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Numerical Simulation and Experimental Study of Residual Stresses in Compression Molding of Precision Glass Optical Components Compression molding of glass optical components is a high volume near net-shape precision fabrication method. Residual stresses incurred during postmolding cooling are an important quality indicator for these components. In this research, residual stresses frozen inside molded glass lenses under different cooling conditions were investigated using both experimental approach and numerical simulation with a commercial finite element method program. In addition, optical birefringence method was also employed to verify the residual stress distribution in molded glass lenses. Specifically, optical retardations caused by the residual stresses in the glass lenses that were molded with different cooling rates were measured using a plane polariscope. The measured residual stresses of the molded glass lenses were compared with numerical simulation as a validation of the modeling approach. Furthermore, a methodology for optimizing annealing process was proposed using the residual stress simulation results. 关DOI: 10.1115/1.2950062兴 Keywords: glass forming, residual stress, cooling rate, annealing, refractive index, birefringence
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Introduction



Compression molding of precision glass lenses 共glass molding thereafter兲 is an emerging technique that can be adopted for high volume precision glass optical element fabrication 关1兴. 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. Controlled cooling 共or annealing if done over a long period兲 of the molded glass component is carried out immediately after pressing to maintain a short production cycle while keeping the stress and thermal shrinkage level below a required value after molding. As compared to conventional glass fabrication technique 共i.e., grinding, polishing, and lapping兲, glass molding is an environmentally conscience process since it is a near net-shape process and the use of polishing and grinding fluids needed for conventional method is also eliminated. Furthermore, glass molding is a one-step fabrication process as compared with the more complicated traditional method, as shown in Fig. 1. Although glass molding is a promising new optical manufacturing process, there are still quite a few technical challenges involved in the process, which include thermal expansion of the molds, mold life, lens curve shift, and residual stresses inside of the molded lenses. These difficulties must be overcome before the process can be readily implemented in industry. On a different front, with the progresses made in numerical simulation capabilities and computing technology in recent years, finite element methods 共FEMs兲 have been utilized extensively in fabrication process analysis and optimization. Based on prior knowledge, glass molding at glass transition temperature 共Tg兲 involves viscoelastic effects and structural relaxation; therefore, modeling of the material behavior around Tg can be quite complicated 关2,3兴. A reliable and accurate numerical model of the glass 1 Corresponding author. Manuscript received March 23, 2007; final manuscript received November 8, 2007; published online August 29, 2008. Review conducted by Jian Cao.



forming process should include the glass viscoelastic properties in the Tg region and the stress and structural relaxation in the cooling stage. To this end, FEMs can be a good alternative for solving glass molding problem 关4兴. For example, recently, Soules et al. 关5兴 used a commercial FEM program MARC to study the stresses inside glass components under different molding conditions. A good agreement between the predicted stresses and the experimental results was obtained. Residual stresses are important criteria for evaluating molded glass optical components 关6,7兴. Residual stresses inside glass lenses can cause refractive index variation, unwanted light path deviation, as well as intensity change that can result in image quality deterioration. Different methods have been tested to measure residual stress distribution inside a glass workpiece 关7–9兴. Shepard et al. developed a method for internal residual stress measurement by measuring Rayleigh-scattered light propagating through a glass sample at an oblique angle from a properly polarized laser beam 关8兴. Brodland and Dolovich devised a method that uses curved ray effects to study the stress profile in glass 关9兴. In their setup, a laser beam enters and exits on the same side of the glass sample so that internal residual stresses can be calculated from the measurements. Compared to these techniques, photoelasticity 共birefringence兲 based method for residual stress analysis in glass or polymer components is a more popular tool to study the cooling process for glass molding mainly due to its simplicity and accuracy. Historically, birefringence has been widely used for characterizing molecular orientation in amorphous and semicrystalline materials. It can also provide detailed information of residual stress distribution in glass articles 关7兴. Studies have been conducted to evaluate changes in stress or other material properties by using fictive temperature and cooling rate in glass molding process when temperature moves across the glass transition region 关10,11兴. In this research, a numerical simulation method was developed to model both the molding and the cooling process. The residual stresses calculated using a FEM program were further employed to numerically calculate the bire-
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Fig. 1 Conventional abrasive based glass optical lens manufacturing process



