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Diffusion bonding has been widely used within microlamination architectures for the

fabrication of Micro Energy and Chemical Systems (MECS). MECS are microsystems

with the ability to process bulk amounts of fluid within highly-parallel microchannel

arrays capable of accelerated heat and mass transfer. Thus far, diffusion bonding of

microchannel arrays is commonly done in a vacuum hot press system. The use of the hot

press greatly restricts the production rate due to vacuum pump-down time and heating-up

and cooling-down periods. Furthermore, larger substrates are gaining interest in the

system design of MECS devices and it is not apparent that uniaxial pressing within a

hydraulic vacuum hot press will provide the bonding pressure uniformity necessary for

large substrate bonding. This thesis presents a novel fabrication approach for the high-

volume thermal bonding of large substrate MECS devices with the use of controlled

thermal expansion. A large substrate thermal bonding clamp based on the principle of

differential thermal expansion was developed with focus on controlling the bonding

pressure magnitude, timing, sensitivity and uniformity.
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Diffusion Bonding of Large Substrate MECS Devices based on
Differential Thermal Expansion

1 INTRODUCTION

In recent years, a growing emphasis in manufacturing research has been the

fabrication of Micro Energy and Chemical Systems (MECS). MECS are microsystems

that have the ability to process bulk amounts of fluid within highly-parallel

microchannel arrays that are capable of accelerated heat and mass transfer. Small

characteristic sizes provide the benefits of large surface area-to-volume ratios, laminar

flow conditions and the opportunity of operating at elevated pressures. Applying

MECS technology to energy systems and chemical processing, results in a system-on-

a-chip framework for providing a wide variety of solutions ranging from high energy

density batteries to distributed hazardous waste detoxification. Miniaturization is

considered especially important in areas where portability, compactness, weight, or

point applications are the driving considerations [1].

The vast majority of ongoing research and development in the field of microfluidic

devices is based on silicon microfabrication techniques [2][3]. However, the

functionality of MECS require that the devices have thermal, chemical and physical

properties of more traditional engineering materials such as polymers, metals or

ceramics some of which, for instance, are capable of working at higher temperatures.

Further, MECS system sizes dictate the use of more economical materials than single

crystal silicon.
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Microlamination is the architecture that is predominantly used in the modern

manufacturing world for building microfluidic systems with embedded microfeatures

[4][5]. Microlamination involves patterning, registration and bonding of thin layers of

material referred to as laminae. These are commonly used to fabricate monolithic and

multi-layered microfluidic devices that have complex shapes, internal cavities, flow

chambers and interconnects which are suitable for microfluidic applications. Diffusion

bonding is a commonly used procedure to join metal laminae. During diffusion

bonding laminae are heated up to an appropriate bonding temperature with an applied

bonding pressure. These conditions are applied for a necessary period of time for

joining the individual laminae into a monolithic device due to solid state diffusion

across the faying surfaces of the materials. The bonding pressure needs to be

uniformly distributed throughout the microchannel device in order to prevent potential

poor bonding conditions that lead to fluid leakage or fin warpage.

Most diffusion bonding processes use a hydraulic vacuum hot press which is not an

appropriate machine tool for mass production of diffusion bonded devices. Vacuum

hot presses require batch operation which restricts the throughput. Furthermore, it has

been observed that 50 to 80% of the total diffusion bonding cycle time within a

vacuum hot press is due to vacuum pump-down time and heat-up and cool-down time

of the vacuum hot press. While slow heat up and cool down times are necessary

condition for processing bulk stacks of thin materials without temperature gradients

that could warp internal geometries, it is not necessary that these ramps be done

significantly in batch. An approach involving continuous production that would
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atomize temperature ramps to decrease overall cycle times would be much preferred.

Another deficiency of hot press systems is the cost of the system as the size of the

vacuum and hydraulic work envelope increases.

Large substrates are gaining interest in the system design of microlaminated MECS

devices. For MECS devices that have large volumes, it is expected to be cheaper to

produce microsystems with larger substrate sizes, hence reducing the number of

laminae needed [6]. For MECS devices that have small volumes, large substrates

permit batch production with an ability to distribute the patterning and bonding costs

over a larger number of devices. Further, larger substrates permit the integration of

multiple unit operations into the same substrate layer. This integral design concept

provides an optimal solution to achieve a compact system design with minimal dead

volumes among the unit operations as compared to small, stand alone unit operations

connected by tubing. Large hot press systems capable of bonding substrates up to 150

x 150 mm2 can be found in the market place, but these require large capital

expenditures. Additionally pump-down, heat-up and cool-down phases of such huge

systems are even worse than observed in small systems. Moreover, the costs are higher

in operating and maintaining hydraulic vacuum hot press systems to meet same

capacity needs. Finally, it is also not apparent that uniaxial pressing with a hydraulic

ram could provide a certain uniformity of bonding pressure, especially for joining

large substrates. Hence, a new approach to diffusion bonding (and thermal bonding in

general) must be investigated for more economically producing large-substrate

microlaminated MECS devices.
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In this thesis, a new method is investigated for uniformly applying pressure over

large substrate MECS devices during the diffusion bonding cycle. This new method

does not require the capital outlay of a vacuum hot press and furthermore offers the

potential to greatly improve the production of thermally bonded devices.



