100°C, at the areas
to be soldered, using infra-red lamps. The preheating step aims to reduce the temperature
gradient existing during the soldering between the glass substrate and the connector, leading
to lower levels of tensile stresses. Finally, the soldering process, for automotive backlight,
consists in joining the stainless steel connector bridge and the silver thick film with a low
melting temperature filler metal, the lead-free solder alloy SAC 305. The connector is
soldered onto the silver busbar once the backlight is cooled down after the tempering process.
The two mains soldering technologies used to produced backlights are the induction and
resistive soldering (Figure 4). These techniques are based on heating the metallic bridge to
melt the soldering alloy located below the connector “feet” by heat transfer. Thus, a hightemperature conductivity of the bridge is desired. The principle of the induction soldering
technique is to heat the stainless bridge with a magnetic field generated by a coil, resulting in
a relatively homogeneous temperature distribution in the bridge. The principle of the resistive
soldering technique is to heat the bridge by implementing a current through two electrodes
positioned onto both connector feet, resulting in an inhomogeneous temperature distribution.
The SAC 305 alloy has a solidus temperature of 219°C. A fully melted solder alloy combined
with a good distribution under the connector foot is ensured by soldering at an alloy peak
temperature around 30 K above the alloy solidus temperature. The local temperature
experienced by the connector bridge and alloy in function of the soldering technique is
presented Table 1. Induction soldering techniques are generally preferred since they exhibit a
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higher degree of repeatability concerning the soldering quality, higher process stability and
less hot spots during soldering.

(b)

(a)

Figure 4 : Soldering technologies involved in the production of backlights : (a) resisitive soldering by implementing a
current through two electrodes, (b) induction soldering by generating a magnetic field using a coil.[7,8]

Soldering technique

Induction

Resistive

Alloy peak Temperature

~ 250 °C

~ 250 - 300°C

Bridge peak Temperature

~ 250 - 300°C

~ 250 - 600°C

Table 1 : Local temperature experienced by the connector bridge and alloy in function of the soldering technique

The next sub-part of the state of the art summarizes the theory on the fracture mechanics of
brittle materials, such as glass. This theory, explaining the criteria of crack propagation
through a material, is extensively referred to through the thesis to establish the general failure
model.

2.2 Fracture mechanics of brittle materials
Glass is an isotropic amorphous material with a linear elastic behavior at room temperature.
The strength of glass fiber tested directly after production exhibits a tensile strength of several
gigapascals, ranging between 1 and 12 GPa. After handling of the glass fiber, the tensile
strength is reduced to 350 -700 MPa. A glass rod freshly produced exhibits a tensile strength
of 70 -140 MPa, while after handling, the tensile strength decreases to 14 - 35 MPa.[9] Hence,
the strength of glass products directly depends on the state of the surface.
The general fracture mechanic model for brittle materials is described. The influence of the
flaws acting as stress multiplier for local tensile stresses and criterion of crack propagation are
reviewed.
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2.2.1 Theoretical resistance
Orowan has demonstrated that the theoretical strength (

) of brittle materials is dependant

of the interatomic distance and the fracture surface energy, as follow : [9]
√

(1)

where (E) is Young’s modulus, (γ) is the fracture surface energy of the glass and
interatomic distance. For silica glass, the value of γ and

is the

can be estimated as respectively

3.5 J/m² and 0.2 nm, hence, the theoretical strength based on the strength of the chemical
bonds forming the vitreous network is around 20 GPa.[10] The theoretical strength of the
soda-lime-silicate glass is around 7 GPa. The difference of strength between glass fibers and
macroscopic glass elements has been explained by Griffith (1920) through the presence of
microcracks on the surface of the glass, leading to stress concentration.[11]
2.2.2 Defect on glass surface
The defects present in the glass sheet act as stress multipliers for local tensile stresses. Inglis
has demonstrated that the maximum value of tensile stress is located at the tip of the elliptic
hole, having a length (2a) and a width (2b), as presented in Figure 5b.[12] The hole represents
the crack, the maximum stress
applied stress

at the defect has a finite value and is greater than the

, given by :
(

At the failure of the glass (
the failure stress

)

(2)

, the factor (1+2a/b) act as a stress multiplier, hence

is given by:
⁄(

)

(3)

As a result, the real strength is decreased compared to the theoretical strength, especially for
sharp tip cracks. The size of the volumic flaws is almost always negligible in glass compared
to the surface flaws. However, inclusions such as nickel sulfide inclusions (NiS) can lead to
spontaneous catastrophic fracture of the tempered glass. Indeed, the nickel sulfide inclusions
are in a metastable phase, this drives the slow transformation to a more stable phase which in
turn leads to an increase of the inclusion volume by nearly 4%.[13] This volume change
causes the slow growth of the equatorial cracks until the growth becomes unstable in the
residual tensile stress field in the core of the tempered glass.[14] This type of defects are not
studied, because of the negligible fraction of breakages in automotive glass. The influence of
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the surface flaw depth on the real strength of the glass is presented in Figure 5a. The depth of
the surface defects is inversely proportional to the mechanical resistance of the glass.
Additionally, the geometry of the flaw is also critical, a sharper tip of the flaws leads to higher
stress concentration at the tip which in turn decreases the glass strength. The defects present at
the glass surface are generally formed during the manufacturing process, caused by the
contact with other surfaces, such as metallic rolls for the production of float glass.

(a)

(b)

Figure 5 : Influence of defects onto : (a) the glass strength, (b) the stress concentration near the crack, with the
maximum value located at the tip of the elliptic hole.

The presence of particles on the glass surface can also lead to surface flaws. Finally, physical
or chemical modifications of the surface during handling also influence the glass strength.
The work of Inglis has brought a deeper insight into the effect of defects in brittle
materials, however, the mechanisms explaining the easier spread of larger cracks compared to
the smaller ones, and the physical signification of the radius of curvature of a real crack are
not fully understood. Therefore, Griffith has introduced a reversible thermodynamic approach
with criteria on the propagation of cracks. The fracture propagation is a conversion of elastic
strain energy into fracture surface energy. As a result, the crack propagates when the
reduction in potential energy occurring with crack growths is greater or equal to the increase
in surface energy caused by the creation of new free surfaces.[15] In the case of tensile stress
applied to a glass sheet with an elliptic hole with a length (2a), the failure stress

leading

to crack propagation can be calculated by :
√

(4)
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Griffith established the base of a general fracture mechanics theory for brittle materials with
the hypothesis of the initiation of cracks from the pre-existing defect, and the energetic
approach determining the propagation of the crack. Theses hypothesis explains the
distribution of strength for a series of glass samples since the flaws are randomly distributed
on the surface and their effect is cumulative. Further mechanical or chemical aggressions
introduces additional surface flaws. However, the prediction of the real strength based on the
distribution of defect size on the surface of glass samples had severe limitations. The most
critical cracks, corresponding to the samples located in the queues of the statistical
distribution, are very difficult to predict. The quantification of the stress distribution near the
crack tip would enable to predict the real strength. The concept of stress concentration factor
was proposed by Irwin, providing critical stress values at the tip of the crack leading to the
crack propagation.
2.2.3 Stress concentration factor
In the case of a crack in the plane of a solid elastic isotropic homogeneous material, three
distinct failure modes can describe the propagation of the crack. The most general case
consists of a superposition of the three failure modes. The mode I is dominant in the failure of
glass compared to the mode II and III since the glass usually breaks under tensile stress
(Figure 6a).

(a)

(b)

Figure 6 : Sketch of the : (a) principal loading modes leading to the crack opening [16], (b) coordinates defining the
stress field near the crack front [17].

In a cylindrical coordinates system (r, θ) reported to crack front, the component of the stress
tensor (

) are defined by : [10]
√

Where

(5)

is the stress concentration factor with α corresponds to the opening mode (I,II, III),
is the function taking into account the angular variation, which is dependant on the
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opening mode and of the stress type. The stress concentration factor determines the intensity
of the local stress field near the crack tip, it depends on the crack tip geometry and the type of
applied stresses. The stress concentration factor in opening mode I can be written as :
(6)

√

Where Y is a geometric factor depending on the crack tip location in the glass sheet, the crack
tip dimension, and geometry. The fracture toughness (

) is a material property

corresponding to the critical value of the stress concentration factor leading to the crack
propagation. The fracture toughness is independent of the geometry and size of the sample.
This parameter enables to quantify the difficulties to propagate the crack in the material, but is
independent of the distribution of defects on the surface of the sample. The fracture toughness
in the opening mode I, referred to

, can be expressed by :
√

(7)

The fracture toughness can be determined experimentally by different techniques, such as
cantilever or notched beam in three-point bending. Brittle materials such as glass exhibit low
resistance to fracture. The fracture toughness of SLS glass is around ~0.75 MPa√𝑚 while the
stainless steel employed for the connector bridge is around ~150 MPa√𝑚. The very low
fracture toughness of glass demonstrates the high sensitivity to surface damages and flaws.
The high efficiency of the glass in converting the elastic energy into surface energy is the
cause of the glass brittleness.[18]
2.2.4 Tempered glass
Automotive backlights are tempered to increase the strength of the composite stack by
introducing high compressive stresses on the glass surface. Additionally, the craking pattern
of tempered glass makes it safer in the case of an accident. The mechanisms involved during
the thermal tempering of the glass substrate are explained in further detail.
2.2.4.1 Residual stresses in tempered glasses
At the end of the firing process, the temperature of the glass substrate, reaching 650°C,
becomes homogeneous through the thickness of the substrate. The tempering process consists
of blowing cold air, with constant temperature over time, onto the heated glass. Thus, the
cooling rate varies in function of the time and through the thickness of the tempered glass
sheet. The surface of the glass becomes rapidly rigid whereas the core of the glass remains
viscous. The thermal contraction of the rigid surface induces creeping in the core of the glass,
which has a temperature higher than Tg, leading to stress relaxation. The viscous relaxation
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stops when the core passes below the glass transition temperature, nevertheless, a gradient of
temperature is present through the glass thickness. The permanent stresses are created when
the gradient of temperature disappears, at glass temperatures near the room temperature. The
hotter core has a greater contraction compared to the colder surfaces, leading to the
emergence of surface compressive stresses equilibrated with tensile stresses in the core. The
distribution of residual stress through the thickness of the glass sheet, in a location far away
from glass edges, is roughly parabolic (Figure 7b). The maximal surface compressive stresses
are approximatively double the amount of maximal core tensile stresses, with a typical value
of 100 MPa compressive stress for automotive backlights. In the case of a parabolic
temperature distribution, the maximum tension

at the center is given by:
(8)

Where ( ) is Young’s modulus, ( ) is the Poisson’s ratio of the material, (α) is the coefficient
of thermal expansion.
Bartenev developed a simple “Instant freezing” theory, treating the glass as a
thermorheologically simple material with linear viscoelastic behavior. In this model, at
temperatures above the glass transition temperature, the glass is regarded as a fluid which
relaxes the stresses instantaneously by flowing. At temperature below the glass transition
temperature, the glass is treated as elastic solid, with no stress relaxation. Bartenev considered
that the permanent stress resulted from the decay of a hypothetical fictive temperature
distribution

obtained from the real gradient of the temperature in the different glass

layers at the instants corresponding to freezing.[19] The distribution of the fictive temperature
(ϕ) is introduced by :
|

(9)

The permanent stresses are created when the gradient of temperature disappears, at glass
temperatures near the room temperature, according to the theory of thermoelasticity, given
by :
[̅
Where ̅

]

is the average value of the fictive temperature distribution

(10)
.[19]
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(b)
(a)
Figure 7 : Sketch of the : (a) glass state corresponding to Bartenev theory [19] (b) the residual stress distribution line
in a location far away from glass edges, the contour line represent the line of zero stress. [20]

The simple model of Bartenev enables the calculation of values of the residual stress having
perfectly reasonable orders of magnitude.[21] However, the different fictive temperature over
the glass sheet thickness caused by the temperature gradient affects the glass structure and
density. More complexes models, such as the structural and viscoelastic models of tempering
from Narayanaswamy [22], enables more precise calculation of the residual stresses induces
by the tempering process. The compressive residual stresses present at the surface increases
the fracture strength of the tempered glasses. Glass generally fails under tensile stress from
surface flaws acting as a stress multiplier. Therefore, the pre-compression of the surface
allows the application of a larger external load on the tempered glass before exceeding the
critical level of fracture toughness at the crack tip. Indeed, the compressive residual stress
acting on the crack tip is subtracted from the applied stress, providing additional stress against
the opening of the surface flaws.
The failure criterion
requires a slight modification that includes the residual stresses in
the case of tempered glasses :
(

)

where the negative compressive residual stresses (
stresses

.[20]

√

(11)
are added to the positive applied
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Figure 8 : General mechanism of residual surface compression increasing the fracture strength.

2.2.4.2 Crack pattern
In the case of tempered glasses, the failure stress is significantly increased by the presence of
the large surface compressive residual stress. Thus, during glass fracture, the amount of stored
elastic strain energy is much greater compared to annealed glass which is almost free of
residual stress. The greater elastic strain energy is converted in fracture surface energy,
creating multiple cracking fractures resulting in small equiaxed fragments. For annealed glass
planes, large ‘‘lance-like’’ shards are created due to the lower elastic strain energy (Figure 9).
The extensive fragmentation present in tempered glass is referred to dicing.[20]
The fracture origin is referred to the point of crack initiation. The crack pattern and fracture
origin in tempered glass can be seen Figure 9. The macroscopic fracture origin is the point of
intersection of the multiple cracking fractures. The flaw responsible of the failure can be
identified, by microscopic analysis, on the fracture surface of the glass fragments located at
fracture origin. Distinctive surface features are created during the propagation of the crack
from the fracture origin. Theses features consist in a smooth fracture mirror, the hazy stippled
mist region, and the ridges and valleys of the rough hackle lines (Figure 10).[20] The flaw
responsible for the failure is located in the center of the fracture mirror, where the smooth
surface indicates stable planar crack growth. In this region, the cracks propagate at increasing
speed. When the crack speed attains the speed limit of acoustic waves in the material, 1500
m/s in glass, the crack will branch off to dissipate an additional amount of energy. Then, the
smooth surface of mirror regions gradually evolves into a narrow rougher band, concentrically
surrounding the mirror, known as the mist region.

16 | State of the art

(a)

(b)

Figure 9 : Fractographic analysis of : (a) crack patterns of annealed and a tempered glass plates after McMaster et al.
[20], (b) fracture origin in tempered glass.

(a)

(b)

Figure 10 : Fracture origin : (a) SEM image of the mirror-mist-hackle sequence on glass rod broken in flexure [20],
(b) sketch of mirror-mist-hackle sequence. [23]

Finally, the mist region gradually evolves to a rough surface of angled ridges and valleys
known as the hackle region. The straight lines extensions of the hackle lines intersect at the
original point of fracture initiation.[20] Fractographic analysis on the mirror-mist-hackle
sequence on broken backlight has to be undertaken in order to detect the location and type of
original defect leading to the failure.
2.2.5 Sub-critical crack growth – stress corrosion
Silicate glasses are subjects to static fatigue, the mechanical strength of glass decreases in
function of the time under static loading in an ambient environment.[24] The static fatigue has
a greater effect on the glass strength in the presence of a moist atmosphere, however, this
effect is decreased in the presence of a vacuum or dry atmosphere at low temperatures. This
dependence of the glass strength as a function of the time is explained by the concept of
“stress corrosion”. The pre-existing surface flaws, acting as stress concentrators, increase
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locally the influence of the corrosive environment. The local stress leads to a spread of the
crack over time, especially in the presence of a moist atmosphere.[18] Michalske and Freiman
have demonstrated that silicates glasses are subject to a stress-enhanced thermal activation of
a dissociative hydrolysis reaction caused by the adsorption of ambient humidity (Figure
11).[24] The activation energy depends on the intensity of the local stress and on the radius of
curvature of the crack tip. The reaction between the glass and water takes places in three steps
:

Figure 11 : Basic mechanism of the stress-corrosion reaction (from Michalske and Freiman (1983)).[18]

Step 1: A water molecule from the moist atmosphere is adsorbed on the crack tip, attaching to
a bridging Si-O-Si bond. There is a formation of the hydrogen bond. The interaction takes
place with the Van der Waals attraction.

Slep 2: The original bridging Si-O-Si bond breaks by a reaction of proton transfer, forming
the Si-O and O-H bond. The two silanol groups appear to be linked by a hydrogen bond.

Step 3: The hydrogen bond between the two silanol groups breaks and each fracture surface
is recovered by Si-O-H groups.

The stress-enhanced corrosion leads to the progressive sharpening of the surface defects,
decreasing the radius of the crack tip until it reaches the molecular dimension.[25] Then, the
slow crack slowly growths by the continuous dissociative hydrolysis reaction taking place at
the molecularly sharp crack tip.[26]

2.3 Review on the composite stack
Automotive backlights are constituted of the SLS float glass substrate, the enamel and silver
thick films, as well as the soldered connectors. The physical mechanisms taking place during
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the manufacturing processes are reviewed. The first part presents the influence of the float
process onto the strength of the glass on the tin and air sides. Then, the theories on the
degradation of the strength of the glass substrate after enameling are discussed. After that, the
mechanisms taking place during the liquid phase sintering as well as the influence of the
particle size on the final densification are reviewed. Finally, the microstructure of the SAC
lead-free alloys after soldering and the interfacial reaction with silver are presented.
2.3.1 SLS Float glass
Soda-lime silicates float glass presents a significant amount of diffused tin on the surface in
contact with the molten tin bath, referred to the tin side of the glass. The maximum
penetration depth ranges from 10-40 μm.[27] The substitution of the tin with the alkali in the
subsurface results in a decrease in non-bridging oxygen concentration, leading to an increase
in the connectivity of the glass structure. These structural modifications increase the Young’s
modulus, hardness and glass transition values of the tin surface while decreasing the CTE
value.[28] Despite the higher mechanical and scratch resistance properties, the characteristic
strength of the tin side on unenameled glasses tested by Ring-on-Ring (ROR) methods, has
been found to be 49,6 % smaller compared to the air side.[29] The significant difference in
the characteristic strength between air and tin side comes from the size and number of surface
defects. During the production of SLS float glass, the hot glass (~550°C) is pulled from the tin
bath and transported through the furnace section onto transitional rolls made of fused silica.
The glass transition temperature SLS float glass is around 540°C. Therefore the contact
between the hot glass and rollers results in glass scuffing and marking. To prevent or reduce
the scratch formation on the tin side surface, sulfur dioxide (SO2) is injected inside the
furnace. Sulfur reacts with the alkali elements of the glass to form micro-crystallites of alkalisulfate (mainly Na2SO4) at the glass surface.[30] However, even with the SO2 treatment to
reduce scratches, the greater amounts of processing induces larger surface flaws and reduces
the mechanicals performances.
The enamel and the silver layers are screen printed onto the tin side of the SLS float glass,
in order to obtain the brown coloration of the glass substrate in direct contact with the silver
heating lines caused by the diffusion of Ag+ ions. Indeed, the lower concentration of reducing
elements on the air side, such as Sn2+, leads to the yellow coloration of the glass substrate in
direct contact with the silver heating lines. The brown coloration is preferred for aesthetic
reasons. The coloration mechanism is explained in detail in the section 2.3.3 Silver thick film.
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2.3.2 Enamel thick film
The enamel layer is composed of a low melting glass frit containing an oxide pigment. This
coating provides an aesthetic function by hiding the connection areas near the edge of the
glass. The enamel layer has to fulfill several technical requirements. The enamel provides a
UV protection to the underlying adhesive holding the glass to the vehicle frame and exhibits
high resistance against acid rains (H2SO4), salt as well as humidity. The enamel has to be
partially crystallized (anti-stick properties) to avoid to stick to the press mold cloth made of
steel during the pressing operation. Indeed, the glass substrate is bend to obtain the
backlight’s desired curvature and shape. Addtionally, the enamel has to be resistance against
silver bleed-through, by blocking the migration of Ag+ ions through the enamel, to avoid the
discoloration mechanism at the glass interface.
The main drawback of enamel thick films is their weakening effect on the mechanical
strength of the glass substrate. The European product standards for thermally toughened (FT)
and heat strengthened (HS) glass provides minimum values for bending tensile strength
(Figure 12).
Glass type

Minimum values for bending tensile strength (N/mm²)
FT glass according to

HS glass according to

EN 12150-1

EN 1863-1

Float : clear, tinted, coated

120

70

Enamelled float glass

75

45

Reduction in strength (%)

37.5

35

Figure 12 : Bending tensile strength for FT and HS glass. The enamel surface is under tensile stress.[31]

In the literature, different mechanisms of degradation of the glass strength after enameling
have been proposed [31]:


Diffusion processes within the boundary layer of the glass to the enamel [32]



Higher porosity/defects and grinding fineness [1,32,33]



Differences in thermal expansion coefficient of glass and enamel [34]



Changes in the thermal conditions during the firing process [31]

The enamel and glass substrate have differents glass compositions, hence, different network
modifiers concentrations. Röpke [32] measured the inter-diffusion on enamel containing a
high amount of lead whereas lead and cadmium free enamel are used nowadays. Therefore,
the inter-diffusion of alkalies have to be investigated since it probably modifies the enamel
material properties and residual stress state.
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SEM fractographic analysis of broken samples have been undertaken onto enameled
glasses, revealing that the failure is initiated from porosities and pigments aggregate in the
enamel film. Then this failure propagates to the glass substrate.[1,35] The characteristic
strength of enameled glasses has been found to be reduced by 46.5 % compared to the
characteristic strength of not tempered glass substrate tested onto the tin side. The size of the
porosities in the enamel layer has been found to be significantly larger compared to the
surface defects present on the tin side and air side of the glass substrate. Additionally, after
enameling, there is no statistically significant difference between the characteristic strength of
air versus tin sides of the float glass, because the failure initiates in the enamel porosities.[1]
The differences in thermal expansion coefficients and Young’s modulus between the glass
substrate and the enamel lead to the formation of residual stresses in the film upon cooling.
Tensile stresses are present in the enamel in case the glass substrate has a smaller CTE.
Inversely, compressive stresses are present in the enamel in case glass substrate has a greater
CTE. Thus, the thermoelastic properties of enamel have to be investigated to determine the
nature of the residual stress state in the layer. The measurement of thermoelastic properties is
challenging since the inter-diffusion with the substrate, and for the enamel, the crystallization
during the sintering process modifies the film properties.
The difference in thermal properties between the glass substrate, enamel, and silver layers
is expected to induce temperature difference onto the backlight surface, modifying locally the
residual stresses generated by the thermal tempering. The enamel is expected to have a high
emissivity due to the dark color of the layer, whereas the silver is expected to have a low
emissivity due to the reflection and light color of the layer. Therefore, the thermal properties
of the glass substrate, enamel, and silver layers have to be measured.
The effect of the enamel thickness on the mechanical performance of the enameled glasses
has been studied by Krampe.[31] Thicker layers of enamel have been found to decrease the
strength of the glass substrate (Table 2). The evolution of the strength degradation in function
of the film thickness does not vary linearly. Thicker enamel layers increase the probability of
having a large critical porosity in the film.
Enamel Thickness (µm)

Mean Value (MPa)

Standard deviation (MPa)

0

218

25.0

25

132

3.6

50

114

3.9

100

117

3.6
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Table 2 : Breakage stress of enameled glass sheets by ROR technique [31]

2.3.3 Silver thick film
The silver layer is composed of silver particles and a small amount of a low melting bismuth
borosilicate glass frit. During the heating phase, in the tempering furnace, the densification
process of the silver layer is referred to as liquid phase sintering (LPS) due to the presence of
the solid silver particles and a liquid phase of glass frit. In the absence of liquid phase, the
normal sintering mechanism of densification is the solid-state diffusion. During the liquid
phase sintering, three mechanisms occur at increasing temperature, referred to solid-state
sintering, the rearrangement and solution re-precipitation (Figure 13a). Below the glass
transition temperature, the solid grains undergo solid-state sintering.

Ag
Frit

(a)

(b)

Figure 13 : Liquid phase sintering : (a) schematic of the microstructure changes involving the solid-state sintering, the
rearrangement and solution-re precipitation [36], (b) densification curves of silver thick films in function of the silver
weight content described by the numerals.