fringence inside the glass lens. These conditions were also used in experiments designed to study the BK7 glass lenses. The optical characteristics of the molded glass lenses were studied using a plane polariscope to evaluate the effect of the residual stresses. The simulation and experiment results showed a good agreement. Finally, a critical cooling rate suitable for the annealing process of molding glass optics was predicted based on simulation results. It is also demonstrated in this research that the parameter of annealing can be optimized using numerical simulation approach. It is shown through this study that numerical simulation plays an important role in glass molding research. Specifically, it enhances our understanding of the cooling process and also provides a methodology for optical manufacturers to identify and optimize their process capabilities at a minimal cost.



2



Numerical Simulation of Glass Molding Process



2.1 Glass Molding Theory. In glass molding process, samples are heated to temperatures slightly above the transition temperature 共Tg兲 where viscosity of glass would decrease to a value between 107.6 P and 109.0 P 共or ⬃4 – 100 MPa s兲 关12兴. At these temperatures, the viscosity of glass becomes so extremely low that the stress relaxation times decrease to a few milliseconds or even shorter. These stress relaxation times are much shorter as compared to the holding time. Therefore, the stresses introduced from pressing are negligible. The BK7 glass material used in this research is modeled as a Newtonian fluid and the material behavior can be described by the following using the three-dimensional 共3D兲 Newtonian constitutive law where stress ij is a function of strain rate ˙ and viscosity :



ij = 2共T兲˙ ij



共1兲



During cooling, glass material undergoes structural relaxation due to temperature drop. 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. Again during cooling, a response function M 共t兲 can be used to describe the change of a glass property in the transition region due to temperature drop 关5兴: M 共t兲 =



p共t兲 − p2共⬁兲 p2共0兲 − p2共⬁兲



共2兲



This response function represents the fraction of the property change that has yet occurred. The subscripts 0 and ⬁ 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:



冋 冉 冊册



M 共t兲 = exp −



t 



b



共3兲



where v 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 application, the experimental formula shown as follows is also used to fit the experimental data: 051012-2 / Vol. 130, OCTOBER 2008
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where 共wg兲i are called weighting factors and vI are the associated structural relaxation times. The structural relaxation times are strongly temperature dependent and can be calculated using the Narayanaswamy model 关13兴 expressed as follows for a given temperature:



 = 



ref



冉 冋



exp −



H 1 x 共1 − x兲 − − R Tref T Tf



册冊



共5兲



where vref is structural relaxation time at reference temperature Tref, which is known. H is an activation energy and R is ideal gas constant. T f is fictive temperature. Once the fictive temperature T f is derived from Eq. 共5兲, the property of glass at a given time can be calculated using the following equation 关13兴:



冉 冊



1 dp共t兲 dT f = ␣g共T兲 + 关␣l共T f 兲 − ␣g共T f 兲兴 p共0兲 dp dT



共6兲



where ␣l and ␣g are thermal expansion coefficients of liquid and solid glass materials, respectively. In this research, if the property of the glass materials, can be presented by the specific volume V共t兲, the linear thermal strain th is given by the following during cooling stage in the FEM model: th =



