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Abstract

A macroporous silica film (MSF) was introduced as a buffer layer of material between a silicate glass (SG) layer and a polyurethane

(PU) layer to form a new aeronautic laminated glass. Structure simulations of MSF were performed using the ANSYS software. Pore

models, porosity factor models, and thickness models were established. X-direction stress, Y-direction stress, and equivalent stress of the

models were determined. Simulation results indicate that the pore can effectively depress shear stress on the MSF–PU interface.

Moreover, maximum X-direction stress, maximum compressive stress, and maximum equivalent stress on the MSF–PU interface all

decrease rapidly and then increase slowly by increasing film thickness.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

At present, laminated glass has established its use as a
structural material in airplanes (e.g., windshield). In China, a
new aeronautic laminated glass has been developed. This new
glass consists of an inorganic glass layer, an elastomeric
interlayer, and an organic glass layer, permanently bonded
together in an autoclave under high pressure and temperature.
Inorganic glass [usually silicate glass (SG)] is used as the outer
layer because of its high strength and hardness, as well as its
abrasion, corrosion, and heat resistance. However, inorganic
glass is brittle. The interlayer is an organic film [usually
polyurethane (PU)] used as an adhesive, thermal compensator,
and impact buffer layer. Organic glass [usually polymethyl
methacrylate (PMMA)] is used as the inner layer because of its
fine toughness and low density.

As a structural material, aeronautic laminated glass is
essential in addressing strength, stability, durability, and safety
requirements. Peeling failure of the interface is one of the most
common reasons why laminated glass is damaged without the
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influence of external factors. Minor and Reznik [1] reported
that failure strengths of annealed laminated glass samples
are equal to failure strengths of annealed monolithic glass
samples with the same nominal thickness at room tempera-
ture. Norville et al. [2] established a theoretical engineering
mechanics model that accounts for factors affecting laminated-
glass behavior. These factors include thickness and composi-
tion of the interlayer. These researchers found that peeling
failure of laminated glass mainly occurs in the interface
between the glass and the interlayer. This process is mainly
determined by property differences between the materials at
both sides of the interface [3].
For example, in the new aeronautic laminated glass, peeling

failure occurs mainly in the SG–PU interface because of
property differences between inorganic glass (brittle material)
and PU (plastic material).
We aim to find a physical material which has a property

between inorganic glass and PU. This material will be
interposed between inorganic glass and PU to solve interface
peeling failure of laminated glass.
Macroporous silica film (MSF), shown in Fig. 1, achieves

our goal. As shown in red in Fig. 1, MSF is introduced into
the laminated glass interface between inorganic glass and PU,
where peeling failure usually occurs. MSF can be successfully
ll rights reserved.
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synthesized with a thickness ranging from micrometers to
nanometers using a number of methods [4–10]. Furthermore,
MSF has been applied to laminated glass to improve the
performance of the glass. Suresh et al. [11] predicted acoustic
transmission loss in laminated glass with porous layers.

Using MSF has three advantages. First, the physical
properties of MSF possess a certain porosity factor between
the properties of inorganic glass and PU. Second, the main
framework of the film material is silica, which has strong
adhesive tendency toward inorganic glass. Finally, when
laminated glass is synthesized, PU can be perfectly introduced
into the porous silica film through the pores, thus increasing
adhesive force and reducing shear strength of the MSF–PU
interface.

Computer-aided design is an important tool of researchers
for structural design and optimization. A number of laminated
glass’s numerical and analytical models [12–17] have been
accomplished and applied. A numerical simulation method
using a computer is implemented in this paper to design and
optimize MSF structure in the new aeronautic laminated glass.
2. Materials and methods

2.1. Model establishment

Three series of numerical models with porous silica film
were established [18,19] using the ANSYS software. The
first series of models was the pore model consisting of SG,
MSF, and PU. The following five submodels were included
in the pore model: non-pore model, model of the pore on
the SG–MSF interface, model of the closed pore in the
silica film, model of the pore on the MSF–PU interface,
Fig. 1. Structural diagram of SG, MSF, PU, and PMMA. (For inter-

pretation of the references to color in this figure, the reader is referred to

the web version of this article.)

