February 2022, 170l. 22, No. 1 MANUFACTURING TECHNOLOGY ISSN 1213-2489

DOI: 10.21062/mft.2022.010 © 2022 Manufacturing Technology. All rights reserved. http://www.journalmt.com

Relaxation of Polyvinyl Butyral Film with non-uniform Thickness

Ales Mareska (0000-0003-1613-66206), Tereza Kordova (0000-0002-9325-9593), Martin Havlik Mika (0000-0003-
2472-3628)

Faculty of Chemistry and Technology, University of Chemistry and Technology, Prague. Technicka 5, Dejvice,
166 28 Praha 6. Czech Republic. E-mail: mareskaa@vscht.cz; kordovat@vscht.cz; kordovat@vscht.cz

Polyvinyl butyral is a material that is widely used in the manufacture of laminated glass sheets. Polyvinyl
butyral film is widely used as an intermediate layer for laminated automotive or architectural glass. The
intermediate layer primarily ensures the safety function of the laminated glass. Other advantages of lam-
inated glass with a polyvinyl butyral interlayer include that it can be adapted to perform other functions,
including acoustic functions, anti-reflection functions or functions enabling information to be projected
on the glass with this interlayer. In this work, the influence of further processing of polyvinyl butyral film
with non-uniform thickness is studied. Further processing may have a negative impact to the profile of

PVB material.
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1 Introduction
1.1 Polyvinyl butyral principle

Polyvinyl butyral as a material belonging to the
group of polymers, concretely to the group called ther-
moplastic materials. Thermoplastic material is a mate-
rial that is capable of softening or fusing when heated
and of hardening again when cooled thermoplastic
synthetic resins. Polyvinyl butyral (PVB) film as an in-
tetlayer for laminated automotive glass is used. The in-
terlayer primarily fulfills a safety function in the wind-
shield. Laminated glass with PVB intetlayer is a type
of safety glass that holds together when shattered. The
windshield with polyvinyl butyral enabling the pro-
jection of information on the glass is the subject of
this work. The PVB used for such purposes has a va-
riable thickness profile that compensates the bent
shape of the glass and allows image quality to be ma-
intained by preventing double images. As the re-
flection of the light takes place on the outer and inner
glass, a double image is created as standard. For this
reason, the glass made for the Head Up Display has a
certain angle, called the wedge angle, which allows the
images to overlap so that no double image but only
one image is observed. The processing effect of the
synthesized and extruded polyvinyl butyral film is stu-
died deeply [1].

1.2 Polyvinyl butyral synthesis

Polyvinyl butyral belongs into the group of polyvi-
nyl acetals. These are formed by the condensation of
polyvinyl alcohol with aldehydes in an acidic environ-
ment. They are produced either directly by hydrolysis
of polyvinyl acetate in the presence of the correspon-

ding aldehyde in a sulfuric or hydrochloric acid me-
dium, or by acetylization of polyvinyl alcohol, again in
the presence of a mineral acid [2].

The synthesis of polyvinyl butyral from acetic acid
is a method used by PVB film suppliers of automotive
plants. The chemical reaction takes place in 4 major
steps. In the first step, acetylene and acetic acid react
together in a sulfuric acid and mercuric sulfate envi-
ronment, from which a vinyl acetate is formed by a
chemical reaction.
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Fig. 1Synthesis of Vinyl acetate from Acetylene and Acetic
Acid

Subsequently, the vinyl acetate is converted to po-
lyvinyl acetate. At this stage, the monomer (vinyl ace-
tate) becomes a polymer (polyvinyl acetate).

Free radical vinyl
polymerization

CH=CH —HCH, —CHA;
i 7
c=0 ¢=0
CHj CH;

Vinyl acetate Poly(vinyl acetate)

Fig. 2 Synthesis of poly(vinyl acetate) from vinyl acetate by
free radical vinyl polymerization

In the second step, the polyvinyl acetate reacts to
the polyvinyl alcohol (PVA) by hydrolytic cleavage in
the presence of methanol with the residue formed by
hydrolysis.
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Fig. 3 Synthesis of poly(vinyl aleohol) from poly(vinyl acetate)
in methanol

In the third step, acetylization takes place by re-
acting the formed PVA with butanal to form polyvinyl
butyral and hemiacetal (also hemiacetal). Adjacent
molecules in the polymer chain react again to form
acetal and water - this completes the acetylization and
PVB synthesis as well [2-3].
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Poly(vinyl alcohol) ~ Butyraldehyde Polyvinyl butyral

Fig. 4 Synthesis of polyvinyl butyral from polyvinyl alcobol
and butyraldehyde

1.3 Polyvinyl butyral film production

PVB film is produced by extrusion of synthesized
polyvinyl butyral - a white powder, which is mixed
with plasticizer and additives. The use of triethylene
glycol di-2-ethylhexanoate - abbreviated to 3G8 or
3GEH - as low-polarity plasticizer for polyvinyl buty-
ral foils (PVB foil) has hitherto been restricted to PVB
grades with a polyvinyl alcohol content below 19.5%
by weight [4].

The extrusion process is shown schematically in
fig. 5. The polymer is fed into the press screw either
in the solid state plastic extrusion or in the molten
form by melt extrusion. When a solid substance is fed
to the extruder, the extruder provides its basic extru-
sion function, but at this stage also the material must
be comminuted and molten. In the latter case, it only
serves as a piston exerting sufficient pressure to deli-
ver the polymer to the mold. Another aspect for the
division of the extrusion process is its fluidity - we
distinguish two basic types, namely continuous extru-
sion and intermittent extrusion - dosing. PVB film is
produced by plastic extrusion with a continuous ex-
truder. The result is a continuous and fluid film pro-
duction process that passes through a production pro-
cess on one long endless belt on belt conveyors [5-7].

The first step (A) is to grind and melt the input
material. After the material is molten, it is further
blown under pressure into the extruder (B). The ex-
truded material acquires a shape, according to the noz-
zle at the end of the extruder. After leaving the ex-
truder, the input molten material becomes a PVB film.
In order for the process to be complete, it is necessary
for the film to pass between two embossing rollers

(C), which will extrude the required surface relief on
the PVB film. The last step of production is zone (D).
Here, by annealing in the area of viscous flow above
glass transition temperature, we get rid of the stress in
the material that arose during extrusion. Due to the
effect of increased temperature during annealing, the
humidity of the PVB film decreases, so the humidity
is restored in the next step, which is to moisten the
film.

