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Abstract     
 Abstract

This project is to develop instrumentation and measurement of temperature and heat flux with unprecedented high spatial and temporal resolution by placing micro thermocouple and heat flux sensor arrays at the very vicinity of the weld spot in battery tab joining.  The sensor arrays will be direct fabricated on the surface of the battery interconnect bus bar materials, particularly at the interconnect surface. It will also develop instrumentation by embedding the micro thermocouple and heat flux sensor arrays at the anvil for characterization of weld quality.
Chapter 1
Introduction

1.1 Overview
Ultrasonic Metal Welding (USMW) was invented in 1940s to 1950s and has since become widely used in the electrical and electronics industry.  During USMW, two metals are joined by simultaneously imposing ultrasonic vibrations parallel to the interface and a moderate normal force. A solid-state weld is then formed as a consequence of the destruction and dispersion of surface asperities and oxides, respectively, as the interface is plastically deformed bringing about greater contact between the mating surfaces.  The weld itself has been attributed to phenomena such as plastic deformation and diffusion across the grain boundaries. A prominent advantage of USMW is that it is a non-fusion joining, hence eliminating potential issues from a high temperature process. 

Significant development of micro sensor technology has occurred in recent years, striking to revolutionize intelligent process monitoring. Because of their small sizes, micro thin film sensors could be incorporated into functional structures without interfering with normal operations or impairing structural integrity. Their small size also enables these sensors to respond to changes much quicker than ordinary sensors.

Monitoring of manufacturing processes is of critical importance for manufacturing processes. Problems can be detected and solved during the processing cycle, If critical conditions are continuously monitored and controlled, and then this will contribute to less damage to tools, less downtime for machine repair and maintenance, higher productivity, and less energy consumption. Driven by a widespread need for better process monitoring and diagnosis techniques, significant efforts have been taken to advance sensors and data analysis technology for manufacturing processes. However, current technology still evidently still cannot satisfy practical needs. The commercial sensors used are normally large in size and are either attached to surface where might be far away from critical locations to avoid interference with the operation of the machine, or destructively inserted into critical locations through appropriate channels in the components.  As a result, it is difficult to provide measurement with a high spatial and temporal resolution at distributed critical locations.

In brief, two types of micro sensors, including K-type thin film thermocouple (TFTC), K-type thermocouple based thin film thermopile (TFTP), were designed, fabricated, and characterized.   
Chapter 2 USMW apparatus for experimental study
This chapter describes the equipment that was used for the experiments in this research.  The equipment is divided into three categories: (1) microfabrication facilities used for sensor fabrication; (2) the ultrasonic welder for USMW test; and (3) data acquisition system used for both sensor calibration and USMW test.  

2.1.1 Photolithography
Lithography is a process for optically projecting an image onto a substrate that has been coated with a thin layer of photoresist. Photoresist exposes the photoresist on the substrate and a chemical process occurs, when UV light passes through the pattern area of a mask. A pattern is transferred via the remaining photoresist on the substrate, after a developing solution bath. Then, sputtering can then be performed. 

A Karl Suss standard MJB-3 Contact Aligner was used for the sensor fabrication in this study. It is equipped with a 200 watt mercury short-arc lamp. The filtered light source produces a combination of g-line, h-line and i-line wavelengths (350-500nm). Optimum line/space resolution is 1.5 microns.  The alignment range of the X and Y is 6mm and the Theta range is 30°. Alignment is performed manually by manipulating micrometers while observing the wafer and mask with a microscope.
2.1.2 Thin film deposition processes
DC sputtering for depositing chromel and alumel film for sensing elements, chromium film for adhesion promotion. 
DC Sputtering

A CVC 601 DC sputtering system was used to deposit varous metal films in this research. Sputtering is a method of physically depositing metals and insulating materials such as nickel and SiO2.  Sputtering is particularly desirable for the deposition of alloys. The basic concept of sputtering is the ionization of an inert gas, such as argon, and accelerating the ions into a solid target material. The ions strike the surface of the material target and atomic clusters are ejected to be deposited onto the wafer surface.   The CVC 601 system has three DC magnetron target stations: an 8-inch Titanium, 6-inch interchangeable target and a 3-inch interchangeable target. Also available are a quartz heater and a RF electrode for backsputtering of wafers before deposition. High vacuum is achieved by a cryo-pump.