2 LITERATURE REVIEW

2.1 LARGE SUBSTRATE MICROFLUIDIC DEVICES

As discussed in chapter 1, bulk microfluidic devices with large substrates will be

required to meet future mass consumption needs. Features like fewer interconnections,

compact design, minimal dead volume and robustness of design make large substrate

MECS devices important for many applications. One of the applications that requires

large substrate MECS device is manportable cooling [7]. A microscale heat pump is

an integrated system comprising a number of unit operation systems, namely, an

absorber, a desorber, an evaporator and a condenser. Micro heat pumps claim to be 40

times more space efficient than the conventional macroscopic heat pump [7]. Other

applications include vehicle space conditioning, autonomous cooling for shipping

containers and lightweight air-transportable space conditioning. Full commercial

potential of these microfluidic systems could be realized when integrated systems are

produced in high-volumes at lower costs.

2.2 FABRICATION OF BULK MICROFLUIDIC DEVICES

Bulk microfluidic devices are at least partially fabricated by using microtechnology

and precision engineering methods for fabricating the microchannel geometries.

Peripheral components like connectors, housing or isolation devices, are normally

fabricated by conventional fabrication methods. The characteristic dimensions of

internal microchannels are in the range of 10 to 500 pm [8]. Hence, these devices are

5
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mostly multilayered and by numbering up the microstructured channels, the capacity

can be multiplied [9][1OJ.

Past efforts have been reported for ensuring economical fabrication of polymeric

based bulk microfluidic devices. Rapid photolithographic fabrication and printed

circuit technology for fabrication of microfluidic devices have been reported to be

some of the widely accepted fabrication methods for manufacturing plastic based

microfluidic devices [1 1][12]. However, polymeric microfluidic devices are not able

to sustain high temperature and pressure applications associated with the processing of

bulk fluids like those associated with micro heat pumps. Metal based bulk microfluidic

devices are needed. In the vast majority of metal based bulk microfluidic device

applications, the fabrication is based on a microlamination approach [131[14].

Microlamination involves patterning and bonding of thin layers of material, called

laminae, to produce monolithic devices containing embedded features.

Microlamination is a process commonly used to fabricate monolithic and multi-

layered bulk microfluidic devices that have complex shapes, internal cavities, flow

chambers and interconnects which are suitable for microfluidic applications [4][8].

Different patterning techniques like photochemical etching, stamping and laser

machining have been commonly used for patterning laminae. Techniques like

photochemical etching and stamping are suitable for mass production whereas laser

machining has the feature of allowing for high flexibility in the production of

substrates. For the patterning of very complex channel features in metallic substrates,

fabrication methods like electrochemical micromachnining (ECMM) or electro
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discharge micromachining (EDMM) could be of potential interest. Wire-EDM is

capable of cutting hundreds of layers at the same time by stacking up the substrates.

The patterning process of laminae is followed by a bonding process.

Diffusion bonding is commonly used to join metallic and ceramic structures. A

critical step during the bonding of patterned layers is a proper alignment and

registration of layers relative to each other. Commonly, alignment of layers is

achieved with pins and precise pinholes in the layers [15]. During diffusion bonding,

laminae are heated up to the bonding temperature where the bonding pressure is

applied. The device is held at these conditions for a period of time necessary to join

the layers to a monolithic device due to solid state diffusion. The major parameters

activating diffusion bonding are bonding temperature, bonding pressure, processing

time, surface conditions and atmospheric conditions during bonding. Insufficient

bonding conditions can lead to poor bonding and leakage while pressures and

temperatures set too high can lead to deformed or collapsed channel features.

2.3 DIFFERENTIAL THERMAL EXPANSION BONDING

The use of thermal expansion as a driving force for pressure application during a

microlamination approach was first stated by Pacific Northwest National Laboratory

(PNNL) in 1999 [16]. In 2003, a patent filed by McHerron et al. of the IBM

Corporation (NY) claimed a method for application of pressure to a workpiece by

thermal expansion [17]. The presented method and apparatus of McHerron et al.

relates to the high-volume fabrication of multilayer thin film (MLTF) structures in the
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semiconductor industry and is considered for low temperature applications used for

the lamination of polymer circuit boards. The basic principle of the IBM patent

application, explaining the generation of bonding pressure by using thermal expansion

of materials is briefly outlined as shown in Figure 2-1.

Initial Gap

Lam mae 1

I
Top Plate

Expander

Bonding Platens

Base Plate

Figure 2-1: Schematic of simple CTE bonding unit

In a simpler case, the bonding unit consists of a top plate, a bottom plate and an

expansion lock interposed between them. The bottom and top plates are made of low

thermal expansion material and are structurally connected representing a rigid frame

construction. The expansion block has a significantly higher coefficient of thermal

expansion than the frame of the fixture. All things being equal, the height of the

expansion block is directly proportional to the amount of clamping pressure to be

delivered. Laminae are placed and aligned between the expansion block and the

bottom plate. Typically, it is preferred to place the laminae between bonding platens as

illustrated in Figure 2-1 above. It is believed that the coefficients of thermal expansion
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(CTE) should preferably differ at least by a factor of two to ensure functionality [18].

When the bonding unit is heated to the bonding temperature, the expansion block and

the platens inside the frame expand relative to the frame by the difference in the sum

of their coefficients of thermal expansion scaled by the product of the height of the

expansion blockllaminae and the change in temperature. An initial gap can be

designed in the fixture assembly to scale and time the application of the bonding

pressure. As soon as the initial gap is filled by differential expansion behavior (i.e.

inside of frame and inner parts come into contact), compression is applied to laminae

which increases with increasing temperature. Within this configuration, the bonding

pressure resulting from thermal expansion alone is highly sensitive to temperature

fluctuations since the modulus of material is the source of the bonding pressure. Also

the clamp is highly sensitive to any dimensional errors making the bonding process

too difficult to control.