Subsequently, the film leaves the production pro-
cess and moves to a clean and refrigerated room of
controlled temperature (E), where it is wound into
rolls of the required length and packed in aluminum

containers that maintain the prescribed condition of
the film.

Fig. 5 Extrusion line for polyvinyl butyral

1.4 Production of polyvinyl butyral film with non-
uniform thickness profile (wedge PVB)

Outer glass ’

PVB film with
wedge angle

Inner glass

Fig. 6 Composition of windshield with a wedged P1'B inter-
layer

The glass manufacturer has several options for
securing the non-uniform thickness of PVB — calling
the wedge angle in PVB - on the resulting windshield
with a projection function — calling windshield with
Head-Up Display. The basic principle to create a
wedge angle in the PVB film is the material extrusion
process, wherein a wedge-shaped extrusion die is used.
The size of the wedge angle depends, among the other
things, on the geometry of the concrete laminated
windshield and the design arrangement of the head up
display [8]. Further processing of the material with the
wedge angle and its effect on the wedge angle value is
deeply analysed in this work. The processing of wedge
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polyvinyl butyral film may have a negative impact on
the thickness profile created in the PVB film by the
extrusion process. The wedge PVB supplied by the
manufacturer of the wedge rolls is unwound from the
role in the first step. The PVB film is then heated up
to shrinkage the tension and then cooled down in a
controlled manner before being cut into wedge PVB
sheets. Wedge PVB sheets are laminated with inner
and outer glass sheets in the next step to manufacture
the laminated windshields [9-10].

1.5 Production of windshield using the PVB with
non-uniform thickness for image projection

The windshield with the wedge PVB intetlayer is
composed of the inner glass, wedge PVB and the ou-
ter glass. The glass is produced on the float line is ex-
tremely smooth, distortion-free glass used in many
window applications. The glass floats on the tin and
forms itself in the shape of the container. The float
glass is a substance composed primarily of Si, Na, Ca,
Mg, Al, K, Fe, Ti, S and O (commonly called “soda
lime silicate” glass). Pb, Cr, As, Sb, V may be present
in float glass as trace level contaminants, always below
20 ppm. Tinted glass may contain Co, Se or Ni, up to
200 ppm [11]. The composition of float glass used for
the windshield applications is a soda-silicate-based
glass.

Windshield

AR

Display ¥ Ao Mirror
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\/ Y\ Virtual eyebox
e fl?

\ &
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Fig. 7 Projection of images on the windshield containing on a
windshield having a wedge P1”B

The float glass is cut into sheets in required dimen-
sions at the end of the float line. This glass sheets are
transported into the plant that is able to bent glass she-
ets in the first step and laminate bent glass sheets with
an interlayer in the second step. Windshield with
Head-Up display function is manufactured by lamina-
tion of wedge PVB sheet with bent inner and outer
glass sheets.

The Head-Up display function is provided by the
projector integrated in the car body that projects
images on the specific part of windshield. The HUD
projection unit consists of a radiation source and a sys-
tem of mirrors, both aspherical and flat mirror. To
avoid any disturbing issues like horizontal or vertical
double image, the wedged PVB intetlayer is used to
compensate the curviness of the windshield. The

wedge angle of HUD PVB with lower thickness vari-
ation has been introduced by lately to reduce the pro-
jection errors to minimum [12]. A proper selection of
the PVB wedge angle in the initial part of the develo-
pment has a significant effect on the projected image
quality. Improper wedge angle selection of PVB may
lead to the errors in the projected image, like to the
double image creation [10].

1.6 Other production technologies of non-uniform
thickness PVB film

The other option is to create a wedge angle by
stretching and shaping process by unwinding a flat,
thermoplastic film after extrusion with uniform thic-
kness from a supply roll and transporting same
onwards to a heating drum. The next step is heating
of the plastics film using a heating drum and transpot-
ting same onwards to compression rollers, pressing
the plastics film in the nip between two heated
compression rollers, wherein the nip has a clear width
which corresponds to the cross-sectional profile of the
plastics film to be produced, and transporting same
onwards to a stretching apparatus. In the next step the
PVB is stretched with a wedge-shaped cross-sectional
profile in the stretching apparatus and transporting the
plastics film onwards to a cooling apparatus. PVB film
is cooled down in the cooling apparatus and PVB film
is transported same onwards to a cutting apparatus.
Than the PVB continuous film is cut into PVB sheets
[13-14].

Another option how to manufacture the wind-
shield with head-up display is the usage of coating on
the glass. A laminated glass for implementing HUD
function, the laminated glass comprising: an outer
glass layer; an inner glass layer; a PVB film located
between the outer glass layer and the inner glass layer;
wherein the PVB film is of a uniform thickness, the
laminated glass further comprises a reflection film

[10].

glass

PVB — uniform thickness
glass

coating

Fig. 8 Composition of the Head-Up display windshield using
the reflection film

1.7 Further processing steps of PVB film with
non-uniform thickness

This work is dedicated to the relaxation study of
the wedge PVB sheets after cutting and its effect on
the wedge angle value. The wedge angle should ideally
remain the same as it exits the extrusion line, it means
without any change of the wedge angle value in its
further processing, but this is not always the case.
Based on the selected cutting process, the wedge angle
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may vary, the process may typically change the value
of the wedge angle based on the cutting conditions.

The consumer of wedge PVB film has to unwind
the film from the roll and cut it to the PVB sheets. The
PVB is normally heated up during the unwinding and
cutting process due to the relaxation of remaining ten-
sion in PVB coming from the extrusion line. There is
still some remaining tension in PVB after cutting to
the sheets. Therefore the PVB sheets have to remain
relaxing on the pallets after the cutting process and
before lamination process. The relaxation time ne-
cessary to shrinkage the remaining tension and the re-
commended technology of relaxation is the objection
of this work [13-14].

HUD PVB roll Unwinding and Storage of PVB

- , - Assembly with
from extrusion | T | cuttinginto PVB | T |  sheets before | C——p ;

lass sheets
line sheets assembly &

Fig. 9 Process steps of HUD PV'B material processing

The process must be analyzed and understood pro-
petly to be able to correctly design the wedge angle of
the wedge PVB roll on the extrusion line. One specific
step of the technology is investigated deeply in this ar-
ticle. Relaxation of wedge PVB sheets before assembly
has been analyzed deeply to better understand to the
phenomena of wedge PVB relaxation [15].

