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SUMMARY:
Key procedures to optimize the sealing process and achieve real-time monitoring of the metal-to-glass seal (MTGS) structure are described in detail. The embedded fiber Bragg grating (FBG) sensor is designed to achieve online monitoring of temperature and high-level residual stress in the MTGS with simultaneous environmental pressure monitoring.

ABSTRACT:
Residual stress is an essential factor to keeping the hermeticity and robustness of a glass-to-metal seal structure. The purpose of this report is to demonstrate a novel protocol to characterize and measure residual stress in a glass-to-metal seal structure without destroying the insulation and hermeticity of sealing materials. In this research, a femto-laser inscribed fiber Bragg grating sensor is used. The glass-to-metal seal structure that is measured consists of a metal shell, sealing glass, and Kovar conductor. To make the measurements worthwhile, the specific heat treatment of metal-to-glass seal (MTGS) structure is explored to obtain the model with best hermeticity. Then, the FBG sensor is embedded into the path of sealing glass and becomes well-fused with the glass as the temperature cools to RT. The Bragg wavelength of FBG shifts with the residual stress generated in sealing the glass. To calculate the residual stress, the relationship between Bragg wavelength shift and strain is applied, and the finite element method is also used to make the results reliable. The online monitoring experiments of residual stress in sealing glass are carried out at different loads, such as high temperature and high pressure, to broaden functions of this protocol in harsh environments. 

INTRODUCTION:

Metal-to-glass sealing is a sophisticated technology that combines interdisciplinary knowledge (i.e., mechanics, materials, and electrical engineering) and is widely applied in aerospace1, nuclear energy2, and biomedical applications3. It has unique advantages such as higher temperature and pressure endurance compared with organic material sealing structures. According to the difference of coefficient of thermal expansion (CTE), MTGS can be divided into two types: matched seal and mismatched seal4. As for the matched seal, the CTE of metal (metal) and sealing glass (glass) are nearly the same to reduce the thermal stress in sealing materials. However, to keep good hermeticity and mechanical robustness of the seal structure in harsh environments (i.e., high temperature and high pressure), the mismatched seal displays better performance than the matched seal. Due to the difference between metal and glass, the residual stress generates in sealing glass after the annealing process of MTGS structure. If the residual stress is too large (even exceeding the threshold value), the sealing glass displays small defects, such as cracks. If the residual stress is too small, the sealing glass loses its hermeticity. As a result, the value of residual stress is an important measurement.

Analysis of residual stress in MTGS structures has aroused research interests of many groups around the world. The numerical model of axial and radial stress was built based on thin shell theory5. The finite element method was applied to obtain the global stress distribution of an MTGS structure after the annealing process, which was consistent with experimental results6,7. However, because of limitations involving small size and electromagnetic interference, many advanced sensors are not suitable for these circumstances. The indentation crack length method was reported to measure the residual stress in the sealing material of MTG; however, this method was destructive and could not achieve real-time online monitoring of stress changes in glass. 

Fiber Bragg grating (FBG) sensors are small in size (~100 µm) and resistant to electromagnetic interference and harsh environments8. In addition, the components of the fiber are similar to those of sealing glass (SiO2), so FBG sensors have no effects on the hermeticity and insulation of the sealing material. FBG sensors have been applied to the residual stress measurement in composite structures9-11, and results showed that it displayed good measuring precision and signal response. Simultaneous temperature and stress measurements may be achieved by fiber Bragg grating arrays on one optical fiber12,13.

A novel protocol based on an FBG sensor is demonstrated in this study. The appropriate preparation for the special MTGS structure has been explored by adjusting the maximum heat temperature to ensure the good hermeticity of the MTGS structure. The FBG sensor is embedded in the prepared path of sealing glass to fuse the FBG and glass together after the heat treatment. Then, the residual stress can be obtained by the Bragg wavelength shift of the FBG. The MTGS structure with the FBG sensor is placed under high temperature and high pressure environments to achieve online monitoring of residual stress under changing loads. In this study, the detailed steps to produce an MTS structure with a FBG sensor are outlined. The results show the feasibility of this novel protocol and establish the foundation for the failure diagnosis of an MTGS structure.

PROTOCOL:

1. Production of MTGS structure with good hermeticity

NOTE: The procedures for MTGS structure include the preparations for components of the combined structure, the heat treatment process, and examinations for the performance of MTGS samples. The complete MTGS structure consists of a steel shell, Kovar conductor, and sealing glass. See the diagram and dimensions shown in Figure 1 and Table 1, respectively. 

1.1 Pour the granulated glass powder (~1.1 g) into the mold, then place the mold onto the press machine to process the granulated glass as shown in Figure 2a,b,b. 