2.4 CONTROLLED THERMAL EXPANSION FOR DIFFUSION

BONDING

Pluess and Paul [19] found that in a thermal expansion diffusion bonding fixture,

bonding pressure magnitude and sensitivity of bonding pressure due to temperature

fluctuations can be controlled by using disc springs. A thermal expansion diffusion

bonding fixture was verified based on results obtained through small substrate

diffusion bonding. Figure 2-2 shows the small substrate diffusion bonding fixture. Its

novelty lies in the design of the load cell assembly. The load cell assembly consists of
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two molybdenum platens with four integrated lnconelTM high temperature disc springs

held together by SS fasteners. The springs in the load cell assembly are preloaded to a

pre-calculated bonding force. This preload force is responsible for controlling the

magnitude of pressure that is transmitted through the stack of inner parts. The bonding

Set Screw
Timing
Control

Disc Springs
Sensitivity
Control

Test Article -
(25mm x 25 mm)

Load Cell
Magnitude
Control

Engagement Block

Bonding Platens

Frame

Figure 2-2: Small substrate ACTE bonding unit

pressure generated by differential thermal expansion of materials varies in large

proportions even for small fluctuations of temperature in the furnace. The sensitivity

of bonding pressure due to temperature changes is attributed to the elastic modu lii of

the materials that are transmitting the pressure in the stack. The application of disc

springs greatly reduces the sensitivity of the bonding pressure. The timing of

application of bonding pressure is adjusted by varying the initial gap between the load
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cell top and the fixture frame using a fine threaded set screw in the top of the fixture

frame.

2.4.1 ADJUSTMENT OF BONDING PRESSURE MAGNITUDE

As mentioned in the previous section, the required bonding pressure is set in the load

cell (see Figure 2-2). Having ascertained the bonding pressure, the force load, F can be

calculated by multiplying bonding pressure, P with the actual bonding area, AB.

F=PAB (1)

As soon as the initial gap between the load cell and the fixture frame is filled by the

differential thermal expansion of materials, the bonding pressure is transmitted to the

laminae stack.

2.4.2 TIMING OF BONDING PRESSURE

Pluess (2004) has shown that it is significantly important not to apply bonding

pressure before bonding temperature is reached during the diffusion bonding of

microlaminated devices. This prevents the warpage of the finned microchannel

structures inside the laminae stack. If the bonding pressure is applied for a certain

period of time, At before the bonding temperature, TB is reached (see Figure 2-3), the

remaining temperature rise, AT may cause the fins inside the laminae stack to warp.

This warpage effect can be explained by lateral frictional forces between the interfaces

due to the application of bonding pressure on the stack.
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In an ideal bonding cycle, the pressure will be applied at the end of the heating

ramp and therefore no fin warpage will result since all materials are already fully

expanded. However, to ensure pressure application at the desired bonding temperature

within a differential thermal expansion unit, the contact has to be made at some

temperature, Tc before the final bonding temperature, TB is reached. This temperature

Temperature

TB

Ramping TimeCoolingI . I
Bonding

I
Figure 2-3: Pressure application during temperature ramping

range, A TCB allows for temperature fluctuations during the bonding cycle. However

the point of contact should still be kept as close as possible to the actual bonding

temperature in order to minimize the warpage effects. Pluess found that a ATCB of

50°C allowable for Cu shims with 6 MPa of pressure without detectable warpage.

Thus, a calculated initial gap, g0, defined in Equation (2) can be set between the

inner parts and the frame that has a fine threaded set screw to time the application of

bonding pressure.

A

AT

At
..4
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g0 =(ae, Ze, af, .zfI).(TB /TcB TR) (2)

Where aej and Ze,j represent coefficient of thermal expansion and heights of inner

parts and aj1 and z represent coefficient of thermal expansion and height of outer

frame parts. The initial gap for a particular application can be calculated by plugging

in the values of LITCB and TRwhich represents the room temperature.

2.4.3 CONTROLLED PRESSURE SENSITIVITY

In addition to magnitude and timing of bonding pressure, it is important to understand

the sensitivity of bonding pressure as a function of temperature. Once the bonding

pressure starts to transmit in thermal expansion fixture, it is necessary that the bonding

pressure stays constant within a certain tolerance range. Typically, temperature

fluctuations of ±5°C have to be considered in a standard furnace cavity.

Pluess in his thesis has shown that this sensitivity of bonding pressure can be

reduced to a large extent by using disc springs that absorb any rise or fall in the

bonding pressure [21]. This can be explained with the simple theoretical proposition,

that pressure sensitivity is extremely high when using a solid expansion block

compared to using disc springs in the load cell assembly as shown in Figure 2-4.

zhi(T) = ktotai zlz(T) /AB = m n k Az(T) /AB (3)

It has been shown that the sensitivity of the load cell follows the relationship shown

in Equation (3), where ktotai is the overall spring constant of the load cell which can be

calculated by multiplying the number of spring stacks, m and number of springs within
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a spring stack, n of a load cell. Az(T) represents the amount of thermal expansion due

to thermal fluctuations and AB, the actual bonding area of the laminae.