2 Experiment
2.1 Production of PVB sheets

The cutting line is used to unwind the wedge PVB
film from the roll after extrusion with a non-uniform
thickness from the storage cylinder with the required
wedge angle and transport it further to the heating
drum. The next step is to heat the plastic foil using
heating drums (two small and one large) up to 100 ° C
and transport it further to another silver cylinder,
where the temperature is up to 90 ° C. In the next step,
the PVB is stretched with a wedge-shaped cross-secti-
onal profile in the stretching device and transports the
plastic film further to the cooling device. The PVB
film is cooled in a cooling device and the PVB film is
transported further to the cutting device. The wedge
PVB film is then cut into PVB sheets. The pallet tra-
ditionally stores from 20 to 80 wedge PVB sheets
(based on the wedge angle), which relax for 72 hours.
The bigger the wedge angle of PVB sheets we store on
the pallet the lower amount of PVB sheets relaxes on
the pallet. Wedge PVB sheets go to the next operation,
which is glass lamination, after the relaxation is com-
pleted.

Relaxation of wedge PVB sheets before lamination
can affect the wedge angle of the PVB sheets. The aim
of this work is to evaluate the relaxation of PVB de-
pending on the position of PVB on the pallet and to
discuss the changes in wedge angle that occur during

this operation. The aim is to choose a suitable rela-
xation time and to recommend the maximum number
of pieces on the pallet for which similar relaxation
conditions can be guaranteed so that the value of the
wedge angle change is as similar as possible for the
first and last wedge PVB sheets on the pallet.

2.2 Relaxation study of wedge PVB sheets

In the experiment, we measure the shrinkage of
wedge PVB sheets from different parts of the pallet
and we also measure the wedge angle of a given PVB
sheet. We study the effect of PVB relaxation over time
and its effect on the wedge of a given PVB. We mea-
sure the effect of the position of a given wedge PVB
sheet on the pallet.

The relaxation time of 72 hours is analyzed and
discused deeply in this article. Experimental ambient
conditions are a clean room temperature of 18°C (*
2°C) with a relative humidity of 28 % (+ 7 %, - 5 %).
Wedge PVB sheets have been measured in time based
on their location on the pallet. The horizontal and ver-
tical cross pattern in the dimension of 500 mm has
been created on the PVB sheets. The dimensional
changes in the cross pattern have been measured by
calibrated meter and compared in time for differently
localized PVB sheets on the pallet.

The wedge PVB sheet with a depicted cross pat-
tern is in the fig. 10. Before the measurement, an axial
cross is made on the PVB foil with the help of a black
marker and a meter, while the length of the cross axes
is 500 mm in the vertical direction - y-axis and 500 mm
in the horizontal direction - x-axis. In the subsequent
relaxation study, the changes in the cross pattern are
analyzed in time (Fig. 10).

V2

Shrinkage N~ y = 500 mm |
’ evaluation ,
/ l " x = 500 mm
PVB sheet on
the pallet
> , W

Fig. 10 Relaxation study of HUD P1'B
2.3 Evaluation of PVB sheets wedge angle

The wedge angle, global or local, is evaluated by
measuring the thickness of the HUD PVB (fig. 11).
HUD PVB is measured with a contact table system for
measuring the thickness of PVB film. The measure-
ment principle is depicted in fig. 11. The sample for
the measurement is the PVB material, which enters
the mouth of the machine with the thinner side first.
The two linear gauges rotate in opposite directions,
allowing the PVB tape to move between the rollers
and measure their entire distance. The range of mea-
suring machines is 0.03 - 0.3 mm, measuring length 10
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to 10000 mm, measuring pitch 1 mm, measuring force
0.6 N.

2.3.1 Evaluation of PVB global wedge angle

Using the machine, we can evaluate the value of
the global wedge angle of the PVB film. If we evaluate
the global wedge angle of the film, it is a sample for
measuring stripe PVB, which is cut from a PVB roll,
or from a PVB sheet in the vertical direction. The glo-
bal wedge angle is calculated for the HUD zone using
the equation for the linear function y = #x + b; where
m is the slope value.

2.3.2 Evaluation of PVB local wedge angle varia-
tion in the vertical direction

If the local wedge angle of the PVB is evaluated,
the sample is again a stripe PVB cut from the roll or
from the PVB sheet in the vertical direction. The local
wedge angle variation in the vertical direction is calcu-
lated for every 80 mm on the PVB on the basis of the
same equation as described previously, using the
equation for the linear function y = m#x + b; where 7
is the slope value.

2.3.3 Evaluation of PVB local wedge angle varia-
tion in the horizontal direction

When evaluating the local variation of the wedge
angle in the horizontal direction, the PVB stripe is cut
from the PVB roll or from the PVB sheet in the hori-
zontal direction, regardless of which side the PVB
stripe subsequently enters the machine mouth. The lo-
cal wedge angle variation in the horisontal direction is
calculated for every 80 mm on the PVB using the
equation for the linear function y = zx + b; where »
is the slope value.

PVB thickness measurement

Stripe of wedge PVB

!
I

% Rotating

measurement gauges

Fig. 11 Principle of the wedge PV'B thickness measurement
using 2 rotating measurement ganges that squeeze the P17B

Silm

The aim of this work is to evaluate the effect of
PVB relaxation on the wedge angle variation of PVB
after cutting PVB from the roll. In the experiment, the

wedge angle of the input roll in the vertical direction
is first verified to confirm the wedge angle of the input
material. A wedge PVB roll with a wedge of 0.33 mrad
with tolerances of £0.03 mrad is used for the experi-
ments.

3 Measurement

3.1 Wedge angle measurement of the PVB roll

The aim of this work is to evaluate the effect of
PVB relaxation on the wedge angle of PVB after
cutting PVB from the roll. A wedge PVB roll with a
wedge of 0.33 mrad with tolerances of £0.03 mrad is
used for the experiments. In the experiment, the
wedge angle of the input roll in the vertical direction
is first verified to confirm the correctness of the input
material. The profile of the measured wedge PVB is in
graph 1. The direction of the linear line is 0.3135,
which refers to the value of the global wedge angle
0.3135 mrad. The wedge angle value is within the to-
lerance of the input material.