The dominant transport mechanism at lower temperatures is the surface and grain boundary
diffusion. The presence of glass frit initially decreases the amount of densification since it acts
as a diffusion barrier (Figure 13b). Above the softening temperature, the liquid penetrates
between the solid grains, dissolves the sinter bonds, and induces grains rearrangement to form
a closest packed structure. Finally, the liquid phase partly dissolves the solid grains. The
smaller particles are dissolved faster due to their high surface energy. A part of the dissolved
phase re-precipitates on the large particles, resulting in their growth. The liquid phase
increases significantly the transport rates responsible for grain coarsening and densification
compared to solid-state sintering. Therefore, the glass frit content in the silver paste
accelerates the layer densification, mainly due to the rearrangement process and the higher
diffusivities in liquids (Figure 13b).[36,37] However, with a large quantity of wetting liquid,
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the systems do retain the initial shape because it is weak at sintering temperature. The
optimum liquid content in LPS to reach full density has been reported to range between 5–15
vol. % liquid.[36] Additionaly, the initial packing density of the solid particles has a great
influence of the final density achieved after sintering, due to the lower porosities content and
the higher solid and liquid state diffusion. In crystallography, the densest stacking of single
size spheres is tetrahedral and pyramidal, having a voids fraction of 25.95 % inside the
structure. Furnas proposed a discrete approach for multi-sized spheres stacking, the densest
structure is obtained when the voids between larges particles are exactly filled with finer
particles (Figure 14). The maximum packing density of 87% is achieved with a ratio of
large/small particle 0.735.[38]

(a)

(b)
Figure 14 : Packing density in stacking of multi-sized spheres vs mono-sized spheres. [39]

The influence of the mass ratio of spherical 3 microns and 0.6 micron silver powders for
silver paste onto the final density have been investigated empirically. The densest layer has
been obtained with submicron-sized silver powder content of 15 wt%, confirming the discrete
model of Furnas.[40] During the sintering of silver, the Ag+ ions dissolved by the glass frits
can be exchanged with the underlying layer, such as the glass substrate or the enamel,
modifying locally the CTE of both layers. In case the silver is directly printed on the glass
substrate, the amount of inter-diffusion can be estimated by the glass coloration if the glass
surface contains a sufficient amount of reducing ions, such as tin ions for float glasses. The
enamel layer is formulated to block the migration of Ag+ ions to avoid discoloration
mechanism at the glass interface. During the firing process, there is a partial dissolution of
silver in the molten glass frit present in the silver paste: [42]
(12)
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The ions Ag+ can be classified as network modifiers since their presence in the network
structure is compensated by non-bridging oxygen. Therefore, typical diffusion coefficients of
silver cations into glass structure are similar to alkaline cation diffusion.[47]

At the interface between the silver layer and the glass interface, the diffusion rate of the silver
ion can be increased by an ion exchange between Ag+ and Na+ following the equation (13):
(13)

In case the silver is screen printed onto float glass, the Ag+ ions are then reduced to Ag0 by
Sn2+ and Fe2+ ions present in the glass sub-surface, on the tin side, following equations (14)
and (15): [42]
(14)
(15)
A glass structure containing atomic silver is metastable, therefore reduced silver agglomerate
and form nanometric clusters. The size of the colloidal particles depends on the concentration
of diffused silver. These colloidal particles induce a yellow/brown coloration in reflected light
at the silver/glass interface (Table 3). Therefore, for a similar firing temperature, the
coloration of the glass substrate by the diffusion of silver ions depends on the amount of alkali
and reducing element present at the glass surface. At the interface between the silver and the
enamel layers, the ions Ag+ are reduced to Ag0 by sulfur present in the zinc borosilicate glass
frits, providing the anti-bleed-through properties of the enamel. Sulfur partially replaces
oxygen in the three-dimensional tetrahedral arrangement in the amorphous structure of the
glass frit.[43]
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+

Figure 15 : Ion exchange between Ag and Na

+

Colloidal particle size (nm)

Color in reflected light

35 - 60

Yellowish

70 - 130

Brown

Table 3 : Influence of colloidal particle size on the colour observed

cations inside the glass frit structure.[44]

in reflected light.[44]

ZnS remains stable up until the glass frit melting. Afterward, ZnS is progressively dissolved
to Zn+ and S2-. The capacity of the molten glass frit to provide electrons for the reduction of
Ag+ is described by the equation (16):
(16)
The reduction of Ag+ ions is described by the equation (17):
(17)
Where 1 ≤ (6+x) ≤ 8 is the expression of the reduction potential of the glass frit with ZnS.[43]
The diffusion and subsequent reduction of the ions Ag+ in the enamel could modify the
average CTE of the layer.
2.3.4 Lead Free Solders
Sn-based lead-free solders have been used as alternative to the tin-lead solders, due to the
concerns on the toxicity of lead (Pb) solders. The ELV (end-life-vehicles) directives
2000/53/EC and 2002/95/EC RoHS (restriction of the use of certain hazardous substances in
electrical and electronic equipment) directive restrict the usage of lead in vehicles as well as
electrical and electronic equipment (EEE). Starting from January 1st 2016, all new
homologated car models must use lead-free technologies for soldering connectors on
tempered glass substrate. The legislation applies to cars manufactured in Europe, but also to
all cars imported to Europe.
The alternative lead-free alloys are usually Sn-based, with different elemental additions,
due to the low melting point of tin (231,9 °C).[45] The technical requirements of the solder
alloys are the low melting point, the good wettability with the silver layer during soldering,
sufficient ductility to relax the stresses by creeping. The robust solder joint relies on the
reaction between the molten solder, the silver substrate, and the connector bridge, producing
intermetallic compounds (IMCs) at the interfaces. The solder alloy has to exhibit sufficient
mechanical properties, such as thermo-mechanical fatigue, vibration, and thermal aging
resistance. Additionaly, the CTE of the alloys should be selected to generate few amount of
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stresses, by taking into account the glass CTE and the temperature gradient existing between
the glass and the connector. Finally, the solder alloy should be preferably cheap. The Sn-AgCu (SAC) solders have been extensively studied, among which Sn-3.0Ag-0.5Cu (SAC305)
alloys have been selected as a good replacement candidate. These types of alloys are now
widely used in the electronic assembly, packaging and automotive industries.[46]
The Sn-Ag-Cu (SAC) alloys present good wettability, high thermo-mechanical fatigue
resistance and quick formation of intermetallic compounds (IMCs) with the silver substrate.
The near eutectic composition provides a lower melting point in comparison to SnAg and
SnCu.[45] The addition of silver increases the alloy mechanical and thermomechanical
properties while the addition of copper decreases the melting temperature. The main
component of the solder alloys is tin, silver addition varies between 1-4 wt% while copper
addition varies from 0.5-1wt%. The SAC ternary phase diagram enables to determine the
order of appearance of the solid phases for different alloys composition.

(a)

(b)

Figure 16 : (a) Projection of the liquidus temperature of the SAC tenary system, showing the eutectic points and the
liquidus isothermes, (b) typical solidification sequence of SAC alloys including the large tin dendrites and the
dispersion of fine Ag3Sn, Cu6Sn5 intermetallics. [45]

Thermodynamically, the solidification of the near eutectic SAC 305 alloys takes place in three
steps. The liquid phase (L) is transformed upon cooling into three solid phases (β-Sn, Ag3Sn,
Cu6Sn5) as follow :

(1) L→ Pure β-Sn (primary)
(2) L→ β-Sn + Ag3Sn (monovariant)
(3) L→ β-Sn + Ag3Sn + Cu6Sn5 (eutectic)
Figure 17 : SEM image of the microstructure of SAC 305
solders alloy [47]
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The liquidus and solidus temperature of SAC 305 alloys are respectively 219 and 217°C. The
absence of a solid solution between tin and silver or copper results in the formation of IMCs
in the microstructure (Figure 18). The matrix of the solder alloy is composed of pure β-Sn
dendrites (1) which represent ~ 60 volume % of the microstructure. During solidification, Snrich alloy has difficulty nucleating, hence, it exhibits a large amount of undercooling of the βSn phase.[48] This large undercooling promotes the growth of β-Sn dendrites phases and of
large primary IMCs phases such as Ag3Sn (2). Finally, the eutectic composition (3) consists
of a fine dispersion of small Ag3Sn and Cu6Sn5 IMCs.

(a)

(b)

Figure 18 : Binary phase diagram for (a) Sn-Ag, (b) Sn-Cu.

Because of the small amount of alloying elements, ternary intermetallic compounds are absent
in the microstructure (AgxSnyCuz). The formation of a fine dispersion of IMCs and smaller
dendrites strengthens metal alloys. Higher quantity of grain boundaries and precipitates
improves fatigue resistance and creep strength but reduces ductility.
Indeed, they can be considered as defects in the crystal lattice since they are an obstacle for
the motion of dislocations.
During the soldering of the connector onto the silver substrate, the interfacial reaction
between the molten SAC305 solder and the silver substrate produces a layer of Ag3Sn
intermetallic compound (IMCs) at the interface. The Ag3Sn IMCs have a morphology of the
needle type. The presence of a thin and continuous IMCs layer ensures a good quality of the
solder joint. However, in the case of a thick IMCs layer, mechanical solicitations can initiate
and propagate cracks, reducing the joint reliability. Indeed, IMCs are more brittle than the
ductile soldering alloy, and tend to induce structural defects.[49] The formation of IMCs layer
consists in distinct physical processes: nucleation, growth and coarsening. The most important
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process is the nucleation since it will influence the morphology and evolution of IMC layers.
The growth of the layer takes place during aging tests or mechanical loads (vibrations and
shocks). The control of the thickness of the IMCs present at the interface is crucial since it has
an influence on the mechanical properties of the joint and the behavior during the end-product
lifetime.[45]
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3 Theoretical background
This chapter presents the theoretical background related to the different experimental
techniques employed for the characterization of the composite stack properties.

3.1 Ring On Ring biaxial flexure testing
The mechanical properties of the different series of samples have been characterized by Ring
On Ring (ROR) onto 3.85 mm thick glasses covered with silver and enamel thick films,
corresponding to the typical automotive glasses thickness. The advantages of the Ring On
Ring biaxial flexure testing method over uniaxial flexure tests, such as three-point bending
tests, resides in the higher repeatability of the breakage pattern due to the elimination of the
edge effects (Figure 19).

(b)

(a)
Figure 19 : (a) Cross-section schematic of ROR fixture used for biaxial flexure tests, (b) schematic dependence of
radial and tangential stresses upon the specimen during RoR loading. [50]

The maximum tensile stress is present only in the circular shaped area located under the load
ring, suppressing the effect of specimen edges. However, the presence of small sample
curvatures can lead to an imperfect contact between the surface and the load or contact
ring.[1,35] The maximum tensile stress (

) generated in ROR test is calculated from the

following equation [1,35,50]:
[

(

)

(

)]

(18)
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For a rectangular test specimen, b is the radius of a circle that expresses the characteristic size
of the plate with edge length (2R’) as follows:
√
Where P is the applied load, t the thickness,

the Poisson’s ratio,

ring, and

and

the radius of the load ring, and

(19)

𝑚𝑚

the radius of the support

are the lengths of the sides of the plate.

The strength distribution for each experimental trial conditions is represented by a
conventional two-parameter Weibull analysis [51] as follows:
[ ( ) ]
Where (F) is the failure probability,

is the stress at failure,

(20)
is the Weibull

characteristic strength, and (m) is the Weibull modulus describing the strength variability. The
higher is the value of (m), the less scattered are the defects size distribution and the less
scattered are the failure stresses distribution. The failure probability is calculated as follows:
(21)
Where N is the number of specimens tested and n is the ranking of the strengths of the
specimens. The weakest ranking is n =1 being and the strongest ranking is n = N. The term
( ) is the scale parameter corresponding to the glass strengths where 63.2 percent of the
samples have failed. The equation (20) can be written as :
[

]

𝑚

( )

𝑚

(22)

The Weibull modulus (m) is the slope of the linear regression and characteristic strength ( )
is estimated from the Weibull plot.

3.2 Nanoindentation
The Young’s Modulus, hardness and fracture toughness of the silver – enamel – glass
substrate composite have been characterized using nanoindentation methods.
3.2.1 Young’s Modulus and Hardness
During the indentation, the displacement of the tip, the load (F) and the contact stiffness (S)
are the three quantities measured in function of time. The plain strain modulus (

) and

hardness (H) are obtained by using a model. The contact stiffness corresponds to the
derivative of the load with respect to tip displacement in the elastic part of the curve, at the
beginning of the unloading step. An advantage of indentation lies in the ability to assess
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several mechanical properties, such as E* and H, by analyzing the load-displacement curves.
Therefore, it is not required to have a hardness impression image of the indent, facilitating the
sub-micron scale analysis. The most frequently used model for the determination of E* and H
is the Oliver and Pharr model.[52] This model provides a value of

as a function of the

indentation depth. The contact depth can be calculated with the following formula:
(23)
With (hc) the contact depth, (h) the total indentation depth, (ς) a numerical factor fixed in this
study at 0.75 [53], (P) the applied load, and (S) the contact stiffness. The projected contact
area (

) for a perfect Berkovich tip is given by:
(24)

(K) is a geometric factor depending on the shape of the tip and is equal to K = 24.5 for a
modified Berkovich tip and K = 2.6 for a Cube corner tip. Since diamond indenter tips usually
suffer from tip imperfections, the tip area function Ac of the modified Berkovich and Cube
corner indenters have been calibrated on fused silica. The calibration consists in 200 indents
at 22 different forces from 0 to 10 mN. In order to take into account the tip defect, the
indenter area function can be calculated, based on the reference samples properties, as follow:
(25)
where K0 . . . K8 are constants determined by curve-fitting procedures.[52]
The reduced modulus (

) can be calculated using Sneddon’s equation as:
√

(26)

√

The factor β depends of the tip geometry and is equal to 1.034 for a triangular based tip such
as a Berkovich tip. The reduced modulus is a combination of the elastic properties of the
sample and of the tip:
(27)
(

) is Young’s modulus and ( ) the Poisson’s ratio of the material composing the indenter

tip. Indentations tips are made of diamond, therefore,

= 1141GPa and

= 0,07. The plain

strain modulus of the sample can be determined for each value of indentation depth ( ) or
contact height ( ) as:
(28)
The drawback of nanoindentation, as many other techniques probing at sub-micron scale such
as the picosecond laser ultrasonics [54] and Brillouin’s scattering [55], resides in the fact that
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it is an indirect measurement of elastic properties and does not give direct access the
Poisson’s ratio.
The hardness (H) can be determined using the following formula:
(29)
Where (

) is the peak indentation load and

is the projected area of the hardness

impression.
3.2.2 Apparent fracture toughness
The fracture toughness is evaluated by estimating the length of indentation cracks. In the case
of formation of long half-penny cracks (c/a >> 1) in a stress-free material, the Lawn–Evans–
Marshall (LEM) model [56,57] provides a simple relationship between the fracture toughness
in the stress-free material

and the radial-median crack length
( )

Where

(

:

)

(30)

is the fracture toughness in the stress-free material, (

) is the maximum

indentation load, (H) is the hardness, (E) is the Young’s Modulus, ( ) is the crack length and
(ω) is an empirical constant depending on the geometry of the indenter. In this study, the
values of (H) and (E) measured with a modified Berkovich indenter are used in this formula.
The long half-penny cracks must be at least twice the half diagonal of the indent. For cubecorner indenters, the value of the geometric constant ω used in this study is 0,040. In the
literature, the values of ω range between 0,036 and 0,040.[58,59]
Residual stresses are usually generated in thick films upon the cooling phase during the
manufacturing process, from the mismatch in the coefficients of thermal expansion between
different layers and substrate. Such stresses logically modify the cracking behaviour of the
films. Under the influence of residual stresses
new equilibrium radial-median crack length

, the initial crack in the film will grow to a
as the surface undergoes the same maximum

indentation load as the unstressed film having an equilibrium radial-median crack length

.

At equilibrium, a composite stress intensity is applied to the radial-median crack tip,
described by the apparent indentation fracture toughness
( )

(

: [60,61]
)

(31)
(32)

where

is the surface residual stress value and

median cracks,

is a crack-geometry factor. For radial-

. The first term of the expression is the contribution of the
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maximum indentation load to the crack tip stresses while the second term concerns the
contribution of the film residual stresses. For a film under tensile stresses, the second term is
added to the first one, while it is subtracted in the case of compressive stresses.

3.3 Curvature measurement
The thermoelastic properties, such as the thermal expansion coefficient and biaxial modulus,
are required for the prediction of the development of residual stress in the thick film upon
cooling. The curvature technique is generally employed for the characterization of thin
film.[62–65]
3.3.1.1 Evolution of film stresses by curvature measurement
The thermal expansion coefficient and biaxial modulus of thick films can be determined by
measuring the evolution of stresses in the thick film during a heating cycle using a curvature
measurement set-up (Figure 28).[62–64] The method is based on the measurement of the
evolution of curvature of an isotropic substrate covered with the film, as a function of the
temperature of the sample as placed inside an oven. The stresses (

in the film, induced

by elastic properties mismatch, introduce a macroscopic curvature to the substrate. The
relation between the substrate curvature radius and the average stresses in the film is given by
the Stoney formula [65]:
(33)
Where

is the average residual stress in the coating, E and ν are the Young’s modulus

and Poisson’s ratio, t the thickness and R the curvature radius. The subscripts f and sub refer
to the film and the substrate. The residual stresses on the film are supposed to be biaxial
axisymmetric, additionally, the substrate and the films are supposed to be linear elastic
materials. The substrate curvature must be measured below the glass transition temperature in
order to avoid stress relaxation due to the viscoelastic behavior of glass or the enamel. The
Stoney formula can be used in the case where the film thickness is very small compared to the
substrate thickness. Additionally, the maximum sample strain should remain smaller than half
of the substrate thickness to ensure a biaxial stress state in the system.[65]
3.3.1.2 Measurement of the CTE and biaxial modulus of thin films
The deflection of different thin glass substrates covered by the film is measured as a function
of the temperature. The macroscopic thermal stress in the film

is calculated from

the curvature using the equation (33). This thermal stress change imposed to the film by the
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free dilatation of the substrate depend on the difference between the substrate and the film’s
elastics properties [66] :
(𝛼

𝛼

)

(34)

Where α is the thermal expansion coefficient. The subscripts “sub” and “f” refers to the
substrate and to the film. T and T0 are the temperature of the sample and the room
temperature.
The derivative of the previous expression can be written as follow, assuming that no other
temperature dependant parameters, such as crystallisation, takes places upon cooling :
(𝛼

𝛼

)

(35)

This equation can be used for relatively thick substrate compared to the layer thickness,
ensuring that the substrate is infinitely more rigid than the film. The thermoelastic properties
of thick films can be determined by depositing the enamel film on a set of substrates with
different thermal expansion coefficient, in order to plot the
temperature for each substrate. Finally, the slope

in function of the

should evolve linearly when

plotted in function of the CTE for different glass substrate. As described by equation (35), the
slope of this regression line corresponds to the biaxial modulus of the film while the intercept
with the x-axis corresponds to the thermal expansion coefficient of the film. Three to four
different glass substrates are required to measure accurately the thermoelastic properties of
the film.
3.3.1.3 Effective elastic moduli of Porous Materials
The porosity has a great influence on the effective Young’s modulus of a porous material. The
effective Young’s modulus is usually expressed in terms of the Young’s modulus of the fully
dense matrix and the porosity fraction present in the material. The model from Ramakrishnan
and Arunachalam [67,68] enables the prediction of the Young’s modulus (E) of a porous solid
as a function of pore fraction ( ) in case the Young’s modulus (

) and Poisson ratio ( ) of

the fully dense solid material is known:
(

)

(36)

Where 0.1≤ c ≤4 and n≈2. The constant c is expressed by:
(37)
The curvature measurement technique measures the average biaxial modulus of the complete
layers, comprising the contribution of the porosities into the layer’s mechanical properties.
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Therefore, the local Young’s modulus and Poisson’s ratio of the layers are expected to have
higher values compared to the values measured with the curvature measurement technique.
However, the average residual stresses of the layers can be calculated with the average biaxial
modulus of the complete layers.

3.4 Heat capacity and thermal conductivity
The Kopp-Neumann law states that the heat capacity of a mixture (

) can be

calculated from the know inorganic composition of oxides with the following formula [69]:
∑
Where

and

(38)

are the heat capacity and the mass fraction of the different oxide

constituents.
The thermal conductivity of the enamel can be calculated from the composition using an
additive empirical models [70]:
∑
Where

and

(39)

are the thermal conductivity and the mass fraction of the different oxide

constituents.

3.5 Residual stresses
The residual stresses in thick films are generated upon cooling by the mismatch of elastics
properties and thermal expansion coefficient between the film and the substrate. The film is
attached by the interfacial cohesion to the underlying substrate. The strain of the complete
stack is almost equal to the substrate strain alone, since the substrate thickness, and hence
stiffness, is almost infinite compared to the film thickness. As a result, the substrate imposes
its strain to the film (Figure 20).
Film
Substrate

Film
Substrate

Film
Substrate

T = 650°C

T = 20°C

T = 20°C

(a)

(b)

(c)

Figure 20 : (a) System Substrate/Film before tempering. (b) Strain in the substrate and film without cohesion at
room temperature. (c) Residual stresses in film induced by the strain due to cohesion to the substrate at room
temperature.
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The strain of the substrate is generally not equal to the strain of the isolated film. Therefore,
the strain difference between isolated film and film onto the substrate causes the formation of
residual stresses in the film following the Hooke law for a biaxial stress :
(40)
Where E is the film Young’s modulus,

is the film Poisson ratio,

is the relative strain

compared to the isolated equilibrium strain of the film. The substrate also undergoes residual
stresses induced by the film, however, these stresses are negligible compared to the internal
stresses induced by tempering in the case of glass substrate thicker than 1 mm.
3.5.1 Residual stresses in glass fragments
The residuals stresses in the enamel and silver films can be measured by FIB-DIC and XRD
sin² Ψ , as described in the following subchapter sections. However, these techniques are
generally feasible on relatively small samples, of the order of a few centimetres. Therefore,
prior to the measurement, the automotive tempered glasses are broken in order to select a
glass fragment at the soldering areas which are recovered by enamel and silver. The breakage
of the tempered glass induces the partial release of the energy stored in the glass. The
fragmentation process modifies the surface compressive stresses and core tensile stress, and
therefore modifies the surface strain. The partial release of the surface strain modifies the
residual stresses state in the layers. Hence, prior to the residual stress measurement on
fragments, the influence of the fragmentation process on the residual stresses state on the
fragment surface must be investigated. The size of glass fragments used for the measurement
is approximately 1cm². In the literature, the amount of remaining stress-state and strainenergy in tempered glass fragments, in function of the size of the chip and the initial glass
thickness, has been investigated.[71,72]
In general, the initial residual stress distribution σ(z) in the glass substrate is generated by a
temperature gradient over the height of the fragment T(z) as follows : [71]
(41)
where α, E and ν are the thermal expansion, Young’s modulus and Poisson’s ratio
respectively. T(z) represents the temperature variation, which is a function of the coordinate z.
Nielsen created a finite element model of a cylindrical fragment to simulate the remaining
residual stress before and after fragmentation (Figure 21). The simulation provides results for
different glass thickness, such as 4 mm for automotive backlights (Figure 21).
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(a)

(b)

Figure 21 : Residual stress state in a 100mm thick cylindrical glass fragment of a 10mm diameter : (a) before and (b)
after breakage of the tempered glass. Initial surface stress is 100MPa of compression while 50 MPa of tension in the
core. [72]

Fragment properties
Diameter D (mm)

9

Thickness t (mm)

4

Surface area A (mm²)

62.9

Ratio

3.91

Table 4 : The maximum and minimum remaining stress in the center of the fragment as a function of the size. The
initially stress state was −100 MPa surface compression (σ s ) and 50 MPa tensile center stress (σm). Note that the
minimum stresses are multiplied by −1. [72]

According to the simulations, the remaining stress-state and strain-energy in the centre of the
4 mm thick tempered glass fragments, with a 10 mm diameter, are almost at the same level
then before fragmentation. Therefore, in case the measurement is done at the center of the
glass fragment, the fragmentation should have negligible effect on the residual stress state in
the deposited films.
3.5.2 XRD sin² Ψ method
The inter-planar spacing of a crystalline structure free from residual stresses produces a
characteristic diffraction pattern. When strain is applied to the silver layer, the inter-planar
spacing (d) of the crystalline structure lattice planes changes. These modifications causes a
shift of the diffraction peaks in the diffraction pattern. The average surface strain is evaluated
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by comparing the peaks shift between stressed and unstressed lattice inter-planar spacing.
Precise measurement of an unstrained sample, such as silver powder, is required.

Figure 22 : Schematic showing diffraction planes parallel to the surface and at an angle φψ.
Note σ1 and σ2 both lie in the plane of the specimen surface. [73]

The surface strain of the silver film is analysed via XRD. The stress state of the film is
biaxial, therefore, it is assumed that the stress in the z axis σ33 is equal to zero. However, there
resulting from the Poisson’s ratio contractions caused by the two

is a strain component

principal stresses (σ11 and σ22). The relationships between the inter-planar spacing and the
strain, at an angle ψ, is given by [73]:
(42)
Where
angle

is the strain free inter-planar spacing,
and ψ to the surface,

is the inter-planar spacing of planes at an

is the strain measured in the direction of measurement

defined by the angles ψ. The measurement at different angle ψ is done by tilting the specimen
within the diffractometer.
The relation between stress and the strain along any chosen direction from the inter-planar
spacing for elastic isotropic solid under biaxial stress state is given by [73–75]:
(43)
With
Where E is the film Young’s modulus,

(44)
is the film Poisson ratio.

The residual stress in the film can also be calculated with X-ray elastics factors [41]:
(45)
√

(46)

Where

is the lattice parameter calculated from the measured lattice plane

distance

,

is the contravariant metric tensor of the crystal lattice,

are the X-ray elastic factors.
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The inter-planar spacing of planes at an angle

and ψ to the surface is measured at different

Ψ values by tilting the sample. Under these conditions, a linear behavior is expected for the
evolution of

in function of

. The residual stress

in direction Φ are calculated

from the slope of the linear regression, in case the elastic properties and the strain-free interplanar spacing are known. The strain-free inter-planar spacing can be determined for a
powder of the same material. Otherwise, the value of
Indeed, the difference between

and

can be substituted by

at

is not more than ± 1 %.[76] The

average residual stresses are calculated within a volume of material directly dependant on the
XRD penetration depth. X-rays are attenuated when they pass through matter. When incident
X-rays beam of intensity

are passing through a thin layer with a thickness

transmitted intensity decreases by the quantity

, the

by the relation [77]:
(47)

Where

is the intensity of the transmitted beam, μ is the linear absorption coefficient. The

intensity of the incident X-rays beam transmitted by the material of thickness x can be
calculated by:
(48)
The attenuated X-ray intensity is proportional to density. Therefore, the mass absorption
coefficient (

) of the elements is used:
(49)

Sintered silver is composed of approximately 93 wt% silver and 7 wt% glass frits. In a
mixture, the overall mass absorption is the sum of the mass absorptions (

) for all elements

present, weighted by the mass fraction (𝑚 ) for each of the n elements present.[78,79]
( )

∑

(( )

𝑚)

(50)

The linear absorption coefficient of the mixture, μ, is obtain by multiplying the overall mass
absorption by the overall density.[78] From these values, the penetration depth of the
transmitted beam can be calculated.
The measured strain corresponds to the average residual stress present in this section of the
layer.
3.5.3 Residual stresses induced by soldering
The aim of the soldering process is to melt the alloy SAC 305 in order to ensure the
mechanical bounding and the electrical contact with the silver layer. The solidus temperature
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of the alloy is 219°C. During the soldering process, the connector bridge temperature is
typically reaching 250 to 300°C. The high temperature of the bridge induces the melting of
alloy by heat transfer. The glass substrate temperature remains low because of the low thermal
conductivity compared to theses metallic parts. A great gradient of temperature is generated
during the soldering process between the connector and the glass substrate, resulting in
residual stresses in the composite stack. Furthermore, the CTE of the glass substrate is smaller
compared to the soldering alloy and the connector bridge (section 5.2.7). The amount of stress
varies in function of the soldering technique. Additionally, the temperature gradient is
reduced by locally preheating the glass, at typically up to 100°C, at the connector position.
During the cooling phase, above the solidus temperature of the alloy, thermal stresses between
glass and connector are relaxed by the deformation of the alloy. After solidification of the
alloy, thermal stresses arise from the CTE mismatch and the temperature gradient between the
glass substrate and the connector.
Connector
Substrate

Connector
Substrate

Connector
Substrate

T = 20°C

T = 20°C

(2)

(3)

(1)

Figure 23 : (1) Junction of the connector to the substrate during soldering, (2) respective strain of the substrate and
connector without cohesion at room temperature, (3) residual stresses at room temperature due to cohesion.

The strain of each isolated elements, glass substrate and connector, is given by:
𝛼

(51)

Where ε is the strain, 𝛼 is the thermal expansion coefficient, T is the temperature of the bridge
at the alloy solidus point and

is the room temperature. Due to the cohesion between glass

substrate and the connector, the resulting strain of both element is equal. However, the strain
of the substrate is not equal to the strain of the isolated connector.
The strain difference between isolated bridge and the glass substrate causes the formation
of residual stresses in both elements following the Hooke law :
(52)
Where E is the film Young’s modulus,
equilibrium strain.

is the relative strain compared to the isolated
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3.6 Aging tests
During the soldering process, the interfacial reaction between the molten SAC305 solder and
the silver substrate, produces a layer of Ag3Sn intermetallic compound (IMCs) at the
interface. The formation of a thin and continuous IMC layer ensures a robust solder joint. In
the literature, the temperature cycling tests have been reported to cause grain boundary
movement in the solder joint, the formation of thick IMC layers at the interface between the
alloy and the metal substrate.[80] The interfacial reactions and growth kinetics of Ag3Sn
IMCs at the interface between SAC305 alloy and the silver substrate have been investigated
during solid-state aging at constant temperatures, from 100°C to 180°C.[81] In the literature,
the reaction kinetics have been found to be diffusion controlled and can be expressed by the
Arrhenius equation: [82]
(53)
Where (J) is the diffusion coefficient,

is the intrinsic diffusivity of the material, (Q) is the

activation energy for diffusion, (R) is the gas constant and (T) is the temperature in Kelvin.
As a results, the IMC growth is greatly accelerated at increased temperature. In the case of
SAC 305, the activation energy has been found to be 121 KJ/mol.[81] Additionaly, the
growth of Ag3Sn during aging has been found to be proportional to the square root of the
reaction time as follow :
(54)
Where (

is the initial Ag3Sn IMC layer thickness before aging,

is the Ag3Sn

IMC thickness after a given aging time, (g) is growth constant, and (t) is the aging time. In the
case of SAC 305, the growth constant at 100 °C has been found to be 2.8∙10-15 m²/s.[81]
Thick IMC layers have been found to degrade the reliability of solder joints due to their
brittle behavior and the tendency to generate structural defects. Hence, the thickness of IMCs
has a crucial influence of the mechanical properties of the joint and the behavior during the
end-product lifetime.[45] Therefore, the evolution of the IMCs thickness as function of the
numbers of aging have been investigated.
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4 Experimental methods and sample preparation
This chapter describes the experimental procedure and sample preparation related to the
different experimental techniques employed for the characterization of the composite stack
properties.