A(T4

A(T)

a) Pressure Sensitivity in f(T) of a Solid
Expansion Block

AG(T)
k/As

AZ(T)

b) Pressure Sensitivity in f(T) of a Pre-
Stressed Spring Element

Z(T)

Figure 2-4: Sensitivity behavior

2.5 APPLICATION TO LARGE SUBSTRATE DIFFUSION BONDING

To date, Pluess has shown that differential thermal expansion can be applied in a

controlled manner to the diffusion bonding process. It is expected that pressure

magnitude, timing and uniformity are all more difficult to control for large substrate

diffusion bonding. The objective of this thesis is to demonstrate control of the

pressure magnitude, pressure timing and pressure uniformity of the differential

thermal expansion technique applied over large areas.



3 THEORETICAL ANALYSES AND DEVICE DESIGN

The transition from a small substrate diffusion bonding clamp to a large substrate

diffusion bonding clamp requires the preparation of a detailed layout for

understanding the material and machining requirements of each part of the clamp. For

the ease of designing and meeting the requirements of the clamp as a single unit, the

clamp was divided into 3 subassemblies, namely, Frame Assembly, Bonding

Assembly and Actuator Load Cell Assembly.

3.1 ISSUES WITH LARGE SUBSTARTE DIFFUSION BONDING

UNIT

The design of the large substrate diffusion bonding unit has foreseen four major issues

which would be of interest in achieving the required bonding pressure and uniformity.

First, the ability to preload the load cell for the original DTE clamp developed by

Pluess, was possible using the hydraulic ram present in the vacuum hot press.

However, uniform preloading of a load cell for a large substrate DTE clamp was

considered problematic due to the need to preload large forces. Second, the effect of

the bonding platen and actuator load cell compliance used in the large substrate

bonding unit on the overall pressure application of the laminae was found to have far

more importance than the compliance of those materials used in the small substrate

bonding unit, These components have much larger dimensions in the large substrate

clamp and hence yield a complex modulus that significantly impacts stress distribution

within the clamp and consequently the governing equations associated with pressure

15
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magnitude and timing. Third, the small substrate clamp demonstrated in Pluess thesis

(2004) did not consider the deflection in the frame assembly which can influence the

governing equations for a large substrate DTE clamp. The frame assembly should be

extraordinarily rigid for large substrate bonding unit in order to minimize these effects.

Fourth, pressure uniformity which is majorly controlled by parallelism in the assembly

is also an important issue when designing the large substrate diffusion bonding clamp.

3.2 MODULAR ACTUATOR LOAD CELL ASSEMBLY

Keeping in view the first design challenge mentioned at the start of this chapter, a new

concept has been developed which keeps the frame assembly, bonding assembly and

actuator load cell assembly as separate entities but combines the control of gap into

the modular load cell assembly.

3.2.1 GEOMETRY

The newly conceptualized modular load cell assembly shown in Figure 3-1 is capable

of helping to minimize the challenges posed with regards to preloading, gap setting

and parallelism of the stack. The major component of the load cell assembly is the

high load Belleville spring which primarily aims at storing the preload force necessary

to generate the required boning pressure. Figure 3-2 shows the exploded view of the

load cell assembly. The modular load cell consists of actuator, Belleville spring,

adjustment collar and preload bolt. The modular load cell assembly can be preloaded

using the Pressmaster vacuum hot press model HP3O-4560. The preload force from the
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spring gets uniformly released into the stack from the actuator upon reaching contact

temperature in the bonding cycle.

A

Good
Parallelism

Figure 3-1: Modular actuator load cell assembly

Preload
Force Release

Gap Adjustment

Actuator

Belleville Spring

Adjustment Collar

' Preload Bolt

Figure 3-2: Exploded view of load cell assembly

Based on the modular load cell assembly concept, the load cell assembly for large

substrate diffusion bonding unit is divided into 'n' number of units. Each unit in itself
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is considered as a load cell assembly. The value of 'n' depends on the area of the

substrate that is being bonded.

The parallelism issue for large substrates can also be reduced to a large extent with

the modular actuator load cell concept as it is easier to control parallelism for small

surfaces.

3.2.2 APPLICABLE MATERIALS FOR CLAMP DESIGN

Selection of structural materials for all the subassemblies can be done based on their

functionality (coefficient of thermal expansion), maximal service temperature,

modulus of elasticity and strength at maximal service temperature and

manufacturability.

Table 3-1: Low CTE-Materials for High Temperature Frame Applications

Table 3-2: High CTE-Materials for High Temperature Inner Part Applications

Material
Max. Service
Temperature

Tensile Elastic
Modulus [GPa]

CTE
linear 1000°C
[j.im/m°C]

Applicable
Parts

Graphite ISO - 63 3650 12.0 5.6 Compression
Molybdenum 2617 330 6.5 Tension
Alumina AD998 1750 370 6.5 Compression

Material
Max. Service
Temperature

[°C]

Tensile Elastic
Modulus [GPa]

CTE
linear 1000°C
[jtm/m°C}

Applicable
Parts

AISI SS Type 316 870 193 17.5 Compression
AISI SS Type 321 925 195 20.5 Compression
AISI SS Type 330 1035 197 16.7 Compression
INCONELTM 625 650 208 14.9 Compression
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Subsequently, the materials can be classified according to their coefficient of

thermal expansion either be used as a material for the fixture frame (see Table 3-i) or

as a material for parts where higher thermal expansion is required (see Table 3-2)

needs consideration to minimize diffusion bonding of assembly components. In order

to prevent the joining of the bonding fixture to substrate layers, graphite platens have

been successfully used in the past. Other mating parts of the fixture can be coated with

a boron nitride suspension to prevent solid state diffusion bonding of fixture

components.