Wedge angle profile

5 8 %

7= 0.3135x + 662,94
R2= 09879

Wedge angle (mrad)

0 100 200 300 400 500 600 700 800 900

Distance (mm)

Graph 1 Wedge angle profile measured for wedge P1'B

Subsequently, the wedge angle for 80 PVB sheets
cut from the roll in the vertical direction is evaluated.
The values are plotted in Graph 2. All measured values
of the wedge angle of PVB sheets after cutting are in
the specification of the input material (Graph 2-3, Ta-
ble 1). With this evaluation, we verified that after
cutting, all PVB sheets are still in the tolerances £0.03
mrad.

Wedge angle stability in one batch
0.36
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5 o [ Y o o LY °
3 031 ¢ ¢
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PVB N€ on the pallet
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Graph 2 Wedge angle stability on wedge PV'B roll
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Histogram - values of wedge angle (t=0 h)

100%

Number of sheets in the range

w

3.6%

(0.3236, 0.3329] (0.3329, 0.3422] (0.3143, 0.3236] (0.3422, 0.3515] (0.3515, 0.3608] [0.305, 0.3143]

Range of wedge angle values (mrad)

Graph 3 Histogram, number of PUV'B sheets after cutting (re-
laxcation t=00) in the range of wedge angle values

Tab. 1 Calculated statistical parameters for 50 PV'B stripes
cut from the P17B roll

mrad parameter
0.3325888 average
0.305 min
0.36 max
0.3315 median
0.0114908 standard deviation of the selection

The average calculated value of the wedge angle for
50 stripes of wedge PVB is 0.333 mrad. The minimal
value is 0.305 mm; the maximum values is 0.360 mm;
median value is 0.332 mrad, standard deviation is
0.011 mrad (tab. 1). 32.5 % of PVB sheets wedge angle
values after cutting lay in the region between 0.3236
mrad and 0.3329 mrad. Another 31.3 % of cut PVB
sheets wedge angle values lay in the region between
0.3329 mrad and 0.3422 mrad. Additional 15 % of cut
PVB sheets are in the range of 0.3143 mrad to 0.3236
mrad concerning wedge angle after cutting. 11.3 % of
PVB sheets belongs to the region of 0.3422 mrad to
0.3515 mrad. Only 6.3 % of cut PVB sheets have the
wedge angle value between 0.3515 mrad and 0.3608
mrad. Remaining 3.6 % of values are in the range of
0.305 mrad to 0.3143 mrad of the wedge angle value

(see graph 3).

3.2 Wedge angle and shrinkage measurement of
cut PVB sheets

After confirming the stability of the wedge angle
of the input material, the stability of the wedge angle
after processing the wedge PVB material on the
cutting line is evaluated. The stability of the wedge an-
gle is evaluated for different PVB sheets according to
their position on the pallet (fig. 12). The relaxation
study is performed as described in section 2.2. Wedge
angle is evaluated for the wedge PVB sheets after
cutting referring to the different position on the pallet.

Wedge PVB relaxing
on the pallet

Fig. 12 Wedge PV'B sheets relaxing on the pallet

Wedge angle is calculated in time for wedge PVB
sheets located on the pallet in a different position. In
the experiment, we decided to distinguish three basic
positions on the pallet, namely the bottom position,
the middle position and the upper position. To mea-
sure the PVB in the upper position, we refer to the
behavior of the first five PVBs on the pallet (calcula-
ted from above). For the middle position of the PVB
on the pallet, we refer to the 38th to the 42nd PVB on
the pallet (calculated from above). And in the case of
the bottom position on the pallet, we refer to the 76th
to 80th PVB on the pallet (counted from above).

3.2.1 Wedge angle and shrinkage measurement
of upper PVB sheets on the pallet

The first measurement is done for upper 5 PVB
sheets from the top on the pallet (tab. 2). We measure
the change of the axis cross in time in the horizontal
and in the vertical plane in time Oh, 1h, 2h, 19h, 24h,
48h and 72h. We observe changes in the behavior of
PVB film, the work is only mentioned as PVB shrin-
kage. PVB changes its dimensions in both the hori-
zontal and vertical planes. With PVB shrinkage, we
observe the behavior of PVB in terms of wedge angle.
The correlation between PVB shrinkage in the vertical
and horizontal direction and wedge angle changes is
discussed below. Tab. 2 describes the measured values
over time for a given 5 PVB sheets located in the up-
per position on the pallet. The table shows the values
for horizontal and vertical shrinkage PVB in millime-
ters and the wedge angle values for the given sheets in
mrad.

In graph 4. the behavior of the five upper PVB
sheets in the palette in terms of vertical shrinkage is
described. We can observe similar behavior for all 5
PVB sheets. PVB relaxation stabilizes after 48 hours.

Upper PVB sheets on the pallet - vertical shrinkage

0 10 20 30 40 50 60 70
Time (h)

——1 ——2 —o—3 4 —e—5

Graph 4 Evaluation of vertical shrinkage for 5 upper P1'B
sheets on the pallet in 72 hours
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Tab. 2 Evaluation of vertical shrinkage, horisontal shrinkage and wedge angle for upper 5 PV'B sheets on the pallet in 72 hours

Upper PVB sheet on the pallet
time (h) PVB sheet 0 1 2 19 24 48 72
1 499.5 500.5 501.0 501.0 502.0 503.0 503.0
2 497.0 500.5 501.5 501.5 502.5 503.0 503.0
. 3 499.0 500.5 501.0 502.5 502.0 503.0 503.0
vertically
4 499.5 500.0 501.0 502.0 502.0 503.0 502.5
5 500.0 500.0 501.5 501.0 502.0 503.0 502.0
Average 499.0 500.3 501.2 501.6 502.1 503.0 502.7
1 499.5 498.5 498.0 497.5 497.5 496.5 496.5
2 498.0 497.0 496.5 496.0 496.0 495.0 495.0
i 3 501.0 500.0 495.5 495.0 494.0 495.0 495.5
horisontally
4 500.0 499.5 499.5 497.0 496.5 495.0 495.0
5 499.5 498.5 498.0 497.0 496.0 495.5 495.0
Average 499.6 498.7 497.5 496.5 496.0 495.4 4954
1 0.331 0.335 0.322 0.319 0.315 0.310 0.310
2 0.350 0.345 0.335 0.320 0.295 0.300 0.300
3 0.345 0.345 0.330 0.325 0.320 0.315 0.315
wedge angle (mrad)
4 0.341 0.335 0.330 0.330 0.325 0.300 0.300
5 0.350 0.335 0.330 0.325 0.330 0.320 0.325
average 0.343 0.339 0.329 0.324 0.317 0.309 0.310
In graph 6. the behavior of the five upper PVB
Upper PVB sheets on the pallet - horisontal shrinkage