1 ⌬V 3 V共0兲



共7兲



where ⌬V is the specific volume change due to temperature change in glass transition, which can be calculated by using Eq. 共6兲. Using Eqs. 共1兲–共7兲, the residual stresses frozen inside the glass samples due to structural relaxation can be calculated. 2.2 Finite Element Simulation by MSC/MARC. In this research, molding of cylindrical BK7 glass 共Tg = 557° C兲 lenses with both sides optical polished plano blanks were investigated using experimental and numerical simulation approaches. Due to the simplicity of the glass lens geometry, a two-dimensional 共2D兲 axisymmetric simulation of the glass molding process was performed using a commercial FEM code MSC/MARC. MSC/MARC is a general purpose FEM software package but particularly suitable for highly nonlinear viscoelastic analysis. The upper and lower molds were 2 mm thick glassy carbon wafers that were simplified as rigid bodies in this simulation. The original glass lens blank was a 20 mm diameter and 10 mm thick double side polished cylinder, which was defined as the deformable part. A four-node isoparametric quadrilateral element was used to mesh the glass sample into 2500 elements. The gravity in the model points in the +x direction. The numerical simulation included three major steps: 共1兲 the glass lens blank and mold flats were heated to the forming temperature, 共2兲 the glass lens blank was pressed into a prespecified thickness by closing the mold flats, and 共3兲 the molded glass lens was cooled to room temperature under one of the three predetermined cooling rates. Figure 2 shows the meshed geometry of a glass lens before and Transactions of the ASME
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Fig. 3 Transfer of the simulated stresses to principal stresses for molded glass lenses



a previous research 关15兴. Three different cooling rates were selected to study their influence on the molded samples.



Fig. 2 Meshed numerical simulation model in glass molding. „a… The meshed model before molding process. „b… The modeled deformable result.



after Step 2. The glass material was modeled as a Newtonian fluid using the relationship between the stress and strain rate in Eq. 共1兲 to describe the glass behavior during pressing. During cooling, glass material was modeled as a viscoelastic material undergoing structural relaxation using the Narayanaswamy model. The parameters used for modeling are summarized in Tables 1 and 2, respectively 关14,15兴. The stress relaxation time 共s兲 at reference temperature 共685° C for BK7兲 can be calculated by



s =







共8兲



G



where G is the shear modulus of the glass material. The structural relaxation time 共v兲 at the reference temperature were calculated from stress relaxation time using the formula v / s = 10.6 for a similar glass 关2兴. The displacement and thermal boundary conditions were obtained from the temperature and position records in the experiments. A simplified shear friction model was used to model glassmold interface and a friction coefficient of 0.5 was used based on



Table 1 Mechanical and thermal properties of BK7 glass †15‡ Elastic modulus, E 共MPa兲 Poisson’s ratio,  Density,  共kg/ m3兲 Thermal conductivity, kc 共W/m°C兲 Specific heat, C p 共J/kg °C兲 Transition temperature, Tg 共°C兲 Solid coefficient of thermal expansion, ␣g 共/°C兲 Liquid coefficient of thermal expansion, ␣l 共/°C兲 Viscosity,  共MPa s兲 共at 685° C兲



82500 0.206 2510 1.1 858 557 5.6⫻ 10−6 1.68⫻ 10−5 60



Table 2 Structural relaxation parameters used in numerical simulation †15‡ Reference temperature, T 共°C兲 Activation energy/gas constant, ⌬H / R 共°C兲 Fraction parameter, xa Weighing factor, wg Structural relaxation time,  共s兲 共at 685° C兲 Stress relaxation time, s 共s兲 at 685° C a



685 47750 0.45 1 0.019 0.0018



Reference 关15兴.
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2.3 Photoelasticity Study in Compression Molding of Optical Glass. The study of residual stresses using birefringence is based on the photoelastic effect introduced by the test material when impinged with a polarized light beam. A stress free glass is amorphous 共isotropic兲 without a long-range order, i.e., the refractive index of a glass without stresses does not change with an incident angle. However, when a glass component is under stresses, for example, a molded lens after cooling will exhibit nonisotropic properties, this phenomenon can be utilized to reveal the status of the residual stresses inside a glass sample 关6,7兴. The optical properties of a transparent material can be represented by a refractive index ellipsoid. If the principal refractive indices of a glass sample coincide with the principal stresses at a point in the sample, the following equations can be used to describe the relationship between the principal indices and the principal stresses, where coefficient C is a material property called the stress-optic constant, ni are the refractive indices along the principal axis, and i are the principal stresses 关6兴. n1 − n2 = C共1 − 2兲