4.1 Ring On Ring testing
In the different subchapters of the thesis, the mechanical performance of tempered laboratory
samples has been characterized by Ring On Ring biaxial flexure testing (ROR). The
configuration of the composite stack differs between the subchapters in function of the
investigated mechanism. The configurations consist of naked glasses, enameled glasses, glass
substrate recovered with enamel and silver, and the complete composite stack (Table 6).
However, for every sample, the composition of the glass substrate, the enamel and silver thick
films are identical. Additionally, the screen-printing method for the deposition of the thick
films, the type of furnace and the tempering conditions employed for the samples production
remains unchanged. Therefore, the sample preparation method for the samples used for the
investigation of the mechanical performance by the ROR method is presented in this
subchapter.
In this thesis, 845 planniclear SLS glass substrates, with dimensions of 100∙100∙3.85 mm³,
have been prepared. From these samples, 40 substrates remained naked while 805 substrates
were screen-printed with the enamel paste n°1. From theses enameled specimens, 720
samples were additionally recovered with the silver paste n°1. Finally, from the samples
coated with both layers, 655 samples were soldered with a lead-free connector. The Table 5
presents the overview of the type of samples produced for the different studies.
Type of sample

Number of samples

Total of glass substrate

845

Unenameled specimens

40

Enameled specimens

805

Including silver layer

720

Including connector soldering

655

Table 5 : Overview of the type of samples produced for the different studies.

Forty samples were produced for each experimental trial conditions in the different
subchapters to ensure a sufficient number of replicates and to assess accurately the
experimental error.
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Subchapter

Configuration

Curvature Method

Glass substrate + enamel

Failure Model

All combinations

Manufacturing Process

Glass substrate + enamel + silver + connector

Table 6 : Configuration of the samples for the mechanical performance in the different subchapters.

4.1.1 Screen-printing and firing conditions
Commercial soda-lime silicate glass substrate (SGG Planiclear®, Saint-Gobain) were used in
these studies. Commercially available enamel and silver pastes for automotive tempered glass,
referred as enamel n°1 and silver n°1, were applied onto the tin side of the float soda-limesilica glass by screen printing technique. The enamel is deposited with a 55 μm diameter
thread with 77 threads per cm, resulting in a theoretical ink volume of 28 cm³/m². The silver is
deposited with a 48 μm diameter thread with 90 threads per cm, resulting in an ink theoretical
volume of 19 cm³/m². The thickness of the films has been measured with a MarSurf M 400
surface profilometer from the company Mahr GmbH.
The deposited silver and enamel wet films are dried at 250°C for 180 s to eliminate the
solvents, reducing the risk of porosity after the sintering process. In the frame of the different
studies, each of the samples are produced with the typical firing conditions, except for the
subchapter “Manufacturing Process” where the influence of the process parameters in their
complete range is investigated. In the typical conditions, the complete stack undergoes a
thermal treatment in a furnace at 700°C during 180 s in order to remove the remaining resin,
sinter the silver layer and to fuse the enamel. The temperature of the glass sample reaches
650°C after the heating phase. Finally, the stack undergoes a thermal tempering, by very fast
blast cooling from 650°C to room temperature in a 20 s, in order to increase the glass
strength.
The different experimental conditions used in the different parts of the thesis, in terms of
firing time and firing temperature for enameled and naked glass samples, can be found in the
Annex 9.1. The temperature of the samples is measured on the glass substrate surface using a
laser scanner present inside the furnace. Indeed, the measurement from the enameled side
does not provide an accurate temperature distribution due to the different absorption
coefficient of the enamel and silver layers. Colorimetry measurement performed on the
enamel through the glass substrate enables the assessment of the firing quality (Annex 9.2).
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4.1.2 Automatic soldering conditions
In the case of soldered samples, first, the glass substrate is preheated. Then, the connector is
soldered on the silver layer by induction applied from a coil placed on top of the connector
using a robot.
4.1.2.1 Automatic preheating conditions
The complete soldering process is automated by using a soldering robot and an automatic
preheating equipment to ensure high soldering quality reproducibility. The preheating step is
automated by using an equipment composed of twin-tube 115V Infra-Red Lamps, an IR
sensor to measure the glass temperature and a proportional-integral-derivative (PID)
controller unit (Figure 24a-b). An homogeneous temperature distribution on the sample after
preheating has been measured with an infrared Camera FLIR i7 from the company Flir
systems (Figure 24c).

2
1

(a)

1

(b)

(c)

Figure 24 : Automatic preheating table with : (a.1) Infra-Red lampe, (a.2) IR sensor used for temperature
measurement, (b) sample positioning on the table, (c) temperature distribution on the sample after preheating using
IR camera.

The PID controller is a control loop feedback mechanism which calculates an error value as
the difference between a measured process variable and a target value. The controller attempts
to minimize the error by adjusting the process through the optimization of a manipulated
variable. The IR sensor measures the temperature of the glass at the soldering location, under
the silver layer. The temperature profile of the glass substrate in function of the preheating
time is presented in Figure 25. At temperature near room temperature, successive flashes from
the IR lamps rapidly increases the temperature towards the target value (1-4). When the target
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value is reached, the glass temperature is maintained by periodical IR lamps flashes (5-9). The
accuracy of the temperature measured with a IR sensor is assessed by comparing with a
physical measurement using a thermocouple. The results obtained with both methods are in
good agreement (Table 7).

Method

Temperature range (°C)

Target value

80 °C

Thermocouple

77.2 – 83.9

IR sensor

77.8 - 83,3

Table 7 : Glass temperature measured by
thermocouple and IR sensor after preheating with IR
lamp.
Figure 25 : Glass temperature in function of the preheating
time measured with an IR sensor.

4.1.2.2 Automatic soldering conditions
The soldering process is automated by using a soldering robot to reduce variations of the
positioning of the connector under the soldering coil, and the variation of time required to
reach the desired positioning. Indeed, the variations of the process parameters influences the
soldering quality. The induction soldering technique has been employed due to the higher
reproducibility compared with other techniques, such as resistive soldering. Indeed, a wear of
the electrodes is observed over time in resistive soldering, modifying the soldering quality.
The induction soldering is performed by placing the coil in contact with the connector bridge
to enable at the same time the preheating from below. Standard rigid bridge connectors, with a
length of 24 mm, are soldered on the samples.[7,8] This connector design is widely used in
production. Furthermore, the residual stress state present in the glass after soldering is higher
compared to I-shape bridges, decreasing the system mechanical performance. Hence, it
facilitates the comparison of the influence of the different process parameters. The induction
soldering head is composed of the induction soldering coil, the connector gripper and a
pneumatic system which enables the respective motion of the different parts. The induction
soldering coil is surrounded with a ceramic protection to ensure the coil insulation, in order to
avoid the electric discharges resulting from the direct contact of the coil and connectors
(Figure 26b).
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1
2
3

4
(b)
(a)

Figure 26 : Automatic preheating and soldering using a soldering robot : (a.1) induction soldering head attached to
the robot, (a.2) pallets with connectors, (a.3) automatic preheating table with the IR lampe, (a.4) PID temperature
controller unit, (b) induction soldering coil during the soldering.[7,8]

Furthermore, the ceramic protection provides a constant distance between the coil and the
connector, generating similar temperature profiles in both connector’s feet during the
soldering. The complete automatic soldering sequence starts with an automatic preheating of
the enameled sample. Once the target temperature is reached, the soldering robot picks up a
connector in the pallet using the gripper. Then, the robot head positions the connector in the
middle of the silver busbar. The induction coil comes in contact with the connector using
pneumatic pressure, and the connector is soldered onto the silver layer (Figure 26b). Finally,
the gripper releases the connector, and the robot comes back to the initial position in order to
repeat the soldering procedure onto the next sample. The soldering time is kept constant and
minimized to the value of 3.5 s, only the soldering power is a variable. The influence of the
soldering power on the soldering quality has been studied (Figure 27). The range of soldering
power ensuring a sufficient soldering quality has been found to lie between 60 and 66%.
Below 60 % power, the soldering process is regarded as “too cold” since the soldering alloy is
not

fully

melted

(Figure 27c). “Cold” soldering can lead to reduced pull off force due to insufficient bonding
between the soldering alloy and the silver layer. The bonding strength is dependent on the
thickness of IMCs layers formed at the interface by dissolving the silver into the molten alloy.
Above 66 % power, the soldering process is regarded as “too hot” since cavities can be
observed under the connector feet.
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Soldering Range

Out of Soldering Range

(a) Soldering Level 1

(c)

(b) Soldering Level 2

(d) Soldering Level 3

Figure 27 : Soldering quality in function of the soldering power: (a,b) Soldering range ensuring sufficient soldering
quality , (c) too “cold” soldering, (d) too “hot” soldering.

In the frame of the different studies, each of the samples are soldered with the soldering
power value of 60% as it results in lower thermal stresses, except for the subchapter
“Manufacturing Process” where the influence of the process parameters in their complete
range is investigated.
4.1.3 Biaxial flexure testing
The strength of the composite stack samples, with the dimension of 100∙100∙3.85 mm³, have
been studied with ring-on-ring (ROR) biaxial flexure testing methods on the tin side. The
maximum stresses leading to the breakage can be calculated from the applied loads with
equation (18). The experimental setup is composed of two coaxial rings, the support ring with
a diameter of 90 mm and the loading ring with a diameter of 45 mm. The radius of curvature
of each ring was 2.5 mm. The friction between the sample and support ring is reduced by
employing 3 mm thick rubber sheets with a hardness of 40 ± 10 IRHD following the norm
ISO 48. The glass surface is recovered with adhesive tape to retain fragments for
fractographic analysis. The samples have been tested at a stressing rate of 2.0 MPa/s and the
failure loads were recorded for each specimen in order to calculate their mechanical strengths.
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4.2 Nanoindentation
The Young’s modulus, hardness and fracture toughness of the silver – enamel – glass
substrate composite have been characterized using nanoindentation methods.
4.2.1 Young’s modulus and Hardness
Nanoindentation measurement was performed onto the sintered silver layer, the enamel layer
and the glass substrate with a Hysitron TI 950 Tribo-Indenter. Indentation measurement took
place on the polished cross-section of the layers, prepared with an automated polishing
procedure employing ethanol to reduce alkaline leaching during sample preparation. Indeed,
measurement onto the cross-section surface avoids the contribution of the substrate Young’s
modulus onto the analyzed properties [83], and the significant influence of the relatively high
roughness onto the layers top surface compared to the indentation depths.[84] A modified
Berkovich tip was used as indenter for the characterization of the layers Young’s modulus and
hardness. The measurements were done with load-control indentation, the loading rate is 200
μN∙s-1 for 5 s, the maximum load is 1 mN with a dwell time of 2 s, the unloading rate is -200
μN∙s-1 for 5 s. An automated indentation procedure for the mapping of the surface mechanical
properties has been developed, consisting in 20 lines and 14 columns with a separation
distance between indents of 1 µm. The spatial distribution of the Young’s modulus and
hardness on the cross-section surface were obtained from the analysis of the loaddisplacement curves arising from the indentation mapping.
4.2.2 Fracture toughness
Nanoindentation is a widely used method to measures fracture toughness at submicron
scale.[59] The determination of the fracture toughness by indentation consists in measuring
the lengths of the cracks at the corners of the hardness impression. The fracture toughness of
the glass substrate and the layers has been determined using a diamond cube-corner indenter,
due to the presence of cracking thresholds. Indeed, in most brittle materials, below a defined
load threshold which is material specific, the cracking does not occur.[59] Fortunately, this
load of cracking threshold can be significantly reduced by employing a cube-corner indenter
because of the sharper tip which applies greater volumetric displacement compared to the
Berkovich indenter.[60,85]
The maximum load used to measure fracture toughness was 10 mN with a dwell time of
2 s for the glass and enamel. Since the sintered silver layer is a much softer material than
enamel and glass, the maximum load is fixed to 1 mN to generate comparable hardness
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imprint size. An automated indentation procedure has been set for the measurement of the
layers and glass toughness, consisting in the generation of 30 indents along a line parallel to
the glass surface in each analyzed materials. Each of the indents are separated by 10 microns
to avoid any interactions between two indents. The hardness impression, crack morphologies
and the length of radial-median cracks are evaluated onto high-resolution surface topography
images using the indentation tip, and by SEM images. The apparent indentation fracture
toughness

was evaluated by estimating the length of indentation cracks. Since stresses

are present in the final product, the comparison of the layer apparent indentation fracture
toughness is sufficient to provide a deeper understanding in the actual in-service failure
modes of the composite stack. The indentation microfracture method sometimes is criticized
since it is not suitable for a precise evaluation of the true fast fracture toughness.[86,87]
Indeed, the methods assume ideal geometries of cracks using an empirical calibration
constant. The measurement error on the estimation of crack length and irregular fracture
behavior can result in accuracy on the toughness evaluation within about ± 40%.[60,88]
Therefore, this method enables an estimation of the fracture toughness rather than a precise
quantitative measurement. But it nevertheless allows the correlation with the fracture failure,
providing a better insight on the failure mechanism.

4.3 Curvature Method
The thermoelastic properties, such as the thermal expansion coefficient and biaxial modulus
have been characterized with the curvature technique. Theses properties are required for the
prediction of the development of residual stress in the thick film upon cooling.
4.3.1 Enameled thin glasses
The curvature technique requires a set of thin isotropic commercial glasses substrates with
different thermal expansion coefficients. The Table 8 presents the thermoelastic properties
and general composition of the different glasses substrates, provided by the suppliers, used in
the experiment.

Glass name

Composition

CTE (·10-7 K-1)

E (GPa)

ν

(20-300°C)

Saint-Gobain V95

Higher alkali content – SLS glass

108

67

0.23

White float glass

SLS glass

87

70

0.22

Saint-Gobain CS77

Lower alkali content – SLS glass

77.5

76.4

0.238

AF 45

Alkali free borosilicate

45

66

0.235
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Eagle 2000

Alkali earth borosilicate

31.8

70.9

0.23

Table 8 : Thermo-elastic properties and composition of the thin glasses substrates required for the curvature
technique.

The dimension of the glass samples is 70·70·0.7 mm³. The White float glass, AF45 and Eagle
2000 thin glass substrates have been supplied by the company Präzisions Glas & Optik
GmbH. The company Saint-Gobain has supplied the V95 and CS77 thin glass substrates. The
initial thickness of the glass V95 was 1.5 mm, therefore, the substrates have been polished by
the company OPA Opticad on the atmosphere side to reach a final thickness of approximately
700 µm.
Three commercially available enamel pastes and three commercially available silver pastes
for automotive tempered glass were applied onto the thin glass substrate by screen printing
technique, using a plain weave mesh. The three enamel pastes references are enamel n°1,
enamel n°2, enamel n°3. The three silver pastes references are silver n°1, silver n°2, silver
n°3. The screen printing procedure of 700 µm thick glasses is very similar to the standard
procedure, explained in the section 4.1.1. The only difference is the usage of special glass
shims, with the same thickness than the glass substrate, placed around the sample in order to
avoid any displacement during the printing. The glass is maintained onto the printing table by
air suction system. The films thickness has been accurately measured with a MarSurf M 400
surface profilometer (Mahr GmbH). The thickness of the different glass samples and the
thickness of deposited layers are presented in the Annex 9.6. The firing process for 700 µm
thin-glasses is different from the standard firing of 3.85 thick glasses. The screen printed
glasses are dried at 160°C for 160 s in order to eliminate the solvents, reducing the amount of
porosities after the sintering process. Then, the 700 µm thick glass samples are placed onto a
3.0 mm thick glass-ceramics to obtain similar thickness in order to reproduce the heat flow of
a standard 3.8 mm glass. The stack, consisting of the sample and the glass-ceramics, is placed
onto a metallic structure. Finally, the structure is inserted into the furnace. The complete stack
undergoes a thermal treatment in a furnace at 745°C for 270 s in order to remove the
remaining resin and fuse the enamel. The temperature of the glass sample reaches 650°C after
the heating phase. The furnace temperature is adjusted in function of the fusibility of the
different tested enamels, having in this case a firing range between 620°C and 650°C. After
the sintering process, the samples are removed from the furnace, undergoing a slow cool
down to room temperature. Finally, the thin glasses are cut into stripes for the curvature
measurement, with typical dimensions of 100·10·0.7 mm³. The thin glasses were cut using a
cutting wheel with an angle of 105° to avoid damaging the glass.
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4.3.2 Curvature measurement set-up
A home-made apparatus curvature equipment has been used for the measurements (Figure
28). The curvature measurement test bench is composed of three main components placed in a
close metallic structure, a Nabertherm oven (model LE 2/11/P300), a Samsung SyncMaster
B1740R-LCD-TFT-17” screen and a monochrome digital camera (Figure 28). The samples
and a flat reference are placed horizontally in the oven, for the heating cycle onto an alumina
sample holder to ensure the reproducibility of the curvature acquisition. The holder is
composed of alumina rollers placed in a grooved plate. An open window made of fused-silica
glass is present on the top of the oven to enable the monitoring of the sample. The planarity
reference is placed in the oven beside the sample in order to correct the aberrations that could
come from heating. The reference consists of a flat silica surface with a thickness of 2.9 mm
fabricated by the company OPA Opticad.
Screen

Camera

Silica Window

Test Bench

(b)
Furnace

Sample

(a)
Figure 28 : Curvature measurement technique for the measurement of the CTE and biaxial modulus of a thick film:
(a) test bench “Couche-Deflex 2.0” measuring sample curvature in function of the temperature: picture and sketch of
main components, (b) evolution of the temperature in the oven as recorded by the thermocouple next to the samples.

The correction is made by subtracting the apparent curvature of the reference from the sample
curvature. The screen is placed on top of the metallic structure, in alignment with the window
to project white and black fringes on the sample and the reference. Finally, the digital camera
provided by Basler, model piA2400-12gm with 2448·2050 pixels and a sensor of 2/3”, is
mounted beside the screen. The program HOLOMAP provided by the company HOLO3
allows the full acquisition of the three-dimensional surface topography and curvature
measurement of the sample. The evolution of the glass substrate curvature is determined by
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phase measuring deflectometry (PMD).[89–91] A fringe pattern with a sinusoidal profile is
projected vertically and horizontally onto the surface of the sample using a screen. The
distorted light beam, reflected by the sample surface, is recorded by a camera (Figure 28a).
The deformation of the initial light beam enables the reconstruction of the sample 3D shape
with the HOLOMAP software. The curvature of the sample is measured each 70 s. The
maximum temperature in the oven is set to 400°C to induce the smallest amount of structural
modifications to the film material. The heating rate is 25°C/min, the maximum temperature is
kept for 5min, then the oven cools down according to its natural inertia. The evolution of the
temperature in the oven during the experiment is recorded by the thermocouple next to the
samples (Figure 28b). The slope

is measured during the cooling down phase, as

the complete sample is under thermal equilibrium due to the slow cooling rate.
4.3.3 Dilatometer and TMA sample
The thermoelastic properties of the enamel n°1 thick film measured by curvature technique
are compared to the CTE measured by dilatometer (Linseis L75 Platinum Series) on a bulk
enamel sample. The thermoelastic properties of the silver thick films n°1 and n°3 measured
by curvature technique are compared to the CTE measured by TMA (Setsys Evo 2400) on
bulk silver samples. The dilatometer and TMA samples were produced using the raw pastes.
The enamel and silver pastes were separately poured in an Al2O3 crucible, and placed in an
oven for 2 hours at 160°C to remove the solvent. Then, the crucible has been placed for 30
min at 350°C in a furnace to eliminate the resin, leaving the remaining inorganic powder. For
the dilatometer enamel sample, the coarse powder has been grinded and filtered using a 63
μm filter. The fine powder was poured in a mold and compressed with 15 kN force. The
obtained beam has been sintered by heated up during 1 hour to reach 650°C, then, the
temperature is held for 10 minutes. Finally, the dilatometer specimen was slowly cooled down
to room temperature. The elongation of the dilatometer beam has been measured between 20
and 620°C. For the TMA silver samples, the powder is sintered at 650°C during 4h, leaving a
block of silver which is used to create samples for the measurement. The TMA measurement
has been done at Saint-Gobain Recherche Provance. The measurement was performed
between 30 and 130°C, with two cycles/ reference.

4.4 XRD sin² Ψ method
The residual stresses present in the silver layer, before and after brushing, have been
investigated by XRD sin² Ψ method on several backlight models. This method, only feasible
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on crystalline materials, can be used for the silver layer since it is composed in 93%wt of
metallic silver. The residual stresses have been measured on 1 cm² glass fragments recovered
with enamel and silver layer coming from three different backlights model. The glass
fragments have been taken near the soldering area since the breakage start generally at the
connector feet edge. The brushing of the surface has been performed manually using steel
wool. The XRD patterns have been collected with a D8 Diffractometer by using a parallel XRay beam obtained with a Göbel mirror and a one millimeter collimator. The crystalline phase
identification has been carried out with the software Bruker Diffrac.EVA and the ICDD
database PDF 4+ Release 2018. The residual stresses have been measured by following the
311 peaks with sin² (Ψ) method, tilting the samples at Ψ values of 0, ±22.8, ±33.2, ±42.1,
±50.8, ±60.0° for sin² (Ψ) values of 0.0, 0.15, 0.30, 0.45, 0.60, and 0.75. The peak positions
were evaluated with Pearson VII function. The residual stresses σ (MPa) have been calculated
with the Bruker Leptos 7 software on the 311 peak positions assuming a state of stress parallel
to

the

sample

surface

(σ 11= σ 22= σ //) with the Young’s modulus of pure silver (E = 83 GPa). Indeed, the shift of
the peak positions is measured in the silver crystallites. The penetration depth of the
transmitted X-Ray beam can be calculated from the material properties of the silver layer
(Table 9).

Material
Sintered
silver

Density

( )

(cm²/g)
(cm-1)

(g/cm³)
6.88

208.2

1432

Transmitted

Measured

Percent (%)

Depth (μm)

90

6.6

95

8.6

Table 9 : Penetration depth of the transmitted X-Ray beam in the silver layer.

The first 6.6 microns transmit 90% of the intensity of the incident X-rays beam while 8.6
microns are required to transmit 95% of the intensity. The thickness of the silver layer
measured by profilometer is 10 microns. Therefore, the value of residual stress measured
correspond to the average stress from the surface of the silver to a depth of approximately 7
microns.

4.5 FIB DIC method
The micro-scale residual stress in thick films can be evaluated via micro-ring-core FIB
milling and digital image correlation. This technique can be used for amorphous and
crystalline materials as the method relies on material removal with ring drilling. The milling
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induces controlled gradual strain relief at the surface of residually stressed samples, with the
central pillar approaching the unstressed state.[92] The residual stresses have been measured
on 1 cm² glass fragments recovered with enamel and silver layer coming from three different
backlights model. The glass fragments have been taken near the soldering area since the
breakage start generally at the connector feet edge. The University of Roma Tre developed a
methodology based on Incremental focused ion beam (FIB) micro-milling, combined with
high-resolution in situ scanning electron microscope (SEM) imaging, a full field strain
analysis by digital image correlation (DIC) and analytical/numerical models for residual stress
calculation.[92–94] A large number of strain vs. depth data points are required to ensure a
depth resolution in strain measurement of the order of 100 nm. The FIB-DIC measurement is
done on a large tempered glass fragment coming from a broken backlight, with the minimum
dimension of 1 cm². The test locations on the fragment are randomly chosen and the distance
between each test location is at least 300 μm. The stress measurement is repeated twice for
each sample. A semi-automated FIB/SEM procedure, developed by the University of Roma
Tre, enable the stress measurements. The procedure is summarized as follows:
First, the pillar diameter (d), the number of SEM images and milling steps are adapted to
the coating thickness and microstructure. The electron and ion images are focused and
aligned. If the surface roughness is not sufficient to accurately measure deformations on the
surface by digital image correlation, an array of dots can be deposited, serving as reference
pattern. In the case of silver and enamel film, the surface roughness is sufficient, avoiding this
additional step. A cross mark is deposited near the pillar, serving as reference to recognize the
position of the image for the drift correction. Previous to the milling step, a high-resolution ebeam micrograph of the surface is acquired at a magnification of 30-50 K, serving as a
reference for strain calculation. Then, the pillar is produced incrementally by Ring-core FIB
milling at a current of 48 pA at 30 kV. The depth of each milling step is set to 100 nm, while
the inner diameter of the trench has been set to 25 μm for the enamel and 50 μm for the silver
layers. A larger diameter has been chosen for the silver to have a representative gauge
volume, regarding the high concentration of porosities. Hence, the average biaxial modulus
measured by curvature measurement can be used to calculate the residual stresses in the
layers. The coating elastic modulus is assumed to be homogeneous through the thickness. Each
of the SEM micrographs (1024 · 884) were obtained as the integral of 128 different images
acquired with a dwell time of 50 ns. A series of 10 SEM micrograph of the pillar surface is
acquired after each milling step at the same contrast and brightness of the original reference
image.
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Figure 29 : Step by step milling procedure of a typical ceramic coating.

An example of step-by-step milling for a ceramic coating is shown in Figure 29. The
procedure is repeated until the desired final depth of the trench is reached. The FIB milling
and SEM imaging are performed at a stage tilt of 52° to reduce the overall duration of the
process. At the end of each test, the series of micrographs are used as an input for the
relaxation strain measurement by digital image correlation (DIC) procedure to obtain the X
and Y strain profiles.
The University of Roma Tre used a FEG-FIB Helios
Nanolab 600 (Dual Beam) for the measurements. The
strain analysis is performed using a Matlab® based code
developed at the Karlsruhe Institute of Technology and
Johns Hopkins University by Chris Eberl (available at
www.istress.eu).

A grid of about 5000 virtual markers is defined on the
pillar surface, each marker subset is 40 · 40 pixel², with the
distance between markers is 10 · 10 pixels².

Figure 30 : Virtual grid used for digital
image correlation.