Table 1

Sizes of the models.

SG

Pore model Length 10 mm
Thickness 3 mm

Porosity factor model Length 0.1 m

Thickness 5 mm

Thickness model Length 0.1 m

Thickness 5 mm
and model of the pore through the silica film. The ratio of
pore area to submodel area was 30%. The second series of
models was the porosity factor model consisting of SG, MSF,
PU, and PMMA. Seven submodels, with porosity factors
from 10% to 70%, were included in the porosity factor model.
The third series of models was the thickness model, which also
consists of SG, MSF, PU, and PMMA. Seven submodels,
with porous silica film thickness ranging from 0 mm to 50 mm,
were included in the thickness model. The detailed sizes of the
models are shown in Table 1.

2.2. Physical properties

The mechanical parameters of the models are shown in
Table 2. In the pore model, the elastic modulus (E) and
Poisson ratio (n) of air were both zero if air is present in
the pores. In the porosity factor model and the thickness
model, E and n of MSF were both calculated according to
the property formula of multiple materials. In the thick-
ness model, the porosity factor of MSF is 30%.

2.3. Boundary conditions

The displacement boundary condition is as follows [15]:
At the sides of the models, @u

@x
¼ 0; @v

@y
¼ 0.

Pressure boundary condition is as follows: At the
external face of inorganic glass, 1 atm (1.013� 105 Pa).
3. Results and discussion

3.1. Porous shape

Fig. 2 shows simulation results of X-direction (length
direction) stress of the pore models. The color scale indicates
X-direction stress values. Stress values less than zero at the
left side of the color scale represent contraction stress toward
the model center; whereas, stress values greater than zero at
the right side of the color scale represent expansion stress
away from the model center.
In Fig. 2(a)–(e), a minimum length of the red regions is

evident in Fig. 2(e) at the SG–MSF interface, which is
an interface of major concern. Thus, this observation
MSF PU PMMA

10 mm 10 mm
10 mm 3 mm

0.1 m 0.1 m 0.1 m

10 mm 3 mm 10 mm

0.1 m 0.1 m 0.1 m

0, 1, 5, 10, 20, 35, 50 mm 3 mm 10 mm
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indicates that model of the pore through the silica film has
minimum interfacial shear stress caused by both interface
sides of expansion stress and contraction stress. However,
Table 2

E and n of the models.

SG MSF PU PMMA

Pore model E (GPa) 74.5 72.5 3.09

n 0.25 0.17 0.47

Porosity factor model E (GPa) 74.5 72.5�70.995� a 3.09 3.85

n 0.25 0.17þ0.315� a 0.47 0.32

Thickness model E (GPa) 74.5 51.2 3.09 3.85

n 0.25 0.26 0.47 0.32

a is the porosity factor.

Fig. 2. X-direction stress of the pore models. (a) Non-pore in the model; (b) po

the MSF–PU interface; (e) pore through the silica film. (For interpretation of th

of this article.)
the areas of the red regions in Fig. 2(e) at the SG are only
less than those in Fig. 2(b). This observation shows that
the through-pore model has higher expansion stresses at
the SG then else models except model of the pore on the
SG–MSF interface. On the MSF–PU interface, another
interface of major concern, the lengths of the red regions in
the porous model are less than those in the non-porous
model, thus showing that the pore will depress shear stress
on the MSF–PU interface.
Fig. 3 shows the simulation result of the series of pore

models examining Y-direction (thickness direction) stress.
The color scale indicates the value of Y-direction stress.
Stress values less than zero at the left side of the color scale
represent compressive stress; whereas stress values greater
than zero at the right side of the color scale represent
tensile stress.
re on the SG–MSF interface; (c) closed pore in the silica film; (d) pore on

e references to color in this figure, the reader is referred to the web version



Fig. 3. Y-direction stress of pore models. (a) Non-pore in the model; (b) pore on the SG–MSF interface; (c) closed pore in the silica film; (d) pore on the