1.2 Switch on the press machine (push the red button) to compact the granulated glass into the glass cylinder as shown in Figure 2c,d. 

NOTE: The density control of glass cylinder is important for the performance of the MTGS structure, because too many pores in the glass cylinder will lead to failure of the hermeticity of MTGS structure. 

1.3 Place the glass cylinder into the heating furnace to be sintered (see Figure 3). 

1.4 The sintered glass cylinder, steel shell, and Kovar conductor are manufactured with a special graphite gasket, as shown in Figure 4a. Place this model onto the quartz septum in the heating furnace using a claw for heat treatment (see Figure 4b). Keep the cooling rate as 0.5 C/min to avoid breaking of the optical fiber. 

1.5 Use visual inspection to identify the surface topography of sealing glass after retrieving the model from the heating furnace. 

1.6 Use the high pressure pipeline to examine the hermeticity of MTGS model. Install the model onto the pipeline by the card sleeve type joint. Slowly change the pressure from 1 MPa to 8 MPa, holding each pressure for 24 h.
 
1.7 Use the scanning electron microscope (SEM) to identify the microscopic interface between sealing glass and metal parts as shown in Figure 5. Use 15 kV and 500x magnification to observe the interface clearly. 

NOTE: From the macrography examination and SEM results, the standard maximum heating temperature is set as 450 °C to obtain the MTGS model with good hermeticity. The standard heating treatment is defined as follows: increase the temperature from (room temperature) RT to 450 C in increments of 5 °C/min, then drop the temperature to RT as 0.5 °C/min.

2. Residual stress measurement in sealing glass

NOTE: The FBG sensor is designed as an appropriate method to measure the stress in the MTGS. The grating length of the FBG sensor is 5 mm to match the height of the glass (5 mm) well.

2.1 Compact the granulated glass powder into the glass cylinder as described in steps 1.1–1.2. 

NOTE: The height of glass cylinder is important, because if the cylinder is too high (>6 mm), it will be difficult to make a through path for the FBG sensor without destroying the glass material. 

2.2 Drill the glass cylinder using drill speed of 5,000 rpm to produce three equally spaced through-holes to prepare paths for optical fiber sensors (diameter 0.45 mm). Sinter the glass cylinder with holes using the same heat treatment as shown in Figure 4.

2.3 Manufacture the MTGS model as described in step 1.4. Then, put the fiber through the path in sealing glass and position the grating region of the FBG exactly within the glass. 

NOTE: Because the flow in the vertical furnace can blow up the grating region, which leads to the mismatching of FBG and glass, the tail of optical fiber must be hung with a small nail to keep the position of FBG accurate. 

2.4 Fuse the head of optical fiber with a FC connector by the fusion splicers. Then, match the FC connector with the OPM-T400, which is an interrogator to demodulate the wavelength data and spectrum of FBG. The OPM-T400 is connected to a computer, and the supporting software on the computer can obtain experimental data.

2.5 Process the whole model in a furnace by the standard heat treatment obtained previously. Raise the temperature from RT to 450 °C as 5 °C/min, then drop the temperature to RT in increments of 0.5 °C/min. The grating region will become fused with the sealing glass as it is heated to melt. When the temperature cools down to RT, the glass will solidify and the FBG sensor will become well-fused with the sealing material.

2.6 Record the real-time Bragg wavelength data using the software (shown in Figure 6). The only factor inducing changes of wavelength and spectrum is the residual stress generated in sealing glass, because the temperature before and after this step is both RT. 

NOTE: The residual stress can be calculated through the strain-wavelength relationship of FBG14 and Hook’s law, as shown below.



Where: the B is the Bragg wavelength shift induced by the residual stress, B is the initial wavelength of FBG, Pe is the strain-optic coefficient,  is the residual strain in the glass, E is the Young’s modulus of sealing glass, and  is the residual stress in the glass.

3. Preventing the failure of MTGS structure under high temperature

NOTE: When working at a high temperature, the hermeticity of the MTGS structure will be affected, because the thermal expansion of steel shell leads to the decrease of residual stress in sealing glass. Thus, it is possible this protocol can prevent the failure of hermeticity due to the online monitoring of residual stress change in sealing glass. 

3.1 Manufacture the MTGS model as done in step 1.4. The type of FBG to monitor temperature and stress simultaneously is the fiber Bragg grating array sensor, including two grating regions on one fiber, with a 10 mm distance between these two sensors. 

NOTE: These two grating are defined as FBG-1 and FBG-2. The initial Bragg wavelengths of FBG-1 and FBG-2 are 1545 nm and 1550 nm, respectively.
 
