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Abstract

Tempering of flat glass results in a
change in the flatness of the glass

and in associated optical distortion.
The magnitude of optical distortion
determines the quality and acceptability
of the glass for window or solar
applications.

Importance of flatness in glass panels
after tempering by application:

Architectural: to ensure aesthetically
acceptable windows.

Solar module: to avoid delamination
and thermal stress breakage, both costly
field failures.

On-line measurement of distortion
and real-time process control have been
demonstrated to produce tempered
glass of superior flatness. Developments
in tempering furnace technology
combined with on-line measurement
of optical distortion provide proven
solutions to the distortion problem.
Further, recent advancements in on-line
distortion measurement systems offer
improved accuracy and resolution for
demanding solar applications.

The paper presents methods for
monitoring distortion, the definition of
critical units of measure for distortion,
types and causes of distortion, and
methods of process control to maintain
flatness and minimize distortion in
tempering.

Introduction — the importance of
optical quality in flat glass

Poor optical quality in flat glass is due
to poor control of the tempering and
laminating processes. Architects and
curtain wall designers increasingly

Figure 1 and 2

3=Laminating 4=Process control

specify optical quality to meet or exceed
published standards. Standards exist or
are being developed in China (CN, GB/
T9963-1998), Japan (JIS-R 3206:2003),
USA (ASTM C14, GANA Roll wave test
method), and Europe (EN 12150, ISO
TC 160, BS6206). Many other nations
and markets reference these standards
when specifying glass curtain wall.
More forceful than written standards
are market requirements. Architects
increasingly express dissatisfaction with
the poor optical quality in tempered and
laminated glass. For example, in 2003
- 2005, over 6600 panels were replaced
in the newly built Hong Kong airport
due to distortion from tempering and
delamination. A very considerable cost
was incurred by the glass fabricator for
this massive replacement effort.
Distortion in lamination typically is
traced to distortion in the tempered
glass entering the lamination process.
Two glass panels are assembled.
Autoclave forces flatten the panels to
conform. Excessive distortion such
as edge lift result in separation after
installation (Fig 3) or to distort the
transmitted image (Fig 1 and 2).

Main — On-line measurement of
optical distortion a common practice

Distortion in glass is commonly
measured by glass fabricators. The
tempering process is complex and
dynamic. The tempering process
includes dynamic inputs including heat
profile, temperatures throughout the
furnace, time, velocity, glass thickness,
glass absorption, glass coatings, bed
utilization, and quench pressure. The
quality of the tempered glass is a

Optical distortion in laminated panels at Hong Kong and Pittsburgh International Airports

5=Solar

6=Toughening

Figure 3
Delamination of glass with edge lift distortion
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Figure 4 and 5

On-line measurement systems, Zebra board and
Osprey® Distortion Measurement System
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Figure 6
Millidiopter (mD) and sign convention defined

Figure 7A and 7B

Edge Lift and Roller Wave
distortion as observed and as
measured

function of these many process variables.
These process variables typically change
with every load of glass and are too
complex for the human operator to fully
monitor and control.

On-line measurements techniques
for optical distortion range from the
simple zebra board (Fig 4) to automated
systems such as the Osprey® Distortion
Measurement System by LiteSentry
(Fig 5). These on-line measurement
techniques measure the glass
immediately after tempering and provide
feedback to the operator, allowing
immediate adjustments to the tempering
process. Timely feedback to the
operator to correct the process is critical
for successful quality control. Off-line
measurement techniques such as the flat
bottom gauge or feeler gauges are also
used by the industry but are inherently
inadequate in a time sensitive process.
Process control can not be accomplished

using sampling and slow off-line
measurements.

Technique — Lens power of image
reflected in glass

Tempering may impart a local curvature
in the glass, resulting in a change in
the size of a reflected image. Concave
curvatures magnify the reflected
image. Convex curvatures demagnify
the reflected image. (Fig 6) Qualitative
measurements using the zebra board
are limited to the human perception of
local waviness in the image. The human
is unable to quantify the results. Use
of the zebra board relies on subjective
human judgment, with its inherent
variation.

Automated measurement systems
including the Osprey quantify the results
in diopters or millidiopters (mD), the unit
of measure of curvature in lens power.

Figure 8A and 8B

Hammer distortion as ob-
served and as measured

Figure 9A and 9B

Roll wave corrugation in
laminate as observed and as
measured
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Cost of defective glass & savings

User Problem Result reported after installation of Osprey
Saint-Gobain Bubbles in laminates Significant increase in yield Euro 4,000 / month

Flachglas Delamination Problem solved Euro 5,000,000 rework

Solar customer Edge lift Improved process control US $100,000 / container
Architectural customer Roller wave Problem solved US $5,000 / month rework

Table 1

Significant improvements have been reported by users

The automated measurement system
quantifies results for each panel. Results
are reported and recorded to a database.
The magnitude and pattern of distortion
are displayed and recorded. Many
architectural specifications now require
the optical distortion data to be reported
by panel or lot, and to be saved for later
reference.

Results point to specific problems in
tempering process

Specific examples of distortion types and
causes are shown in the figures.

Roller wave and edge lift distortion
are shown above (Fig 7A & 7B). Typical
edge lift or edge kink distortion is
caused by overheating of the glass and
inconsistent elevation of the last ceramic
furnace roller and the first steel quench
roller. Very slight misalignment between
these two critical rollers at the point
where the glass is near 630 deg C will
cause the hot glass to kick up or drop
down as it is moving from the softened
state to the solid state, resulting in edge
lift.

Hammer distortion (Fig 8A & 8B) is
caused by excessive sulfur dioxide use

in the tempering furnace. As the sulfur
dioxide disassociates in the hot furnace,
the free oxygen molecules bond with the
ceramic furnace rolls to form black high
points of silicon dioxide. As the glass
transfers over the black points, poor
heat conduction from the rollers and the
force of gravity cause the glass to form
craters and related optical distortion.
This problem can be corrected by
washing the rollers when the automated
inspection system indicates the problem
is evident.

Roll wave distortion is defined as the
periodic sine-wave corrugation in the
glass (Fig 9A & 9B). Roll wave distortion
has many causes, including overheating,
poor geometry such as high roller run-
out, damaged roller bearings, poor
heat distribution, incorrect heat profile,
inconsistent quench, clogged quench
nozzles and other causes. This examples
shows glass with roll wave that has been
laminated with the resulting optical
distortion in transmission.

The Osprey automated inspection
system measures the distortion. Results
are quantified and reported. Three
courses of action may follow.

1. Process Control - immediate
corrections to the furnace recipe
solves many problems

2. Equipment — maintenance is

performed on defective components

3. Personnel — training is provided to
teach personnel the proper operation
of the equipment

Summary

On-line measurement of optical
distortion using automated
measurement systems provide quantified
results for each panel. Architectural
customers are specifying flatness using
optical distortion in millidiopters (mD).
The glass fabricator can effectively
minimize optical distortion in tempered
and laminated glass by using real-time
measurement, feedback to operators,
and process control techniques.
Measure optical distortion in order to
control the process and improve the
results. Such techniques are proven
and result in superior optics in glass for
architectural and solar applications.
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