For each sample, the average stress values are calculated at h/d ratio of ~ 0.25, where h is the
depth into the coating surface and d is the pillar diameter. This ensure optimal estimation of the
average residual stress in the coating. The average biaxial residual stress can be evaluated by

using equation (40). The residual stress profile can be calculated from the observed strain
relief

as a function of the drilling depth (t) from the following equation:
∫

(55)

Where E is the material's Young's modulus, F(t,z) is the kernel function, z is the vertical
position through the thickness of the coating. The complete theoretical demonstration is
presented in the literature.[95]
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4.6 FIB tomography
Three-dimensional (3D) information, such as the location and the number of porosities
present in the microstructure of the layers, can be characterised using tomography techniques.
The type of 3D microscopy technique has to be adjusted in function of the desired voxel
resolution and volume of interest. The thickness of the silver layer is approximatively 8
microns and contains micron to submicron porosities. Accurate microstructure analysis cannot
be achieved with X-Ray tomography due to the voxel resolution of 3 microns. Therefore, FIB
tomography has been employed as it offers much finer voxel resolution, in this study case
38.5·38.5·100 nm. The FIB tomography is performed onto a glass fragment coming from an
unsoldered backlight. The area of interest on the backlight is the soldering location; therefore,
the glass fragment is taken at the brushed area on the silver busbar. The porosities size
distribution and geometry over the complete system is investigated using dual-beam FIB
nanotomography. The basic principle consists in creating a cross-section and subsequently
ablating the structure using FIB slicing. The SEM takes images of every slice using
backscattered electrons. The images are aligned and superimposed to reconstruct digitally the
volume. The entire tomography procedure is composed of three phases: (1) cube preparation
and optimization of parameters, (2) serial sectioning, and (3) data processing.[96] First, to
prepare the cube, a region of interest (ROI) is defined on the trench of the glass fragment.
Then, a thick Pt layer of approximatively 1 µm is deposited on the surface of the ROI to
protect surface features during the tomography. The Pt surface layer also ensures that a
potentially mobile feature remains fixed, and greatly reduces the curtaining effect. The
curtaining effect consists in the formation of stripes parallel to the milling direction on the
sample surface. This effect is particularly present in the case of multiphase material or multilayer composites involving phases with different densities.[97,98] The next step consists in
removing the areas surrounding the ROI by milling process to produce an isolated cube of
material at the area to be imaged. The creation of these cavities reduces the risk of
redepositing milled matter on the imaging sample cross-section surface during the
tomography, which could alter the field of view of the slicing plane (Figure 31).
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(a)

(b)

Figure 31: FIB tomography samples preparation : (a) trench view of the isolated sample cube covered with a platinum
coating before tomography, (b) illustration of the sample cube geometry for FIB serial sectioning with a dual beam
FIB/SEM machine.

The dimension of the scanning area, corresponding to the cube volume, is 30 μm in height, 39
μm in width and 36.5 μm in depth. After completion of the cube preparation, the sample
cross-section surface is ion polished with low current to improve the SEM imaging quality,
reduces the curtaining effect and eliminates any redeposited material from the previous
milling step.[99] Secondly, the serial sectioning and slice imaging of the initial cube produces
a stack of images, which can be transformed into a 3D voxel volume. The slice thickness, in
this study 100 nm, imposes the pixel resolution in the imaging plane. Hence, the 3D volume is
reconstructed with the 365 images generated during the tomography. The voxel resolution is
38.5·38.5·100 nm. A dual-beam FIB/SEM machine is used for the nanotomography. This
equipment is optimized for synchronous operation of ion and electron beams, when the
sample is placed at the eucentric height, under an angle of 52°. This configuration enables
measurement without tilting and changing the sample position.[96] For the measurement, the
angle has been set to an optimum value of 49°. The reason is that the fracture surface of the
glass fragment is not necessarily perfectly perpendicular and the contact between the sample
and the sample holder is not perfectly plan parallel. A fully automated serial sectioning
procedure has been employed to generate the series of slices as well as the acquisition of the
SEM images of the slices. During the serial sectioning, the imaging plane is moving step by
step in z-direction. A typical SEM image of a slice can be seen Figure 32a. The automated
procedure comprises a drift correction using pattern recognition by analysis of the position of
the reference X marks (Figure 31).
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Platinum
Silver

Enamel

Glass

(a)

(b)

Figure 32 : (a) Typical SEM image of a slice of the multi-layer composite system, (b) reconstruction of the 3D image
volume by stack alignment and superimposition of the SEM images in AMIRA software.

The accelerating voltage is set to 5 kV to have sufficient signal to ensure good quality BSE
images while keeping the size of the BSE interaction volume small to ensure high effective
resolution. Finally, the reconstruction of the 3D volume is created by stack alignment and
superimposition of the SEM images using image analysis with the software Amira 5.4.3
(Figure 32.b).

4.7 Tof-SIMS
The inter-diffusion profiles in the different layers of the composite stack were measured via
Tof-SIMS using a TOF.SIMS 5 (ION-TOF GmbH, Münster) with a 60 keV Bi3++ source to
obtain positive spectra. The spatial distribution images have a dimension of 50 · 50 μm² and a
pixel density of 1024 · 1024. The charge compensation flood gun was on during the analysis.
The diffusion has been investigated on a mechanically polished cross-section of the stack.
Therefore, a chemical distribution mapping of the surface can be reconstructed, providing
structural information of the layers, with a high spatial resolution, approximately 100
nm.[100] The polished cross-section of the composite stack has been prepared with an
automated polishing procedure employing ethanol to reduce alkaline leaching during sample
preparation. The technique consists in bombarding the sample surface under primary ions and
analyzing the intensity of secondary ions emitted from the surface.[101]
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5 Results and Discussion
The material and physical properties of the different layers constituting the composite stack
are presented in this chapter. These properties are experimentally characterized using several
techniques. The main influencing process parameters involved in the production of
automotive backlight have been quantified with a Design of Experiment. The failure modes in
the composite stack have been studied and a general failure model, in the case of mechanical
solicitations and aging tests, have been formulated and validated. Finally, the results of the
different strategies developed to improve the strength of the system are presented.

5.1 Failure Modes - Breakage Origin
Fractographic analysis has been conducted on thirty thermally tempered samples broken by
three-point bending to investigate the main type of defects leading to the failure of SLS glass
recovered with silver and enamel thick films. The bending tests have been conducted at a
stress rate of 2.0 ± 0.5 MPa/s and the length of the support span is 100 mm. Visual inspections
of the samples enabled the determination of the location of the fracture initiation and the type
of failure, such as surface or volume flaws. The macroscopic failure is initiated at the outer
edge of the connector feet (Figure 33). The fracture mirrors were analyzed using a Leo 440i
SEM with an INCAx-sight detector from Oxford instruments to determine the fracture origin,
which is located in the middle of the mirror (Figure 33). In Figure 33b, the top white layer is
the sintered silver, the middle layer is the enamel, and the bottom darker layer is the glass
substrate. SEM fractographic analyses have revealed that fracture originated in the enamel
layer and more especially the region near the interface with sintered silver. The crack
propagates from the enamel to the glass substrate, creating the fracture mirror. The different
failure location and the number of specimens presenting this type of failure are presented in
the Table 10. These results are in good agreement with previous studies on the degradation of
the soda-lime silicate glass strength after enameling, demonstrating that the fracture is
initiated in the enamel layer.[1,35] The observation of the SEM pictures have demonstrated
that larger flaws are present in the silver and enamel layers compared to the glass surface. The
defects present in the enamel consist of porosities and pigments aggregation. Sintered silver
microstructure also contains porosities, resulting from incomplete sintering or from gas
bubbles derived from the elimination of the organic content present in the deposited pastes.
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(a)

(b)

(c)

(d)

Figure 33 : Typical flaws found on silver-enamel-glass system, (a) macro-fracture pattern of the tempered glass after
breakage with three points bending (top view), (b) visual Inspection of the fracture mirror using a stereomicroscope,
(c) SEM picture of the fracture mirror in the glass substrate, (d) SEM picture of the fracture origin located in the
enamel near the interface with sintered silver.

Fracture Origin

Number of specimens

Interface enamel - silver

23

Enamel layer

1

Undetermined

6

Total

30

Table 10 : Different location of fracture origin associated with the number of specimens presenting this type of failure.

In fracture mechanics, the failure of a material can be understood by investigating the fracture
toughness, the defect morphology and the sum of stress applied to this defect resulting from
residual stresses and applied load (equation (11)). Therefore, the investigation of these critical
parameters on the enamel and silver thick films as well as the glass substrate in the following
subchapters enables to formulate the general failure model by explaining the reasons leading
to the crack initiation in the enamel thick film.
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5.2 Material Properties
The material properties of the SLS float glass substrate, the stainless steel bridge, and the
SAC305 soldering alloy are available in the literature. The material properties of the enamel
and silver thick films have been investigated because the literature does not provide
information on theses coating in the frame of automotive backlights products. The literature
and measured values are reported in the table summarizing the material properties, in terms of
mechanical and thermal properties, of the different elements of the composite stack.
5.2.1 Layers organic composition
The organic composition of the enamel n°1 and silver n°1 pastes have been investigated with
gas chromatography coupled with mass spectroscopy. The inorganic particles present in the
pastes have been extracted from the solvent and resin, by soxhlet extraction, in order to
facilitate the analysis. The solvent used for the extraction is the THF (Tetrahydrofuran). After
separation, the organics have been analyzed, the composition is described in the Table 11.

Paste

Peak (min)

Composition

(Retention time)
7.2

Trimethyl Pentanyl Di-isobutynate or similar

Function
Plasticizer,
Viscosity control agent

Enamel
Propanoic acid, 2-methyl-, 3-hydroxy-2,4,4-

n°1
7.4

trimethylpentylester or Propanoic acid, 2-methyl-,

Resin

2-ethyl-3-hydroexylester or similar
Silver

5.5

Diethylene Glycol butyl Ether

Primary solvent for silk

n°1

7.9

Diethylene Glycol Dibutyl Ether

screen printing inks

Table 11 : Organic composition of the enamel and silver paste investigated with gas chromatography coupled mass
spectroscopy.

5.2.2 Layers inorganic composition
The composition of the inorganic elements present in the pastes of enamel n°1 and silver n°1
have been analyzed by XRF and ICP-OES technics. The sample preparation consists in
placing the enamel and silver pastes in an Al2O3 crucible, the solvents are evaporated in an
oven at 280°C for 1 hour and the resins are eliminated at 480°C for 30 minutes. The powder
obtained after this heating cycle is analyzed. The method XRF and ICP-OES are standard
methods, the experimental protocols are sufficiently described in the literature.[102]
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Inorganic

Enamel n°1

Silver n°1

component

(wt %)

(wt %)

SiO2

26.5 ± 0.01

0.64 ± 0.03

Network former

Bi2O3

25.0 ± 0.06

2.77 ± 0.04

Network modifier

ZnO

13.4 ± 0.04

0.61 ± 0.01

Network modifier

Cr2O3

13.0 ± 0.01

-

Pigment

CuO

6.4 ± 0.03

-

Pigment

TiO2

4.1 ± 0.01

0.07 ± 0.01

K2O

2.7 ± 0.03

-

Network modifier

Na2O

1.5 ± 0.06

0.20 ± 0.03

Flux (Network modifier)

Ag

-

93.30 ± 0.30

Conductive layer

Al2O3

0.7 ± 0.02

-

Network former

S

0.4 ± 0.02

-

Silver ion reducer

BaO

0.2 ± 0.01

0.13 ± 0.01

Network modifier

MgO

0.1 ± 0.10

0.07 ± 0.02

Network modifier

CaO

0.1 ± 0.04

0.09 ± 0.02

Network modifier

SO3

-

-

Opacity

Sb2O3

-

0.81 ± 0.02

Opacity

V2O5

< 0.05

< 0.05

Flux (Network modifier)

CoO

-

0.41 ± 0.03

Adhesion agent

Pd

-

0.14 ± 0.01

P2O5

0.1 ± 0.10

0.30 ± 0.01

Network former

B2O3

4.5

0.45

Network modifier

Li2O

1.33

-

Network modifier

Total

100.0

100.0

Function

Method

Chemical resistance +
opacity

XRF

ICP-OES

Table 12 : Composition of the enamel n°1 and the silver n°1 analysed by XRF and ICP-OES technics.

The results of the composition of the non-organics elements are presented in Table 12. The
inorganic part of the enamel layer is composed of different bismuth and zinc borosilicate glass
frits. Each frit system has specific properties tailored to reach the desired technical
requirement. For instance, bismuth borosilicates increase the acid resistance since it has
higher chemical durability than zinc borosilicates.[43] Zinc borosilicates provides the antibleed-through properties by the addition of zinc sulfide. The sulfur present in the glass frits is
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able to change its oxidation state to reduce other cations like Ag+.[44] The glass frits account
for approximately 80.6 wt % of the composition, the remaining 19.4 wt % consists of the
copper chromite spinels pigments particles (CuCr2O4). The inorganic elements present in the
silver layer are mainly silver particles, accounting for 93.30 ± 0.30 wt %. The remaining 6.7
wt % consist in the bismuth zinc borosilicate glass frits required for the mechanical bonding
between the silver and the enamel layers.
5.2.3 Layers structure
The structure of the enamel n°1 and the silver n°1 layers deposited onto glass substrate have
been analyzed separately by the CNRS CEMTHI Orléans using a HT-XRD technique.
Additionaly, the glass transition temperature of the enamel n°1, measured by DSC (Linseis
L75 Platinum Series), is 495°C. Different crystalline phases have been identified in the
enamel microstructure after the firing process (Figure 34). The copper chromite spinel
(CuCr2O4) are particles of black pigments providing the opacity and UV protection due to the
very intense black color to the enamel. These particles are dispersed with the glass frits in the
enamel paste, and are visible in the SEM image as grey particles (Figure 35). The spinel
structure of the pigments provides excellent heat stability, chemical resistance, and outdoor
durability.[103] The small particle size of the pigments increases the packing density of the
dried enamel and provides additional barriers to silver ions bleed-through.[104] Before the
firing step, the enamel inorganic phases contain Bi2O3-B2O3-ZnO-SiO2 amorphous glass frits
and bismuth silicates crystal seeds. The crystal seeds, accounting typically for 0.5 wt% of the
paste, initiate crystallization.[105] As the enamel fuses, above the glass transition
temperature, the layer becomes partially crystallized with eulytite (Bi4(SiO4)3) and willemite
(Zn2SiO4) crystal phases. The apparition of these phases during the thermal cycle has been
studied in the literature by the company Ferro.[106] The eulytite and willemite phases provide
the anti-stick properties required during the bending of the glass substrate to obtain the
backlight’s desired curvature and shape. Indeed, during the pressing operation, the enamel is
in direct contact with the press mold cloth made of steel. The presence of the crystalline
phases in the enamel ensures that the backlights does not stick and are easily released from
the mold.[107]
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Figure 34 : HT-XRD of enamel at different temperatures measured by the CNRS CEMTHI Orléans.

2
1
Figure 35 : SEM image of the different crystalline phases composing the enamel. The phases CuCr2O4 and Bi4(SiO4)3 are
referred as 1 and 2.

5.2.4 Inter-diffusion
The inter-diffusion of elements at the different interfaces in the composite stack has been
investigated by Tof-SIMS to understand the possible structural modification in the layers. The
sample preparation and the Tof-SIMS experimental procedure are described in the section 4.7.
The CTE and the quantity of residual stresses present in a layer can be modified by interdiffusions of ions with another material. The inter-diffusion profiles are obtained by averaging
the pixel counts of each of the ions along the length of the film (vertical axis) of the spatial
distribution image and representing the average counts in function of the thickness of the
stack (horizontal axis).
The inter-diffusion diffusion profiles of the different alkalis elements and the silicon ions
are presented in Figure 36 a. The diffusion length of silver ions in the enamel can be observed
on the cartography of the spatial distribution of silver and silica ions (Figure 36b). The silver
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phase, the silica phase, and the overlap of silver and silica (inter-diffusion) are represented
respectively in green, dark blue, light blue colors.

(a)

Glass

Enamel Ag Alloy

(b)
Figure 36: Chemical analysis on the composite stack cross-section by Tof-SIMS technique: (a) element inter diffusion
length in the composite stack, (b) cartography of the spatial distribution of silver and silica ions. The silver phase, the
silica phase, and the overlap of silver and silica (inter-diffusion) are represented respectively in green, dark blue, light
blue colors.

The spatial distribution image of the main elements over the composite stack cross-section is
represented in Figure 37. The location of the copper chromite spinels pigments particles
(CuCr2O4) can be detected by the Cr+ ions (Figure 37d). The presence of three different types
of bismuth and zinc borosilicate glass frits can be observed by the cartographies of Bi+ and
Zn+, including bismuth-rich zinc borosilicate frits, zinc-rich bismuth borosilicate frits, and
bismuth zinc borosilicate frits (Figure 37g-h).
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Na+

Li+

(c)

(b)

(a)

Cr+

Si+

Bi+

(g)

K+

(f)

(e)

(d)

Ca+

Zn+

(h)

Ag+

(i)

Figure 37 : Chemical analysis on the composite stack cross-section by Tof-SIMS technique: (a-i) cartographies of the
spatial distribution of the different ions.

5.2.5 Young’s modulus, hardness and fracture toughness
The characterization of the mechanical behavior of thick films is essential to provide a deeper
comprehension of the in-service failure mechanisms. Despite the abundance of studies on the
material properties of sintered silver [53,67,108–110], there remain many underexplored
features concerning the mechanical properties of glass enamel, therefore, the enamel fracture
toughness, Young’s modulus, and hardness are presented in this subchapter. Fracture
toughness is a fundamental parameter to understand fracture failure since it indicates the
quantity of stresses required to propagate a pre-existing flaw. The mechanical behavior can
easily be assessed by applying a local deformation onto a small volume of material. The scope
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is the characterization of the mechanical properties of the stack, consisting of the sintered
silver, glass enamel thick film and the glass substrate using nanoindentation methods. The
theoretical background, the sample preparation and the experimental procedure are described
in the sections 3.2 and 4.2. The advantage of this widely used and inexpensive technique
resides in the direct quantitative determination of the local Young’s modulus and hardness by
analyzing the load-displacement curves.[52,58] Furthermore, a great advantage of indentation
lies in the ability to map the surface properties by probing it at numerous points, with a
maximal resolution reaching the submicron scale.[85,88]
5.2.5.1 Young’s modulus and Hardness - Nanoidentation
Nanoindentation took place onto the mechanically polished cross-section since the
measurement is not feasible on the layers top surface due to the relatively high surface
roughness compared to the indentation depths. The layers thickness and top surface roughness
have been measured by surface profilometer. The arithmetical mean roughness (Ra) of the
enamel and sintered silver, is respectively (0.5 ± 0.06) and (1.01 ± 0.02) μm. The average
thickness of the enamel and sintered silver, is respectively (12.5 ± 0.5) and (7.9 ± 0.4) μm.
The load-displacement curves, resulting from the indentation in the layers and glass, are
plotted

in

Figure 39. An indentation mapping, consisting in 20 lines indents and 14 columns indents
enable the measurement of the local Young's modulus and hardness of the system. Each of the
indents are separated by 1µm in order to ensure sufficient inter-indent distance and avoid any
interactions. Hence, the scanned surface is 280 µm². The Young's modulus and hardness can
be measured from the load-displacement curves at each indent location. A surface topography
image of the layers cross-section after indentation has been produced using the indenter tip as
a surface profilometer (Figure 38a), revealing the presence of the nanometre size indentation
mapping pattern in the enclosed rectangle. The spatial distribution of the reduced modulus
and hardness of the sintered silver, enamel and SLS glass were obtained from the analysis of
the indentation mapping performed on the cross-section surface (Figure 38d–e). A typical
SEM cross-section image of the layers shows their microstructure (Figure 38b). The top layer
is the silver layer, the middle layer is the enamel while the bottom part is the glass substrate.
The enamel microstructure is composed of bismuth zinc borosilicate glass frits surrounded by
microns size copper chromite spinel pigments particles (CuCr2O4). The local granular phases
with higher topography consist of the pigments since it is the hardest phase. Indeed, during
the cross-section preparation by mechanical grinding, this phase is less grinded then the softer
surrounding glass frits. In both spatial distribution images, the upper dark blue band
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corresponds to the softer silver layer, the middle inhomogeneous band is the multiphase
enamel and the lower band is the glass substrate.

Silver

1
2

Enamel

Glass

(b)

(a)

2

1

(c)

(d)

Silver

Enamel

Glass
(d)

(e)

Figure 38 : Cross-section image of the silver-enamel-glass system by (a) surface topography using the indenter tip
after indentation mapping revealing the series of indents, (b) SEM image, (c) zoom on the indented surface in the
enamel layer, (d) zoom on the indented surface in the silver layer, (e) spatial distribution of reduced Modulus, (d)
spatial distribution of hardness.
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Figure 40 : Cross-section of the indented layers by
FIB slice.
Figure 39: Load-displacement curves of indentation with 1 mN
peak load.

2

2

1

3

1
3

(a)

(b)

(c)

(d)

Figure 41 : Histogram with a distribution fit of (a) enamel Young’s modulus, (b) enamel hardness, (c) sintered silver
Young’s modulus, (d) sintered silver hardness. The numbers in the enamel histograms correspond to three distinct
phases in the microsctructure.

The average values of the hardness and Young’s modulus calculated with the Poisson’s ratio
for the different layers are summarized in Table 13. Additionally, the value of the enamel
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glass frits properties are obtained by selecting only the indents in the mapping performed onto
the amorphous phase. Histograms representing the probability distribution of Young’s
modulus and hardness for enamel and silver layers are presented on the Figure 41. The
histograms of the enamel, colored in yellow, suggest the presence of three distinct phases in
the enamel microsctructure.
5.2.5.2 Fracture toughness - Nanoidentation
The fracture toughness has been evaluated by nanoindentation by evaluating the length of
indentation cracks on sintered silver, enamel, and soda-lime silicate glass material. Fracture
toughness is a fundamental parameter to provide a better understanding in the fracture failure,
since it indicates the amount of stress required to propagate a pre-existing flaw. The loaddisplacement curves, for the indentation in the layers and glass, are plotted in the Figure 42.
The peak penetration depth of the indent onto the glass substrate and enamel layer at the glass
frit location is nearly identical. Indeed, these two materials have a similar hardness and
Young’s modulus. In the enamel, the pigments are harder than the glass frit, hence, one can
expect that under a given load, the peak penetration depths is smaller compared to the glass
substrate. Since the sintered silver layer is much softer material, the maximum load was fixed
to 10% of the load used for glass and enamel, to generate comparable hardness imprint size
for the silver layer.
High-resolution topographic image of the surface, before and after indentation, has been
generated by scanning the surface with the indenter. Additionally, SEM images of the
indentation at the same locations have been realized to enable a relatively accurate
measurement of the length of the cracks (Figure 43).

Figure 42 : Load-displacement curves of indentation with 10 mN peak load for glass and enamel, 1 mN peak load for
silver.
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Layer

(1)

Sintered silver

(2a)

Enamel
Glass frit

(2b)

Enamel
Glass frit
+
Pigments

(2c)

Enamel
Pigments

(3)

SLS Glass
substrate

Topographic Image

SEM Image

Figure 43 : Topographic image using the indenter tip and SEM pictures of the indented surface for the different
configurations onto sintered silver, enamel (glass frit alone, glass frit with pigment, pigment alone) and SLS glass.

In order to understand the influence of the pigments on the fracture toughness of the enamel,
the mechanical properties of the pigments and the surrounding glass frit have been further
investigated by nanoindentation (Figure 44).
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Figure 44 : Enamel cross-section surface (a) before indentation (b) after indentation.
Indentation 1 : maximum load of 10 mN, dwell time of 2s.
Indentation 2-9 : maximum load of 2 mN, dwell time of 2s.

A maximum load of 10 mN with a dwell time of 2s has been applied for the indentation 1,
while for the indentation 2-9, the maximum load has been set to 2 mN with a dwell time of 2s.
The Table 13 presents the results of the apparent indentation fracture toughness for the
enamel, silver and glass substrate. The value of the SLS glass measured by nanoindentation is
in reasonably good agreement with the values reported in the literature considering the
method’s typical measurement error.[86,88]
Material

SLS Glass

Enamel (average)

Enamel (glass frit)

Sintered Silver

86.7± 3.3

104.0 ± 29.3

90.1 ± 11.9

81.9 ± 36.4

82.1 ± 3.1

96.4 ± 27.1

83.5 ± 11

69.25 ± 30.7

0.23

0.27a

0.27a

0.39

Hardness, H (GPa)

7.7 ± 0.2

7.5 ± 2.4

7.0 ± 2.4

2.12 ± 2.5

Crack length, c(µm)

1.89 ± 0,13

-

1.89 ± 0.11

0

0.50 ± 0.08

-

0.53 ± 0.18

-

0.75 - 0.77 b,c

-

-

7.43 ± 0.95 d

Plain

strain

modulus,

E*

(GPa)
Young’s modulus, E (GPa)
Poisson’s ratio, ν

apparent (MPa √𝑚)
– this study
(MPa √𝑚)
– independent study

Table 13 : Plain strain modulus hardness of the stack measured under 1 mN peak load with a modified Berkovich
indenter. Evaluation of the apparent indentation fracture toughness of the stack using a Cube corner indenter,
with 10 mN peak load for enamel and glass, and with 1 mN peak load for the sintered silver.
a

Data obtained by dynamic method and ultrasonic technique [111,112]

b

Data obtained by Cantilever technique [113,114]

c

Data by Vickers indentation [115]

d

Data by Micro cantilever technique [109]
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5.2.6 Thermoelastic properties (E, CTE) – Curvature method
The measurement of the thermoelastic properties of enamel and silver thick films deposited
on soda-lime silicate glass is challenging since the inter-diffusion with the substrate, and for
the enamel, the crystallization during the sintering process modifies the film properties. Until
now, the effect of the residual stresses present in the enamel and silver thick films on the
robustness of the complete stack has not been investigated. The determination of the residual
stress state in enamel thick films, the weakest material where the failure initiates, is essential
to provide a deeper comprehension of the in-service failure mechanisms. Indeed, the
beneficial effect of surface compressive stresses for glass systems, generated for instance by
thermal tempering, is well documented.[20,21,116–118] Therefore, the average biaxial
modulus and coefficient of thermal expansion of several enamel and silver thick films
deposited on 700 µm glass substrates have been simultaneously measured using the curvature
method. The theoretical background, the sample preparation and the experimental procedure
are described in the sections 3.3 and 4.3. The thermoelastic properties are required for the
prediction of the development of residual stress in the thick film upon cooling. The curvature
technique is generally employed for the characterization of thin films.[62,63,65] In this work,
the technique is employed to characterize the properties of thick films by adjusting the
substrate thickness. The advantage of this inexpensive technique over standard methods such
as dilatometer or TMA resides in the quantitative determination of the thick film
thermoelastic properties as deposited on the glass substrate, rather than analyzing bulk enamel
samples. Indeed, the thermoelastic properties of films can differ from the value measured on a
bulk material having the same initial chemistry. The thermal treatment, required to fuse the
enamel and sinters the silver, induces defects in terms of porosities. The porosities ratio
reduces significantly the layer average Young’s modulus.[67,68] Additionally, the interdiffusion of elements, such as alkalis, between the glass substrate and the film during the
thermal treatment modifies locally the film composition, and therefore, the average CTE of
the film. Furthermore, the enamel is partially crystallized during the thermal treatment,
comprising bismuth and zinc silicates, and copper chromite spinels.[106] The crystallinity
ratio between the film and bulk material might differ, because the samples have different
thickness, hence, different heating and quenching rate.
5.2.6.1 Enamel Properties
The thermoelastic properties of three standard enamel pastes used for automotive glasses are
investigated with the curvature measurement set-up. The pastes references are enamel n°1,
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enamel n°2, enamel n°3. The average thickness of the enamel thick films, measured with a
surface profilometer, is 12.5 ± 0.5 μm. The typical evolution of stresses in the enamel film
deposited onto thin glass substrates during the cooling phase of the sample temperature inside
the furnace is presented (Figure 45a). For each of the three enamel pastes, the slope
is measured on V95, SLS and CS77 thin glass substrates and graphically represented in
function of the substrate CTE (Figure 45). The slope

is measured in the most

linear part of the curve, between 150°C and room temperature. Additionally, since the
curvature is recorded every 70 seconds, the measurement of the slope is more accurate at
lower temperature due to the higher number of points available, as the cooling rate decrease
over

time

(Figure 28b). Then, the evolution of the slopes

measured on a set of different

substrates recovered with an enamel paste varies linearly with the substrate CTE, verifying
the equation (33). The biaxial modulus and coefficient of thermal expansion of the enamel
n°1

are

53.1 ± 1.4 GPa and 64.1 ± 2.3 ∙10-7 K-1 respectively.