0 10 20 30 10 50 60 70

Graph 5 Evaluation of horisontal shrinkage for 5 upper
PV’B sheets on the pallet in 72 hours

In graph 5. the behavior of the five upper PVB
sheets on the pallet in terms of horizontal shrinkage is
described. We can observe similar behavior for all 5
PVB sheets. PVB relaxation stabilizes after 48 houts.

Upper PVB sheets on the pallet - wedge angle

ngle (mrad)

0.290

0.280 +

Time (h)

1 2 3 1 ——5

Graph 6 Evaluation of wedge angle for 5 upper PUVB sheets
on the pallet in 72 honrs

sheets in the palette in terms of the wedge angle value
over time is described. We can observe similar beha-
vior for all 5 PVB sheets. The wedge angle value chan-
ges and stabilizes after 48 hours.

The top 5 PVB sheets from above in the palette
relax in time and change vertically in average from by
3.7 mm from 499.0 mm to 502.7 mm, horizontally in
average by 4.6 mm from 499.6 mm to 495.0 mm. PVB
shrinkage occurs mainly in the first two hours after
cutting the PVB wedge onto the pallet. Relaxation
stops after 48 hours. The wedge angle changes over
time, with the most significant change in the wedge
angle occurring in the first two hours after cutting the
PVB onto the pallet. The wedge angle value changes
in average for 5 wedge sheets by 0.033 mrad from
0.343 mrad to 0.310 mrad (tab. 2, Graph 4, 5, 6).

3.2.2 Wedge angle and shrinkage measurement
of middle PVB sheets on the pallet

The second measurement is performed for the
middle 5 PVB sheets from above on the pallet (tab. 3).
We measure the change of the axis cross in time in the
horizontal and in the vertical plane in time Oh, 1h, 2h,
19h, 24h, 48h and 72h. We observe a shrinkage of
PVB. PVB changes its dimensions in the horizontal
and vertical planes. For PVB shrinkage, we monitor
the behavior of PVB in terms of wedge angle. The
correlation between PVB shrinkage in the vertical and
horizontal directions and wedge angle changes is
discussed below. Tab. 3 describes the measured values
over time for a given 5 PVB sheets placed in the mid-
dle position on the pallet. The tab. 3 shows the values
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of horizontal and vertical shrinkage of PVB in milli-
meters and the values of the wedge angle for the given

sheets in mrad.

Tab. 3 Evaluation of vertical shrinkage, horisontal shrinkage and wedge angle for 5 PV'B sheets located in the middle part of the

ballet in 72 hours

Middle PVB sheets on the pallet
time (h) 0 1 2 19 24 48 72
38 501.0 501.0 501.5 502.0 502.0 502.0 502.0
39 500.0 500.5 501.0 501.5 502.5 503.5 503.0
. 40 501.0 501.5 501.5 501.0 502.0 502.0 502.0
vertically
41 499.0 502.5 502.0 501.5 502.0 502.5 502.5
42 499.0 500.0 501.0 502.0 502.0 503.0 503.0
Average 500.0 501.1 501.4 501.6 502.1 502.6 502.5
38 499.5 499.5 499.0 498.5 498.0 497.5 497.5
39 499.0 498.0 497.0 497.0 497.0 497.0 496.5
. 40 499.0 499.0 498.5 498.5 498.0 497.5 497.0
horisontally
: 41 500.0 499.5 497.5 497.0 497.5 496.0 496.0
42 501.0 499.0 498.0 497.5 496.5 495.5 495.5
Average 499.7 499.0 498.0 497.7 497.4 496.7 496.5
38 0.340 0.335 0.335 0.330 0.325 0.320 0.320
39 0.350 0.330 0.325 0.325 0.315 0.315 0.315
40 0.360 0.350 0.340 0.335 0.315 0.305 0.310
wedge angle (mrad)
41 0.330 0.325 0.320 0.315 0.315 0.310 0.310
42 0.338 0.341 0.334 0.320 0.315 0.315 0.315
average 0.344 0.336 0.331 0.325 0.317 0.313 0.314

Middle PVB sheets on the pallet - vertical shrinkage

Dimension (mm)

0 10 20 30 40 50 60 0
Time (h)

*—38 39 40 41 —e—42

Graph 7 Evaluation of vertical shrinkage for 5 middle P1”B
sheets on the pallet in 72 hours

In graph 7. the behavior of the five middle PVB
sheets on the pallet in terms of vertical shrinkage is

described. We can observe similar behavior for all 5
PVB sheets. PVB relaxation stabilizes after 48 houts.

Middle PVB sheets on the pallet - horisontal shinkage

0 10 20 30 10 50 60

Time (h)

*—-38 39 40 4] —e—42

Graph 8 Evaluation of horisontal shrinkage for 5 middle
PVB sheets on the pallet in 72 hours

In graph 8. the behavior of the five middle PVB
sheets on the pallet in terms of horizontal shrinkage is
described. We can observe similar behavior for all 5
PVB sheets. PVB relaxation stabilizes after 48 hours.

Middle PVB sheets on the pallet - wedge angle

wedge angle (mrad)

0 10 20 30 40 50 60 70
Time (h)

——38 39 40 41 ——42

Graph 9 Evaluation of wedge angle for middle 5 PV'B sheets
on the pallet in 72 honrs

In graph 9. the behavior of the five middle PVB
sheets on the pallet in terms of the wedge angle value
over time is described. We can observe similar beha-
vior for all 5 PVB sheets. The wedge angle value chan-
ges and stabilizes after 48 hours.

