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Compression molding of glass optical components is a high volume near net-shape precision fabrication method. In a compression molding process, a variation of the refractive index occurs along the radial direction of the glass component due to thermal treatment. The variation of refractive index is an important parameter that can affect the performance of optical lenses, especially lenses used for high precision optical systems. Refractive index variations in molded glass lenses under different cooling conditions were investigated using both an experimental approach and a numerical simulation. Specifically, refractive index variations inside molded glass lenses were evaluated by measuring optical wavefront variations with a Shack–Hartmann sensor system. The measured refractive index variations of the molded glass lenses were compared with the numerical simulation as a validation of the modeling approach. © 2008 Optical Society of America OCIS codes: 220.4610, 290.3030.



1. Introduction



Compression molding of precision glass lenses (glass molding) is a high volume manufacturing technique that can be applied for precision aspherical glass optical components fabrication [1]. The glass molding process is a hot forming method in which a heated glass gob or blank is pressed by optically polished molds to create the finished lens shape. The molded glass lens is maintained at the molding temperature for a fixed amount of time after molding so that the stresses induced by compression can be released by relaxation, and the finished lens was then cooled (or annealed) thereafter. As compared to a conventional glass fabrication technique (i.e., grinding, polishing, and lapping), glass molding is an environmentally conscious process since it eliminates the use of polishing and grinding fluids required in the conventional method. It is also a near net-shape process. 0003-6935/08/101662-06$15.00/0 © 2008 Optical Society of America 1662
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However, there are still quite a few technical challenges involved in the new process ranging from thermal expansion of the molds, mold life, and residual stresses to the refractive index variation induced into the molded glass lenses during the process. In recent years, finite element methods (FEMs) have been utilized to study the stresses inside glass components under different molding conditions and other problems (such as a lens shape change) [2]. According to prior knowledge, compression molding of glass materials at glass transition temperature (T g ) involves viscoelastic effects and structural relaxation, which will affect material properties of the molded glass article [3]. The glass viscoelastic properties in the T g region and the stress and structural relaxation in the cooling stage were included to establish a reliable numerical model to simulate the glass forming process. A commercial FEM program MARC (www.mscsoftware.com) was used to predict stresses, and a good agreement between the simulation and the experimental results was obtained [4]. A numerical model based on the Narayanaswamy mod-



el [5] was developed to simulate the glass molding process [6]. The program was further developed to study residual stresses induced into the molded glass lenses [7]. A good agreement between the simulated residual stresses and the experiment results was also obtained. The refractive index of glass lenses is one of the properties that will be affected by compression molding operations, largely during cooling. The refractive index is a very important property for proper optical performance by the molded glass lenses. Refractive index variations in a molded glass lens will induce distortion to the wavefront passing through the lens. Different methods have been presented to measure the refractive index directly. For example, the systems based on interferometers were developed to measure the refractive index or the change of it [8–12]. Although the interferometric methods are precise, they are relatively complex, expensive, and require a wellcontrolled environment. In this paper, a system based on a Shack–Hartmann wavefront sensor [13,14], which has several advantages over interferometers [15,16], was employed to measure the distorted wavefront. The variations of the refractive index were evaluated from the measured wavefront information. Here our focus is to study the refractive index variations inside glass lenses caused by cooling. To simplify the experimental setup, glass lenses were heated to a predetermined temperature and cooled down under different cooling rates without a compression operation. The refractive index variations of the thermally treated glass were evaluated by measuring the wavefront variations with a Shack– Hartmann wavefront sensor. Three different cooling rates obtained in the thermal treatment experiments were also used in the FEM simulations [7]. The refractive index variations were calculated using a numerical simulation, and results were comparable to the measurements. 2. Numerical Simulation of Glass Cooling Process A. Refractive Index Variation During Cooling



The refractive index change in this paper is defined as the difference between the refractive index at a point of glass before and after thermal treatment. It is generally accepted that the relationship between the density and the refractive index of glass can be described by the following equation [17]: dn ðn2 − 1Þð4π þ bn2 − bÞ ¼ ; dρ 8πnρ



Δn ðn2 − 1Þð4π þ bn2 − bÞ ¼ ; Δρ 8πnρ



ð2Þ



where Δn is the refractive index change and Δρ is the density change of a finite element after cooling. Due to the simplicity of the glass lens geometry, a two-dimensional (2D) axisymmetrical model was used for simulation. Figure 1 shows the meshed geometry of a glass lens. The refractive index change of a finite element can be calculated by the following equation: Δni;j ¼ −