(a)

(b)

Figure 45 : Curvature measurement : (a) evolution of the residual stress in the enamel n°1 film of 12.5 µm deposited
onto thin (700 µm) V95 glass substrate upon cooling, (b) (slope(σfilm vs Tcurve)) in function of the CTE of the glass
substrates for different enamel layers.

Reference

𝜶

(∙10-7 K-1)

(GPa)

Calculated σfilm (MPa)

Enamel n°1

64.1 ± 2.3

53.1 ± 1.4

-62.9 ± 3.2

Enamel n°2

65.5 ± 19

74.2 ± 19

-76.9 ± 26.6
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Enamel n°3

76.1 ± 11.4

71.2 ± 6.8

-42.4 ± 7.6

Table 14 : Measurement of CTE and biaxial modulus of enamel suppliers by curvature method, and residual stress
calculation using equation (34).

The CTE and biaxial modulus values of enamel suppliers determined with the curvature
method are presented in Table 14. The quantity of residuals stress present in the layers as
deposited onto green SLS float glass, the substrate employed for automotive glasses, can be
calculated using the equation (34) under the assumption that all the residual stresses in the
coating are due to the CTE mismatch. The residual stress in the film is proportional to the
CTE mismatch between the glass substrate and the layer and the biaxial modulus of the film.
For the glass substrate covered with enamel, the parameter T0 in equation (34) corresponds to
the glass transition temperature (Tg) of the enamel, since the glass substrates have a higher
Tg. The glass transition temperature of the enamels n°1, n°2 and n°3, measured by DSC
(Linseis L75 Platinum Series), is respectively 495 ± 5°C, 465 ± 5°C and 485 ± 5°C. The CTE
of the green SLS glass substrate is 89 ± 1 ·10-7 K-1. The amount of porosities present in the
different enameled glasses is evaluated via SEM images (GeminiSEM 500 Yeiss) on the
cross-section of polished samples (Figure 46).

(a)

(b)

(c)

Figure 46 : SEM analysis of the enamels cross-section surface deposited onto SLS glass substrate: (a) enamel n°2, (b)
enamel n°1, (c) enamel n°3.

The enamel n°1 has also been deposited onto AF45 (CTE=45·10-7 K-1) and Eagle 2000
substrate (CTE=32·10-7 K-1). Glass chips are observed in the glass by episcopic microscopy
(HIROX Digital microscope KH-7700 equipped with a MXG-5040RZ lens), the glass chips
are starting at the interface with enamel (Figure 47).
CTE = 90·10-7 K-1

(a)

CTE = 45·10-7 K-1

(b)

CTE = 32·10-7 K-1

(c)
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Figure 47 : Episcopic microscope images taken from the glass side for the stack composed of enamel n°1 screen
printed and fired at 650°C for 180 s onto glass substrate with different composition: (a) soda lime silica glass, (b)
borosilicate AF45, (c) borosilicate Eagle 2000.

Higher magnification reflection images on the enamel deposited on the borosilicate Eagle
2000 demonstrate that the enamel layers present a network of cracks, initiated in the layer and
propagating further to the glass substrate (Figure 48a).

(a)

(b)

(c)

Figure 48 : Microscope pictures of the enamel n°1 deposited onto the borosilicate Eagle 2000 glass substrate: (a)
reflection image from the enamel surface presenting the cracks in the enamel layer, (b) reflection images from the
glass side presenting the glass chips, (c) glass chip, visible from the glass side in reflection, appearing after soldering at
the external edge of the connector foot.

The cracks in the glass substrate are then forming a network of glass chips, as shown by the
microscope images (Figure 48b). The thermoelastic properties of the enamel n°1 thick film
measured by curvature technique are compared to the CTE measured by dilatometer on a bulk
enamel sample (Table 15). The elongation of the dilatometer beam has been measured
between 20 and 620°C. Additionally, the glass transition temperature of the CS77 and V95
glass substrate have been measured by dilatometers; the values are respectively 636 ± 5°C and
546 ± 5°C.
Enamel n°1

Curvature

Dilatometer

CTE (·10-7 K-1)

64.1 ± 2.3

88.5 ± 0.1

Table 15 : Coefficient of thermal expansion of enamel n°1 measured by curvature and dilatometer techniques.

Finally, the mechanical properties of the different enamel samples have been characterized by
Ring On Ring (ROR) biaxial flexure testing onto 3.85 mm thick enameled glasses. The
Weibull distribution plots of the different enamel suppliers are presented Figure 49, while the
Weibull parameters are reported in Table 16.
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Figure 49 : Weibull distribution plot of the different enamel suppliers.

Enamel

(MPa)

m

Enamel n°2

150.1 (151.6, 148.7)

34.6

Enamel n°1

143.8 (141.5, 146.1)

25.6

Enamel n°3

118.9 (117.2, 120.6)

22.6

Table 16 : Weibull parameters: the characteristic strength (σ0), unbiased Weibull modulus (m). The values in the
parenthesis represent a 95% confidence interval for N specimens.

5.2.6.2 Silver Properties
The themoelastic properties of three standard silver pastes used for backlights are
investigated. The pastes references are silver n°1, silver n°2, silver n°3. The average thickness
of the silver thick films, measured by surface profilometer, is 8.5 ± 0.5 μm. The typical
evolution of stresses in the silver film deposited onto thin glass substrate during the cooling
phase of the sample temperature inside the furnace is presented (Figure 50a). The evolution of
the stresses in the silver film upon cooling is relatively linear during the cooling phase,
indicating the absence of significant structural modification such as crystallization or stress
relaxation. The slope

is measured onto AF 45, CS77, and V95 thin glass

substrates for the silver pastes from silver n°2 and n°3. The slope

is measured on

Eagle 2000, AF 45, CS77 and SLS thin glass substrates for the silver paste from silver n°1
(Figure 50b).
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(b)

(a)

Figure 50 : Curvature measurement : (a) evolution of the residual stress in the silver n°1 film of 10 µm deposited onto
thin (700 µm) SLS glass substrate upon cooling, (b) (slope(σfilm vs Tcurve)) in function of the CTE of the glass substrates
for different silver layers.

The determination of the CTE and biaxial modulus of silver suppliers with the curvature
method are presented in Table 17.
Reference

(∙10-7 K-1)

𝜶

(GPa)

Residual stress (MPa)

Silver n°1

200 ± 15

16.6 ± 1.2

77.1 ± 8.4

Silver n°2

174.5 ± 6.8

26.2 ± 0.9

108 ± 10.1

Silver n°3

220.3 ± 32

13.1 ± 1.8

41.6 ± 7

Table 17 : Measurement of CTE and Biaxial Modulus of enamel and sintered silver suppliers by curvature method.

The quantity of residuals stress present in the layers deposited onto SLS glass, corresponding
to the glass used for backlight production, can be calculated using the equation (34) using the
elastic properties measured by curvature technique and the thermal expansion coefficient
measured by TMA (Table 18). For the glass substrate recovered with silver, the parameter T0
corresponds to the glass transition temperature of the SLS glass.
Silver Reference

CTE (·10-7 K-1) by TMA

Silver n°1

187

Silver n°3

154

Table 18 : Coefficient of thermal expansion of different silver suppliers measured by TMA method. [119]

The amount of porosities present in the different silver films deposited onto glass substrates is
evaluated via SEM images (GeminiSEM 500 Yeiss) on the cross-section of polished samples
(Figure 46). Finally, the mechanical properties of the different glass samples covered with
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silver have been characterized by Ring On Ring (ROR) biaxial flexure testing, onto 3.85 mm
thick glasses.
These glasses are produced with the same protocol than the enameled glasses, without the
tempering step. The Weibull distribution plots of the different silver suppliers are presented
Figure 52, while the Weibull parameters are reported in Table 19.

(b)

(a)

(c)

Figure 51 : SEM analysis of the different silver cross-section surfaces deposited onto SLS glass substrate: (a) silver
n°3, (b) silver n°1, (c) silver n°2.

Figure 52 : Weibull distribution plot of the different silver suppliers.

Silver

(MPa)

m

Silver n°2

50.1 (54.7, 45.9)

4.3

Silver n°1

39.9 (38.2, 41.7)

8.8

Silver n°3

33.0 (31.6, 34.5)

11.3

Table 19 : Weibull parameters: the characteristic strength (σ0), unbiased Weibull modulus (m). The values in the
parenthesis represent a 95% confidence interval for N specimens.
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The amount of silver-glass inter-diffusion can be estimated by the glass coloration in case the
glass surface contains sufficient amount of reducing ions. The Annex 9.3 present the glass
coloration for the different silver layer in function of the glass substrate.
5.2.7 Table of Material Properties
The Table 20 summarize the thermal and mechanical properties of the different materials
constituting the composite stack.
Unit

Float Glass

Enamel

Silver

Alloy

Steel

SLS

n°1

n°1

SAC 305

1.4016

MPa/m²

0.5 ± 0.08 c

0.53 ± 0.18 c

7.43 ± 0.95 c

6.99 a

~ 150 a

Material
Reference

Mechanics

E/(1- )

GPa

90 a

55 ± 3 c

17 ± 1 c

93 a

278 a

Properties

E

GPa

70 ± 0.2 a

96.4 ± 27 c

69.3 ± 30 c

54.7 ± 2.3 a

200 a

0.23 a

0.27 a

0.39 a

0.42 ± 0.1 a

0.28 a

8.9 ± 0.1 b

6.4 ± 0.2 c

18.5 c

23 ± 1 b

8.53 ± 1.5 b

-6

∙10 K

λ

W/(m∙K)

1.11 ± 0.3 a

6.73 d

175 d

58.7 ± 0.2 a

25 a

Cp

J/(g∙K)

0.81 a

0.59 d

0.25 d

0.23 ± 0.01 a

0.46 a

ρ

g/cm³

2.5 ± 0.1 a

3.7 ± 0.01 c

6.9 ± 0.3 c

7.39 ± 0.01 a

7.7 a

0.91 ± 0.06 b

0.87 ± 0.05 c

0.17 ± 0.03 c

0.1 a

0.2 a

Thermal
Properties

-1

CTE

Emissivity (%)

Table 20 : Table of the thermal and mechanical properties of the different materials constituting the composite stack.
The Young’s modulus of the enamel and silver is measured with nanoindentation technique, while the biaxial modulus
value is measured by curvature technique.
a

Literature data’s

b

Measured by Saint-Gobain employees

c

Measured in the frame of the PhD

d

Calculated value using a model

The table gathers values from the literature sources, from measurements made within SaintGobain, from measurements made in the frame of the PhD and calculated values using
models. Theses values are required for the thermal stress simulation of the residual stresses
induced by the soldering process upon cooling. The values of material properties for the steel
bridge

and

alloy,

except

for

the

CTE

measurement,

can

be

found

in

the

literature.[47,120,120–124] Additionally, the literature provides values for the thermal and
elastic properties of the glass substrate.[67,113,118,125–127] The Young’s modulus and the
fracture toughness of the enamel and silver thick films are determined with nanoindentation
technique, while the biaxial modulus value and CTE values are measured by curvature
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technique. The Poisson ratio of the glass substrate and the layers can be found in the
literature.[108,111,128] The CTE of the stainless steel, the alloy, and the glass substrate has
been measured with a dilatometer Linseis L75 Platinum Series. The density of the enamel and
silver powder, after organic elimination, has been measured with a pycnometer of 25 mL.
This technique does not take into account the influence of the porosities on the density value
since the powder is not in a sintered state. The average spectral emissivity of enamel and
silver thick films deposited onto 700 µm SLS glass (curvature method samples) have been
measured by FTIR spectrometer “Thermo Nicolet 6700” equipped with an integrating sphere
at room temperature, on the wavelength range from 0.25 to 22.0 µm. The spectral emissivity
of the glass substrate with a thickness of 2.1 mm has been measured at room temperature, on
the wavelength range from 0.25 to 40.0 µm. The total emissivity of the glass substrate is
calculated by integrating the spectral emissivity, weighted with the Planck curve at several
temperatures on the desired wavelength range. This integral is compared to the integral of a
black body at the same temperatures. The heat capacity and thermal conductivity of the
enamel and silver thick films have been calculated with mixtures models, equation (38) and
(39), using the layers inorganic composition. In the case of thick films, the heat capacity can
be measured with a DSC [129] and the thermal diffusivity can be determined with the laser
flash method.[130] The thermal conductivity can be calculated from the thermal diffusivity if
the density and the heat capacity are known. In this study, the value of Cp and λ are calculated
with the model based on the composition since the accuracy of this approach is sufficient.
The theoretical background is explained in the section 3.4. Indeed, the heat flow directed on
the backlight, inside the furnace, is perpendicular to the surface, and therefore to the layers.
Since the layer’s thickness is negligible compared to the glass substrate, the contribution of
the layer’s thermal conductivity and heat capacity is negligible compared to the glass
substrate during the heating phase in the furnace. The glass substrate represents 99.5 % of the
stack thickness. Therefore, an approximate value of these parameters is sufficient as input for
thermal stress simulation.
5.2.8 Discussion
The spatial distribution of the Young’s modulus and hardness have been studied on the crosssection of the layers using a modified Berkovich indenter. A comparison between the spatial
distribution and surface topography images has demonstrated that the yellow and red areas in
the enamel correspond to the locations of the pigments while the surrounding blue and green
areas consist in the enamel glass frits. The higher topography of the pigments particles might
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introduce measurement errors by modifying the calculated projected contact area, resulting in
an underestimation of the Young’s modulus and hardness.[84] The results of the spatial
distribution images are in correlation with the literature since spinel structures usually have
higher Young’s modulus and hardness compared to typical glass compositions. For instance,
the micromechanical properties of MgAl2O4 spinel with a grain size of 0.5 – 5 μm have been
evaluated by nanoindentation. The hardness values have been reported to range between 12 to
17 GPa while the Young’s modulus range from 140 to 240 GPa.[131] The Young’s modulus,
hardness and Poisson’s ratio of soda-lime silicate glass have been reported as 70.0-76.1 GPa,
6.1 GPa and 0.23 respectively.[58,59] The Young’s modulus of the layers can be calculated
from the measured plain strain modulus by using Poisson’s ratio values from the literature.
The value of Poisson’s ratio used in the case of the enamel, composed of bismuth zinc
borosilicate glass frits, is 0.27. In the literature, the value of Poisson’s ratio for a similar
composition range between 0.25 and 0.33.[111,112] For the sintered silver, the Poisson’s ratio
of fully dense pure silver has been employed. In the literature, the average value of the
Poisson’s ratio measured on the complete thick film has been found to decrease with the
amount of porosities.[53,67,108–110] However, in the case of nanoindentation, the size of the
indents is smaller than the silver particles size. Furthermore, the mechanical polishing tends to
close the open porosities by deforming the silver surface (Figure 38b). Therefore, locally, the
indenter is in contact with the pure silver. The value of Young’s modulus measured on sodalime silicate glass, serving of reference material, is 82.1 ± 3.1 GPa, which is in reasonably
good agreement with the values reported in the literature.

A high standard deviation is present on the average values of the enamel properties, which is
introduced by the presence of a multiphase microstructure. The high standard deviation of the
silver properties is introduced by the layer porosities and the inhomogeneous distribution of
pores. Indeed, the porous microstructure of silver can clearly be observed on the FIB slice
image of the layers cross-section (Figure 40). The mechanical polishing tends to close the
open porosities by deforming the silver surface (Figure 38b). The Young’s modulus of pure
silver has been reported to be 83 GPa. However, the pores ratio reduces dramatically the
Young’s modulus of sintered silver. Typical Young’s modulus values for sintered silver thick
film measured by tensile testing and dynamic mechanical analyzer with a porosity ratio of
30% have been reported as ranging from 15-25 GPa.[53,67,108–110] The Young’s modulus
measured by nanoindentation technique is relatively closer to the pore-free silver since it is a
local surface measurement at the nanoscale on the silver particle. Hence, the local influence
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of the underlying porosity is observable but much lower than for other techniques, such as,
dynamic mechanical analyzer where the Young’s modulus of the complete film is measured.
Additionally, in metals, such as silver, the mechanical polishing is expected to produce
similar effects to shot peening treatment, producing compressive residual stress in the material
by surface plastic deformations.[132] The local plastic deformations probably induce a local
densification which would increase the measured Young’s modulus and hardness. The
histogram plots result from the analysis of the indentation mapping data’s performed
respectively on the enamel and silver layers. The red curve is the kernel distribution fit
applied to the histograms. The histograms of the enamel, colored in yellow in figure 41 (a-b),
suggest the presence of three distinct phases. Correlations between the spatial distribution
images and the histogram strongly suggest that the third phase, having the highest hardness
value, corresponds to the pigment particles. Furthermore, phases 1 and 2 would then consist
of two distinct types of glass frits. Shades of grey color in the amorphous phases surrounding
the pigments particles onto the SEM picture (Figure 38b) confirm that the enamel is
constituted of several types of glass frit. The glass matrix in the enamel is composed of
bismuth-zinc borosilicate [1], the whites area suggests bismuth-rich borosilicate frits while the
dark grey suggests zinc-rich borosilicate. The distribution fits of histograms of the sintered
silver, in blue, are nearly Gaussian, suggesting the presence of a single major homogenous
phase.
The Young’s modulus and hardness values of the layers are useful for the determination of
the fracture toughness of the layers at a micro scale, since these parameters are required in the
Lawn–Evans–Marshall (LEM) model. The absence of radial-median cracks at the indents
performed onto sintered silver provides clear evidence of the higher fracture toughness
compared to enamel and glass, but prohibits a quantitative comparison. Ductile materials,
such as silver, have higher fracture toughness than brittle materials due to local plasticization
at the crack tip under applied stress. The local plasticity reduces the stress intensity factor by
decreasing the tip sharpness and therefore the crack geometry. Hence, higher amount of
energy is required to generate and propagate cracks. The soda-lime silicate glass substrate has
a homogeneous microstructure ensuring high repeatability of the radial-median cracks lengths
resulting from the indentation. Concerning the enamel layer, an accurate measurement of the
crack length was only possible via the hardness imprint located in the middle of the glass frit.
Therefore, the enamel fracture toughness has been exclusively evaluated by images presenting
these configurations. Long half-penny cracks (c/a >> 1) were observed at the edges of the
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hardness imprint for the indentation on SLS glass and enamel glass frit, hence, the LEM
model can be employed to evaluate the fracture toughness.
The average fracture toughness of the enamel layer is relatively complex to assess due to the
multiphase microstructure. The propagation of radial-median cracks from an indentation in a
glass frit seems to be inhibited by the presence of the nearby pigments. Additionally, the
absence of cracks on the hardness imprint, directly at the pigments location, arises from the
higher fracture toughness and hardness of the pigments. However, the pigments could
introduce a local tensile residual stress field due to local mismatch in the coefficients of
thermal expansion between pigments and glass frits, weakening the local enamel mechanical
properties. Until now, the linear thermal expansion coefficients (CTE) of CuCr2O4 spinel
pigments have not been investigated. Nevertheless, metal spinels generally have smaller CTE
compared with the bismuth-zinc borosilicate glasses. Chromite spinels, such as, MgCr2O4,
Mn1.2Cr1.8O4, CoCr2O4, NiCr2O4 or ZnCr2O4 have a CTE ranging from 6.8 to 7.5 10-6 K1

.[133] Bismuth-Zinc borosilicates glasses, such as glass with composition of 65wt% ZnO,

25wt% B2O3 and 10wt% SiO2 with extra 10 to 15 wt% Bi2O3 have a CTE ranging from 7.7
to 8.5 10-6 K-1.[134] For a given glass ceramic, when the particles have a lower thermal
expansion coefficient than the surrounding glass matrix, compression residual stresses are
developed on the precipitate upon cooling. Additionally, the matrix develops compressive
radial-median stresses and tensile tangential stresses. In this case, the tensile tangential matrix
stress components generate microcracking in the matrix which links the precipitates.[135] The
smaller size of the indentation at the pigments location (5-9) demonstrates the higher hardness
of this phase compared to the glass frit (Figure 44). The indentation onto the glass frit (2-4)
does not present radial-median cracks, except the indent at the location 4 where the radialmedian crack is propagating in the direction of the center of the glass frit. The absence of
radial-median cracks at the other locations suggests that the peak load is below the cracking
threshold. The presence of tensile tangential matrix stress components in the matrix would
have triggered the propagation of cracks mainly in the direction of the pigments. Therefore, if
a stress field exists in the glass matrix around the pigments, the amount of stress seems
relatively low. As a result, the pigments seem to act as a reinforcement phase increasing the
enamel mechanical properties.
The indenter acuity modifies the amount of plastic deformation, therefore, the reduced
modulus and hardness measured with a modified Berkovich indenter might have a different
value compared to a Cube corner indenter.[136] This effect could affect the evaluated value of
the apparent indentation fracture toughness. In Figure 44, the indents 2 and 3 onto the glass
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frit of the enamel provide a value of the hardness with a cube corner indenter since the indents
do not present radial-median cracks. The Young’s modulus and hardness of the glass frit are
respectively 112.4 ± 6.4 GPa and 10.8 ± 0.34 GPa. The values measured with a cube corner
indent are higher compared to the average measured with a modified Berkovich indenter, but
remain in the range measure with a modified Berkovich indenter. Furthermore, the
measurement is very localised and not representative of the complete layer since it is based
onto two values.
The mechanical polishing probably modifies the layers residual stresses state at the
indented surface. In metals, such as silver, the mechanical polishing is expected to induce
similar effects than shot peening treatment, producing compressive residual stresses in the
material by surface plastic deformations.[132] In brittle materials, such as enamel and glass,
mechanical polishing probably releases locally the surface residual stresses by allowing local
strain. This change in the residual stresses state at the indentation location modifies the
apparent indentation fracture toughness. Nevertheless, a semi-quantitative comparison
between glass and enamel is allowed because the fracture toughness measured by cantilever
technique [113,114] and by nanoindentation on SLS glass has a comparable value,
considering the typical measurement error of the indentation method.[85,137] Furthermore,
enamel and glass have a similar Young’s modulus, hence, the modification of the residual
stresses at the polished surface are assumed to be in comparable range of order for both
materials. Therefore, the polishing technique seems to have a relatively small effect onto the
residual stresses present in the layers. Fractographic analyse have revealed that fracture
originated in the enamel layer and more precisely the interface with sintered silver. The value
of apparent indentation fracture toughness of soda-lime silicate glass and enamel glass frit
measured by nanoindentation is comparable. These results indicate that the fracture toughness
of the enamel is not one of the critical parameters, due to its inability to explain that the cracks
is always initiated in the enamel rather than in the glass substrate surface. However, the
fracture toughness of sintered silver measured with micro cantilever technique is one order of
magnitude higher than fracture toughness of the SLS glass, due to the low yield stress leading
to plastic deformations.[109] Therefore, a defect with a given size and geometry present in the
sintered silver would be less critical than in the enamel or glass due to the layer’s higher
resistance of to crack propagation. The higher fracture toughness of sintered silver partly
explains that the fracture origin is always located in the brittle materials of the composite
stack, such as the enamel. SEM analysis of broken samples suggests that the silver and
enamel layers have much larger defects, such as porosities or pigment aggregation compared
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to the glass surface. In fracture mechanics, the main influencing parameters in fracture failure
are the fracture toughness, the defect morphology and the sum of stresses applied to this
defect. Therefore, further investigation of the residual stresses, defect size and geometry
present in the complete system would provide full comprehension of the failure mechanism of
enameled glass.

The average biaxial modulus and coefficient of thermal expansion of several enamel and
silver thick films deposited onto 700 µm glass substrates have been simultaneously measured
using the curvature method. The thermoelastic properties are required for the prediction of the
development of residual stress in the thick film upon cooling. The evolution of the stresses in
the different enamel films upon cooling is relatively linear during the cooling phase,
indicating the absence of significant structural modification such as recrystallization or stress
relaxation. The value of the coefficients of determination R² for the linear regressions
provides good confidence on the value of the enamel thermoelastic properties measured with
this technique. In the literature, the value of Poisson’s ratio for similar bismuth zinc
borosilicate glass frits range between 0.25 and 0.33.[111,138] The value of the Young’s
modulus of the enamel n°1 measured by curvature technique is approximatively 40 GPa, by
using a Poisson’s ratio of 0.27. The average Young’s modulus of the enamel n°1, measured
by nanoindentation technique, is 96.4 ± 27.1 GPa. The values of the Young’s modulus
determined with the two techniques differs significantly. The main difference between the two
techniques relies in the size of analyzed volume for the measure of the Young’s modulus. The
average biaxial modulus of the complete layers, measured with curvature measurement
technique, comprises the contribution of the porosities present into the layer’s mechanical
properties. The effective elastic moduli are directly affected by the amount of porosities
present in the layers, as suggested by equation (36). The nanoindentation technique probes the
surface with micrometric load, the influence of the underlying porosities is negligible,
resulting in elastic values very similar to the value of the fully dense material. Therefore, the
comparison of the results obtained by the two techniques indicates the presence of a
significant porosity ratio in the enamel layers.

The porosity ratio in the enamel film,

calculated using equation (36) and (37), with E0 as the nanoindentation Young’s modulus and
E as the curvature technique Young’s modulus, is approximately 26 %. In Table 14, the value
of coefficients of thermal expansion for the enamel n°1 and n°2 are very similar while the
value for the enamel n°3 is significantly higher. The glass frit chemistry of the enamels n°1
and n°2 is probably very similar, while the enamel n°3 has probably a significantly different
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composition, based on the respective CTE value. However, the glass transition of the three
enamel reference are in a relatively similar temperature range. The enamel n°2 and n°3
present similar values of biaxial modulus while the paste n°1 has a significantly lower value.
The SEM analysis of the cross-section of the enameled glasses, Figure 46, demonstrates that
the enamel n°1 has higher porosities ratio compared to the two other enamel references.
Therefore, the difference of elastic properties between the enamels suppliers probably arises
from different porosity fraction, and amount of pigments. The amount of organics present
within the paste, the size of the glass frit and the glass transition of the frits are expected to
have an influence onto the pore fraction.[106] The enamel n°3 has smaller glass size.