The middle 5 PVB sheets on the pallet relax in time
and change vertically in average from by 2.5 mm from
500.0 mm to 502.5 mm, horizontally in average from
by 3.2 mm from 499.7 mm to 496.5 mm. PVB shrin-
kage occurs mainly in the first two hours after cutting
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the PVB wedge onto the pallet. Relaxation stops after
48 hours. The wedge angle changes over time, with the
most significant change in the wedge angle occurring
in the first two hours after cutting the PVB onto the
pallet. The wedge angle value changes in average for 5
wedge sheets by 0.031 mrad from 0.345 mrad to 0.314
mrad (tab. 3, Graph 7, 8, 9).

3.2.3 Wedge angle and shrinkage measurement
of middle PVB sheets on the pallet

The third measurement is performed for the bot-
tom 5 PVB sheets from above on the pallet (tab. 4).
We measure the change of the axis cross in time in the

horizontal and in the vertical plane in time Oh, 1h, 2h,
19h, 24h, 48h and 72h. We observe a shrinkage of
PVB. PVB slightly changes its dimensions in the hori-
zontal and vertical planes. For PVB shrinkage, we mo-
nitor the behavior of PVB in terms of wedge angle.
The correlation between PVB shrinkage in the vertical
and horizontal directions and wedge angle changes is
discussed below. Tab. 4 describes the measured values
over time for a given 5 PVB sheets placed in the bot-
tom position on the pallet. The tab. 4 shows the values
of horizontal and vertical shrinkage of PVB in milli-
meters and the values of the wedge angle for the given
sheets in mrad.

Tab. 4 Evaluation of vertical shrinkage, horisontal shrinkage and wedge angle for 5 P1/B sheets located at the bottom part of the

pallet in 72 hours

Bottom PVB sheets on the pallet
time (h) 0 1 2 19 24 48 72
76 500.5 500.5 500.0 500.0 500.5 500.0 500.0
77 500.0 500.0 500.5 499.5 499.5 500.0 499.5
. 78 501.0 500.5 500.0 501.0 500.5 500.0 499.0
vertically
79 500.0 500.5 500.0 499.5 499.5 499.5 500.0
80 499.5 499.0 498.5 499.0 498.5 498.0 498.0
Average 500.2 500.1 499.8 499.8 499.7 499.5 499.3
76 499.5 499.5 499.5 498.5 499.0 498.5 498.5
77 499.0 498.5 498.5 498.0 498.0 498.0 498.0
. 78 500.0 501.0 500.0 499.0 499.5 499.0 499.0
horisontally
79 500.0 499.5 499.5 499.5 499.5 499.5 499.0
80 499.5 499.0 499.0 498.5 498.0 498.0 498.5
Average 499.6 499.5 499.3 498.7 498.8 498.6 498.6
76 0.345 0.339 0.333 0.335 0.335 0.329 0.329
77 0.350 0.350 0.345 0.335 0.340 0.330 0.330
78 0.340 0.345 0.330 0.335 0.330 0.325 0.325
wedge angle (mrad)
79 0.330 0.330 0.335 0.315 0.320 0.320 0.320
80 0.335 0.335 0.330 0.330 0.330 0.325 0.325
average 0.340 0.340 0.335 0.330 0.331 0.326 0.326

In graph 10. the behavior of the five bottom PVB
sheets on the pallet in terms of vertical shrinkage is
described. We can observe similar behavior for all 5
PVB sheets. PVB relaxation stabilizes after 48 houts.

Bottom PVB sheets on the pallet - vertical shrinkage

504 §
503 §
502 §
501

499 -L//‘\\‘__‘
498 {
497 {

496 9
495

Dimension (mm)

0 10 20 30 40 50 60 70
Time (h)
—-76

77 78 79 —e—80

Graph 10 Evalnation of bottom 5 P1/B sheets on the pallet
Jor vertical shrinkage

In graph 11. the behavior of the five bottom PVB
sheets on the pallet in terms of horizontal shrinkage is
described. We can observe similar behavior for all 5
PVB sheets. PVB relaxation stabilizes after 48 houts.

Bottom PVB sheets on the pallet - horisontal shrinkage
502 4

501
500

499 L\\’<\”7
408 3 -

497 §
496 ]
495 {
494
493

Dimension (mm)

0 10 20 30 40 50 60 70
Time (h)

——76 —o—77 78 79 —e—380

Graph 11 Evalnation of bottom 5 PV/B sheets on the pallet
Jor horizontal shrinkage
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In graph 12. the behavior of the five bottom PVB
sheets on the pallet in terms of the wedge angle value
over time is described. We can observe similar beha-
vior for all 5 PVB sheets. The wedge angle value chan-
ges and stabilizes after 48 hours.

Bottom PVB sheets on the pallet - wedge angle

0.370
0.360
0.350 1
0.340 1

0.330

0.320

wedge angle (mrad)

0310

0.300

0.290

40 50 60
Time (h)

30

——76 —o—77 78 79 —e—80

Graph 12 Evaluation of PV'B wedge angle of bottom 5
PV/B sheets on the pallet

The bottom 5 PVB sheets on the pallet relax
slightly in time. We don’t observe any significant
shrinkage in the vertical direction, we observe the
change in width in average by 0.9 mm from 500.2 to
499.3 mm. We observe slight shrinkage in the horis-
ontal direction by 1 mm. The wedge angle is changing
by 0.014 mrad from 0.34 mrad to 0.326 mrad. PVB
shrinkage occurs negligibly during 72 hours after
cutting the PVB wedge onto the pallet. Relaxation
stops after 48 hours. The wedge angle slightly changes
over time. The wedge angle value changes in average
for 5 wedge sheets by 0.014 mrad from 0.340 mrad to
0.326 mrad (tab. 4, Graph 10, 11, 12).

3.2.4 Evaluation of the wedge angle value based
on the position of PVB sheets on the pallet

The graph 13 depicts the correlation among the
wedge angle value for a dedicated PVB sheet on the
pallet and its position on the pallet.

We observe the change in the wedge angle value
for all measured PVB sheets. The intensity of the
wedge angle change depends on the position of the
PVB on the pallet (graph 13). The most significant
change in the wedge angle value is detected for the up-
per 5 PVB sheets on the pallet (PVB sheets 1-5). Less
significant change is observable for the middle PVB
sheets on the pallet (PVB sheets 38-42). The lowest

change is detected for 5 bottom PVB sheets on the
pallet (PVB sheets 76-80).