ΔV i;j ðn2 − 1Þð4π þ bn2 − bÞ ; ð3Þ × ðV i;j þ ΔV i;j Þ 8πn



where V i;j is the initial volume of the element and ΔV i;j is the volume change of the element due to cooling. The refractive index changes along the radial direction of the glass lens were calculated by averaging the refractive index changes of the finite elements along the same axial lines, or Δni ¼



X N



 Δni;j =N:



j¼1



The refractive index variation in this paper is defined as the refractive index differences among different points in a glass lens. The refractive index at the center of the glass was used as a reference to calculate the refractive index variation Δnv along the radial direction as in Δnv;i ¼ Δni − Δn1 : B.



ð4Þ



Finite Element Simulation by MSC/MARC



As described earlier, 2D axisymmetric simulation of the glass cooling process was performed using a commercial FEM code MSC/MARC. MSC/MARC is a general purpose FEM software package that is particularly suitable for highly nonlinear viscoelastic analysis. The lower mold was a 2 mm thick glassy



ð1Þ



where n is the initial refractive index, ρ is the initial density of the glass material, and b is an empirical value whose value can be either positive or negative. The value of b for BK7 glass is −0:4 according to Ritland’s calculation [17] with the Joos data [18]. Alternatively in the FEM calculation, the equation can be expressed as



Fig. 1. Meshed numerical simulation model. 1 April 2008 / Vol. 47, No. 10 / APPLIED OPTICS



1663



carbon wafer that was simplified as rigid bodies in this simulation. The original glass lens blank was a 25 mm diameter and 10 mm thick double sided polished cylinder, which was defined as the deformable part. A four-node isoparametric quadrilateral element was used to mesh the glass sample into 8000 elements as shown in Fig 1. The simulation includes two major steps: (1) the glass lens blank and mold flat were heated to a temperature above the transition temperature, and (2) the heated glass lens was cooled to room temperature under one of the three predetermined cooling rates. The important material properties of BK7 glass were summarized in Tables 1 and 2 [19], respectively. The thermal boundary conditions were obtained from the temperature data in the experiments. Three different cooling rates were used to study its influence on the samples (q1 ¼ 1:60 °C=s, q2 ¼ 0:60 °C=s, and q3 ¼ 0:225 °C=s). 3. Experiments A. Glass Molding Process



The experiments were performed on a Toshiba GMP 211 V machine [20–22] at the Fraunhofer Institute for Production Technology in Aachen, Germany. Since the main goal of this paper is to study the refractive index variations inside glass lenses cooled with different cooling rates, the glass lens blanks were simply heated to a predefined temperature and cooled down with different cooling rates. The compression operation for glass molding was eliminated to simplify the problem. The BK7 glass blank used in this experiment was placed manually on the lower mold. The thermal histories of the experiments are shown in Fig. 2. Specifically, the experiments were conducted as described below. 1. The experiment began with placing a glass lens blank at the lower mold, then the entire mold assembly system with the glass lens was heated to the molding temperature of 680 °C at a heating rate of 3:0 °C=s. The heating rate was the same for all three experiments with different cooling rates. 2. The temperature was maintained at 680 °C for 400 s for all three cooling rate tests. 3. Cooling of the glass lens was performed at three different cooling rates, i.e., q1 ¼ 1:60 °C=s, Table 1.



Structural Relaxation Parameters Used in Numerical Simulation



Material Properties



Value



Reference temperature, T [°C] Activation energy/gas constant, ΔH=R [°C] Fraction parameter, x Weighing factor, wg Structural relaxation time, τv [s] (at 685 °C) Stress relaxation time, τs [s] at 685 °C



685 47,750 0.45 1 0.019 0.0018



q2 ¼ 0:60 °C=s, and q3 ¼ 0:225 °C=s (the cooling rates were the nominal settings on the molding machine). 4. Once the temperature of the mold and part assembly was lowered to ∼200 °C, the glass lens was cooled to room temperature by natural cooling. At the end of the cooling test, the glass lens was removed from the molding machine manually. During the experiments, the air that remained in the gap between the glassy carbon mold and the BK7 glass disk was removed by applying vacuum at the beginning of each cycle. Oxygen residual was removed by a nitrogen purge to protect the glass lens and glassy carbon molds from oxidation at the high temperature. Nitrogen was also used to maintain the constant cooling rates. The lower mold maintained contact with the glass lenses during the entire cooling stage. B.