3.2.3 DEVICE DESIGN AND ANALYSIS

3.2.3.1 FRAME ASSEMBLY

The frame assembly comprises a head plate, a base plate, standoffs, standoff washers

and standoff-nuts. The applicable materials for the frame parts must have low CTE,

high elastic modulii, and high tensile and compressive strengths. Figure 3-3 shows the

isometric view of the frame assembly. Frame standoffs made of high tensile and

fatigue strength material, molybdenum, connect the head and base plates. The head

plate and base plate were made of advanced alumina AD-998 and are procured from

COORSTEK Amazing Solutions as machined parts. Since the parts are cast, the

thickness of the plates cannot be more than the specifications required for processing

ceramics. This limitation has let to a design with a pattern of holes in the plates to

allow for manufacturability and the increased thickness cross section only in the center

of the plates. Finite element analysis was performed with a quarter-symmetric FEA
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model of the frame. The frame standoffs were modeled using beam elements attached

to tetrahedral solid elements via rigid links (see Figure 3-4 (a)).

Figure 3-3: Isometric view of frame assembly

a) Meshed model frame plates b) Force applied on inscribed
with standoffs area (yellow)

Figure 3-4: Quarter-symmetric model of frame assembly
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Figure 3-5: Stress distribution in the frame plates

Parallelism of the frame is a key factor that controls the uniformity of bonding

pressure and hence the parts were made to pass through a series of grinding and hand

polishing steps.

This effort was supported by the design efforts of Tom Winslow from Wintech

Design LLC and the finite element analysis efforts of Dr. George Laird from

Predictive Engineering Inc.
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The top and bottom plates experience the same amount of force, therefore, a force

of 9000 lbf (40034 N) was applied on the inscribed surface (yellow) of the model as

shown in Figure 3-4(b).

The results indicated that there is a maximum tensile stress of 7000 psi (48.26

N/mm2) located near the bolted connections and near the center of the plate. This

stress is considered to be well within the yield strength of the material. (Figure 3-5).
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3.2.3.2 BONDING PLATEN ASSEMBLY

The bonding platen assembly was comprised of a top bonding platen and a bottom

bonding platen. The applicable materials for these parts must have low CTE and high

compressive strength. The bottom bonding platen is the platform to uniformly

distribute the force transmitted from the actuators to the bonding laminae. Hence a

thicker alumina AD998 was used which is thicker than the bottom bonding platen

made of graphite ISO-63. The design analysis is discussed in section 3.3.4. Again

parallelism of the bonding platens is the key specification to achieve uniform pressure

distribution.

3.2.3.3 ACTUATOR LOAD CELL ASSEMBLY

The actuator load cell assembly consists of an actuator, a disc spring, an adjustment

collar, a preload bolt and an actuator base. The actuator load cell assembly shown in

Figure 3-1 controls the pressure magnitude, pressure uniformity and pressure timing of

the clamp. It consists of a disc spring sandwiched between actuator and adjustment

collar. The load cell can be preloaded by a pre-calculated force using a torque wrench

as explained in section 3.2. Actuator is fabricated with high temperature stainless steel

321 that has a high coefficient of thermal expansion in order to drive the main

displacement of the load cell connected into it. The cross section of the actuator is set

as square based on the results obtained from the optimization study discussed in

section 3.2.4.1. Adjustment collar and actuator base are designed in a way so that the

actuator base can be screwed up or down to increase or decrease the height of the

assembly, thus adjusting the initial gap of the clamp.
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3.2.4 LARGE SUBSTRATE DTE CLAMP ANALYSIS

The DTE clamp was designed to provide for the diffusion bonding devices of sizes up

to 150 x iSO mm2 and 100 mm in thickness. The primary requirement of the clamp is

the ability to uniformly distribute the pressure throughout the bonding area. The

concept of modular actuator load cell assemblies was verified based on a series of

finite element studies. A 2 factorial experimental design was conducted using finite

element analysis with pressure uniformity as the dependent variable. The five

independent variables along with their effects on uniform pressure distribution are

discussed in the following subsections.

3.2.4.1 CROSS SECTION OF THE ACTUATOR

Actuator is a key component that releases the preload force from the load cell and

transmits it to the bottom bonding platen. The uniformity of bonding pressure that is

transmitted to the device on the other side of the bottom bonding platen, largely

depends on the cross section of the actuator. It was assumed that square cross section

actuator would result in a better uniform pressure distribution than circular cross

a) Circular Cross Section Actuator

Figure 3-6: Cross section of the actuator

b) Square Cross Section Actuator
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section actuator as shown in Figure 3-6 (a) & (b). The results obtained from the design

of experiments affirmed the assumption as shown in the graph in Figure 3-7.

Means and 95.0 Percent LSD Intervals

4

3
2

2

a. o
0 I

Circular c/s Square c/s

Figure 3-7: Circular c/s Vs square c/s actuators

The x -axis indicates the type of cross section the actuator has and y-axis of the graph

indicates the pressure difference observed on the bottom bonding platen. Pressure

difference can be interpreted as higher non-uniformity for higher more pressure

difference.