Wedge angle versus PVB sheet position on the pallet

0.570 v = 4E-05x + 0.3406
o 0360 R = 00236
20350 {e 1
o 0340 ;
T 0330 .
g, 0320 =
;8 0310 oo v = 0.00025 + 0.3081
z

2= 4963
0300 ¥ R88

1 6 11 16 21 26 31 36 41 46 51 5 61 66 71 76
PVB position on the pallet pallet

© wedge angle after relaxation » wedge angle before relaxation (t=0)

Graph 13 Wedge angle of PV'B sheets before and after rela-

xation

3.2.5 Evaluation of vertical shrinkage based on
the position of PVB sheets on the pallet

Vertical shrinkage is compared for each position of
the wedge PVB on the pallet to see the correlation
among vertical shrinkage and position of the wedge
PVB on the pallet. Vertical shrinkage is almost com-
pletely stopped after 48 hours. Upper wedge PVB she-
ets shrink by 0.86 % in 72 hours; middle wedge PVB
sheets shrink by 0.54 % in 72 hours and bottom wedge
PVB sheets shrink by 0.18 % in 72 hours. The maxi-
mal change in vertical shrinkage is observed for upper
PVB sheets on the pallet by 0.86 % in 72 hours.
Wedge PVB shrinks during last 24 hours by 0.06 %
from 0.80 % to 0.86 % for the upper PVB sheets on
the pallet. There is almost no shrinkage observable du-
ring last 24 hours for PVB sheets in the middle part of
pallet (change by 0.02 % from 0.52 % to 0.54 %).
There is no change in the vertical shrinkage for wedge
PVB sheets located at the bottom part of the pallet
during last 24 hours (tab. 5).

PVB sheet vertical shrinkage % change in time

% change

40 50 60 70

time (h)

20 30

—e—upper —o—middle bottom

Graph 14 Vertical shrinkage of wedge PV/B sheets based on
their position on the pallet

Tab. 5V ertical shrinkage of PVB sheets in 72 hours based on their position on the pallet

vertical shrinkage of PVB sheets % change in time
time (h) 0 1 2 19 24 48 72 Suma %
top 0.00 0.26 0.44 0.52 0.62 0.80 0.86 0.86
middle 0.00 0.22 0.28 0.32 0.42 0.52 0.54 0.54
bottom 0.00 0.02 0.08 0.08 0.10 0.14 0.18 0.18
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3.2.6 Evaluation of horisontal shrinkage based
on the position of PVB sheets on the pallet

Horisontal shrinkage is compared for each posi-
tion of the wedge PVB on the pallet to see the corre-
lation among horisontal shrinkage and position of the
wedge PVB on the pallet. Upper wedge PVB sheets
shrink by 0.84 % in 72 hours; middle wedge PVB she-
ets shrink by 0.64 % in 72 hours and bottom wedge
PVB shrink by 0.24 % in 72 hours. The maximal
change in horisontal shrinkage is observed for upper
PVB sheets on the pallet by 0.84 % in 72 hours. Hori-
sontal shrinkage is stopped after 48 hours for upper,

middle and bottom wedge PVB sheets on the pallet
(tab. 6).

PVB sheet horisontal shrinkage % change in time

% change

30 40
time (h)

50 60 70

—e—upper —e—middle bottom

Graph 15 Horisontal shrinkage of P1/B sheets based on
their position on the pallet

Tab. 6 Horisontal shrinkage of PV'B sheets in 72 hours based on their position on the pallet

horisontal shrinkage of PVB sheets % change in time
time (h) 0 1 2 19 24 48 72 Suma %
top 0.00 0.18 0.42 0.62 0.72 0.84 0.84 0.84
middle 0.00 0.14 0.34 0.40 0.46 0.60 0.64 0.64
bottom 0.00 0.02 0.06 0.18 0.20 0.24 0.24 0.24

3.2.7 Evaluation of wedge angle change based
on the position of PVB sheets on the pallet

Wedge angle change is compared for each position
of the wedge PVB on the pallet to see the correlation
among the change of the wedge angle and position of
the wedge PVB on the pallet. Wedge angle change is

stopped within 48 hours. There is no wedge angle
change during last 24 hours of PVB sheets relaxation.
The maximal change in the wedge angle value is ob-
served for upper PVB sheets on the pallet by 10.31 %
in 72 hours. The wedge angle changes by 9.46 % for
middle PVB sheets on the pallet and by 4.76 % for the
bottom PVB sheets on the pallet (tab. 7).

Tab. 7 PV'B wedge angle change in 72 honrs based on the position of PV'B sheets on the pallet

wedge angle of PVB sheets % change in time
time (h) 0 1 2 19 24 48 72 Suma %
top 0.00 1.28 4.08 5.71 7.69 10.02 10.31 10.31
middle 0.00 2.44 4.01 5.69 8.01 9.17 9.46 9.46
bottom 0.00 0.06 1.59 2.94 3.23 4.76 4.76 4.76
o tical shrinkage and horisontal shrinkage for all evalu-
. PVB sheet wedge angle % change in time ated Wedge PVB sheets.
Y 12 Horisontal shrinkage versus vertical shrinkage of PVB sheets
g 6 1.0
< 4 — 08 ¥ = 1.3466x - 0.0863 . o
24 06 R*=09466 .e ¥ = 106015 - 00244
0 T T T T T T T 04 1 ¥= 13602 +0.0171 . © R*=09316
0 10 20 30 40 50 60 70 : R® = 07603

time (h)

—e—upper middle bottom

Graph 16 Change of wedge angle of P1/B sheets based on
their position on the pallet

3.2.8 Correlation between horisontal and vertical
shrinkage and wedge angle of PVB sheets

The correlation among vertical shrinkage, horison-
tal shrinkage and wedge angle change is analysed more
deeply. We can observe linear correlation among ver-

0.2 °

Horisontal shiinkage (%)

0.00 0.10 0.20 0.30 0.40

vertical shrinkage (%)

0.50 0.60 0.70 0.80 0.90 1.00

®upper @ middle ® bottom

Graph 17 Correlation among horisontal shrinkage and verti-
cal shrinkage of P1/B sheets

We can observe the linear correlation between ho-
risontal shrinkage and wedge angle value for all evalu-
ated wedge PVB sheets.
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Horisontal shrinkage versus wedge angle of PVB sheets
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Graph 18 Correlation among horisontal shrinkage and wedge
angle value of P17B sheets

We can observe the linear correlation between ver-
tical shrinkage and wedge angle value for all evaluated
wedge PVB sheets.

