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Abstract

Compression molding of glass optics is gradually becoming a viable manufacturing process for high
precision optical lenses. However, during cooling, glass properties undergo a small amount of changes
due to structural relaxation. As a result, residual stresses are trapped inside the molded glass lenses. In this
research, compression molded lenses were studied using the birefringence method assisted by the finite
element analysis. The experimental and simulation results showed that compression molding process can
be controlled to a very high precision providing that the proper cooling is applied during cooling. In
addition, numerical analysis using finite element analysis also provides a better understand of the cooling
process and offers an economic solution for process optimization for low cost glass lens production.
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1. Residual Stress in Precision Lens by Compression Glass Molding

Residual stresses are important criteria for evaluating molded glass optical components. Residual
stresses inside the glass lenses contribute to refractive index variation, result in unwanted light path as
well as intensity variation that will lead to image quality deterioration. Different methods have been tested
to measure residual stress distribution inside a glass workpiece. Among these techniques, photoelasticity
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based method for residual stress analysis in glass components is a powerful tool to nondestructively study
the cooling process for glass molding [1].

In this research, residual stresses of the molded glass lenses were studied using a plane polariscope to
evaluate the effect of the residual stresses. The experimental results were also compared to finite element
methods (FEMs) simulation for in-depth understanding of the cooling process. Based on our prior
knowledge, glass molding at glass transition temperature (7,) involves viscoelastic effects and structural
relaxation thus modeling of the material behavior around 7, can be a very difficult task because structural
relaxation is a nonlinear phenomenon since it not only depends on the current temperature but also on the
history and direction of the temperature change [2-5].

It is shown through this study that numerical simulation plays an important role in glass molding
research. Specifically it enhances the fundamental understanding of the cooling process and also provides
a methodology for optical manufacturers to optimize their process capabilities at a minimal cost because
time consuming and costly experiments can be avoided or reduced [2].

2. Modeling of Residual Stress during Cooling

For a glass lens undergoes cooling, due to structural relaxation, many of its properties experience small
amount of changes. The response function M,(t) was designed to describe the change of a glass property
in the transition region due to temperature drop [4]:

Mv(t): p(t)_pz(oc) (1)
pg (0)_p3 (CC)
This response function represents the fraction of the property change that has yet occurred. The

subscripts 0 and o represent the instantaneous and steady state values of property p of the glass material.
The response function can also be described using an exponential function [4]:

M, (t)= Cxp[—[:] J ()

where, 7, is called the structural relaxation time, and b is a phenomenological parameter that was
adopted to fit the response curve. The value of b lies between 0 and 1. Alternatively in the FEM
simulation, the experimental formula shown in equation 3 is also used to fit the experimental data [4]:

M, (t) :i(wg)f exp(ij 3)

where, (w,); are called weighting factors and r,; are the associated structural relaxation times. The
structural relaxation times are strongly temperature dependent and can be calculated using the
Narayanaswamy model expressed in equation 4 for a given temperature [4]:

exp{ﬂ{ ! i(lnﬂ )

RT, T T,

where 7, , is structural relaxation time at reference temperature 7., which is known. H is an
activation energy and R is ideal gas constant. 7} is fictive temperature. Once the fictive temperature 75 is
derived from equation 4, the property of glass at a given time can be calculated.
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3. Residual Stress Measurement and Analysis

Study of residual stresses using birefringence is based on the photoelastic effect introduced by the test
material when a polarized light beam passes through. The principles of a plane (2D) polarimeter are
schematically illustrated in figure la and 1b. A typical plane polarimeter includes three major
components, an illuminator or light source, a polarizer, and an analyzer. The polarizer and analyzer are
two identical plane polarizers. The light intensity behind the analyzer can be described using the
following equation [1]:

I =1,sin’ 2¢sin’ % (%)

where ¢ is the inclination angle between the principal stress and axis of polarization for the analyzer.
The phase difference 4 is related to the wavelength A of the light wave by:

A=%ax (6)
A

When observed using a plane polariscope, the optical retardation ¢ of a glass lens with thickness d due
to stresses can be calculated using the modified Wertheim law [1]:

o":(.".'y—.".':\,)d:C(cr1 sin*@+0, cos’0-0,)d (7)

where, coefficient C is a material property called the stress-optic constant, n; are the refractive indices
along the principal axis and o; are the principal stresses.
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Fig. 1: (a) Photoelastic model in a dark-field plane polarimeter (b) PS-100-SF plane polarimeter (c) the image of a molded glass
lens observed using the polarimeter and (d) stress distribution predicted by FEM analysis for cooling rate of 1.24°C [2, 3]

Figure 1b shows the measurement using a polariscope of a compression molded glass disk lens under the
cooling rate of 1.24°C/sec [2, 3]. In the 2D case, the birefringence was measured using a PS-100-SF plane
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polarimeter (Strainoptics Inc. North Wales, Pennsylvania). To calculate the total effect on residual stresses
by the entire thickness of the glass lens in the x direction based on the theory of glass structural relaxation,
retardation of each individual thin layer was calculated and then integrated over the thickness direction.
Figure Ic shows the intensity distribution using numerical simulation method (performed using FEM
software MSC Marc). The FEM results were based on the monochromatic light of 565 nm wavelength [2,
3]. The dark area on the plate where the directions of the principal stresses are parallel to the axes of the
polaroid is the isoclinic. Furthermore,The intensity change along the radius is caused by the relative
optical retardation, known as isochromatics. Pseudo colors were used to show light intensity. The results
from numerical simulation and experiments showed a very good agreement at cooling rate of 1.24°C/sec
[2, 3]. Similar results were also verified for cooling under different conditions [2, 3].

3D stress analysis: Compression molding of precision glass optics is inherently a freeform fabrication
process [6]. To measure 3D stress distribution in a molded glass lens, the experimental setup shown in
figure 2 is used (a modified setup from the layout in figure 1). In this configuration, The intensity of light
transmitted for arbitrary values of the angles 6, ¢ and £ is obtained from the following equation [7]:

I1=1, +%10[1isinZ(,B—gu)cosA¢cos2(ﬂ—¢7)sin2(0—(p)sinA] (®)

where I, is the intensity of the light source and 7, the background light intensity. The angles £, ¢ and @
are the angles between a reference axis(x axis) and the slow axis of the analyzer, quarter wave plate I,
and the specimen. The real isoclinic angle # and retardation A can be obtained through phase unwrapping
method. Then the stress components can be determined through Abel inversion and by use of the
equilibrium equations [7-9] from multiple measurements taken by setting the quarter wave plates and the
sample at various angles.
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Fig. 2: (a) Experiment layout and (b) experiment setup for 3D stress analysis
4. Summary

Residual stresses in compression molding of precision glass lenses and the impact on optical performance
were investigated using an experimental setup and finite element analysis. These residual stresses were
frozen in the glass lenses during cooling due to structral relaxation of the glass material experienced after
a temperature drop. Consequently the residual stresses contained in the glass lens can introduce optical
retardation. To understand and predict the stress distribution, finite elment simulation was applied to the
experiments and the results demonstrated that finite element method based numerical modeling can be a
great tool to predict the residual stresses of compression molded glass optical components. This research
demostrated that numerical analysis can play a critical role in process optimization for low cost and fast
production runs. For arbitrary shape glass lenses, 3D stress analysis is required and is currently under
investigation.
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