共9a兲



n1 − n3 = C共1 − 3兲



共9b兲



n2 − n3 = C共2 − 3兲



共9c兲



The FEM simulation results have shown that all three normal stresses 共x , y , z兲 and two shear stresses 共xy and yx兲 exist inside the glass lens after cooling was completed. As shown in Fig. 3, the calculated stresses from FEM simulation must be converted to principal stresses to apply the photoelasticity equations 共9a兲–共9c兲. The simulated principal stresses inside a glass lens can be determined using the following equations 关16兴: 2 1 = 21 共x + y − 冑2x + 2y − 2xy + 4xy 兲



共10a兲



2 2 = 21 共x + y + 冑2x + 2y − 2xy + 4xy 兲



共10b兲



3 = z



共10c兲



tan 2 =



xy 共x − y兲/2



共10d兲



where  is the inclination angle between the incident light beam and the principal stress 1 when the incident polarized light was parallel to x direction as in Fig. 3. When observed using a plane polariscope, the optical retardation ␦ of a glass lens due to stresses can be calculated using the following modified Wertheim law 关16兴: ny − n3 = 共n2 − n3兲 + 共n1 − n2兲sin2 



共11a兲



ny − n3 = C共1 sin2  + 2 cos2  − 3兲



共11b兲



␦ = 共ny − n3兲d = C共1 sin2  + 2 cos2  − 3兲d



共11c兲
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Fig. 4 Photoelastic model in a modified dark-field plane polariscope



The principles of a plane polarimeter are schematically illustrated in Fig. 4. 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 共which can be displayed on a screen or viewed directly兲 behind the analyzer can be described using the following equation 关6兴: I = I0 sin2 2 sin2



⌬ 2



共12兲



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



␦



⌬ = 2 



3



共13兲



Experiment



3.1 Glass Molding Process. The glass molding experiments were performed on a Toshiba GMP 211 V machine at Fraunhofer Institute for Production Technology in Germany. The detailed descriptions of the machine and glass molding process can be found elsewhere 关14,17,18兴. Since the focus of this paper is to study the residual stresses inside a glass lens molded with different cooling rates, only the experiment a conditions directly related to the glass lens molding are reported here. The glass molding process setup is graphically shown in Fig. 5. Two glassy carbon wafer disks 共2 mm thick, 50.8 mm diameter, manufactured by HTW Hochtemperatur-Werkstoffe GmbH, Germany兲 were used as the mold flats. One side of the glassy carbon wafers was optically polished and used as a lens mold surface. The shaded component in the figure is the BK7 glass lens. The



Fig. 6 Time-temperature history of three different glass molding experiments



important material properties of BK7 glass are summarized in Tables 1 and 2. The schematic in Fig. 5 illustrates the four major steps of the molding process. The BK7 glass blank used in this experiment was placed manually on the lower mold. No residual stresses are presented inside the BK7 samples prior to performing the molding experiments, which were easily confirmed using a polariscope. The following glass molding conditions were selected based on previous experience in combination with the limitations of the machine design. For example, the fastest cooling rate available for testing was the maximum amount allowed on the GMP-211, i.e., the nitrogen flow was set at the maximum rate. 共1兲 The process began with moving the lower mold to the heating position 共2 – 3 mm from making contact兲, then the entire mold assembly system with the glass disk was heated to the molding temperature of 685° C at a rate of 3.8° C / s. 共2兲 Molding was performed at 685° C when the lower mold was pushed upward at a velocity of 0.5 mm/ min. The molding force was kept constant at 1 kN after pressing was completed for 1 min to ensure a complete contact between glassy carbon mold flats and the glass sample while a temperature of 685° C was maintained. At the end of the forming stage, stresses due to pressing were completely relaxed. 共3兲 Cooling of the glass lens was performed at three different cooling rates, i.e., 1.24° C / s, 0.43° C / s, and 0.13° C / s, as shown in Fig. 6. A 500 N load was applied from the start of cooling to maintain a contact between the glass disk and the glassy carbon mold flats. For the slowest cooling rate test, in order to save time, the cooling rate was adjusted to a higher level after initial cooling. This adjustment did not alter the stress distribution inside the glass lens, as explained later using numerical simulation results. 共4兲 Once the mold and part temperature were reduced to approximately 200° C, the molding load was removed and the glass lens was released and cooled to room temperature by natural cooling. After cooling was completed, the glass lens was removed from the molding machine manually. During the course of the experiments, vacuum was applied at the beginning of each cycle to remove air remained in the gap between glassy carbon mold and BK7 glass disk, followed by nitrogen purge to remove oxygen residual. Nitrogen was also used in combination with the temperature control to maintain the constant cooling rates during cooling to protect glass lens and glassy carbon molds from oxidation at high temperature. The position of the lower mold was precisely controlled in real time through position feedback elements.