As the curvature in function of the temperature measurements shows good linearity upon
cooling, it is assumed that the residual stresses building up in the enamel layer are mainly due
to the CTE mismatch between the enamel and the substrate, resulting in thermal stresses
(Figure 45). The film is attached by the interfacial cohesion to the underlying substrate. The
strain of the complete stack is almost equal to the substrate strain alone, since the substrate
thickness is almost infinite compared to the film thickness. As a result, the substrate imposes
its strain on the film. The SLS glass substrate, having a larger CTE value than the enamel
film, shrink more upon cooling than the isolated film, resulting in compressive residual
stresses in the film. On the other hand, tensile residual stresses in the enamel layer can be
generated upon cooling when deposited onto a substrate with lower CTE value compared to
the film. The residual stress in the film, calculated with equation (34) is proportional to the
CTE mismatch between the glass substrate and the layer and the Young’s modulus of the
film. Therefore, an important CTE mismatch, the substrate having the higher CTE, coupled
with a high Young’s modulus provides high compressive stresses in the enamel upon cooling
down. The enamel n°2 has the highest calculated compressive stress value, while the enamel
n°3 has almost twice less compressive stress. The mechanical performances of the three
enamels are ranked in the same order as the amount of calculated compressive stress present
in the layers. The larger defects present in the enamel n°1 compared to the enamel n°2
decrease the mechanical performance and the amount of compressive stress in the layer. The
enamel n°3 has the lowest mechanical performance, even if the porosity size and ratio is
smaller than the enamel n°1, due to the smaller amount of compressive stress present in the
layer. These observations indicate that a high Young’s modulus and a high CTE mismatch
with the glass substrate, inducing compressive stress, have a beneficial effect on the
mechanical performance of the complete system by preventing the propagation of cracks at
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the defect locations. Indeed, the pre-compression of the surface allows the application of a
larger external load on the tempered glass before exceeding the critical level of fracture
toughness at the crack tip. However, an excess in compressive stresses would probably lead to
the failure of the enamel by delamination. Therefore, the critical maximum value of
compressive stress should be further investigated to define the optimum stress value for the
enamel. The positive action of compressive residual stresses in the film on the mechanical
performance of the complete system can be further demonstrated by the opposite effect of the
tensile residual stresses applied to the film, leading to glass chips in the glass substrate
initiated by cracks in the enamel film. The fracture toughness of the SLS float glass, the AF45
and the Eagle 2000 substrates are assumed to have similar values. The amount of cracks at the
interface between the film and the glass substrate increases with the amount of tensile stress
present in the enamel layer. The enamel deposited onto the borosilicate Eagle 2000, the
substrate with the lowest CTE, presents a significant increase in the amount and size of cracks
compared to the borosilicate AF45. The Figure 48c presents a similar glass chip, visible from
the glass side in transmission, located directly below the external edge of the connector foot
soldered onto a soda-lime silicate glass. These glass chips are defect generated by the tensile
stresses induces by non-optimal soldering conditions. In the case of very high tensile stresses
induced by soldering, spontaneous failure of the complete backlight has been observed in
production.

The CTE of the enamel film, measured by the curvature technique, is compared to CTE of
bulk enamel samples analyzed by dilatometer. The elongation of the bulk sample has been
measured between 20 and 620°C. Therefore, the dilatometer sample has undergone a first
sintering at 650°C for the sample preparation and a second heating phase until 620°C for the
measurement of the CTE. Typically, the production of automotive glasses requires a firing
time of 180 s at a furnace temperature of 700°C. However, in the case of the dilatometer, the
sample preparation and measurement required significantly longer time firing due to the
sample thickness. The mineral part of the enamel is composed of CuCr2O4 pigments and
Bi2O3-B2O3-ZnO-SiO2 glass frits. After firing, Zn2SiO4 and Bi4Si3O12 are formed in the
Bismuth-rich glass frits.[106] The heat flow absorbed during the firing by the dilatometer
beam and the enamel layer onto glass is different. Therefore, the difference of enamel CTE
value, measured by the two techniques, is associated with different crystalline ratio and
crystalline structures in the thick film and the bulk sample. Additionally, the diffusion
occurring in enameled glasses between the film and the substrate is absent for bulk
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dilatometer samples. As a result, the CTE value measure by curvature techniques is more
representative of the standards automotive glasses, compared to the dilatometer techniques,
since the enamel structure, thermal history and inter-diffusion with the substrate is
comparable to the final product. The main drawbacks of this technique rely on the indirect
determination of the film CTE and biaxial modulus. The presence of inter-diffusion diffusion
profiles of the different elements has been demonstrated by the TOF-SIMS measurement.
However, the quantitative analysis of elements concentration along the diffusion profiles is
complicated due to the effect of the matrix. Indeed, the local structure and chemical
composition of the matrix material influences the intensity of the emitted secondary ion
regardless of the actual element concentration.[100,128] Another limitation of the curvature
technique is the differences in inter-diffusion of elements between the enamel and the glass
substrates, having different compositions. Additionally, the glass transition temperature of the
CS77 substrate is 90°C higher than the V95 substrate. Higher Tg value of the substrate
induces smaller amount of inter-diffusion. However, the evolution of the slopes

in

function of the substrate CTE is relatively linear, according to the value of the coefficients of
determination R2. Therefore, the amount of inter-diffusion between the enamel and the set of
substrates is assumed to be relatively similar. As a result, there is a good confidence on the
CTE and biaxial modulus values measured on the different enamel thick films using the
curvature technique.
The Young’s modulus of pure and fully dense silver is 80 MPa and the Poisson ratio is
0.39.[67] In the literature, the Young’s modulus of free-standing sintered silver nano-particles
thick films measured at room temperature by tensile testing and dynamic mechanical
analyzer, has been reported to be ∼9 GPa [139] and ∼ 7 GPa.[140] The Young’s modulus of
bulk sintered silver, produced using pressure-assisted sintering, has been measured using a
resonant ultrasound spectroscope in function of the porosities. The value is 14 GPa for 62%
dense silver and 40 GPa for 81% dense silver.[108] The CTE of sintered silver nano-particles
thick films is reported to be 19.6 K-1.[140] Therefore, the value of biaxial modulus and CTE
of sintered silver thick films measured by curvature measurement are in good agreement with
the values determined in the literature. It appears that the curvature measurement technique is
an accurate method to determine the CTE of the enamel, and the biaxial modulus of the
enamel and sintered silver. However, in the case of sintered silver, the accuracy of this
method for the measurement of the CTE is questionable. The enamel has a CTE value
relatively similar to the different glass substrate, therefore the extrapolation error is relatively
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small. The high CTE difference between silver and the different glass substrates results in a
low measurement accuracy on the silver CTE. As a result, the linear regression

in

function of the substrate CTE to the intercept with the x-axis is extrapolated far outside the
range of measured data. Therefore, the measurement errors combined with standard error of
the estimate of the linear regression lead to high variations on the 𝛼

calculated value. The

biaxial modulus of sintered silver is accurately measured since the slope of the linear
regression is not influenced by the extrapolation. An alternative method for the accurate
measurement of the CTE of such metallic layer is the TMA technique.[119] The CTE of the
silver n°1 measure by TMA has been found to be 187·10-7 K-1 while the silver n°3 has been
found to be 154·10-7 K-1. In the Table 17, the silver n°2 presents the highest biaxial modulus
values, twice higher compared to the smallest value for the silver n°3. The silver n°1 lies in
between the value of the other silver references. The altering of the mechanical properties of
sintered silver in function of the pore fraction is presented in the literature.[67] The evolution
of the amount of porosities is in good correlation with the evolution of biaxial modulus value
in function of the silver reference. The mechanical performances of the three silvers are
ranked in the same order as the value of the biaxial modulus and the quantity of calculated
tensile stress present in the layers. Higher biaxial modulus induces higher tensile residual
stresses in the silver layer upon cooling; this stress could be locally transferred to the enamel
near the interface, providing a negative effect on the mechanical performance of the complete
system. However, a higher amount of porosities could create larger defects at the interface
with enamel during firing, which would counterbalance the beneficial effect of lower tensile
stress. The size of the porosities in the silver film seems to have a greater influence on the the
mechanical strength of the system than the amount of undesired tensile stress. Therefore, a
high Young’s modulus for the silver thick films, meaning low porosity ratio, is desirable.
The CTE of the silver layer can be modified by the ion exchange with the glass substrate
taking place during the sintering. Therefore, a difference of inter-diffusion length between the
silver layer and the different types of substrate could induce an error in the measurement of
the layer properties. Since the coefficient of determination R² are very close to 1 onto the
Figure 52b, the influence of diffusion onto the measurement error is assumed to be relatively
small. The equations (12)-(15) demonstrate that for similar firing temperature, the coloration
of the glass substrate by the diffusion of silver ions depends on the amount of alkali and
reducing element present at the glass surface. All the glass substrates used in this study,
except the substrate Eagle 2000, are produced by the float process. The Eagle 2000 substrate
is produced by fusion process, therefore, the surface does not present reducing element such
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as tin. Therefore, the amount of diffused silver cannot be compared with the other substrates.
According to Table 32, the silver paste reference has a relatively small effect on the coloration
of a given glass substrate type. However, the chemistry of the glass substrates has a
significant influence on the coloration. Indeed, the coloration evolves from very light orange
onto AF45 glass substrate to dark orange onto the V95 substrate. Additionally, the substrate
AF45 is alkali-free while the substrate V95 has the highest concentration of alkali (Table 8).
As expected, the amount of alkali has a high influence on the coloration. As a result, the
amount of silver ions diffused in the glass substrate is higher for V95 glass compared to AF
45 substrate. Therefore, the difference of inter diffusion length between the silver layer and
the different type of substrate could slightly modify the slope of the regression line,
influencing the measured value of the layers CTE and biaxial modulus. The contribution of
this effect is hardly quantifiable and is assumed as negligible.
As a summary, the spatial distributions of the Young’s modulus and hardness on the crosssection surface of the layers have enabled the local characterization of the glass frits and
pigments composing the multiphase microstructure of the enamel. The spinel pigments were
found to have a significantly higher elastic, hardness and toughness properties compared to
the surrounding amorphous phase, providing a beneficial effect on the mechanical
performance of the enamel. The soda-lime silicate glass and the glass frit in the enamel were
found to have comparable values of apparent indentation fracture toughness. These results
indicate that the fracture toughness of the enamel is not one of the critical parameters, due to
its inability to explain that the cracks are always initiated in the enamel rather than on the
glass substrate surface. Porosities in the sintered silver were found to locally reduce the
Young’s modulus and hardness, resulting in a lower mechanical performance compared to
bulk silver. The absence of radial-median cracks at the indents performed onto sintered silver
provides clear evidence of the higher fracture toughness compared to enamel, but prohibits a
quantitative comparison. The higher resistance of the silver against crack propagation partly
explains that the fracture origin is located in the enamel, which is a brittle material.
Compressive residual states in the different enamels reference have been calculated from the
measured thermoelastic properties, ranging between -76.9 ± 26.6 and -42.4 ± 7.6 MPa.
Tensile residual states in the different silver reference have been calculated from the measured
thermoelastic properties, ranging between 108 ± 10.1 and 41.6 ± 7 MPa. The mechanical
performances of the three enamels, investigated by ROR technique, have been found to be
proportional to the amount of calculated compressive stress present in the enamel. On the
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contrary, as tensile residual stresses are applied to the enamel film, cracks are observed in the
film, leading to glass chips in the glass substrate, which weakens the mechanical properties of
the stack. Therefore, a high Young’s modulus for the enamel thick films, meaning low
porosity ratio, and associated with an important mismatch of the coefficient of thermal
expansion between the enamel film and substrate, the film having the lowest value, has been
found to increases significantly the mechanical performance of the stack. Similarly, a high
Young’s modulus for the silver thick films, meaning low porosity ratio, increases significantly
the mechanical performance of the stack. Indeed, a lower pore fraction and pores reduces the
probability of a critical large defect at the interface with the enamel.

5.3 Physical Properties
In this subchapter, the defects morphologies in the thick films as well as the sum of stress
applied to these defects resulting from residual stresses and applied load are investigated in
order to formulate the general failure model.
5.3.1 Residual Stresses
During the manufacturing process of backlights, thermal stresses are induces in the differents
elements of the composite stack due to temperature gradient and different cooling rates in the
system. The glass substrate, the silver and enamel layers undergoes a thermal toughnening
after the firing step. The soldering of the connector onto the silver busbar introduce a
temperature gradient and thermal stresses. This subchapter presents the results of the
measurement of the residual stresses in the differents element of the stack.
5.3.1.1 Enamel Layer – FIB-DIC
The enamel layer is composed of Bi2O3-B2O3-ZnO-SiO2 glass frits which partially
crystallizes, and copper chromite spinels. The size of the glass frits is in the order of a few
microns while the pigments have a submicron size. The amount of crystalline phase remains
lower than 30 % wt, therefore, the XRD sin² Ψ method is not suitable to measure the residual
stresses in the film. Hence, the residual stresses in the enamel film have been investigated
with FIB DIC method. The sample preparation and the experimental procedure are described
in the section 4.5. Pillars of 25 μm in diameter with a depths of approximately 6 μm have
been milled in the film, in order to have a representative average gauge volume (Figure 53a).
The Figure 53b shows a monotonic increase of the relaxation strain into the coating. The
relatively small difference between the strains profiles measured at two locations suggests that
the relaxation strain is very similar at different locations on the sample. The residual stresses
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in enamel layer measured for the different backlights models are presented in the Table 21.
The residual stress values are calculated from the measured relaxation strain. The enamel
elastic properties used for the calculation are the macroscopic values determined by curvature
method including the influence of the porosities, since the pillar volume is relatively large. An
average

compressive

stress

of

-65.6 ± 16.7 MPa is present in the enamel layer.

Dring = 25 µm
(a)

(b)

Figure 53 : SEM images of the pillar milled inside the enamel layer : (a) picture of the pillar surface and the ring
diameter, (b) representative relaxation strain curves of two measurements on the enamel film by digital image
correlation.

Backlight sample

Relaxation strain at t/d = 0.25

Residual Stress (MPa)

0.0012 ± 0.0002

- 68.67 ± 10.64

0.0002 ± 0.0001

- 13.18 ± 8.01

Model n°2

0.0013 ± 0.0002

- 74.89 ± 11.35

Model n°3

0.0010 ± 0.0001

- 53.29 ± 6.02

Model n°1

Average

- 65.6 ± 16.7

Calculated

-62.9 ± 3.2

Table 21 : Summary of the residual stresses measured in the enamel film deposited onto different backlight using FIBDIC method (E = 40.5 GPa, ν = 0.27).

The average measured value of the residual stress is very close to the value calculated from
the measured thermoelastic properties, providing higher confidence in the veracity of the
results. However, the measurement made onto the glass fragments from the backlight model
n°1 presents different behaviors of relaxation strain. The second measurement shows little to
no relaxation strain throughout the coating thickness. This behavior could even be explained
by the presence of porosity or cracks in the pillar’s volume, which would give a local
relaxation of the residual stress. Since the two other backlights have a similar value with the
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first measurement made on the backlight model n°1, the second measurement is not taken into
account in the average residual stress value.
5.3.1.2 Silver Layer
5.3.1.2.1 XRD sin²Ψ
The crystalline phase identification onto the XRD pattern of the silver film deposited onto
different backlights models before and after brushing is presented Figure 75 in the Annex 9.4.
The stress measurements have been carried out by following the 311 peaks with sin² (Ψ)
method. The theoretical background, the sample preparation and the experimental procedure
are described in the sections 3.5.2 and 4.4. The evolution of the peak positions (inter-planer
spacing) as a function of sin2(Ψ) for the backlight model n°1 and n°3 in un-brushed and
brushed conditions are presented Figure 76 and Figure 77 in the Annex 9.4. The measurement
on the backlight model n°1 in un-brushed conditions shows a relatively linear behavior for the
evolution of

in function of

. However, the other plots do not show a well-fitting

linear regression model. This effect could be attributed to the presence of stress gradient
and/or shear components in the stress state of the layers. More accurate values of stress level
could be provided by measuring the shifts of higher angles peaks such as the 311 peak at a
2Theta angle of 110°. The residual stresses in sintered silver in brushed and non-brushed
configuration for the different backlights models are presented in the Table 22.
Residual stresses (MPa)
Backlight sample

Non-brushed

Brushed

Model n°1

88.5 ± 5

-10 ± 9

Model n°3

61 ± 26

- 40 ± 18

Average

74.5 ± 26.5

-25 ± 20.1

Calculated

77.1 ± 8.4

Table 22 : Residual stresses in sintered silver in brushed and non-brushed configuration (E = 83 GPa).

The stress is measured in the silver particles, therefore, the Young’s modulus of pure silver
has been used. An average tensile stress of 74.5 ± 26.5 MPa is present in the silver layer
before brushing. After mechanical brushing, the stress state shift to compressive stresses with
an average value of -25 ± 20.1 MPa. The average measured value of the residual stress is very
close to the value calculated from the measured thermoelastic properties, providing higher
confidence in the veracity of the results. The plot of peak positions (inter-planer spacing) as
function of sin²Ψ does not show a well-fitting linear regression model. The dispersion of
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experimental points in the plot could be explained by the presence of a stress gradient in the
layer. The residual stress gradient will be investigated by Focused ion beam (FIB) ring core
milling and digital image correlation (DIC) technique.
5.3.1.2.2 FIB-DIC
The compressive residual stress profile present in the silver layer after brushing has been
investigated with FIB DIC method. The measurements have been done onto a composite stack
composed of the glass substrate, the enamel and the silver films. The surface of the silver has
been automatically brushed during the production of backlights, with a robot using a copperbronze rotating brush. Since the silver layer has a large porosity fraction, pillars of 50 μm in
diameter with a depths of approximately 10 μm have been milled in the film, in order to have
a representative average gauge volume (Figure 54).

Dring = 50 µm
(a)

(b)

Figure 54 : SEM images of the pillar milled inside the silver layer : (a) picture of the pillar surface and the ring
diameter, (b) cross-section image of the pillar made in the silver layer.

The residual stresses measured in silver layer after brushing for the different backlights
models are presented in the Table 23. The silver elastic properties used for the calculation are
the macroscopic values determined by curvature method including the influence of the
porosities, since the pillar volume is relatively large. An average tensile stress of -17.27 ± 4.3
MPa is present in the layer. The residual stress profile has been calculated from the observed
strain relief as a function of the drilling depth (Figure 55). A sharp increase of residual stress
profile is observed in the first 6 μm of the coating. A stress value of approximatively -33 MPa
is observed at a thickness of 1 μm in the coating which is followed by a continuous decrease
in the coating thickness. A value of approximatively -10 MPa is observed at a thickness of 7
μm in the coating. This is followed by a steady residual stress value at the interface with the
enamel layer at a thickness of 10 μm, with a stress value of approximatively -12 MPa.
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Figure 55 : Calculated residual stress profile in the brushed silver film as a function of the drilling depth.

Backlight sample

Relaxation strain at t/d = 0.25

Residual Stress (MPa)

Model n°1

0.0010 ± 0.0001

- 18.34 ± 1.30

Model n°3

0.0010 ± 0.0002

- 16.19 ± 4.14

Average stress

- 17.27 ± 4.3

Table 23 : Summary of the residual stresses measured in the silver film deposited onto different backlight using FIBDIC method (E = 11 GPa, ν = 0.39).

5.3.1.3 Composite stack residual stress profile before soldering
The average residual biaxial stresses present in the enamel and silver films deposited onto the
glass substrate have been measured previously by FIB-DIC and XRD sin²Ψ methods. The
residual biaxial stresses profile in the silver films deposited onto the glass substrate, after
brushing, has been measured previously by FIB-DIC method. The residual stress profile of
tempered glass is well-know from the literature.[20] The overview of the residual stresses
profiles present in the complete system before soldering is represented in the Figure 56. The
residual stresses gradients present at the different interfaces are not represented onto this
cross-section schematic since the local stresses state are relatively complex and probably not
biaxial. The thickness of interfacial residual stress gradients could not be measured with the
employed technics.
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Figure 56 : Cross-section schematic of the enamel and silver films and glass substrate and their respective residual
stresses profiles.

5.3.1.4 Soldering simulations
The thermal stresses induced by the soldering process have been simulated by the simulation
department of SGR Germany. The gradient of temperature, between the glass substrate
typically preheated up to 100°C and the connector, upon cooling at the solidus temperature of
soldering alloys is shown in Figure 57(a). The Figure 57(b) represents the distribution of
stress field in the glass substrate at room temperature, after the soldering process. The
maximum tensile residual stresses in the glass substrate is located at the outer edge of the
connector feet. The residual stresses in the glass substrate result from a cumulated
contribution of the strain mismatch with the connector bridge and the alloy. The maximum
strain of the soldering alloy upon cooling is located at the alloy periphery while the maximum
strain of the connector bridge is located at the outer edge of the bridge. Therefore, the
cumulated contribution of the connector bridge bad solder alloys generates a maximum of
stress

at

(Figure 57c).

the

outer

edge

of

the

connector

feet
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T(°C) : Soldering

(a)

T(°C) : Room Temperature

σmax = 14.96 MPa

(c)

(b)
Figure 57 : (a) Gradient of temperature in the composite stack upon cooling at the solidus temperature of soldering
alloys ,(b) simulation of thermal stress present in the glass substrate at room temperature after soldering, (c) thermal
stress after soldering induced by strain difference between connector and glass substrate.

5.3.2 Defects Morphologies – FIB Tomography
Analysis of the failure mechanism of thirty production samples demonstrates that the defect
origin is located in the enamel and more especially the interface with silver. The weaker
behavior of the enamel can be understood by investigating the flaws size, the fracture
toughness and the residual stress profiles of the different layers of the system. The objective
of this study is to quantitatively evaluate the porosities size distribution and geometry over the
complete system using dual-beam FIB nanotomography. This technique enables the
reconstruction and analysis of a 3D volume with very high voxel resolution. The
characterization of the defects provides a deeper comprehension of the in-service failure
mechanisms. The sample preparation and the experimental procedure are described in the
section 4.6.
The reconstruction of the 3D volume enables the visualization of reconstructed images in
the plan x-z referring to the axis reference of Figure 31b. This image along the plan x-z
reveals that the silver layer has a very low porosity ratio at the surface, but as the distance
between the visualization plan and the enamel interface decrease, the amount and size of
porosities increase tremendously (Figure 58). The same tendency is observable in the enamel
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layer along the plan x-z, near the interface, the size and number of porosities is very high
compared to the middle of the layer. Additionally, the areas in the enamel close to the
interface with the glass have almost no porosities. The silver at the surface has a very fine
microstructure while the silver near to the interface has a coarse microstructure. In order to
have a better insight into the mechanism leading to the creation of porosities, the behavior of
silver and enamel paste has been studied by thermogravimetry (TGA), heating microscope
and HT ESEM (Figure 59).

Silver Layer

Enamel Layer

(a)

(c)

(b)

(d)

Figure 58 : Reconstructed image along the plane x-z from (dimension : 39 μm · 36.5 μm) : (a) silver layer in the
middle of the layer thickness, (b) silver layer near the interface with enamel, (c) enamel layer in the middle of the
layer thickness, (d) enamel layer near the interface with silver.

The TGA measurements provide quantitative information on the elimination of the different
paste organics components in function of the temperature. The heating microscope provides
information on the sintering temperature of the silver paste. The thermogravimetry and
heating microscope results are summarised in Table 24. These heating microscope
measurements reveal that the sintering process in the silver is initiated around 400°C. The
thermogravimetry measurement demonstrate that the resin present in the enamel layer is
completely eliminated at 480°C. The sintering temperature of the silver is corroborate by
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analysis done the CEMTHI Orleans using an environmental SEM XL40 (FEI) for high
temperature (HT SEM) with a hot stage reaching 1000°C (Figure 59). The HT SEM pictures
shows that densification starts at around 400°C, while significant densification is already
achieved at 500°C.

Method

DTA-TG
(Thermogravimetry)

Heating Microscope

Variable

Enamel

Silver

Solvent elimination (C°)

270°C

260°C

Resin elimination (C°)

480°C

350°C

Organics (wt%)

18.8

15.8

Resin (volume %)

14 %

13%

Sintering T

450°C

400 °C

Table 24 : Summary results of the thermogravimetric and heating microscope analysis of silver and enamel paste.

Figure 59 : Evolution on the silver SP1989 at the same location in function of temperature using HT SEM (CEMTHI Orleans).

5.3.3 Discussion
The silver layer is under tensile residual stresses before mechanical brushing. The low
Young’s modulus of sintered silver layer compared to bulk silver has a beneficial effect since
it reduces the thermal stresses induced during the cooling down of the backlight to room
temperature. The residual stresses shift to a gradient of compressive stresses after brushing,
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with a maximum value at the silver surface. The stresses decrease progressively through the
thickness of the layer until reaching a steady state near the interface with the enamel. In
metals, similar effects are observed after shot peening treatment, producing compressive
residual stress in the material by surface plastic deformations. This method consists in
impacting the surface with shots having sufficient speed to create plastic deformations at the
surface. This mechanical treatment results in surface compressive residual while a residual
stress gradient is created through the thickness of the metal. Shot peening efficiently increases
the fatigue strength of the product by avoiding the propagation of micro-cracks from the
surface.[15-17] The local plastic deformations probably induce a local densification which
would increase the Young’s modulus and hardness of the silver. The brushing probably
induces surface plastic deformation due to the low yield stress of sintered silver induced by
the high porosity fraction.[132] The residual stresses gradients present at the different
interfaces are not represented onto this cross-section schematic since the local stresses state
are relatively complex and probably not biaxial. The thickness of interfacial residual stress
gradients is expected to reach several tenths to hundreds of nanometers. The major challenges
disabling the measurement of the variation of residual stresses at the enamel - silver interface
is the presence of a rough interface as well as the lack of knowledge concerning the local
modifications of the Young’s modulus by the porosities and diffusion. The measurement of
the stresses gradients at the abrupt interface between the enamel and glass substrate is
probably feasible by using microcantilevers with a depth resolution of 50 nm. [141] The
reconstruction of the 3D volume enables the visualization of the defects location, size and
geometry within the composite stack. A high concentration of large porosities is observed in
the silver layer and the enamel near the interface with silver. The largest defects are located in
the silver thick film, the pores can reach approximately 8-10 microns in length, forming an
inter-pores network (Figure 58b). The silver at the surface has a very fine microstructure
while the silver near to the interface has a coarse microstructure. This gradient of silver
crystallites size along the layer thickness could be generated by two separate mechanisms.
The brushing process might generate recrystallization at the surface due to high mechanical
deformation. Another approach consists in assuming a temperature gradient in the silver layer
generating a gradient of densification by sintering, leading to a gradient of silver crystals size.
The temperature gradient could result from heat conduction transferred by the underlying
enamel. Indeed, the enamel has a high emissivity compared to silver, due to the black color.
Furthermore, the backlight is heated from both sides during the firing process. Therefore, the
enamel has probably a higher temperature than the silver during the firing process. The size of
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the defects presents in the enamel film, can reach approximately 2 microns (Figure 58d). The
defects on the glass surface are not visible on the SEM images, hence the defects size is much
smaller than inside the enamel layer. Visual inspections undertaken on thirty samples broken
in the soldering area by flexural tests have demonstrated that the macroscopic failure is
initiated at the outer edge of the connector feet. The soldering simulation concluded that the
maximum tensile residual stresses in the glass substrate induced by soldering, at room
temperature, are located at both outer edges of the connector. The maximum stresses are
located at this position because of the cumulated contribution of the connector bridge ad
solder alloys. Therefore, there is a good correlation between the macroscopic failure location
and the emplacement of maximum tensile residual stresses in the glass substrate. The SEM
analyses undertaken on the fracture mirror located in the glass substrate, below the outer edge
of the connector feet, have demonstrated that the defect origin is located in the enamel, and
more especially the interface with silver. It has been demonstrated previously that the silver
layer has a fracture toughness of one order of magnitude higher than the enamel and glass,
combined with a relatively low Young’s modulus (section 5.2.5). Additionally, the
compressive stress in the enamel layer are smaller than the glass surface. Therefore, the most
critical defects of the stack are located in the enamel near the interface with the silver, due to
their relatively large size, and the fragile nature of this layer. A typical critical defect in term
of size and geometry, present at the interface between enamel and silver layer, can be seen on
the SEM image of a plan x-y slice on the Figure 32a. However, the large defects present in the
silver layer probably also contribute to the failure initiated in the enamel. Indeed, the silver
areas surrounding the porosities concentrate the residual stresses, resulting from the firing and
soldering processes, and locally transfer them to the enamel layer. Therefore, the mechanical
performance of the composite stack can be improved by decreasing the amount and the size of
the porosities in the enamel layer, and also preferably in the silver layer. The mechanism of
porosities formation has been investigated by thermogravimetry and heating microscope. The
sintering of the silver particlea begins at 400°C while the resin present in the enamel paste is
completely eliminated at 480°C. Therefore, the overlap of densification temperature and
organics burning results in the formation of gas bubbles in the enamel layer. In case the
bubbles are not able to migrate in the silver layer, they remain trapped at the interface with the
silver. The network of porosities observed in the silver is assumed to be generated by the
evacuation of significant amount of organics from silver and from the underlying enamel. The
quantity of porosities present after complete firing could be decreased by avoiding the overlap
of sintering temperature and organics burning, or by adding a short heating plateau before
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sintering. An industrial solution to this problem would consist in developing a low burning
temperature resin for the enamel paste while keeping the thixotropic behavior of the paste
required for the screen-printing onto the glass substrate.