3.2.4.2 NUMBER OF ACTUATOR ASSEMBLIES

As explained in section 3.2, the load cell assemblies are key parts of the clamp for its

intended performance. The clamp was sp designed to be capable of diffusion bonding

devices with areas up to 150 x 150 mm2. A square array of actuator load cell

assemblies with either nine or twenty five actuator assemblies was proposed and

analyzed using finite element analysis as shown in Figure 3-8. The results indicated
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that higher the number of actuators, better the pressure distribution. The graph in

Figure 3-9 shows that best pressure distribution is achieved when using twenty five

actuators.

a) 9 Actuators b) 25 Actuators

Figure 3-8: Number of actuators

Means and 95.0 Percent LSD Intervals

4.5

3.5

2.5

9 25

Number of Actuators
Figure 3-9: 9 Vs 25 Actuator load cell assemblies

3.2.4.3 TOP AND BOTTOM PLATEN THICKNESS

Top and bottom bonding platens are the key components of the bonding platen

assembly. Size of the device being bonded was maximized by minimizing the
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thickness of the bonding platens. A series of finite element analyses were conducted to

study the effect of thickness of bonding platens on the uniformity of bonding pressure.

Figures 3-10 and 3-1 1 show the solid model used for analyzing the effect of thickness

of the top and bottom platens on the pressure uniformity.

a) Reduced Top Platen Thickness

a) Reduced Bottom Platen Thickness

Figure 3-10: Top platen thickness

b) Increased Top Platen Thickness

b) Increased Bottom Platen Thickness

Figure: 3-11: Bottom platen thickness

The results indicated that the thickness of the top bonding platen should be more

than the thickness of the bottom bonding platen as shown in Figure 3-12 (a) & (b).
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Means

cD4.8
C.)

4.3

w

D
ci)

U)
2.3

a.18

and 95.0 Percent LSD Intervals Means

cu4
C)

3.7
U)

' 3.4

3.1

U)U).
U)

a. 25

and 95.0 Percent LSD Intervals

0.5 1 0.5 1

Top platen thickness Bottom platen thickness
a) Top Bonding Platen Vs b) Bottom Bonding Platen Vs

Pressure Difference Pressure Difference

Figure 3-12: Thickness of the bonding platens

3.2.4.4 MATERIAL SELECTION FOR BONDiNG PLATENS

Thermal mass of the components in the DTE clamp is a major concern while working

at higher temperatures. A high thermal mass clamp would require more ramp time to

achieve target temperature. Two materials with different densities were pre-selected.

A similar study was conducted to study the affect of the platen material on the

pressure uniformity. The results shown in Figure 3-13 indicated that there is not much

difference in pressure uniformity when either graphite ISO-63 or alumina AD998 were

used as bonding platen materials. It was presumed that platen material with high

modulus of elasticity would be able to uniformly distribute the pressure.
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Means and 95.0 Percent LSD Intervals
3.9

3.7
3.5

3.3
3.1

2.9
2.7

Means
0.73

0.63

0.53

2 0.43

0.33

0.23

Granhite Alumina
Platen Material

Figure 3-13: Bonding platen material selection

To validate this presumption, another set of analyses were conducted to study the

effect of the material of top bonding platen on the pressure uniformity. The results

shown in Figure 3-14 indicated that top bonding platen made of graphite ISO-63

results in better pressure uniformity. Based on these results, alumina AD998 was

assigned to bottom bonding platen and graphite ISO-63 assigned to top bonding

platen.
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and 95.0 Percent LSD Intervals

Graphite Alumin
Platen material

Figure 3-14: Platen material for top bonding platen
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Figure 3-15: Actuator thickness and top bonding platen thickness
minimization
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3.2.4.5 MINIMIZiNG COMPONENT THICKNESS FOR DTE CLAMP

To maximize the height of the clamp work envelope, and thereby increase the stack

height of the bonded laminae, it was necessary to minimize component thickness. As

previously mentioned, uniform pressure distribution has a major role in the success of

the DTE clamp. Efforts were made to maximize the height of the DTE clamp without

compromising pressure uniformity. Based on the results obtained from the 2 factorial

study discussed in the previous sections, a second phase of finite element studies were

performed to achieve uniform pressure distribution with reduced component thickness.

The results shown in Figure 3-15 (a) and (b) indicate that taller actuators and thicker

top bonding platen are necessary to achieve uniform pressure distribution.

Means and 95.0 Percent LSD Intervals Means and 95.0 Percent LSD Intervals

a) Actuator thickness b) Top platen thickness
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3.2.5 LARGE SUBSTRATE DTE CLAMP

An exploded view of the large substrate DTE clamp is shown in Figure 3-16. This

clamp is capable of diffusion bonding micro-devices of sizes up to of 150 x 150 mm2

in area and 100 mm in thickness. The frame of the bonding unit was made from rigid

materials. Plates were made of alumina AD998 and connected by twelve standoffs

Head Plate

Standoff Nut

Standoff Washers

Top Bonding Platen

Frame Standoff

Micro-Device

Bottom Bonding Platen

}Actuator Load Cell
Assembly

Base Plate

Figure 3-16: Large substrate differential thermal expansion unit

made of high tensile strength molybdenum. An array of 16 actuator load cell

assemblies covering an area of 1 50 x 1 50 mm2 was designed to control the pressure

timing, magnitude and uniformity of the DTE clamp. The bonding platen assembly

consisting of a top bonding platen made of graphite ISO-63 and bottom bonding platen

made of alumina AD998 is placed above the array of actuators. The clamp has the
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flexibility of being used for cross section of geometries ranging from 25 x 25 mm2 to

150 x 150 mm2.

3.3 CONTROLLED LARGE SUBSTRATE DTE BONDING UNIT

Referring back to the second and third design challenges at the start of this chapter,

consideration is given of the governing equations related to pressure magnitude,

pressure timing and sensitivity for controlling the large substrate differential thermal

expansion bonding unit.