Fig. 5 Schematic illustration of glass compression molding process
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3.2 Residual Stress Measurement. In this experiment, the birefringence was measured using a PS-100-SF plane polarimeter 共Strainoptics Inc., North Wales, PA兲. The principles of the polarimeter were already explained previously in Fig. 4. On the PS100-SF polarimeter, the analyzer can be rotated around the central axis to adjust the fringe color of the point of interest. For the molded glass lenses, the directions of the two principal stresses at Transactions of the ASME
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Fig. 7 The images of three molded glass disks observed under a polariscope: „a… cooling rate= 1.24° C / s, „b… cooling rate = 0.43° C / s, and „c… cooling rate= 0.13° C / s



the edge are always either parallel or perpendicular to the edge direction due to axisymmetricity. To measure the residual stresses, the glass lens was first placed in the optical system as shown in Fig. 4 and rotated around the central axis until the point of interest was in the brightest region. The analyzer was then rotated to a position when the dark fringe appeared at the point of interest on the sample. The dark fringe appeared when the quarter wave plate introduced an equal amount of retardation at the point of interest on the sample. The reading off the marks on the quarter wave plate provides quantitative information of the optical retardation of that point. Figure 7 plotted the images of molded lenses observed using the polarimeter. The birefringence of a thin slice removed using a thin diamond saw from the molded glass lens as shown in Fig. 8 was also measured using the same polarimeter. The layer removal is a proven method in measuring residual stresses inside molded parts 关19兴. After the thin layer was removed from the sample, the residual stresses were kept in the same distributions as when the slice was in the original sample. Figure 9 shows the birefringence image of the thinly sliced sample under the plane polariscope at two different rotational angles of the glass lens molded with a cooling rate of 1.24° C / s 共top view for  = 0 deg and bottom view for  = 45 deg兲.



4



Results and Discussion



4.1 FEM Numerical Simulation and Experimental Results. Figure 10 shows the predicted volume versus temperature curves using the structural relaxation model for three different cooling rates by FEM simulation. The influence of cooling rate on residual stress can be easily modeled based on the fictive temperature shift suggested by the Narayanaswamy model and the effect of the cooling rate on volume is clearly illustrated in Fig. 10. Figure 11 shows the simulated residual stress distribution of the molded glass lens at cooling rate of 1.24° C / s if viewed in the



Fig. 8 Sliced method for birefringence measurement



Fig. 9 Birefringence images of the sliced sample at different angles „top half  = 0 deg and bottom half  = 45 deg…
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Fig. 10 Predicted volume versus temperature curves by structural relaxation model for three different cooling rates