2.2 Ultrasonic welder
The welding experiments were conducted using a STAPLA Ultrasonics Corporation CONDOR ultrasonic metal welder. The operating frequency of the welder is 20 kHz while having 3 kW of available power. Clamping force can range between 70 lbf (311N) and 795 lbf (3536N) via three sets of pneumatic cylinder banks and supply pressures between 2 bar (0.2MPa) and 6.5 bar (0.65MPa). The welder allows for ten different amplitude settings. Two different booster units allowing for an amplitude range between 10 and 40 μm are available. The maximum weld duration is nine seconds with a resolution of 0.01 s.
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Figure 3-2 STAPLA ultrasonic metal welder

2.3 Data acquisition system 

A National Instruments (NI) 6070E system was used for data acquisition system. NI 6070E is 8-(differential) channel system has a bandwidth of1.25 MS/s with 12-bit resolution.   A SCB-68 shielded terminal block as wire connection interface was utilized.  The block provides the cold junction compensation necessary for the temperature measurements and allows for hardware filter circuits to be constructed onboard.
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Chapter 3 Experiment procedures 
This chapter study the dielectric design, sensor fabrication procedure, sensor characterization, and sensor designs for USMW test.  Two types of micro sensors, including K-type TFTC (thin film thermocouple), K-type thermocouple based TFTP (thin film thermopile) were designed, fabricated, and characterized.   

K-type TFTCs consist of two materials, Chromel (Ni90/Cr10) and Alumel (Ni95/Mn2/Al2/Si1). Theoretically, K-type thermocouples have the sensitivity of approximately 41 V/°C can sustain their functionality up to 1370 °C.  TFTC arrays sensors were 1.5mm away from the welding zone. The sensors were tested in USMW to capture in-situ temperature near welding zone  had multiple purposes: (1) to study sensor functionality and survivability under USMW conditions; and (2) to improve the understanding of the mechanisms of USMW with high temporal and spatial resolution temperature data that are not previously available.

3.1 Selection and verification of dielectrics
One of the key issues to successfully fabricate thin film sensors into metal is the selection of the dielectric thin film materials.  Including electric insulation, thin film stacks must provide good adhesion during manufacturing processes.   
               Polyimides are suitable for applications where the high cure temperature typically used for polyimides cause problems. Typical applications for these materials are as stress buffer or interlayer dielectric layers over low temperature substrates. There polyimides faster and let lower temperatures than for standard polyimide precursors. 
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Surface roughness of bus bar coupon before PI coating
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Surface roughness of bus bar coupon after PI coating
For the verification of dielectric layer, four Chromel pads (200 nm thick) were  deposited on top of PI coated bus bar using CVC 601 sputter machine. Then check the resistance between those four pads with the metal substrate   
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Dielectric Layer Test
3.1.2 Numerical Simulations
In order to check the influence of the polyimide, a simulation model was constructed. Estimate sensor response time depending on sensor location when deposited onto PI. Square heat pulse of certain frequency, amplitude 300 oC (as measured previously) Check how far sensors can be away from heat input to still provide well resolved signal of transient temperatures in welding zone
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Numerical Simulations - Model
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Numerical Simulations - Results
The input signal has a period of 1.2 second welding with a square heat input, we can see the result of this simulation, the response time comparison between with or without polyimide have no much difference. 
3.2 Sensor Fabrication Procedure

A fabrication approach was used for sensor fabrications in this project.   The process starts from metal substrate (bus bar coupon); the fabrication of thin film sensors on metal generally starts from the coating of insulation polyimide films on metal.   Substrate preparation is a critical issue to ensure the success of thin film sensor fabrication on metal.  It is generally required to coat the substrate with polyimide and smooth the surface with a surface roughness better than 100nm. 

3.2.1 Fabrication procedure for sensor design

Sensor film deposition
The sensor film is deposited by DC sputtering and lift-off process in the next step, resulting in the structure as shown in Figure.    The lift-off process is further illustrated in detail using a K-type thermocouple as an example.  The substrate is spin-coated by a layer of LOR-3A photoresist, and baked at 125 oC for 15 minutes, followed by a layer of S1813 positive photo resist and 10 minute baking at 900C.  The substrate is then exposed by UV light using a Carl Suss MJB 3 aligner with the photo mask.   Exposure parameters are listed in Table 4-3.  After exposure, the substrate is developed in MF-321 developer.  LOR 3A, a non-photosensitive material that dissolves in photo resist developer, generates an undercut beneath S1813 after developing.   Then, chromel film is deposited CVC 601 DC sputtering system. Because of the undercut by LOR 3A, the deposited chromel film has a clear separation between opened area and photo resist covered area.  The subsequent lift-off in acetone removes S1813 and LOR 3A, as well as the chromel film on top of the S1813.   To deposit Alumel leg of the thermocouple, the above steps is repeated. 