3.3.1 ADJSUTMENT OF THE BONDING PRESSURE MAGNITUDE

The variety and quantity of materials used in the large substrate diffusion bonding unit

are more than those used in the small substrate diffusion bonding unit. In the large

substrate diffusion bonding unit, the magnitude of the bonding pressure transmitted

into the stack of laminae is the result of a combined effect of the summation of elastic

modulii of materials and the deflection of the head plate and base plate in the frame

assembly. As shown in Equation (1), bonding pressure can be expressed in terms of

force that is being transmitted thru the stack of materials in the diffusion bonding unit.

The bonding cycle executed in the large substrate diffusion bonding unit is shown

graphically in Figure 3-17. The governing equation for the force required to generate

the targeted bonding pressure can be seen in Equation (4):

PAB =n.k(x/ctx')--k&" (4)
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where P is the required bonding pressure; and AB is the area of the laminae that is being

bonded; n is the number of modular actuator load cell assemblies used and k is the spring

constant of the disc spring used in the load cell and x is the initial compression of the disc

spring calculated based on the spring constant of the spring and the preload force.

Temperature
Force A

kx
k (x-Ax)

k (x-Ax-Ax'+Ax")

k (x-Ax-Ax')

TR

Temperature
Pressure

Time
4 . Bonding 4

Ramping 4 . Cooling

Figure 3-17: Graphical representation of force during bonding cycle from the
perspective of the Belleville spring

Ax in Equation (4) is the adjustment in compression of the disc spring to account for

the loss in preload force due to thermal expansion of load cell materials and can be

expressed as in Equation (5):

zXx=ATCR .(a F ce l) (5)

where ATCR is the change in temperature from room temperature to contact temperature for

that particular diffusion bonding cycle and ap , ap and l. , l are the coefficients of thermal

expansion and lengths of the fasteners and platens of load cell assembly respectively.
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Ax' in Equation (4) is the adjustment for the loss in preload force immediately after

the contact is made between the inner parts and the frame parts due to the effect of

complex modulii of materials in the differential thermal expansion diffusion bonding

unit. Figure 3-18 (a) & (b) gives the schematic representation of the assembly parts in

action before contact is made and immediately after contact is made.

Bottom Bonding Platen (3)

Actuator (4)

Disc Springs

Actuator Assembly Parts (5)

Initial Gap

F=k(x-Ax)=kX; E=rO.5.kX2

Figure 3-18: a) Diffusion bonding unit before contact is made

Before contact is made in the bonding unit, preload force is stored in the disc

springs. As soon as the contact is made as shown in Figure 3-13 (b) forces generated

by individual components of the bonding unit come into play and it can be expressed

as in Equation (6).

F1 = F2= F3=(c1 . Ai)=(c2 . Y2 A2)(c3 . Y3 A3)= ..... (6)

Top Bonding Platen (1)

Laminae (2)
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= 0.5 k (X-Ax')

Fi=1YvAi; E1=0.5Y1c12L1Ai

F2=c2Y2A2; E2=0.5Y222L2A2

F3=E3Y3A3; E30.5Y332L3A3

F4=E4Y4A4; E4=0.5'Y442L4A4

F = k . (X-Ax'); Es = 0.5 . k (X-Ax')2

F5=5Y5A5; E5=0.5Y5c52L5A5

EF=0.5k(X-Ax')ö

o.yA
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Energy in DTE clamp immediately after contact
V

Energy in DTE clamp just before contact
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+k.(XAx')S (8)

Top Bonding Platen (1)

Laminae (2)

Bottom Bonding Platen (3)

Actuator (4)

Disc Springs

Actuator Assembly Parts (5)

Figure 3-18: b) Diffusion bonding unit immediately after contact is made

The loss in initial compression, Ax', of the disc spring due to the high amounts of

forces generated by bonding unit components and deflection in the frame can be

expressed as in Equation (7) since the overall force transmitting thru the inner parts of

the clamp is the same.

Ej Yi A1 =n k (X-Ax') (7)

The amount of compression lost in the disc spring soon after contact is made can be

estimated by using Equation (8) which is the representation of the law of conservation

of energy before and after contact is made: (Refer Figure 3-13(a) & (b))
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where Y,, A,, L and e, are the modulus of elasticity, area, length and strain of top

bonding platen, laminae, bottom bonding platen, actuator, disc spring and actuator

parts. 5 represents the deflection of the head plate of frame assembly and can be

derived from Equation (9), where C is a constant representing the material and

geometric properties of the head plate and base plate.

F L3
1= E.G

48.Y.I)

The change in energy, tIE due to change in temperature AT is very low and is

assumed to be neglected.

The fourth term on the right hand side of Equation (4), Ax", is the adjustment for

the compression that is gained due to the differential thermal expansion of materials

from contact temperature to bonding temperature. Ax" can be calculated based on

Equation (10):

AX" = Cs AT L,') (10)

where Li' is the height of individual component soon after contact is made and ATBC is the

difference of contact temperature and bonding temperature; Cs is a proportionality factor that

takes into consideration the amount of thermal expansion of component materials that is

added into the compression adjustment of the spring, Ax".

The value of C can be calculated based on Equation (11):

n.[h(X--&')]
n.[h(XAx')]+AL,

(9)
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where h is the overall height of the Belleville spring which is subjected to compression and

ALi is the change in height of the individual components soon after the contact is made. The

term h-(X-Ax') represents the overall compression of a single spring.

Based on Equation (4) which is the governing equation for estimating the pressure

magnitude, the graphical representation of bonding pressure in a differential thermal

expansion based diffusion bonding cycle is shown in Figure 3-19.