direction normal to the cross section. The stress distribution was due to the temperature gradient in glass lens when glass was going through the transition region during cooling. These thermal stresses were eventually frozen in the glass lens when the glass solidified due to temperature drop. Based on the stress distribution map, in the central region of the glass lens, yy and zz were dominant stress components. However, at the edge of the lens, stresses xx and xy were much higher. The stress distributions corresponding to this simulation were measured using a polarimeter and will be discussed in Sec. 4.2. Figure 12 shows the simulated variation of the stress component yy during cooling from molding temperature to room temperature at the center of the molded glass lens 共Node 26 as shown in Fig. 2兲. Residual stresses for two different cooling rates 共q1 = 1.24° C / s and q2 = 0.43° C / s兲 were compared. Higher residual stress was introduced by a faster cooling rate because of a greater thermal gradient inside the glass lens. The residual stresses in molded glass lenses incurred when the glass material goes through the transition region during cooling are a characteristic phenomenon of glass materials. The analysis of residual stresses after cooling has indicated that in order to precisely model the lens formation, the structural relaxation model is needed to predict the correct residual stresses’ distribution. 4.2 Photoelastic Simulation and Measurement Results. To calculate the optical retardation resulted by the residual stresses throughout the entire thickness of the glass lens 共in the x direction兲, retardation of each individual thin layer was calculated and then integrated over the thickness direction. Figure 13共a兲 shows the intensity distribution using numerical simulation method with a monochromatic light of 565 nm wavelength. The dark area on the plate where the directions of the principal stresses are parallel to the axes of the polaroid is the isoclinics. The intensity change along the radius is caused by the relative optical retardation, known as isochromatics. Pseudocolors were used to show light intensity. Figure 13共b兲 shows the normalized intensity simulated using MSC/MARC along the direction of rotational angle  = 45 deg in the molded glass lenses fabricated under three different cooling rates. Figure 13共c兲 plots the measured light intensity of these three lenses. The intensity distribution can be used to estimate the relative retardation and the residual stress distribution. The results from numerical simulation and experiments show a very good agreement at cooling rate of 1.24° C / s. At lower cooling rates, the predictions became less accurate. This is believed to be due to the fact that while stresses from structural relaxation diminished as predicted by Narayanaswamy’s model, other parameters, such as friction, molding load, and molding temperature, began to contribute more to the residual stresses. The variations in these parameters can result in larger measurement errors for slower cooling, as seen in Figs. 13共c兲 and 15 later. Using the thin layer removal method, a complex 3D problem can be transformed to a simpler 2D problem. The thin layer removal method allows the residual stresses to remain frozen in the OCTOBER 2008, Vol. 130 / 051012-5
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Fig. 11 Simulated residual stress distribution in a molded glass disk using the structural relaxation model, cooling rate q = 1.24° C / s: „a… stress component xx, „b… stress component yy, and „c… stress component xy, and „d… stress component zz



sliced glass piece. The influence of stress component zz can then be removed. Since the stress component xx is negligible as compared with stress component yy, stress component yy can be directly measured in the case of 0 deg rotational angle. In Fig. 14共a兲, the profile of the intensity distribution represents the residual stress component yy. For rotational angle of 45 deg, simulated stress component xy is plotted in Fig. 14共b兲. Figure 15 plots both the measured and the simulated fringe numbers at the points of interest 共B, C, and D in Fig. 8兲, which can be used to calculate the relative optical retardation and residual stresses. The relative optical retardation is calculated using 关20兴



␦ = N



共14兲



where N is fractional fringe number and  is the wavelength of the light used. Once the optical retardation was calculated, the re-



Fig. 12 Simulated variation of stress component yy during glass disk cooling from molding to room temperature at two locations „central center Node 26 and central surface Node 1… on three different cooling rates
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sidual stress component yy of the sliced glass piece can be estimated as



yy =



␦ t mC



共15兲



where tm is the slice thickness, and C is again the stress-optic constant. For BK7, the C value is estimated as 3 ⫻ 10−6 MPa−1 as in Ref. 关20兴. 4.3 Annealing. Both numerical simulation and experiments have shown that residual stresses exist in molded glass lenses after cooling. To maintain the residual stresses at or below the level required for proper optical performance, postmolding annealing may become necessary. Annealing is interpreted in this study as a very slow cooling process 共for example, many hours to complete a cycle兲. To find a critical cooling rate under which the required residual stresses’ level can be obtained, different annealing rates were tested using the MSC/MARC FEM package. The maximum residual stresses 共as evaluated by von Mises stress兲 in the molded glass lenses under these different annealing rates were shown in Fig. 16共a兲. This curve can be used to predict the critical annealing rate. As explained in Fig. 16共a兲, glasses annealed below this rate have very low stresses. For the BK7 sample used in this study, when annealing was performed at the rate of less than 0.01° C / s, no significant residual stresses were introduced. To optimize the annealing process, a nonlinear annealing schedule could be used to save annealing time 关21兴. The annealing process was separated to two fixed cooling rates 共0.03° C / s and 1 ° C / s兲 with a break temperature 共Tb兲. Break temperature can be defined as the temperature below which no significant stresses can be introduced due to increase in viscosity. A slow annealing rate can be applied above the break temperature, and a fast cooling rate below it. Transactions of the ASME
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Fig. 13 „a… Intensity distribution simulated by FEM residual stress results for cooling rate of 1.24° C / s, „b… the one line intensity distribution from center to edge along the 45 deg radius simulated results, and „c… measured results from the molded glass disks with a plane polariscope