3.2 Place FBG-1 into the sintered glass cylinder to monitor the stress and temperature. Place FBG-2 outside the glass to monitor the temperature only, as shown in Figure 7b. In this way, FBG-1 is affected by both temperature and residual stress change, and FBG-2 is only affected by temperature of sealing glass.

3.3 Place the MTGS model with optical fiber in the furnace as described in steps 2.2–2.3. Use the standard heat treatment to process the MTGS model with an embedded FBG sensor. 

3.4 Impose temperatures of 100 °C, 200 °C, 300 °C, and 400 °C onto the model and hold each temperature for 100 min. 

NOTE: FBG-1 monitors the stress and temperature simultaneously expressed as the Bragg wavelength shift B-1, and FBG-2 monitors the temperature change by B-2 as shown in Figure 8. The relationships between Bragg wavelength shift and measured parameters are shown as follows:



Where:  is thermo-optic coefficient,  is thermal expansion coefficient of optical fiber, and T is temperature change before and after the experiment. The B-3 induced by residual stress can be separated through subtracting B-1 from B-2. This is the demodulation method for simultaneous temperature and stress monitoring of sealing glass at high temperatures.

4. Monitoring high pressure

NOTE: The pressure loads on the MTGS structure will have effects on the residual stress in sealing glass, so the MTGS model with the embedded FBG sensor is a potential method to monitor the high pressure change. 

4.1 Prepare the same MTGS model with the FBG sensor as described in step 2.2–2.3. After the FBG is well-fused with MTGS model, use the claw to take the model out of the furnace. 

4.2 Manufacture the MTGS model with the FBG sensor onto a high pressure helium pipeline by the bite type tube fittings as shown in Figure 9. Adjust the pressure from 1 MPa to 7 MPa by pressure reducing the valve to impose changing pressure loads on the sealing structure.

4.3 The Bragg wavelength shift B is recorded as shown in Figure 10. At the same time, the related residual stress change can be calculated using Equation 1 and Equation 2.

5. Theoretical analysis of MTGS structure

5.1 Use the modeling software to build the 3D model for MTGS structure, and the dimensions are taken from Table 1 to keep the experimental model and theoretical model consistent.

5.2 Import the 3D model into the finite element analysis software. Assign mechanical properties to the steel shell, sealing glass and Kovar conductor, as shown in Table 2.

5.3 The grid type of the whole model is Hex shape (see Figure 11). The mesh method of the sealing glass and steel shell are sweep, and the Kovar conductor is meshed by structured method. Refine the mesh of sealing glass to guarantee the accuracy of theoretical results. The elements number of Kovar conductor, sealing glass and steel shell are 143700, 20350, and 13400, respectively.

5.4 Set the initial increment, minimum increment, and maximum increment of the static analysis step as 0.01, 1.00 x 10-8 and 1.00 x 10-2, respectively.

5.5 Ensure that the interfaces between the sealing glass and metal parts are bounded. First, impose the changing temperature load (from 370 °C to 20 °C) to simulate the solidification progress of the MTGS model. The stress distribution after this process is shown in Figure 12.

5.6 Impose different temperatures (from 100 °C to 400 °C) onto the whole model to simulate the online monitoring experiments under thermal loads. Under the other circumstance, changing pressure loads (from 1 MPa to 7 MPa) are imposed on the sealing glass to simulate the online monitoring under high pressure. The boundary conditions are shown in Figure 13.

5.7 The numerical results of stress and strain distribution of the whole model are obtained from the destination file shown in Figure 14. Extract the analysis path in the sealing glass shown in Figure 13, of which the position is the monitoring path for FBG sensors in Figure 6a to provide comparison with the measuring results by FBG. 

REPRESENTATIVE RESULTS:
From the results of Figure 5, the standard heat treatment to produce the MTGS models with high pressure endurance is explored, and the models can satisfy the examinations (i.e., light transmissions, pressure endurance, SEM, etc.). Thus, the produced MTGS structure can be applied to keep hermeticity in harsh environments.

The FBG can be well-fused with MTGS structure, and the residual strain in sealing glass will be reflected by Bragg wavelength shift after the heat treatment, as shown in Figure 6. The value of residual stress can be calculated accurately using Equation 1 and Equation 2. It is almost the same as the results from the numerical simulation in Figure 12.

The real-time stress changes of sealing glass from 100 °C to 400 °C are monitored precisely by the FBG sensor shown in Figure 8, and the decrease of residual stress in sealing glass can be reflected instantaneously. It is necessary to keep the residual stress at a high level. As a result, the preventions to keep the hermeticity of MTGS structure can be achieved using this protocol.