Refractive Index Variation Measurement



The wavefront variations were measured by using a Shack–Hartmann sensor (SHS) [20]. In this setup, the wavefront image was collected by an array of lenslets. Each lenslet focused a small part of the wavefront onto the charge-coupled device (CCD), which was placed on the focal plane of the lenslets. The displacements of the spots were proportional to the wavefront slopes across the aperture of the lenslets, and the wavefront was reconstructed by using the wavefront slopes. Figure 3 shows the schematic of the measuring system using the SHS. The original wavefront was a plane wave (variation < λ=20, where λ¼632:8 nm). The output wavefront was distorted due to the refractive index variation of the specimen. The specimen was immersed into a box filled with an optical index matching liquid (BK7 matching fluid, www.cargille .com) to eliminate the surface effects and the thickness variation effects. The lenslets array of the



Mechanical and Thermal Properties of BK7 Glass



Material Properties



Value



Elastic modulus, E [Mpa] Poisson’s ratio, v Density, ρ [kg=m3 ] Thermal conductivity, kc [W=m °C] Specific heat, Cp [J=kg °C] Transition temperature, T g [°C] Solid coefficient of thermal expansion, αg [=°C] Liquid coefficient of thermal expansion, αl [=°C] Viscosity, η [MPa s] (at 685 °C)



82,500 0.206 2,510 1.1 858 557 5:6 × 10−6 1:68 × 10−5 60
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Table 2.
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Fig. 2. Temperature history of three different cooling rates.



Fig. 3. Schematic of the measuring system. 1, He–Ne laser; 2, filter; 3, polarizer; 4, beam expander; 5, specimen in matching liquid; 6. lens 1; 7, lens 2; 8, SHS.



SHS was placed in a plane that is a conjugate to the output wavefront from the specimen. The system magnification M is equal to −f 2 =f 1 . The optical path distribution through the thermally treated glass lens is defined by Lðx; yÞ ¼ nðx; yÞtðx; yÞ;



ð5Þ



where nðx; yÞ is the refractive index distribution of the sample. Since the glass lenses are flat plates in this paper, the thickness of the specimen tðx; yÞ ¼ t. Assume the refractive index of the center of the glass lenses is nc, then the reference optical path Lr is defined by Lr ¼ nc t:



ð6Þ



The wavefront variation is the optical path difference that can be defined by ΔLv ðx; yÞ ¼ Lðx; yÞ − Lr ¼ nðx; yÞt − nc t:



ð7Þ



The wavefront variation ΔLv ðx; yÞ could be reconstructed by using the SHS to measure the position of spots. So when the ΔLv ðx; yÞ, and thickness t of the specimen are known, the refractive index variation Δnv ðx; yÞ can be calculated from the following equation: Δnv ðx; yÞ ¼ nðx; yÞ − nc ¼ ΔLv ðx; yÞ=t:



ð8Þ



4. Results and Discussion



Figure 4 shows the reconstructed wavefront variation at a cooling rate of 0:225 °C=s. The wavefront variations of glass lenses at three different cooling conditions were measured and reconstructed. The wavefront variation of a glass lens blank, which represented an initial index distribution, was also measured and reconstructed. The reconstructed wave-



Fig. 4. (Color online) Reconstructed wavefront variation using the SHS.



front variation values along circles with different radii were averaged to obtain the average wavefront variation along the radial direction of the glass lens. The refractive index variations can also be calculated by Eq. (4). Figure 5 shows the refractive index variations of the glass lenses treated with three different cooling rates and an untreated glass lens blank. The influence of the cooling rates on the index variation is clearly illustrated in Fig. 5. The glass lens blank also has a refractive index variation, but it is much smaller than the refractive index variations caused by cooling operations as shown in Fig. 5. As shown in Fig. 5, the refractive index variations of the thermally treated glass lenses are much higher than that of the glass lens blanks. This indicates that the refractive indices at different positions of the thermally treated glass lenses are no longer the same. The refractive index variations affect the performance of the glass lenses. So when designing a precision optical system with lenses made by compression molding, the group index or a shift of the group index alone is not adequate unless the cooling rate is slower than a critical value [7] or the lens is relatively thin. Figure 6 shows the predicted refractive index variation along the radial direction using the structural relaxation model for three different cooling rates by an FEM simulation. The effect of the cooling rate on the refractive index variation is clearly illustrated. Figure. 7 shows the comparison between the refractive index variation curves of the FEM simulation and the experimental measurement at a cooling rate of q2 ¼0:60 °C=s. The refractive index variation curve, which was predicted by the FEM simulation, does not appear to agree completely with the values measured by the SHS system. However the FEM simulation results clearly demonstrate the refractive index variation inside the glass lens. The predicted results match the measurement results better toward the edge of the glass lens. This discrepancy (between simulation and measurements) in the middle region of the glass lens is believed to have been caused mainly by idealization of the cooling process in the FEM simulation. From both the experimentally measured results and the FEM simulation predicted shown in Figs. 5