Figure 16共b兲 shows the simulated von Mises stress as a function of temperature. As also shown in Fig. 16共b兲, there is no significant difference in the final residual stress due to cooling rate once the



Fig. 14 Birefringence intensity distribution of the sliced sample by simulation at different rotational angle: „a… 0 deg and „b… 45 deg
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temperature drops below 520° C. The residual stresses are the same as in the lenses that were annealed using a single slow cooling rate. The frozen residual stresses were largely introduced by cooling above the break temperature. Therefore, a fast cooling rate can be used to save cooling time once the break temperature is reached.



Fig. 15 Comparison between measured results of the fringe numbers using a polariscope and the simulation results: „a… Point A on the molded glass lens, and „b… Points B, C, and D on the thin sliced glass layer
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Fig. 16 „a… Residual stress evaluated by von Mises stress at Node 1 versus annealing rate. „b… Residual stress versus temperature when the faster cooling starts at Nodes 1 and 26.
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Conclusions



Compression molding of precision optical glass components was successfully modeled with a viscoelastic structural relaxation theory using a FEM software. The experiments under the same molding conditions used in simulation were performed on a Toshiba GMP 211 V machine to verify the simulation results. Furthermore, the residual stresses in molded glass lenses were carefully studied by performing both numerical simulation and direct measurements using birefringence method. Some of the key contributions of this work are summarized below. 共1兲 FEM simulation can be used to predict the residual stresses of compression molded glass optical components. A reasonable agreement between numerical simulation and experiment results was demonstrated in this research. 共2兲 With birefringence and thin layer removal method, the residual stress distribution inside the glass lenses can be measured. The stress distribution can also be explained using numerical simulation. This result further justifies the validity of applying numerical modeling to glass cooling process. 共3兲 The amount of residual stresses and their distribution can be predicted by FEM simulation using the Narayanaswamy model. If all other molding conditions were equal, a faster cooling rate will result in higher residual stresses. There exists a critical cooling rate for a glass material; if the cooling rate can be kept below this critical value, the residual stresses inside the glass can be controlled to a negligible level. 共4兲 For a given glass material, residual stresses will not change significantly regardless of the rate of cooling used after the break temperature. For BK7 glass used in this research, this temperature is about 520° C. 共5兲 The Narayanaswamy model can also be used to design the annealing process and numerical simulation model discussed in this research provides a clear path to solving such a problem for different glass materials without doing the actual experiments. 共6兲 Future work would include study of radiation heat transfer influence in cooling and evaluation of the influence of other molding parameters such as friction coefficient and molding load on the final residual stress distribution. 051012-8 / Vol. 130, OCTOBER 2008
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specific heat, J/kg °C elastic modulus, MPa activation energy, J/mol thermal conductivity, W/m °C gas constant, J / mol K−1 transition temperature, °C reference temperature, °C fictive temperature, °C break temperature, °C time, s volume, mm3 viscosity, MPa s strain rate, s−1 Poisson’s ratio density, kg/ m3 effective stress, MPa shear stress, MPa stress relaxation time, s structural relaxation time, s cooling rate liquid coefficient of thermal expansion, K−1 solid coefficient of thermal expansion, K−1 phenomenological parameter response function weighting factor shear modulus, MPa fraction parameter relative retardation, nm fringe numbers wavelength, nm thickness of sliced workpiece stress optic constant, MPa−1
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