[image: image8]
[image: image9.jpg]



Illustration of lift-off process for sensor film patterning
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Sensors Fabricated on Bus Bar Coupon
	Wave Length (nm)
	Exposure time (seconds)
	Intensity

mW/cm2

	360nm (i-line)
	25
	5.5


Exposure parameters

	Power (watts)
	Base Pressure (torr)
	Chamber pressure w/ Ar flow  (mtorr)
	Ar flow rate
	Resulting deposition rate (nm/min)

	500
	<2x10‑6
	3
	20sccm
	12.5


DC sputtering parameters for Chromel and Alumel
3.3 Sensor characterization 

3.3.1Characterization of TFTPs
The sensitivity of thermopile, Esen, usually can be expressed in voltage output, Vsen, per heat flux, which is related to three factors; the substrate material, the number of pairs of thermocouples and the distance between two junctions.   It can be calculated by Q = Vsen/ Esen.  To characterize Esen of the thermopile, sensor units were designed and fabricated.  The thermopile consists of 11 pairs of K-type thermocouples on each side with X of 1 mm to measure the heat flux in X direction as indicated.  The junction area, i.e., overlapping of the chromel and alumel films, of the thin film thermocouple (K-type) is 30m by 30m..  A temperature controlled hot plate was used as a heat source in the hot side.  The sensor unit was wrapped with a thermally insulating material to prohibit heat loss to the air from the measurement area of the substrate.  A large copper plate was attached to the other end of the sensor substrate using thermal conductive adhesive and function as a heat sink to dissipate heat from the end of the substrate, and generate a “cold” end.  The temperature of hot plate was controlled to reach steady state, when temperatures at both ends of substrate remained constant.  By controlling the hot plate at different temperatures, stable heat flux can be maintained at different levels.  

Two standard wire thermocouples with a much larger separation distance L (16.5mm) than X of the thermopile were attached to the substrate as references.   The reference heat flux Q = K (T/L), where T is the temperature difference between the two standard thermocouples, and K is the thermal conductivity of pure nickel.


[image: image11]
Design of thermopile for sensor characterization


[image: image12]
Experimental setup for thermopile characterization

The voltage readings from the thermopile was then plotted against the reference heat flux Q to characterize its sensitivity, Esen, which is 1.042x10-9 mV/(W/m2).     

      The theoretical voltage output of the thermopile with a given temperature difference T between two ends may be calculated by Vsen= n T ETC, where n is the number of pairs of thermocouples (11 in this design), and ETC is the sensitivity of K type thermocouple (41V/oC).  The resulting heat flux from T may be calculated by Q = K (T/L), and therefore Esen can then be calculated by at Esen= Vsen/ Q = (n ETCL)/K.   The calculated Esen is 1.023x10-9 mV/(W/m2), which matches the experimental data well,  when using constant thermal conductivity below than 400 oC.
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Figure 4-14 Sensor characterization results for thermopile

3.4 Sensor design for USMW test

Among two types of micro thin film sensors under the study, the TFTCs and TFTPs were designed for monitoring ultrasonic welding.
The sensors were designed to adapt the welding fixture.  The sensor array is fabricated in clean-room.  The welding interface is at the contact surfaces of the four workpieces under the shade area (4mm x 4mm), while the sensing tip is located at the center of the square.  
The top workpieces are three layers 200m thick copper bus tab; sensors are located immediately outside the welding zone.    

3.4.1 Sensor design

In order to take advantage of the high temporal and spatial resolution sensing data provided by micro thin film sensor arrays to study heat generation during USMW, four TFTCs and one TFTP were designed immediately adjacent to the 4mm by 4mm welding area for the in-situ measurement of both temperature and surface heat flux. 
The junction area, i.e., overlapping of the chromel and alumel films, of the thin film thermocouple (K-type) is 30μm by 30μm.  The thermopile consists of 11 pairs of K-type thin film thermocouples on each side to measure average surface heat flux in sonotrode vibration direction.  