From the results of Figure 10, the real-time stress changes of sealing glass from 1 MPa to 7 MPa are monitored sensitively, which maintains good consistency with the numerical results. Therefore, the MTGS model with embedded FBG sensor is a potential sensor for high pressure change monitoring.
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Figure 1: Schematic diagram of the MTGS structure. Three components are labeled.

Figure 2: Manufacturing process for glass cylinder. (a) The granulated low melting point sealing glass. (b) The mold for glass powder. (c) Press machine to process glass powder into cylinder. (d) The glass cylinder prepared for sintering.

Figure 3: Sintered glass cylinder and related sinter treatment. After the sinter process, the raw glass material will turn into the sintered state for further process.

Figure 4: MTGS structure and heat treatment to process MTGS structure. (a) The manufactured MTGS structure. (b) The detailed heat treatment that is divided into three stages according to changes of sealing material. (c) The MTGS sample produced by the heat treatment.

Figure 5: SEM and visual inspection of the MTGS samples produced with different performances. (a) Microstructure of sealing glass and steel shell with good hermeticity. (b) Smooth and glossy surface of sealing glass with good hermeticity. (c) Microstructure of sealing glass and steel shell with failed hermeticity. (d) Uneven surface of sealing glass with failed hermeticity. 

Figure 6: Residual stress measured by FBG. (a) Set-up of three FBGs in the same sealing glass. (b) Bragg wavelength curve during the sealing process with wavelength shift standing for residual stress in the sealing glass.

Figure 7: Simultaneous temperature and stress monitoring of MTGS structure by FBG arrays. (a) Photograph of the MTGS sample placed in the furnace. (b) Set-up of the online state monitoring experiment under thermal load.

Figure 8: Online monitoring results under thermal loads. The top picture shows the signal affected by stress and temperature change. The middle picture shows the temperature monitoring signal. The bottom picture shows the stress monitoring signal.

Figure 9: Online monitoring under pressure loads. (a) Photograph of the high pressure pipeline. (b) Set-up of the online state monitoring experiment under pressure load.

Figure 10: Online state monitoring result of femto-laser inscribed FBG under pressure load. The wavelength of FBG sensor decreases almost linearly with the pressure increasing.

Figure 11: Mesh of the MTGS structure with refinement of sealing glass. The mesh from outside to inside is respectively the steel shell, the sealing glass and the Kovar conductor.

Figure 12: Numerical simulation of the MTGS structure after manufacturing process. (a) Axial stress and (b) radial stress vector graph of the sealing glass.

Figure 13: Boundary conditions for online monitoring under thermal and pressure loads and calculating paths. The thermal loads change from 100 °C to 400 °C. The pressure loads change from 1 MPa to 7 MPa. The axial path is exactly the measuring position of FBG in sealing glass.

Figure 14: The version of software with destination files. The special results (i.e., stress, strain, etc.) can be extracted from this interface.

Table 1: Dimensions of the MTGS structure.

Table 2: Mechanical properties of MTGS structure.

DISCUSSION:
The critical steps for the stress measuring of sealing material of MTGS structure at high temperature and high pressure include 1) manufacturing of the MTGS models with the FBG sensor, of which the grating region is located at the middle of sealing glass; 2) heating of the whole model using a standard heat treatment process, and after the model cools to RT, the FBG sensor will becomes well-fused with MTGS model, and the residual stress can be measured by Bragg wavelength shift; 3) placing of the complete model into the furnace to experience the changing thermal loads, and the online simultaneous temperature and stress monitoring can then be achieved by the wavelength shift difference of the two FBG arrays on one optical fiber; and 4) manufacturing of the complete model onto a high pressure pipeline, and the stress change of sealing glass with the varying pressure will be obtained by one single FBG in sealing glass.

Comparing the experimental and numerical results, the measured axial residual stress (56 MPa) is almost the same as the theoretical value (53 MPa), and the residual stress change during the online monitoring experiments under thermal and pressure loads agree with the simulation results, with a deviation of less than 10%. This protocol is proved to be feasible and accurate through FEM. 

In the future, this protocol can be used to measure large-scale strain in an MTGS structure with high melting point sealing glass (880 °C). The key issue in this experiment is the temperature endurance of FBG sensor, so the type II grating inscribed by femto-laser point-to-point method can be applied15. 

From the results of FEM, the strain distribution in sealing glass is non-uniform, which means that the grating of FBG will be chirped and the spectrum broadened, clearly affected by the strain16. In the next steps, the relationship between the bandwidth of FBG and the strain distribution should be studied, which can serve as a novel characterization to identify typical, non-uniform strain induced by small cracks and other damage in the field of structural health monitoring17-19.
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