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Abstract

The surface quality of light reflective
metal {ilms on polymer substrates were experi-
mentally examined and evaluated. The study
included light optical hotstage microscopy of
in-situ samples and scanning electron microscopy.
Conditions for producing aluminum metal films
with desirable light reflecting properties are
relatively demanding. The film formation is a
complex series of events which include
nucleation, coalescence and crystal growth.

Surface flaws, debris or other imperfections
are readily visualized with the aid of the opti-
cal or the electron microscope. Although complex
methods have been developed for the examination
of small surface areas with fine-featured
metallic films, there was little incentive to
adopt the techniques for large samples. This
situation prevailed because the simple micro-
scopic evaluations were sufficient to reveal
unacceptable qualities.

Hotstage microscopy was decisive in under-
standing the light reflectivity of the metalized
layer and the substrate’'s influence over the
deposited film. Prior to the hot stage examina-
tion, only the thin section based knowledge
supported the film evaluations. There was always
the disturbing possibility that some mechanically
or chemically introduced artifacts were contri-
buting to the observed surface irregularities and
distortions.

The hotstage experiments proved that the
observed surface corrugations are the result of
complex mechanisms which may depend on several
factors. These contributing factors include the
combined results or the individual interaction
between substrate, base coat, residual stress and
temperature. Surface corrugations reproduced
with the hotstage yielded valuable informations.
In some instances, the experiments, pinpointed
the underlying cause and in others it indicated
the role of the variables.
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Introduction

Reflectors are made from a polycarbonate
shell which is coated first with a polymer base
coat, then with an aluminized layer and finally
with a transparent lacquer layer to protect the
surface. Optical hotstage experiments indicate
that the base coat, located under the aluminized
layer, is mainly responsible for the wrinkled
surface which produces the interference colors
reflected from the metallized layer. In addi-
tion, residual stresses in the injection-molded
polycarbonate reflector shell play an important
role. Separate hotstage experiments were used to
study the defect forming role of the base coat
and the polycarbonate shell residual stresses.
These experiments could not fully separate all
the factors. But, with various time and tempera-
ture exposures, the role of the base coat and the
residual stress were clearly demonstrated.

Surface changes triggered by the base coat
are especially noticeable at higher temperatures
owing to the typically coarse surface corruga-
tions. The curing temperature of the top lacquer
layer (approximately 125°C) was found to be in-
compatible with the base coat. 1In addition, the
stressed surface of the injection-molded poly-
carbonate shell relaxed at the lacquer curing
temperature and produced fine-structured surface
defects. These surface anomalies, at temp-
eratures above the lacquer curing temperature,
remained fine when no base-coat was present
indicating that stresses and not the base coat
caused the defects.

Materials and Methods

Sample Description
Three different reflectors were examined.

The aluminized surface of one reflector was
defective® and produced interference colors
visible to the naked eye. This defective
aluminized surface is supported by a polymer base
coat and the assembled reflector had been heated
to cure the top lacquer layer. The aluminized
surfaces of the other two reflectors were
defect-free and did not show any interference
colors. One of these reflectors was coated with
a polymer base coat, the other was mot. Both of
these defect-free reflectors were lacquer coated
and neither had been exposed to the lacquer
curing temperature.
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decreased, and a faint line-type structure is
developing. The surface changed very slowly and
gradually. Only after three and four hours was a

more noticeable line-type structure produced. At
the end of four hours the line-type structure was
still not sufficiently developed to produce
interference colors. Because the corrugations
were shallow and lack a well-ordered repetitive
pattern, no interference colors were observed.
In addition, the distance between the peaks and
valleys was not uniform,

For the second experiment a full wall thick-
ness sample was prepared from the same reflector
body shell. The area selected for this sample
was adjacent to the location from which the
reduced wall thickness sample was obtained. The
expectation was that a full wall thickness sample
would show a more drastic response to aging at

the 122 ° C annealing temperature; this was
indeed observed. With the exception of the aging
time, the other hotstage parameters (temperature,
chamber stabilization, imaging) were identical to
the procedure used during the preceding
experiment. Figures 1lle through 1lh show the
changes. The beginning of the surface corru-
gation becomes visible in the first 15 minutes of
anneal (Figure lle). After 30 minutes, the ori-
entation and direction of the lines is clearly
established with fine and continuous pattern
(Figure 11f). Subsequent anneal further coarsens
the corrugations and the apparent line-type
structures are shown in Figures 11f, g and h.
Noticeable differences took place each 15 minutes
of subsequent anneals. The changes were much
more pronounced than previously seen in the
reduced wall thickness sample. The experiment
was terminated after one hour because measure-
ments indicated (by the peak heights and
peak-to-peak distances) that a close
reproduction of the interference color producing
line-type structure had been developed. Since
neither the reduced nor the full-wall-thickness
sample had a base coat and both developed surface
anomalies, the experiments present clear evidence
for the role of residual stress in forming the
interference color producing line-type surface
structure.