5.4 Manufacturing Process
The main influencing process parameters involved in the production of automotive backlight
are the firing time and temperature, the preheating temperature, the soldering time and power.
In production, the soldering time is always reduced to the minimum value ensuring a
sufficient soldering quality. Therefore, the soldering time is kept constant and minimized to
the

value

of

3.5 s, only the soldering power is a variable. The quantitative determination of the effect and
the interactions between the firing time, firing temperature and soldering power onto the
mechanical performance of enameled laboratory samples is studied with a Design of
experiments (DOE). The effect of the firing and soldering process, outside of the typical
process range has been studied separately. The sample preparation and the experimental
procedure are described in the section 3.1.
5.4.1 Design of experiments
A Design of experiments (DOE) is a systematic approach to analyze and predict the influence
processes parameters onto a response variable. The quantitative determination of the effect
and the interactions between the firing time, firing temperature and soldering power onto the
mechanical performance of enameled laboratory samples is studied with a Full Factorial
Experiment plan (FFE). This type of plan has been chosen to study the interactions between
the factors without reducing the DOE resolution by aliasing an interaction. Indeed, an
accurate measure of the interaction is critical, as the interaction between the factors could
have a greater influence on the response than the individual effect of each factor. The
knowledge of the interactions is helpful for process optimisation. However, the major
limitation of this type of DOE is the high number of experiments since every combination is
investigated. A Center point has been added to the experimental plan to determine whether the
response surface is linear, or has a curvature. The results of the screening of the influence of
the soldering power onto the soldering quality are shown in Figure 33. The range of soldering
power ensuring a sufficient soldering quality has been found to lies between 60 and 66%.
Below 60 % power, the soldering process is regarded as “too cold” since the soldering alloy is
not

fully

melted

(Figure

27c).

Cold soldering can lead to reduced pull off force due to insufficient bonding between the
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soldering alloy and the silver layer. The bonding strength is dependent of the thickness of
IMCs layers formed at the interface by dissolving the silver into the molten alloy. Above 66
% power, the soldering process is regarded as “too hot” since cavities can be observed under
the connector feet. The induction soldering process is stable and repeatable. Indeed, the
variations of soldering quality, within a respective batch of samples with fixed soldering
conditions, are relatively small. The high and low levels of the process variables correspond
to typical extremum values used in backlight production lines to reach the customer quality
requirement. Thirty samples have been produced for each experimental trial condition to
ensure a sufficient number of replicates and to assess accurately the experimental error. The
Design of Experiment plan presenting the combination of different factors and levels as well
as the measured response is shown in Table 25. In a DOE, the experiments should be
randomized to ensure that every combination has an equal probability of being affected by
unconsidered or uncontrolled factors present in the process. Each trial condition was
randomised to minimise the effect of undesirable disturbances or external factors which were
uncontrollable or expensive to control during the experiment.[142] These noise factors
increase the experimental error by increasing the variations on the response value. An
example of uncontrolled factors during the firing process is the variation of firing temperature
between samples of the same batch.

Firing

Firing

Soldering

Temperature (°C)

time (s)

Power

1

625

180

2

625

3

Mean (MPa)

σ0 (MPa)

m

60%

62.9 ± 11.6

68

5

180

66%

47.1 ± 10.8

51,3

4,9

625

240

60%

60.2 ± 10.4

64,6

6,3

4

625

240

66%

45.3 ± 11.6

49,7

4,4

5

650

180

60%

62.7 ± 11.0

67,4

6,1

6

650

180

66%

53.1 ± 9.0

56,8

6,5

7

650

240

60%

57.1 ± 9.5

61,2

6,5

8

650

240

66%

51.2 ± 9.2

55,1

6,1

9

637

210

63%

58.1 ± 10.3

62,4

6,1

N°

Table 25 : Design of Experiment (DOE) on the effect of the firing time, firing temperature and soldering power onto
the mechanical performance of the laboratory samples. Each combination of factor and level are composed of 30
samples. The response parameters is σ0 while m is the slope which is related to the experimental error.

The samples are placed on the rolls of the conveyor infrared belt furnace by batches of twelve
glasses. A small gradient of temperature exists inside the furnace between the walls and the
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middle area, having a small influence on the firing temperature between samples in function
of their location. The samples undergoes a thermal tempering, by very fast blast cooling from
650°C to room temperature in a 20 s. Finally, the samples are soldered once they reach room
temperature. During the soldering process, after a controlled preheating at the desired
temperature, there are variations of the glass substrate temperature at the beginning of the
induction soldering step. These variations are induced by the different cooling rates of the
samples due to the uncontrolled atmospheric temperature and humidity along the day.
However, melting the solder alloys requires a defined amount of energy which is given by the
induction soldering and by heat conduction with the glass substrate. Therefore, the variation
of the glass substrate temperature during soldering influences the soldering quality. In this
study, restricted randomizations and blocking have been employed due to time constraints and
to increase the precision of the experiment to eliminate undesired sources of variability. For
example, the screen-printing of the enamel and silver layers on the glass substrates is carried
out in one block, the same day, to reduce variations on the deposited wet thickness or paste
batch to batch. Concerning the firing and soldering process, specimens belonging to the same
batch are produced in a single production run, reducing the influence of day-to-day
atmospheric temperature and humidity variations. Each combination of factor and level is
repeated thirty times to estimate accurately the experimental error. The amount of error
enables to make satisfactory conclusions by determining whether there is a statistical
difference between a set of factors/interactions effect. Since glass is a brittle material
following a Weibull distribution law, thirty samples are required to have a satisfactory value
of the Weibull characteristic strength and Weibull modulus. The software Minitab have been
used to analyze the Design of Experiment data. The Weibull distribution plot of the different
series of samples is presented in Figure 60 while the Pareto chart is presented in Figure 62a.
The regression equation predicting the breakage value in function of the different factors is
shown in the Annex 9.5.
The main effects are calculated as the mean response values at each level of a process
parameter (Figure 61). It enables to quantify the relative effects of the various parameters. A
main effect is present in the case that different levels of a factor affect the response
differently.
A line can connect the low and high value, the slope illustrates the magnitude of the main
effect. The values of breakage force of the series of soldered samples present a distribution of
probability density nearly Gaussian, therefore the student’s test can be applied to the data
(Figure 62b).
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60 %
66 %

Figure 60 : Weibull distribution plot of the different series of samples investigated in the DOE.

Figure 61 : Main effects plot for the mean values.

(b)

(a)

Figure 62 : (a) Pareto chart of the standardized effect (𝛼 = 0.5), (b) distribution of probability density in function of
the breakage force of soldered samples.
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The Table 26 present the results of the Student’s and Fischer tests for the different process
parameters.

Parameter

Soldering Power (%)

Firing temperature (°C)

Firing time (s)

Variable

Low

High

Low

High

Low

High

Mean effect

60.9

49.1

53.6

56.8

56.7

53.7

Fischer

0.416

0.010

0.204

test

Similar variance

Different variance

Similar variance

Student

1.79E-16

0.049

test

Very Highly Significant (99.9%)

Significant (95%)

p-value

Table 26 : Results of the Student’s and Fischer tests for the different process parameters.

An interaction plot represents the mean response of two factors at all possible combinations of
their settings.[142] The lines of the interactions plot between the firing time and temperature,
as well as the firing time and soldering power exhibit near parallelism. It indicates the absence
of interactions between those couples of factors. Indeed, the variation of mean response
between the low to high level of a factor is independent of the level of the other factor. Higher
order interactions are not studied as their influence on the response are usually negligible. The
Figure 63 shows the plot of the interactions between the main process parameters in their
respective ranges.

(a)

(b)

(c)

Figure 63 : Interactions plots between the factors: (a) firing time and firing temperature, (b) firing time and soldering
power, (c) firing temperature and soldering power.
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5.4.2 Out of range parameters
The DOE enabled the investigation and quantification of the effect of the main process
parameters in the frame of their typical extremum values used in backlights production lines,
ensuring the customer quality requirement. Unfortunately, in production, one or several
process variables can be punctually out of the range. For instance, a poor maintenance of the
equipment can lead to critical results on the backlight’s breakage force.

Figure 64 : Weibull distribution plot of the series of samples soldered with different power values. The other process
variables are kept constant at their optimum value.

As an example, in the resistive soldering process, an excessive wear of the electrode leads to
higher soldering temperatures. Therefore, the effect of the main process parameters outside of
their respective range has been studied. The influence of the soldering power outside of the
range, while keeping the other parameters at their optimum value, is presented on the Weibull
distribution plot in Figure 64.

Firing T(°C)

(MPa)

m

620

67.7 (72.6, 63.2)

5.8

650

67.1 (70.3, 64.1)

6.8

670

64.1 (69.1, 59.6)

5.8

Table 27 : Weibull parameters: the characteristic strength (σ0), unbiased Weibull modulus (m). The values in the
parenthesis represent a 95% confidence interval for N specimens.

The influence of the firing temperature outside of the range, while keeping the other
parameters at their optimum value, is presented on the Weibull distribution plot in Figure 65.
The Weibull parameters are respectively presented in Table 27 and Table 28.
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Figure 65 : Weibull distribution plot of the series of samples fired with different temperatures. The other process
variables are kept constant at their optimum value.

Soldering Power (%)

(MPa)

m

60

67.1 (70.3, 64.1)

6.8

66

54.1 (57.0, 51.3)

8.0

80

47.8 (51.0, 44.9)

6.1

Table 28 : Weibull parameters: the characteristic strength (σ0), unbiased Weibull modulus (m). The values in the
parenthesis represent a 95% confidence interval for N specimens.

Glass

Alloy

Figure 66 : TOF-SIMS cross-section image of the composite stack. The phases containing bismuth are coloured in
blue, the phases containing zinc are coloured in green, the overlap of phase is coloured in light blue.

The microstructure of the enamel in function of the firing temperature and time are
investigated on the samples cross-section using TOF-SIMS method (Figure 66 and Figure
67). The experimental procedure have been explain previously in the section 5.2.4.
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Figure 67 : TOF-SIMS cross-section image of the composite stack. The phases containing bismuth are coloured in
blue, the phases containing zinc are coloured in green, the overlap of phase is coloured in light blue.

Cross section of the left connector foot

Cross section of the right connector foot

60%

(a)

60%

(b)

66%

(c)

66%

(d)

80%

80%

(e)

(f)

Figure 68 : Influence of the soldering power on the silver consumption and the formation of Ag 3Sn IMCs at the
interface between silver and SAC305 alloy. The firing time, temperature and preheating are for constant, respectively
180 s, 650°C and 80°C.
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The microstructure of the composite stack after soldering in function of the amount of power
is investigated on the samples cross-section via SEM (Figure 68).
5.4.3 Discussion
The Weibull distribution plot of the different series of samples investigated in the DOE shows
that the datasets can be classified in two separate groups of populations (Figure 60a). On one
hand, each series of samples produced with a soldering power of 66 %, represented in with
the diamond marker, are on the left side of the dashed line, indicating a lower average
mechanical performance. On the other hand, each series of samples produced with a soldering
power of 60 %, represented in with the triangle marker, have a higher average mechanical
performance. It indicates that the influence of the soldering power is greater than the influence
of the firing time and temperature. This observation is in good agreement with the ranking
provided by the Pareto chart, showing the absolute values of the standardized effects. This
chart clearly indicates that the soldering power is the most influencing factor, which affects
the mean breakage force at a 5% significance level (Figure 60b). The second most important
parameter is the interaction between soldering power and firing temperature. However, this
interaction, as well as the other factors and interactions, is much below the reference line for
statistical significance. Soldering power has an influence 2.7 times greater on the absolute
values of the standardized effects than the interaction between soldering power and firing
temperature. Therefore, it is critical to optimize the soldering power during the production of
backlights and ensure a sufficient control of the soldering quality.
Furthermore, the soldering power seems to have the greatest main effects among the
process parameters, considering the absolute difference between the low and high values of
each parameter. However, the accurate quantification of the mean effect of the different
parameters is complicated due to the high standard deviation. A student’s t-test can determine
if the mean values of the low and high value of a given parameter are significantly different
from each other, taking into account their respective standard deviation.[143] The student’s ttest requires different conditions to be valid. The two series of data have to follow a normal
distribution and to have a similar variance.[144] A Fischer F-test can determine if the
difference of variance between two series of data, of a given parameter, are significantly
different.[145] The Student’s is not applicable for the firing temperature parameter, since the
difference of variance between the low and high value of the mean effect is significant. In the
case of the influence of the soldering power, the confidence that the difference between the
low and high value of the mean effect is significant is higher than 99.9%, considering the p-
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value. In the case of the influence of the firing time, the confidence that the difference
between the low and high value of the mean effect is significant is 95%. As a result, the
Student’s test proves that the soldering power has the greatest mean effect among the process
parameters.
In the case of the interaction plot between the firing temperature and soldering power, the
line is non-parallel, indicating the presence of interaction between the factors.[146] Indeed,
the effect of a factor on the response at a given level is different at low to high level of the
second factor.[147] In the Pareto plot, the interaction between firing temperature and
soldering power is the second most influent effect after the soldering power. This interaction
has a greater effect on the response than the separate effect of the firing time and firing
temperature factors.

The effect of the main process parameters outside of their respective range have been studied.
The characteristic strength of the batch of samples fired at 670°C decrease by 5.3% compared
to the firing at 650°C. The characteristic strength of the batch of samples soldered with a
power value of 80% decrease by 28.8% compared with a power value of 60%. Therefore, the
process parameter having the greatest influence on the characteristic strength of the composite
stack, outside of the respective process range, is the soldering power. These results confirm
the ranking of the main effects of the different processes, inside their respective range,
established in the DOE. The mechanisms leading to the weakening of the composite stack
mechanical properties are investigated for the main process parameters. Hence, the
microstructure of the enamel at the different firing temperature and time are investigated on
the cross-section of the samples using TOF-SIMS method. The distribution of bismuth and
zinc borosilicate glass frits in the enamel film are not significantly affected by the firing
temperature of time. The glass frits do not merge together at higher temperatures, even as the
viscosity decreases. At higher temperatures, the densification of the silver by sintering is
probably increased. However, these effects do not modify significantly the characteristic
strength. The low influence of the firing temperature and time on the characteristic strength of
the composite stack is attributed to the absence of significant modification of the enamel
microstructure.

The microstructure of the composite stack after soldering in function of the amount of power
is investigated on the cross-section of the samples via SEM. In the case of SAC305 solder
alloys and silver thick films, the diffusion process taking place at the interface leads to the
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formation of needle-like Ag3Sn IMCs at the interface.[81,82] The amount of silver
consumption by the alloy SAC305, leading to the formation of Ag3Sn IMCs at the interface,
increases with the soldering power. Indeed, higher power value involves higher soldering
temperature, increasing the amount of inter-diffusion and thermal stresses. However, the
amount of IMCs can vary between the left and right foot of the connector bridge, caused by
an unsymmetrical distribution of temperature during soldering. The presence of a thin and
continuous IMCs layer ensures a good quality of the solder joint. However, in the case of a
thick IMCs layer, mechanical solicitations can initiate and propagate cracks, reducing the
joint reliability. Indeed, IMCs are more brittle than the ductile soldering alloy. The
transformation of the soft silver layer in the brittle Ag3Sn IMCs by diffusion process during
the TCT test probably decreases the partial relaxation of stresses in the silver layer. The brittle
Ag3Sn IMCs needles might transfer locally higher tensile stresses to the enamel layer.
Therefore, the thickness of IMCs present at the interface is a crucial parameter which has to
be controlled and optimized in order to ensure good junction and to avoid crack
propagation.[45] The physical effects of the IMC growths on the mechanical strength of the
composite stack have not been clearly identified and have to be investigated in greater detail.
However, it seems that formation of thicker Ag3Sn IMCs at the interface with increasing
soldering power has a negative effect on the mechanical strength of the composite stack.

In the case of the soldering power value of 80%, an additional mechanism leads to further
decrease in the mechanical performance of the complete system. The higher temperature of
the molten solder alloy results in higher dissolution rate of the silver layer, leading locally to a
complete dissolution of the silver due to hotspot or thinner layer thickness. At these specific
locations, the molten SAC alloy is then in contact with the underlying enamel layer. The poor
wettability between the SAC alloy and glass enamel layer induce a local dewetting of the
molten alloy, resulting in the formation of cavities under the connector feet. The cavities
cause a local abrupt change in geometrical shape, creating a region of stress concentration.
Additionally, the overall higher silver dissolution induces a thicker IMC layer at the interface
with the solder alloy. The IMC layer is relatively brittle and can lead to failure during aging
tests.[81] Therefore, the negative impact of the higher soldering power, such as 66 to 80 %, is
correlated to the increase of the amount of thermal stresses, thicker IMCs layer and residual
stress concentration.
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As a conclusion, the effect of the soldering power is significantly greater than the effect of the
firing time and temperature on the mechanical strength of the composite stack. The soldering
power influences the amount of dissolved silver during the soldering and the thickness of the
IMC layer at the interface. Thick IMC layer seems to have a negative effect on the mechanical
strength presumably due to transformation of the soft silver layer in the brittle Ag3Sn IMCs,
decreasing the partial relaxation of stresses in the silver layer. The brittle Ag3Sn IMCs needles
might transfer locally higher tensile stresses to the enamel layer. Therefore, it is critical to
optimize the soldering power during the production of backlights and to ensure a sufficient
control of the soldering quality. Higher repetability and control of the soldering quality can be
archieved by adjusting the design of the induction coil from the soldering equipment to
produce an even distribution of power between the left and right connector feet, leading to a
symmetrical distribution of temperature in the connector bridge.

5.5 Failure Modes
The main failure modes taking place in automotive glazing are the failures under mechanical
solicitations and aging. The in-service failure mechanisms of both failure modes are
investigated in order to formulate a general failure model.
5.5.1 Mechanical solicitations
This subchapter present the proposition of a general failure model of the composite stack, in
the case of mechanical solicitations, by considering the previous fractography results as well
as the materials and physical properties of the stack. The aim of this model is to provide a
deeper comprehension of the actual in-service failure mechanisms as well as the contribution
of the different elements of the composite stack on the degradation of the initial glass
strength. One of the challenges faced in the automotive backlights is the cumulated
degradations of the initial glass strengths by the subsequent addition of layers and connectors.
The contribution of the different layers onto the mechanical strength of the composite stack
has been evaluated onto naked glasses, enameled glasses, enameled glasses with silver and
soldered glasses by ROR techniques, following the procedure explained in the section 4.1.3.
The

samples

are

fired

for

180 s, the final temperature on the glass surface, before the tempering process, is 650°C. The
degradation of the glass strength by the addition of enamel, silver layers and soldering is
shown on the Weibull distribution plot in Figure 69. The Weibull parameters are presented in
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the
Table 29.
Visual inspections of the soldered samples have demonstrated that the macroscopic failure
is initiated at the outer edge of the connector feet. This observation is in good correlation with
the simulation of thermal stress provoked by the soldering process. Indeed, the maximum
tensile stress induced by the soldering in the glass substrate has been found to be located at
the outer edge of the connector feet. Fracture mirrors can be observed on the glass fragment
comprising the connector at the point of macroscopic failure initiation. The fracture origin, on
the set of samples, has been investigated via SEM since it is located in the middle of the
mirror. SEM fractographic analyses have revealed that fracture originated in the enamel layer
and more especially the region near the interface with sintered silver. The crack propagates
from the enamel to the glass substrate, creating the fracture mirror.

(b)

(a)

(c)

Figure 69 : Contribution of the layers and soldering onto the system mechanical performance: (a) Weibull
distribution plot of the different configurations, (b) SEM image of the surface of the enamel n°1 deposited onto the
glass substrate after firing at 650°C for 180 s, (c) broken sample by flexural Ring on Ring method.

System

(MPa)

m

N

Weakening (%)

Naked glass

246.4 (239, 254 )

10.8 (8.4 , 13.8)

35

-

Enamel

143.8 (141.5, 146.1)

25.6 (18.3 , 35.9)

30

41.6

Silver

111.1 (109.1, 113.1)

20.8 (15.5 , 28.0)

30

55.0
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Connector

67.1

(64.1, 70.3 )

6.8 (5.4 , 8.6)

44

72.8

Table 29 : Weibull parameters: the characteristic strength (σ0), unbiased Weibull modulus (m), and number of
specimens tested (N). The values in the parenthesis represent a 95% confidence interval for N specimens. The
percentage of weakening refer to the loss of characteristic strength compared to naked glass.

In fracture mechanics, the failure of a material can be understood by investigating the main
influencing parameters consisting in the material mechanical properties such as fracture
toughness, the defect morphology and the sum of stress applied to this defect resulting from
residual stresses and applied load. The different mechanisms of degradation of the glass
substrate initial mechanical properties, originated by the subsequent addition of the enamel,
silver and connector, are explained in the following paragraph. Additionally, the main
properties of the different elements of the composite stack are summarized.

Naked glass substrate :
The mechanical strength of a glass substrate depends on the size and geometry of the defect
present on the surface. The introduction of defects is random and depends on the process and
the handling of the samples. The large dispersion of the mechanical strength of the set of glass
substrates is caused by the random distribution of defects on the glass surface. Thermal
tempering induces pre-stress which strengthens the glass, resulting in -100 MPa of
compressive residual stress on the surface and +50 MPa of tensile residual stress in the core of
the glass substrate. Tensile stresses drive crack propagation in mode I, which are the most
critical failure mode in glass. The compressive stress improves the strength of the glass since
it acts against the applied tensile stress resulting from several causes, such as deformations.
The surface defects of glass products have typically a sub-microns size [20] The apparent
indentation sub-micron fracture toughness of the enamel glass frits, evaluated by nanoindentation with a cube corner indenter, is 0.50 ± 0.08 MPa√m.

Enameled glasses :
Previous studies on the degradation of the soda-lime silicate glass strength after enameling
have demonstrated that the fracture is initiated in the enamel layer.[1,35] The apparent
indentation fracture toughness of the enamel glass frits, evaluated by nano-indentation with a
cube corner indenter, is 0.53 ± 0.18 MPa√m. The fracture toughness of the enamel is
comparable to the glass substrate, therefore, this parameter does not provide explanation on
the reason why the enamel fails at lower breakage force than the glass substrate. The average
Young’s modulus of the enamel, measured by curvature measurement, is 53.1 ± 1.4 GPa. The

116 | Results and Discussion

average residual stress in the enamel film, measured by FIB-DIC technique, is -65.6 ± 16.7
MPa. The amount of compressive residual stress in the enamel film is lower compared to the
surface of the tempered glass substrate. Therefore, the protection of the enamel defects against
tensile stresses, induced by soldering or by deformations to the complete system, is smaller
compared to the glass surface. Furthermore, larger flaws are present in the enamel layer
compared to the glass surface, as demonstrated on the SEM image in Figure 69b. The defects
present in the enamel consist in porosities and pigment aggregations. Their average size is
much greater than the defect present on the surface of the glass, as the porosities can reach 3
µm.
Therefore, the degradation of the soda-lime silicate glass strength after enameling can be
explained by the presence of lower compressive stress and larger defects in the enamel,
inducing a fracture initiation in the enamel layer.

Enameled glasses with additional silver layer :
The microscopic position of the breakage origin in the composite stack has been found to be
located in the enamel layer and more especially the region near the interface with sintered
silver. Therefore, the mechanical properties and distribution of defects in the enamel layer are
expected to be more critical than the ones in the silver layer. The fracture toughness of the
silver thick film, measured by microcantilever technique, is 7.43 ± 0.95 MPa √m. The fracture
toughness of the silver is one order of magnitude higher compared to the glass and enamel,
hence, much greater amount of energy is required to initiate the fracture from a defect present
in the silver. The average Young’s modulus of the enamel, measured by curvature
measurement, is 16.6 ± 1.2 GPa. The low Young’s modulus of sintered silver layer compared
to bulk silver, associated to high porosity fraction, has a beneficial effect. Indeed, it reduces
the thermal stresses induced during the cooling down of the backlight to room temperature.
The average residual stress in the silver film before brushing, investigated by XRD sin² Ψ
method, is 74.5 ± 26.5 MPa. After brushing, the average residual stress in the silver film,
measured by FIB-DIC technique, is -17.27 ± 4.3 MPa. The automatic brushing of the layer
using copper bronze induces local plastic deformations at the surface, leading to a gradient of
compressive stresses after brushing. The maximum value at the silver surface is -33 MPa,
followed by a steady residual stress value at the interface with the enamel layer around -12
MPa. In metals, similar effects are observed after shot peening treatment. The FIBtomography has confirmed the presence of very large porosities in the silver layer, reaching
10 μm in length. Furthermore, the largest defects in the enamel are present at the interface
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with the silver layer, reaching 4-5 μm in length. The increase of the size and the amount of
defect in the enamel near the interface can be explained by the fact that the silver layer acts as
a barrier layer, blocking the gas produced by the elimination of the resin in enamel layer
during the firing. The phenomenon, similar to foaming, is originated by the overlap of
temperature between the start of the sintering process at 400°C for the silver layer and the
complete elimination of organics in the enamel layer at 480°C. The silver starts to densify
before the resin present in the enamel paste is fully burnt.
Therefore, the additional degradation of the composite stack after the addition of the silver
layer can be explained by the increase of the size and the amount of defect in the enamel
compared to enameled glasses. The critical defects are located in the enamel, rather than the
silver, because of the much greater fracture toughness of the silver. However, the presence of
stress concentration around the porosities in the silver probably has a negative effect on the
enamel mechanical properties.