MSF–PU interface; (e) pore through the silica film. (For interpretation of the references to color in this figure, the reader is referred to the web version of

this article.)
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In Fig. 3(a)–(e), a minimum length of the azure region is
evident in Fig. 3(b) on the SG–MSF interface, indicating that
the pore model on the SG–MSF interface has a minimum
interface compressive stress. Compressive stress on the MSF–
PU interface increases from left to right as follows:
Fig. 3(e)o(d)o(a)o(c)o(b). Moreover, the through-pore
model is observed to be the least prone to peeling failure.
However, in Fig. 3(d), tensile stresses are present on the MSF–
PU interface, indicating risk of failure. In addition, compared
with other models, the length of the MSF–PU interface in
Fig. 3(d) and (e) greatly increased. This result indicates that the
bond strength of the interface in these two models has
increased and that the risk of interface peeling failure has
been reduced. Based on the aforementioned analyses, the
pores in the porous silica film should be as far as the through-
pore or the pore on the MSF–PU interface.
3.2. Porosity factor

Fig. 4 shows X-direction stresses for the seven simulation
results for different porosity factor models along the length
direction at the MSF–PU interface. Positive stresses are
expansion stresses along the length direction at the interface
center. Negative velocities are contraction stresses at the
interface sides.
In Fig. 4, the values of X-direction stress decrease on the

MSF–PU interface as porosity factor of porous silica film
increases. Reduction of the X-direction stress indicates that the
tendency of interface slippage caused by shearing is reduced.
Furthermore, the forced condition of the interface improved in
the horizontal direction. This improvement is caused by
increasing porosity factor. Material properties (E and n) of
the porous silica film at one interface side gradually become
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closer to the performance parameters of the PU at the other
interface side. Thus, the decreasing difference of material
performance at both interface sides causes the decreasing
interfacial shear stress by different strains on both interface
sides. In other words, the increasing film porosity factor is
significant in reducing risk of interface peeling invalidation by
shear slip.

Fig. 5 shows Y-direction stresses on the MSF–PU interface
of porosity factor models. Positive stresses are tensile stress.
Negative velocities are compressive stress. Maximum com-
pressive stress at both sides of the model is evident in Fig. 5(a),
and tensile stress is close to maximum compressive stress.
Distribution results in Fig. 5(a) are consistent with those
reported in literature [1,2]. Simulation results of other porosity
factor models are similar with Fig. 5(a). In Fig. 5(b), maximum
compressive stress and maximum tensile stress on the MSF–
PU interface are observed to increase initially and then
decrease with increasing porosity factor. This behavior is
caused by n of porous silica with a porosity factor lower than
that of inorganic glass, which results in decreasing cross-
sectional deformations of the interface and then increasing
compressive stress and tensile stress of the interface. n of
Fig. 4. Distribution of X-direction stress along the length of porosity

factor models on the MSF–PU interface.

Fig. 5. Y-direction stress of porosity factor models on the MSF–PU interface.

factor is 10%; (b) maximum compressive stress and maximum tensile stress w
porous silica gradually increases with increasing porosity
factor. When porosity factor is more than 25.4%, n of porous
silica will be between that of inorganic glass and PU.
Furthermore, the physical properties of porous silica will just
be the original structural design requirements of inset materi-
als. Thus, compressive stress and tensile stress of the interface
begin to decrease gradually with increasing porosity factor. If
the interface of laminated glass exerted a large compressive
stress and a small tensile stress, the glass will be difficult to
destroy. Therefore, porosity factor of porous silica film should
not be too large. As previously described, the suitable porosity
factor of porous silica film should be 30–40%.
3.3. Film thickness