Summary

The underlying mechanism and forces for the
variable appearances of the surface corrugations
or lines are not yet fully understood. The
observed and experimentally reproduced phenomena
of surface wrinkling is reminiscent of stress
relaxation produced surface flaws. And some are.

The results of the hotstage experiments,
that used base coat-free samples with full and
reduced wall thicknesses, were directly
associable with the molded-in stress of the
polycarbonate substrate. On the other hand the
precise role or influence of the base coat for
the defect forming process has not been
established. Only the temperature related
observations were evaluated.

Acknowledgements

The authors wish to thank Dr. H. van Oene
for his help with the project. We are much
indebted to Dr. D. Fesko for the many fruitful
discussions and for supplying the samples.

811

References

1. Berry JP (1964) Fracture Processes in
Polymeric Solids. B. Rosen, (Ed). Interscience,
New York, NY, 44-58.

2. Chopra KL (1069) Thin
McGraw-Hill, New York, NY, 84-93.

3. Franks J, Clay CS, Peace GW (1980) Ion
Beam Thin Film Deposition, SEM, 8, 155-162.

4, Maissel LI, Glang R. (Eds), (1970) Hand-

Film Phenomena,

book of Thin Film Technology, McGraw-Hill, New
York, NY, 129-184.
5. Smith TL (1969) Rheology, Academic

Press, NY, 39-51.

6. Venables JA, Spiller GDT, Hanbugren M
(1984) Nucleation and Growth of Thin Films. Prog.
Physics, 47, 128-133.

7. Williams RC, Wyckoff RWG (1946) Applica-
tion of Metallic Shadow Casting to Microscopy, J.
Appl. Physics, 17, 23.

Discussion with Reviewers

Reviewer I: The authors use the references in an
erratic way. E.g., "..the aluminized surface
was defective? implies that the reference
determined that the authors's specimen was
defective.

Authors: The use of reference 5 is to support
our observations about the defects. We simply
refer to similar observations by other
researchers.

Reviewer T: Contribution of this paper: I
believe that the authors proved that the base
coat undergoes changes at temperatures that are
used for curing the top coat. These changes
apparently are due to a process of ammealing the
base coat that had been applied by smearing;
thus, rheology-related stresses were probably
annealed out, producing the corrugation. Elimi-
nation of the base coat gave no corrugation. The
fact that the wrinkles are perpendicular to the
direction of smearing of the base coat is con-
vincing in proving the rheology connection.

On the other hand, I am not really convinced
that the annealing of the polycarbonate base
would produce corrugations AND interference
colors; this is not proved or examined in this
paper. Figs 11 e-h look interesting but they do
not prove to me that the aluminum surface on such
a substrate would give interference colors. The
latter are the authors' main phenomenological
problem. I do not see in Fig 11 h a corrugation
such as in Fig. 1-3 or in Fig. 10.

It is also possible that the solvent con-

tained in the base coat for the purpose of its
application interacted with the polycarbonate
base, sensitizing it toward a subsequent anneal-
ing during the curing operations.
Authors: The injection molded polycarbonate base
has molded-in residual stresses and with anneal-
ing the surface will shrink and thus "wrinkle"
the deposited aluminum film. The micrographs are
incontrovertible evidence that interference
colors result from stress relieving this surface.
The density of the lines spacing is similar to a
fine grating and it is no surprise that interfer-
ence colors are produced. In addition, the last
paragraph in the residual stress section
explains our observations. These residual stress
related experiments were conducted on samples
without a base coat. Therefore, solvent
interaction with the polycarbonate base is
eliminated.










aluminum film thickness, the curing and the cool-
ing temperatures and other, must be considered.

Reviewer T: Base Coat Curing Section: The
effect of cooling rate. "Rate" is erroneous in
this case. It is the temperature, not the rate
that is studied here.

Authors; Room does not permit an in-depth dis-
cussion of the heating rate influence on the
microstructure. If temperature is the only

important factor, as the reviewer suggests, we
would have missed observing the microstructures
which developed in stages during the heating and
cooling process.

Reviewer I: I am uncomfortable with the authors'
use of "base coat curing'. I assume that in the
manufacturing process the base coat is not inten-
tionally "cured." That is done to the top coat.
I assume the base coat undergoes annealing.
Authors: The reviewer's assumption is incorrect
regarding the base coat curing because the base
coat in intentionally exposed to a cure
temperature.

L. Bartosiewicz and C. J. Kelly
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