Complete composite stack :
The CTE of the glass substrate, the connector bridge, and solder alloy are respectively
8.9 ± 0.1, 8.53 ± 1.5 and 23 ± 1∙10-6 K-1. Soldering techniques consists in heating up the
connector bridge, using electrical current or induction, in order to melt the solder alloy. The
solder alloy ensures the electrical and mechanical junction with the silver layer. Typically, the
temperature of the connector bridge is around 250°C when the alloy passes the solidus point
upon cooling. Therefore, a great gradient of temperature between the glass substrate and the
connector is generated during the soldering process. Before the soldering process, the glass
substrate is heated-up at 80°C to reduce the temperature gradient. Thermal stresses are
generated upon cooling since the metallic part of the composite stack are the hottest elements
during the soldering, and also have the highest CTE. The simulation of the thermal stress
generated after the soldering process indicates that the maximum tensile residual stresses in
the glass substrate are located at the outer edge of the connector feet, at the point of failure
initiation observed by visual inspections.
Therefore, the additional degradation of the composite stack after soldering of the
connector can be explained by the transfer of tensile stresses in the glass substrate and enamel
layer. Hence, the amount of compressive residual stresses present in the enamel are reduced
by the local amount of tensile stress generated during the soldering process. Tensile stresses
in fragile materials such as enamel are critical and lead to weakening.

118 | Results and Discussion

The overview of the material and physical properties explaining the failure mechanism can
be seen in Figure 70. The tensile stresses generated during soldering are not presented in this
figure, the results of the soldering simulation can be seen in Figure 57b. The Weibull
distribution plot of the different configurations enables the accurately quantification of the
contribution of the different elements of the composite stack to the degradation of the glass
strength. The different series of samples have been produced with the typical process
parameters. In production, the differents processes have an authorized range of value to adjust
the conditions in function of the final product specifications. The process parameters, in the
frame of their respective operative range, can modify the characteristic strength of the
samples and shift the curves of the Weibull distribution plot. Therefore, the effect of the main
influencing process parameters on the mechanical performance of the composite stack has
been investigated to enable the optimization of the process parameters values.

Figure 70 : Cross-section schematic of the composite stack inclusing the residual stress profiles, the fracture toughness
and the defect size present in the deferent element of the system.

5.5.2 Aging Mechanisms
This subchapter presents the influence of aging onto the mechanical robustness of the
composite stack over time, as well as the formation of the glass chips during temperature
cycling tests. The second source of damage and reduction of the mechanical strength of the
composite stack over time is aging. The robustness and the aging resistance of the lead-free
soldered backlights are assessed following the European Automobile Manufacturers'
Association (ACEA) specifications. Aging test simulates the effect of the harsh environment
over time onto the specified properties required from the customers, such as mechanical
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strength, the pull-off force of the connectors, the resistance to corrosion. In these
specifications, the temperature cycling test (TCT) is one of the most critical tests, consisting
in the 60 cycles (480 min) of temperature from -40 to +105°C. The formation and growth of
glass chips below the external edge of the connector foot have been observed during the aging
of the backlights, revealed in the temperature cycling tests (TCT). The physical mechanisms
leading to the formation of the glass chips during temperature cycling tests are investigated in
this subchapter. The aging theoretical background is described in the section 3.6.
5.5.2.1 Temperature cycling test
The macroscopic failure mode observed on backlights after TCT tests consist in the formation
of one or several glass chips, located below the connector feet, usually at the external edge
where the residual stresses are maximum. The glass chips are visible from the glass side in
reflection. In case of relatively high soldering stress, a network of glass chips can be visible
around the solder alloy circumference. The glass chips have been found to be growing as the
number of aging cycles increases. The physical mechanisms taking place during the aging,
including interdiffusion and microstructural changes, are investigated by SEM and Tof-SIMS
techniques.

Three backlights have been soldered with resistive soldering techniques at the same location
on the silver busbar, on the driver (DS) and passenger side (PS), with identical soldering
power and time. This soldering technique has been employed due to the higher risk of
formation of glass chips compared to induction soldering, coming from the presence of a
hotspot under the electrodes, as well as a greater temperature gradient between the connector
bridge and the glass. Two backlights are placed in an aging chamber, the first one remains for
30 cycles while the second stays for the 60 cycles. The third backlight serves as non-aged
reference. Finally, after mechanical breakage of the three backlights, the glass fragments
comprising the composite stack are embedded in resin and mechanically polished, employing
ethanol to reduce alkaline leaching during sample preparation. The experimental procedure
for the Tof-SIMS analysis has been previously explained in the section 5.2.4. Episcopic
microscope and SEM have been employed to observe the cross-section image of the solder
alloy, showing the presence of a cavity in the alloy directly below the point of contact
between the electrode of the soldering equipment and the connector bridge (Figure 72). The
contact electrode-bridge has created locally a hotspot which modifies locally the behavior of
the alloys. Tof-SIMS technics have been employed to observes the evolution of the Ag3Sn
IMC layer present at the interface between the silver and the solder alloy (Figure 71) in
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function of the number of aging cycles (Non-aged, 30 cycles, 60 cycles) and the spatial
location under the connector foot (Figure 59). The silver phase, the silica phase, and the
overlap of silver and silica phases are represented respectively in green, dark blue, light blue
colors.
The formation and growth of the glass chips during temperature cycling tests seem to be
related to static fatigue. Therefore, the influence of the stress-enhanced corrosion on the
composite stack has been investigated on three differents batch of 40 laboratory samples. The
samples are produced with the experimental procedure explained in the section 3.1.
Location 1

Location 2
Solder alloy

NonAged
(PS)

NonAged
(DS)

30
cycles
(DS)

Silver
Enamel
Glass

Location 3
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60
cycles
(DS)

Figure 71 : Tof-SIMS spatial distribution images of the composite stack cross-section presenting the inter-diffusion of
silver in the enamel layer (light blue color) in function of the number of aging cycles (non-aged, 30 cycles, 60 cycles)
and the spatial location under the connector foot (Figure 72). The silver phase, the silica phase, and the overlap of
silver and silica (inter-diffusion) are represented respectively in green, dark blue, light blue colors.

(a)

(b)

Figure 72 : Cross-section image of the solder alloy : (a) SEM image of the right connector foot with a large cavity in
the alloy, caused by the hot spot during soldering, (b) episcopic microscope images of the microstructure of the
SAC305 alloy after soldering.

The samples have soldered by induction soldering with 60 % soldering power and 80°C
preheating temperature. The first batch of samples, referred to as “Atmosphere 20°C”, is
stored in atmospheric relative humidity at room temperature. The second batch, referred to as
“Atmosphere 80°C”, is placed in an oven at atmospheric relative humidity at 80°C.
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Figure 73 : Weibull distribution plot of the series of samples aged during two weeks under differents humidity and
temperature conditions.

Aging (2 weeks)

(MPa)

m

Atmosphere 20°C

67.9 (71.8, 64.3)

7.0

Atmosphere 80°C

80.5 (83.7, 77.4)

9.7

80°C + 80% RH

51.5 (54.5, 48.7)

6.7

Table 30 : Weibull parameters: the characteristic strength (σ0), unbiased Weibull modulus (m). The values in the
parenthesis represent a 95% confidence interval for N specimens.

The last batch, referred to as “80°C + 80% RH”, is stored in an aging chamber under a
controlled atmosphere, which has been set to 80°C and 80% of relative humidity. The
mechanical properties of the different series of samples have been characterized by Ring On
Ring. The Weibull distribution plots of the different batch of samples are presented in
Figure 73, while the Weibull parameters are reported in Table 30.
5.5.2.2 Discussion
Significant variations of the thickness of the silver thick film in function of the locations
under the connector foot are observed onto the Tof-SIMS spatial distribution cross-section
images of non-aged samples on the driver (DS) and passenger side (PS). However, the
average thickness of the silver thick film, the average Ag+ diffusion in the enamel and the
variability of the thickness as function of the location are comparable between the driver (DS)
and passenger side (PS). Therefore, the influence of the TCT tests on the composite stack has
been studied onto the driver side at different locations under the connector foot.
The thickness of the silver films have been found to decreases, whereas the Ag3Sn IMCs
layers with a needle morphology growths with the number of cycles of TCT test. In the
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literature, during solid-state aging, the growth kinetics of Ag3Sn IMCs at the interface is
diffusion controlled.[81]
Hence, the decrease of the silver thickness as function of the aging time is expected to be
relatively similar at the different locations. The quantity of consumed silver, resulting in large
Ag3Sn IMCs needles, depends of the location under the connector foot, increasing near the
hotspot for aged and non-aged samples. The greater local soldering temperature causes higher
silver dissolution by the solder alloy, resulting in a locally thinner silver film after soldering.
The thinnest silver film is observed, before aging, at the location 2. After 30 cycles, the
growths of the Ag3Sn needles is critical, since the silver film has been almost completely
transformed. The transformation of the silver film into Ag3Sn IMC during the aging test is
less critical at the location 1 and 3, due to the higher initial silver film. After 60 cycles, more
than half of the initial silver film thickness remains.
Therefore, the influence of the soldering temperature on the reduction of the silver film
thickness by dissolution in the alloy seems greater than the reduction of the silver film
thickness by transformation in Ag3Sn IMCs layer. As a result, the TCT test reveals the initial
soldering quality by growing the IMCs layer thickness and forming or growing the glass chips
present below the external edge of the connector foot. The formation of the glass chips can be
avoided by ensuring a homogenous temperature of the alloy during soldering, and by
employing the lowest soldering electrical power ensuring a good soldering quality. These
conditions lead to the reduction of the soldering temperature, the amount of residuals stresses
as well as the consumption of the silver layer. The induction soldering technique seems more
suitable, due to the more homogeneous alloy temperature, compared to resistive soldering
which tends to creates hotspots.
The growth of the Ag3Sn IMCs layer at the different locations between 30 and 60 cycles
seems relatively small or absent. This observation can be explained by the proportional
evolution of the growth with the square root of the reaction time, causing a decrease of the
growths rate with the aging time. Additionally, the inevitable variability of the soldering
process causes small variations of the soldering quality between the three backlights. The
absence of growth of IMCs layer can be explained by a hypothetical slight increase of the
soldering temperature on the connector aged with 30 cycles compared to the connector aged
with 60 cycles.
Previously, the formation and growths of the glass chips have been found to be initiated by
the cracking of the enamel and propagation of the crack to the glass substrate, as
demonstrated in the section 5.2.6. The cracking of the enamel layer is caused by the high local
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tensile stresses coming from the soldering of the connector. The transformation of the soft
silver layer in the brittle Ag3Sn IMCs by diffusion process during the TCT test probably
decreases the partial relaxation of stresses in the silver layer. The brittle Ag3Sn IMCs needles
might transfer locally higher tensile stresses to the enamel layer. The physical effects of the
IMC growths during the TCT tests on the formation of the glass chips have not been clearly
identified and have to be investigated in greater detail. During the TCT test, the cycle of
temperature leads to a cycle of stress in the stack due to the CTE mismatch between the glass
substrate and the connector. At low temperature, the amount of tensile stresses in the glass
substrate and enamel layer increases compared to the amount present at room temperature.
The formation and growth of the glass chips during temperature cycling tests seem to be
related to static fatigue. Indeed, the pre-existing surface flaws in the enamel, acting as stress
concentrators, increase locally the influence of the corrosive environment, such as the
uncontrolled ambient atmosphere in the case of the TCT tests. The local stress leads to a
spread of the crack over time, especially in the presence of a moist atmosphere.[18]
The characteristic strength of the samples stored in atmospheric relative humidity at 80°C
increases by 15.6% compared to the samples stored in atmospheric relative humidity at 20°C.
The increases of the mechanical properties are associated with the relaxation of the soldering
residual stresses by the creeping of the solder alloy. In the literature, the evolution of the creep
rate of SAC alloys with a constant load at 80°C has been found to follows a hyperbolic-sine
power-law relationship. The temperature increases the creeping activation energy.[148]
The characteristic strength of the samples stored in controlled atmosphere, with 80°C and
80% of relative humidity, decreases by 24.2% compared to the samples stored in atmospheric
relative humidity at 20°C. The decreases of the mechanical properties are associated to the
effect of stress-enhanced corrosion, leading to the progressive sharpening of the enamel
defects followed with a slow crack slowly growths by the continuous dissociative hydrolysis
reaction taking place at the molecularly sharp crack tip.[26] The stress corrosion has a greater
effect on the glass strength in the presence of a moist atmosphere and high temperatures.[24]
The stress-enhanced corrosion appears to have greater kinetic compared to the stress
relaxation by creeping of the solder alloy. Indeed, the effect of the corrosion is enhanced by
the amount of stress present at the crack tip, the temperature and the relative humidity.
Therefore, in case the kinetic of the stress relaxation mechanism is greater than the stressenhanced corrosion, the amount of residual stress would be significantly reduced by creeping
over a short time and the effect of the corrosion on the mechanical strength of the stack would
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be small. The kinetic of the stress-enhanced corrosion and the residual stress relaxation have
to be further investigated in order to bring a clear conclusion to the results.
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6 General conclusion
One of the challenges faced in the automotive backlights is the cumulated degradations of the
initial glass strengths by the subsequent addition of layers and connectors. The aim of the
project is the increase of the robustness of the automotive backlight by optimizing the
composite stack properties and the manufacturing processes. The objective consist in
formulating and validating the general failure model of the composite stack, in the case of
mechanical solicitations and aging tests.

Visual inspections of the composite stack have shown that the macroscopic failure is initiated
at the outer edge of the connector feet. SEM fractographic analyses undertaken on the
composite stack have revealed that fracture originated in the enamel layer and more especially
the region near the interface with sintered silver. The crack propagates from the enamel to the
glass substrate, creating the fracture mirror. In fracture mechanics of brittle materials, the
failure of a stack can be understood by investigating the fracture toughness, the defects
morphologies and the sum of stresses applied to these defects resulting from residual stresses
and applied load. The value of apparent indentation fracture toughness of the layers
composing the composite stack has been determined at submicron scale by nanoindentation
techniques. The soda-lime silicate glass and enamel glass frit were found to have comparable
values. These results indicate that the fracture toughness of the enamel is not one of the
critical parameters since it does not explain the initiation of the cracks in the enamel rather
than on the glass surface. However, the fracture toughness of sintered silver has been found to
be one order of magnitude higher than fracture toughness of the SLS glass, due to the low
yield stress leading to plastic deformations. Therefore, a defect with a given size and
geometry present in the sintered silver would be less critical than in the enamel or glass due to
the layer’s higher resistance to crack propagation. The higher fracture toughness of sintered
silver partly explains that the fracture origin is always located in the brittle materials of the
composite stack, such as the enamel.
The defect size distribution and geometry over the complete system have been studied via
FIB nanotomography. Much larger flaws have been observed in the silver and enamel layers
compared to the glass surface. The most critical defects of the stack are located in the enamel
near the interface with the silver, due to their relatively large size, and the fragile nature of
this layer. This observation explains the microscopic location of fracture origin determined
via SEM. The overlap of the sintering temperature of the silver and the organics burning
temperature of the enamel have been found to cause the formation of gas bubbles in the
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enamel layer. In case the bubbles are not able to migrate in the silver layer, they remain
trapped at the interface with the silver.
The thermoelastic properties (biaxial modulus and coefficient of thermal expansion) of the
enamel and silver thick films have been simultaneously measured using the curvature method
since they are required for the prediction of the development of residual stress in the thick
film upon cooling. The residuals stresses in the partially amorphous enamel and crystalline
silver films have been measured by FIB-DIC method. Compressive residual states are present
in the enamel film while tensile residual states are present in the silver film before brushing,
the values are respectively -65.6 ± 16.7 and 74.5 ± 26.5 MPa. The automatic brushing of the
silver layer induces local plastic deformations at the surface, leading to a gradient of
compressive stresses after brushing. There is a very good agreement between the average
measured and calculated residual stresses values for both enamel and silver films. The
simulations of the thermal stress generated after the soldering process have indicated that the
maximum of tensile residual stresses in the glass substrate is located at the outer edge of the
connector feet, at the point of macroscopic failure initiation observed by visual inspections.
As a result, the most critical defects are present in the enamel layer due to their large size
and geometry, coupled with the low resistance of the material to crack propagation.
Additionally, the amount of compressive residual stress in the enamel film is lower compared
to the surface of the tempered glass substrate. Finally, the soldering of the connector transfers
tensile stresses in the brittle part of the stack. Therefore, tensile stresses are applied to the
porosities present in the enamel, theses porosities act as stress concentrators, facilitating the
propagation of cracks which in turn decreases drastically the mechanical strength of the
composite stack. In the case of high tensile soldering stresses, on or several cracks can
propagate in the enamel from pre-existing critical defects and propagates to the glass, leading
to the formation of glass chip in the glass substrate. The formation and growth of large glass
chips can lead to spontaneous breakage of the backlights.

The effect of the main process parameters (firing time, firing temperature and soldering
power) onto the mechanical strength of the composite stack have been studied with a DOE.
The variation of the soldering power in the process range have a significantly greater main
effect on the characteristic strength of the stack compared to the other process parameters.
This tendance have been proved by the results on the effect of the main process parameters
outside of their respective range. As a result, the control and fine adjustment of the soldering
power are crucial for the production of robust backlights.
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The second source of damage over time of the composite stack, after the mechanical
solicitations, is the aging by the harsh environment. The formation and growth of glass chips
below the external edge of the connector foot have been observed during the aging of the
backlights, revealed in the temperature cycling tests (TCT). During solid-state aging, the
Ag3Sn IMCs growth at the interface between SAC305 alloy and the silver substrate. The
transformation of the soft silver layer into more brittle Ag3Sn IMCs by diffusion process
during the TCT test probably decreases the partial relaxation of stresses in the silver layer.
The “brittle” Ag3Sn IMCs needles might transfer locally higher tensile stresses to the enamel
layer. Indeed, the pre-existing surface flaws in the enamel, acting as stress concentrators,
increases locally the influence of the corrosive environment, such as the uncontrolled ambient
atmosphere in the case of the TCT tests. The local stress leads to a spread of the crack over
time, especially in the presence of a moist atmosphere.

The robustness of the automotive backlight can be increased by reducing the amount and
size of porosities in the enamel layer and by optimizing the residual stresses in the stack. The
amount of porosities could be decreased by avoiding the overlap of sintering temperature and
organics burning. An industrial solution to this problem would consist in developing a low
burning temperature resin for the enamel paste while keeping the thixotropic behavior of the
paste required for the screen-printing onto the glass substrate. The increase of the compressive
stress in the enamel providing additional resistance against crack propagations, and the
decrease of tensile stress from soldering will result in an increase of the backlight mechanical
strength.
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7 Future work
This chapter present an additional promising modification of the composite stack to increase
further the mechanical strength of the system.
The increase in the quantity of compressive stresses in the enamel layer after the firing
process has been found to improves the layer’s resistance against crack propagations. In the
section 5.2.6, the mechanical performances of the three different enamels have been ranked in
the same order than the amount of calculated compressive stress present in the layers. The
larger defects present in the enamel n°1 compared to the enamel n°2 decrease the mechanical
performance and the amount of compressive stress in the layer. The enamel n°3 has the lowest
mechanical performance, even if the porosity size and ratio is smaller than enamel n°1, due to
the smaller amount of compressive stress present in the layer. These observations indicate
that a high Young’s modulus and a high CTE mismatch with the glass substrate, inducing
compressive stress, have a beneficial effect on the mechanical performance of the complete
system by preventing the propagation of cracks at the defect locations. Indeed, the precompression of the surface allows the application of a larger external load on the tempered
glass before exceeding the critical level of fracture toughness at the crack tip.
However, an excess in compressive stresses would probably lead to the failure of the
enamel by delamination. Therefore, the critical maximum value of compressive stress should
be further investigated in order to define the optimum stress value for the enamel. The
positive action of compressive residual stresses in the film on the mechanical performance of
the complete system can be further demonstrated by the opposite effect of the tensile residual
stresses applied to the film, leading to glass chips in the glass substrate initiated by cracks in
the enamel film.
The higher Young’s modulus can be achieved by decreasing the pores fraction. The reduction
of the burning temperature of the resin and a lower weight fraction of organics in the pastes
could result in lower pores fraction.
The reduction of the enamel CTE, in order to increase the mismatch of the coefficient of
thermal expansion between the enamel film and substrate, can be archieved by modifying the
frits chemical composition. The decrease of the alkalis fraction would decrease the CTE of the
glass frit, but it would also increases the glass transition temperature. The formulation of glass
frits with lower CTE should be investigated in greater detail.
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9 Annexes
9.1 Firing time and firing temperature for enameled and naked
The different experimental trial conditions used in the different subchapters, including the
subchapter “Manufacturing Process”, in terms of firing time and firing temperature for
enameled and naked glass samples can be found in Table 31. The temperature of the samples
are measured onto the glass substrate surface using a laser scanner present inside the furnace.
Indeed, the measurement from the enameled side does not provide an accurate the
temperature distribution due to the different absorption coefficient of the enamel and silver
layers.

Input
Firing

Furnace

Glass

Temperature

Temperature

(°C)

(°C)

180

692

652,9 ± 0,2

650

180

645

643,2 ± 0,4

Condition
C1

625

180

625

621,1 ± 1,3

35

Condition
C2

625

240

620

625,1 ± 0,1

500

Condition
C3

650

180

645

645,7 ± 0,4

35

Condition
C4

650

240

642

650,0 ± 0,4

35

Condition
C5

637,5

210

634

639,0± 0,7

35

Condition
C6

670

180

665

669,4± 0,9

Glass

Condition

N°

number

Naked
glass

40

Condition
N3

650

Enameled
Samples

40

Condition
C3

35

Samples

Enameled
Samples
+
Silver

Measured

Temperature
(°C)

Firing
time (s)

Table 31 : Firing conditions for naked and enameled glasses.
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9.2 Enamel - Colour measurement
In order to remains in the firing range, the conditions

must be fulfilled. In order to

remains in the silver hiding range, the conditions
The value of

must be fulfilled.

is calculated using the following formula:
√

The value of

,

,

(56)

correspond to the difference between the measurement on enamel

without silver, and with silver. Considering the L* and

values, the four firing conditions

are within the firing and the silver hiding range.

Type de pate

Enamel n°3

Enamel n°1

Enamel n°2

Glass

Glass

substrate

Thickness (µm)

V95

Colour (Reflectance)
L*(D65)

a*(D65)

b*(D65)

655

26.01

0.08

-0.79

CS77

700

25.85

0.15

-0.62

SLS

700

25.59

0.15

-0.34

V95

660

26.39

0.12

-0.81

SLS

700

26.95

0.08

-0.42

CS77

700

26.5

0.1

-0.65

V95

645

25.95

0.04

-0.48

CS77

700

25.3

0.24

-0.23

SLS

700

25.42

0.07

-0.2

Figure 74 : Color measurement onto enameled glasses (Lab space).

The value of L*below 27 ensure the sufficient firing of the enamel.
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9.3 Silver diffusion and reduction in function of the glass substrate
The amount of silver-glass inter-diffusion can be estimated by the glass coloration in case the
glass surface contains sufficient amount of reducing ions. The Table 32 present the glass
coloration for the different silver layer in function of the glass substrate.

Silver paste reference

Glass
substrate

Silver n°1

V95

-

SLS

Silver n°2

Silver n°3

Silver n°4

-

-

-

CS77

-

AF45

Eagle 2000

-

-

Table 32 : Silver diffusion and reduction in function of the glass substrate.
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9.4 XRD sin²Ψ on silver layers

Figure 75 : The crystalline phase identification on XRD pattern of silver film deposited onto different backlights
models before and after brushing.

The measurements carried out for Ag(311) silver peak at specimen tilt angles 0, ±22.8, ±33.2
±42.1, ±50.8, ±60.0° for ϕ=0° and ϕ=180°.
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Figure 76 : Evolution of the peak positions (inter-planer spacing) as function of sin2(Ψ) for backlight model 1, in unbrushed and brushed conditions
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Figure 77 : Evolution of the peak positions (inter-planer spacing) as function of sin2(Ψ) for backlight model 3, in unbrushed and brushed conditions.
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9.5 Model prediction
The regression equation predicting the breakage value in function of the value given at the
different factors is given by :

(
(

)
)

𝑚

(
(

)

𝑚

(
(

𝑚

(
)

𝑚
(

)
𝑚

)

)
𝑚

) (

)

(57)
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9.6 Layers and glass substrate thickness
Screen type
Type de pate

Silver
Paste

Enamel

Emulsion :
10 µm

Silver n°1

77.55

Silver n°2

77.55

Silver n°3

77.55

Silver n°4

100.40

Enamel n°2

90.48

Enamel n°1

90.48

Enamel n°3

90.48

Glass
substrate
SLS
CS77
AF45
Eagle 2000
V95
CS77
AF45
V95
Eagle 2000
AF45
V95
CS77
AF45
V95
CS77
SLS
V95 N1
SLS
CS77
V95
CS77
SLS

Layer Thickness

Glass
Thickness
(µm)

Wet (µm)

Dry (µm)

700
700
700
700
655
700
700
665
700
700
665
700
700
655
700
700
640
700
700
645
700
700

19.9
19.9
19.9
19.9
19.2
19.2
20.3
21.5
20
19.7
20.2
19.8
20.1
24.6
23.3
23.9
24.4
26.2
26.2
23.5
25.6
24.9

10.3
10.3
10.3
10.3
8.88
8.12
9.71
10.5
9.76
10.01
15
13.4
13.4
17.6
17
17.6
16.3
19.2
19.2
18.1
19.9
19.3

Value 1
11.59
9.1
7.07
7.67
7.15
7.01
7.31
6.15
7.25
6.77
9.71
8.17
9.53
12.82
12.82
13.81
11.54
14.64
12.29
14.56
14.31
16.27

Sintered (µm)
Value 2
Value 3
11.45
9.68
7.48
7.63
7.12
7.01
7.31
5.93
7.33
6.89
9.17
8.67
9.64
12.82
12.82
14.06
11.25
14.81
12.48
14.56
14.31
16.27

11.31
10.35
7.79
7.58
7.15
7.01
7.31
5.63
7.4
7.01
8.52
9
9.87
12.61
13.07
14.3
11.65
15.15
12.29
14.56
14.31
16.49

Average
11.5
9.7
7.4
7.6
7.1
7.0
7.3
5.9
7.3
6.9
9.1
8.6
9.7
12.8
12.9
14.1
11.5
14.9
12.4
14.6
14.3
16.3

Table 33 : Thickness of the thin glass substrate and the thick films. The wet and dry thickness of the layers is measured by a laser profilometer. The sintered thickness is measured by a
mechanical profilometer Dektak.
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