Fig. 6 shows maximum X-direction stress with the thickness
of porous silica film in the thickness models. The inset in Fig. 6
shows the distribution of X-direction stress on the MSF–PU
interface when film thickness is 10 mm.
In the inset in Fig. 6, the distribution of X-direction stress

on the interface is similar to that in Fig. 4, and maximum X-
direction stress is at both sides of the model. Simulation
results of other thickness models are similar to the inset in
Fig. 6. In Fig. 6, X-direction stress decreases rapidly and then
increases slowly with increasing thickness of MSF. This
behavior is caused by the change which occurs from a single
interface (SG–PU) to two new interfaces (SG–MSF, MSF–
PU) when MSF is inserted between inorganic glass and PU.
Therefore, physical performance differences of the material
on both sides of the two new interfaces are much smaller
than those of the original single interface. Thus, X-direction
stress decreases rapidly. Relative strain of the film along the
thickness direction decreases, and X-direction stress increases
slowly with increasing film thickness. Accordingly, the low
thickness of the film contributes in reducing shear stress on
the MSF–PU interface.
Fig. 7 shows Y-direction stress and equivalent stress on the

MSF–PU interface of the thickness models. The distribution
of Y-direction stress in Fig. 7 is similar to that in Fig. 5(a).
Moreover, maximum compressive stress is present at both
(a) Distribution of Y-direction stress along interface length when porosity

ith the porosity factor.
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sides of the model. Equivalent stress is symmetrical on the
interface, and maximum equivalent stress is also present at
both sides of the model. Equivalent stress, also known as von
Mises stress, is computed using the von Mises yield criterion.
Simulation results of the other thickness models are similar
with that in Fig. 7(a). In Fig. 7(b), both maximum compressive
stress and maximum equivalent stress on the MSF–PU inter-
face decrease rapidly and then increase slowly with increasing
film thickness. The reason for the area where maximum
compressive stress decreased rapidly is similar to the analysis
of the same area in Fig. 6. Relative strain of the film along the
thickness direction decreases with increasing film thickness. n
remains constant, whereas relative strain of the film along the
length direction also decreases. Furthermore, deformation
areas of the cross section in the film are slowly reduced, and
maximum compressive stress increases slowly. Equivalent
stress is equal to the resultant stress of X-direction and Y-
direction stresses. The same variety of maximum X-direction
stress and maximum Y-direction stress is observed with film
thickness. Therefore, maximum equivalent stress decreases
rapidly and then increases slowly with increasing film thick-
ness. Reduction of maximum compressive stress is detrimental
to the stability of laminated glass. Therefore, film thickness of
porous silica film should not be too small. Combined with the
Fig. 7. Y-direction stress and equivalent stress of thickness models on the MSF

along the interface length when the thickness is 10 mm; (b) maximum compre

Fig. 6. Maximum X-direction stress with the porous silica film thickness.
preparation of porous silica film and the post-molding of
laminated glass, the suitable thickness of porous silica film
should be around 10 mm.
Fig. 8 shows a micrograph of the MSF made on the SG

based on simulation results. The porosity factor of MSF is
31.2% and its thickness is 9.6 mm.
4. Conclusion

The effects of pore location, porosity factor, and film
thickness on stress distribution of MSF in the aeronautic
laminated glass were investigated using numerical simula-
tions. Simulation results indicate that the pores in MSF
should be as far as the through-pore or the pore on the
MSF–PU interface. The pore would depress the shear
stress on the MSF–PU interface. X-direction stress
decreases on the MSF–PU interface, whereas maximum
tensile stress on the MSF–PU interface initially increases
and then decreases with increasing porosity factor. There-
fore, the suitable porosity factor of MSF should be
between 30% and 40%. Moreover, maximum X-direction
stress, maximum compressive stress, and maximum equiva-
lent stress on the MSF–PU interface all decrease rapidly and
then increase slowly with increasing film thickness. Hence,
the suitable thickness of the porous silica film should be
around 10 mm.
–PU interface. (a) Distribution of Y-direction stress and equivalent stress

ssive stress and maximum equivalent stress with film thickness.

Fig. 8. MSF micrograph.
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