[image: image14]
Figure 4-22 Detail view of sensor design

Chapter 4 Experiment result
Welding tests were performed on sensor units with in-situ data acquisition. One TFTC array and one TFTP were located 1.5mm away from the welding zone (4mm x 4mm), at the same surface as the welding interface. Testing was designed to facilitate a better fundamental understanding of the role of heat generation during the welding process, and take advantage of the high temporal and spatial resolution data provided by micro thin film sensor array. 
4.1 Material selection and welding setup
Three layers of 200m thick copper bus tab were selected as the top workpiece to be welded to 900m thick copper bus bar coupon. The ultrasonic sensor welding experiments were conducted using a STAPLA Ultrasonic Corporation CONDOR.  The nominal operating frequency of the welder is 20 kHz with an output electric power of 3 kW.   The temperature and/or heat flux data during welding were collected using a NI 6070E DAQ system with a sampling rate of 10 kHz.  
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Ultrasonic welding test setup for sensor unit integration

The welding parameters, including vibration zero to peak amplitude, weld duration, and clamping force, were determined before sensor welding through a series of pre-tests. While the dimensions of the bottom welding workpiece, which are non-vibration part, have little effect on welding results, those of top workpiece have a significant effect on the selection of the welding parameters.    In order to optimize welding parameters, welding tests of three layers of 200m copper bus tab and coupon (1mm thick) without sensor were performed using a wide range of parameters.  
4.2 Sensor welding test
4.2.1 Typical Measurement Results

Figure 4-2 shows typical results (after noise filtering) from both the thermocouple arrays and the thermopile.  The locations of TFTC 1~3 are as indicated in Figure 4-20.  Welding parameters used for this particular test were vibration amplitude of 24m, welding duration of 1.2 second, and clamping pressure of 45MPa.  

All the TFTCs show a sharp temperature rise to reach the peak during a very short period of time. [image: image16.jpg]400
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In-situ measurement results during USMW

It is clear that these three TFTCs captured the temperature gradient between them.  Further examination of the temperatures from these three TFTCs at different stages of the welding duration.
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TFTPs to Welding Zone
Verification of thermopile measurement

   Using the back-calculated heat flux to verify the thermopile measurement, the temperature history at the locations of each thermocouple that consists of the thermopile  can be calculated using Equation.  The theoretical thermopile output can then be calculated by Q = K (T/L)/11, where K is thermal conductivity of copper at 400 oC, T is the temperature difference of two TFTCs which are 1mm away from each other, and L is 1mm. The calculated output is plotted with the actual measurement by the TFTP.  A match is found, and validates the functionality of the TFTP. The small discrepancy may result from the assumption of temperature independent material properties. 


[image: image18]
Back-calculated heat flux into nickel substrate at the welding interface based on temperature measurement by TFTCs
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Heat Flux Rate Calculation
Two stage heat generation phenomenon (friction, transition, stable plastic deformation)

Chapter 5 
Conclusions
In this project, sensor fabrication on top of copper bus bar coupon is studied. For the sensor fabrication, the approach is fully compatible to standard micro fabrication procedures.  Sensor units can thus be fabricated in a clean-room environment.
 Polyimide was selected to function as a dielectric layer and has excellent dielectric strength and mechanical stability. Two types of thin film micro sensors, including K-type TFTC, K-type thermocouple based TFTP, were designed, fabricated, and characterized.  TFTP was calibrated at a lower temperature range (<200 oC) and the sensor sensitivity matches the theoretical value.  Calibrated at room temperature, During the study of USMW, thermocouple arrays and thermopiles were designed and fabricated for in-situ measurement of ultrasonic welding process to demonstrate the capability of micro sensors in providing sensing data with a high temporal and spatial resolution. The thermocouple array and a thermopile were located immediately outside the welding zone in each welding sample.  The temperature gradient in a 1 mm interval was successfully obtained.  Heat flux outside the welding zone was also measured by the TFTP.  The results suggest a two-stage process of bond formation: the first stage to remove the surface film and oxidation, and the stable stage to initiate and stabilize an inter-diffusion process with the vibration amplitude as the dominating factor.      
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Thin film thermopile consists of 11 pairs of K-type thermocouple on each side 
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X=1 mm





Thermopile unit for sensor characterization









































L=16.5mm


Two standard wire thermocouples attached to the substrate 





Heat Flux measurement direction 





Standard wire thermal couple separated with distance L





Temperature controlled heat source





Thermal insulating material





Copper plate for heat dissipation
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Sensor location
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(1) Exposure of substrate use a photo mask; (wafer coated with LOR 3A then S1813)    





(2) After developing, LOR 3A create undercut beneath S1813;





(3) DC sputtering Chromel film,  the undercut by LOR 3A create film separation;





(4) Lift-off by remove both LOR 3A and S1813 using acetone, complete patterning of Chromel film





(5) Repeat step (1) through (3), to finish DC sputtering of Alumel film 





(6)  Lift-off by remove both LOR 3A and S1813 using acetone, complete patterning of Alumel. Sensor now is completed
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