Vertical shrinkage versus wedge angle of PVB sheets
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Graph 19 Correlation among vertical shrinkage and wedge
angle valne of P1B sheets.

4 Discussion and results

The value of the PVB wedge angle can be slightly
changed by the selected cutting process. The wedge
angle calculated for a wedge PVB cylinder with a spe-
cification of 0.33 £ 0.03 mrad is 0.3135 mrad (graph
1), ie within tolerances. The average value of the
wedge angle calculated after cutting the wedge PVB
foil into wedge PVB sheets is 0.343 mrad for the upper
wedge PVB sheets (tab. 2) on the pallet; 0.344 for me-
dium wedge PVB sheets (tab. 3) on the pallet and
0.340 mrad for wedge PVB sheets at the bottom of
the pallet (tab. 4). The wedge angle increases by 0.0275
mrad for the upper PVB sheets on the pallet during
the cutting process, by 0.0305 mrad for the middle
PVB sheets on the pallet and by 0.0265 mrad for the
bottom PVB sheets on the pallet. When selecting a su-
itable PVB wedge, the change in the wedge angle value
caused by the selected PVB cutting process must be
taken into account.

The shinkage of the wedge PVB sheets after the
cutting process again affects the value of the wedge
angle, but in this case the value of the wedge decreases.
The change in the wedge angle is easily observable
with PVB sheets, which are placed at the top of the
pallet (PVB sheets 1-5) (graph 6). The lowest degree
of wedge angle change is observed for PVB sheets,
which are located in the lower positions of the pallet
(PVB sheets 76-80) (graph 12). The average value of
the PVB wedge angle calculated after 72 hours of re-
laxation is 0.310 mrad (tab 2) for the upper wedge

PVB sheets on the pallet (0.033 mrad reduction com-
pared to the value immediately after cutting), 0.314
mrad (tab 3) for the medium wedge PVB sheets on the
pallet (0.03 mrad reduction) and 0.326 mrad (tab 4) for
wedge PVB sheets at the bottom of the pallet (re-
duction by 0.014 mrad). For wedge PVB placed at the
bottom of the pallet, it is necessary to consider further
relaxation of the PVB after lamination, which can also
lead to lamination defects. This would require further
research.

The shrinkage of the wedge PVB sheets on the
pallet plays an important role in changing the value of
the wedge angle (graph 13). The relaxation process
must be considered in the development phase, when
the wedge angle of the wedge PVB cylinder is calcula-
ted.

We observe a linear correlation between the verti-
cal shrinkage and the value of the wedge angle (graph
19). We observe a linear correlation between hotizon-
tal shrinkage and the value of the wedge angle (graph
18). Shrinkage in the vertical and horizontal directions
stops after 48 hours of relaxation (tab. 5-6, graph 14-
15). The value of the wedge angle stops changing after
48 hours of relaxation (tab. 7, graph 16). The recom-
mended relaxation time of wedge PVB is 48 hours
based on this examination. The relaxation of the
wedge PVB sheets can significantly affect the quality
of the final laminate, because the value of the wedge
angle changes over time due to the relaxation of the
wedge PVB sheets after cutting. The relaxation effect
is well observable for wedge PVB sheets, which are
located in the upper part of the pallet + 0.86% and for
PVB sheets, which are located in the middle of the
pallet + 0.54%. The lowest degree of relaxation +
0.18% is observable for PVB sheets, which are placed
on the bottom positions of the pallet. Based on the
relaxation study, it is recommended to stack PVB she-
ets on a pallet of a2 maximum of 40 pieces so that the
PVBs can effectively relax within 48 hours and there
is no risk of further shrinkage in the subsequent lami-
nation process (graph 13). Not only could there be a
risk of lamination defects, but at the same time there
could be an uncontrolled change in the value of the
wedge of the PVB and thus a change in the wedge of
the glass.

5 Conclusion

The aim of this work was to discuss how the pro-
cess of processing PVB roll changes the input wedge
angle and whether it is necessary to take into account
changes in wedge angle caused by the process of
unwinding and cutting PVB from the roll in the pro-
cess of defining wedge angle input roll.

In this work, the effect of the change of wedge an-
gle caused by unwinding and cutting PVB from the
roll and its subsequent relaxation on the pallet before
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processing the PVB in the layering process is studied.
It was measured that the wedge angle value changes
depending on the PVB cutting technology from the
roll. In this particular case, a change in the wedge angle
was observed after cutting the PVB roll onto the PVB
sheets, increasing the wedge angle by 0.0195 mrad.
PVB relaxation took place on a pallet of 80 pieces. It
was measured that the optimal relaxation time is 48
hours, as the wedge angle value was established for all
positions after 48 hours.

As the PVB relaxes, the wedge angle value of the
PVB changes again, depending on its position on the
pallet. In the case of PVB sheets placed in the upper
part on the pallet, the wedge angle value decreased af-
ter 72 hours of relaxation to 0.310 mrad, which is a
wedge angle value that is 0.004 lower than the wedge
angle value before PVB processing. It can therefore be
stated that the PVB placed on the upper part of the
pallet relaxes at least back to the original value of the
wedge angle. The PVB placed on the middle part of
the pallet relaxes at 0.314, which is a value that does
not differ much from the value that was measured on
the PVB roll itself before processing - 0.3135 mrad,
the difference is only 0.0005 mrad. The PVB placed in
the middle part of the pallet relaxes at least back to the
original value of the wedge angle. The PVB, which is
located at the bottom of the pallet, does not relax to
the original wedge angle. The wedge angle value after
relaxation for a given PVB is 0.326 mrad, which is
0.0125 mrad higher than the value on the input roll. It
can therefore be concluded that the PVB relaxation
for the leaves at the bottom of the pallet did not take
place completely.

It is recommended to reduce the number of PVB
sheets per pallet to 40 or fewer pieces in order to eli-
minate possible undesirable wedge angle changes that
may occur during further processing of wedge PVB
glass, for example in the lamination process, as PVB
has not completely relaxed on the pallet and may
occur an additional relaxation.
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