Fig. 5. Measured refractive index variations along the radial direction for three different cooling rates and an untreated glass lens (blank). 1 April 2008 / Vol. 47, No. 10 / APPLIED OPTICS
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Fig. 6. Predicted index variations along the radial direction for three different cooling rates.



and 6, the cooling operation indeed introduced refractive index variations into the thermally treated glass lenses. Moreover, different cooling rates will result in different refractive index variations. The refractive index variation increases when the cooling rate is increased. Finally the numerical simulation using the FEM program confirmed that a variation of the refractive index inside glass lenses depends on the cooling rate. 5. Conclusions



Refractive index variation induced into the precision optical glass components made by compression molding was investigated by experiments and an FEM simulation method. The experiments with the same cooling rates used in the simulation were performed on a Toshiba GMP 211 V machine. The thermally treated glass lenses were measured to reconstruct a refractive index variation by using a metrology system based on the SHS. Some of the key contributions of this work are summarized below. 1. FEM simulation can be used to predict the refractive index variation of thermally treated glass lenses. A comparison between the numerical simulation and experimental results has been demonstrated. The results showed good agreement between the experimental results and the numerical simulation for refractive index variations in the center and in the region toward the edge of the glass lenses.



Fig. 7. Comparison of refractive index variation curves at a cooling rate of q2 ¼0:60 °C=s 1666
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2. Both numerical simulation and experimental results confirmed that a faster cooling rate would result in a higher refractive index variation if all other conditions were kept the same. 3. The experimental results showed that the refractive index variations induced into the glass lenses by a cooling operation were much higher than that of an untreated glass lens blank. The index variations are too large to ignore. A group refractive index may no longer be used to design a precision optical system with optical components that are made by a compression molding process at a high cooling rate. 4. Future work would include investigating the critical cooling rate for a glass material and a more precise simulation method with more information in heat transfer between the lens and the mold to predict the refractive index variation. It may also be desirable to determine a critical cooling rate, below which the induced refractive index variation can be negligible. This material is partially based on work supported by the National Science Foundation under grant CMMI 0547311. Any opinions, findings, and conclusions or recommendations expressed in this material are those of the authors and do not necessarily reflect the views of the National Science Foundation. The glass molding experiments were conducted at the Fraunhofer Institute for Production Technology (IPT) in Aachen, Germany. F. Klocke and G. Pongs acknowledge the support of the Transregionaler Sonderforschungsbereich 4 (SFB/TR4) project from Deutsche Forschungsgemeinschaft (DFG). Y. Chen and A. Y. Yi also acknowledge the financial support for travel to IPT from the National Science Foundation’s International Research and Education in Engineering (IREE) program under the same grant CMMI 0547311. The authors thank Thomas Raasch’s help in setting up the SHS measuring system. References 1. R. O. Maschmeyer, C. A. Andrysick, T. W. Geyer, H. E. Meissner, C. J. Parker, and L. M. Sanford, “Precision molded glass optics,” Appl. Opt. 22, 2410–2412 (1983). 2. H. Loch and D. Krause, Mathematical Simulation in Glass Technology (Springer, 2002). 3. G. W. Scherer, Relaxation in Glass and Composites (Wiley, 1986). 4. T. F. Soules, R. F. Busbey, S. M. Berkhson, and A. Markovsky, “Finite element calculation of stresses in glass parts undergoing viscous relaxation,” J. Am. Ceram. Soc. 70, 90–95 (1987). 5. O. S. Narayanaswamy, “A model of structural relaxation in glass,” J. Am. Ceram. Soc. 54, 491–498 (1971). 6. A. Jain and A. Y. Yi, “Numerical modeling of viscoelastic stress relaxation during glass lens forming process,” J. Am. Ceram. Soc. 88, 530–535 (2005). 7. Y. Chen, L. Su, and A. Y. Yi, “Numerical simulation and experiment study of residual stresses in compression molding of precision glass optical components,” J. Manuf. Sci. Eng. (to be published). 8. T. Dennis, E. M. Gill, and S. L. Gilbert, “Interferometric measurement of refractive-index change in photosensitive glass,” Appl. Opt. 40, 1663–1667 (2001).
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