TB

Tc

TR

/

I
Ramping

Bonding

Figure 3-19: Graphical representation of bonding pressure magnitude

Time

3.3.2 TIMING OF BONDING PRESSURE

The time at which the bonding pressure is introduced into the stack plays vital role in

controlling the fin warpage in the microlaminated devices. Pluess showed in his thesis

(2004) that fin warpage in the fabricated devices could be controlled by leaving an

initial gap into the clamp, where a nominal bonding pressure starts transmitting from

before 50°C of bonding temperature. The initial gap can be set into the large substrate

diffusion bonding unit using the modular actuator load cell assemblies. For a given

component geometries and materials, initial gap can be calculated if the desired

Temperature A Temperature

Pressure Pressure

I
Cooling
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contact temperature is known. The governing equation for calculating the initial gap is

given in Equation (12).

g (12)

Where a1, z1 and af, Zf are the coefficients of thermal expansion and lengths of the

inner parts and frame parts respectively. Tc and TR are the contact temperature and

room temperature respectively. By substituting all the known values, the initial gap, g0

can be calculated from the above equation.

3.3.3 BONDING PRESSURE SENSITIVITY

The control of the bonding pressure sensitivity for the large substrate diffusion

bonding unit is same as in the small substrate diffusion bonding unit detailed in

section 2.4.3.

3.4 MANUFACTURING ENGINEER CONSIDERATIONS

The approach that a manufacturing engineer needs to take to successfully operate the

clamp is briefed in this section. It starts from figuring out the right number of actuator

load cell assemblies and the appropriate preload force required for each actuator based

on the area that is being bonded. Parallelism plays a vital role for achieving a uniform

pressure distribution and calibration of each and every component of the assembly is

important. A detailed procedure to use the DTE clamp is detailed in the User Manual

attached in the Appendix A.



4 EXPERIMENTAL APPROACH

Experiments were conceived to calibrate and validate the clamp and its functionality.

These included pressure uniformity, pressure timing and pressure magnitude. Below

are the descriptions of the experiments conducted in this thesis.

4.1 LOW TEMPERATURE TESTS

Initial tests were conducted with single actuator load cell assembly at temperatures of

190°C to validate the concept of the actuator assembly. Multi actuator load cell

assemblies' tests were performed for pressure uniformity, magnitude followed by

single actuator load cell assembly tests. A series of experiments were performed at

temperatures ranging from 150°C to 190°C to determine the timing of pressure

application. The expansion potential of the clamp in the temperature regime of 170°C

to 190°C was of the order of 120 jtm to 140.tm.

4.2 EXPERIMENTAL SETUP FOR VALIDATION TESTS

Tests were conducted on a single actuator load cell assembly to validate the pressure

uniformity, pressure timing and pressure magnitude. The independent variables for the

validation tests were identified as the bonding temperature and initial gap adjustments.

The validation experiments were conducted in a low temperature forced convection

furnace, Blue M Electric Furnace series IGF-7780, supplied by Thermal Product

Solutions. (See Figure 4-1) Efforts were made to validate the temperature in the hot

zone of the Blue M furnace since the thermocouple provided in the furnace cavity is

38
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on the rear side of the chamber which is adjacent to the blower. A flexible J-type

thermocouple has been installed in the furnace to be able to measure the actual

temperature in the actuator assemblies. Figure 4-2 (b) shows the flexible thermocouple

inserted into a dummy actuator that is placed in the farthest position from the blower

in the furnace cavity. This ensures that the temperature of all the actuator assemblies

has reached the target temperature.

Figure 4-1: Experimental setup DTE bonding unit

Figure 4-2: Flexible thermocouple setup in the DTE bonding unit

a) Furnace thermocouple b) Flexible thermocouple



40

Temperature readings were manually recorded every 5 minutes from the furnace

thermocouple and flexible thermocouple and plotted in Figure 4-3. For this experiment

a target temperature of 190°C was programmed with a 5 minute soak time. The

temperature ramp was defined to be I 1°C/mm. From the graph it can be seen that at

the beginning of soak period a temperature difference of 37°C exists and it indicates

250

200

0

150

J
50

0

- Furnace Temp

Thermocouple Temp

cS cs" cs' ç;b
ç ç'

Time Imini
Figure 4-3: Temperature profile furnace temperature vs. actuator temperature

that the ramp rate should be less than 11°C in order to give enough time to the high

thermal mass of the DTE clamp to attain the target temperature.

For the temperature profile in Figure 4-4 a target temperature of 190°C was

programmed with a 5 minute soak time and the temperature ramp was defined to be

5°C/mm. At the start of the soak time the measured temperatures in the furnace

chamber and actuator assemblies reached the target temperature.
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Figure 4-4: Improved temperature profile

A digital height gauge having a resolution of 5 microns was used to do the overall

height adjustments for setting up the diffusion bonding experiments. (See Figure 4-5)

Figure 4-5: Digital height gauge
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The height gauge was calibrated using gauge blocks of three different thicknesses

and an error of 5 microns was estimated which is of the order of less than 5 percent of

the total expansion potential used for the low temperature validation tests.

Referring to Figure 4-1 which shows the experimental setup used for validating the

large substrate diffusion bonding unit for substrate size of 50mm x50mm, the bonding

fixture made of graphite ISO-63 is shown in detail in Figure 4-6. The bonding fixture

comprises of a top platen, bottom platen and an interlayer and is capable of bonding

substrate sizes up to sizes 50mm x5Omm.

Figure 4-6: Graphite bonding fixture

Figure 4-7: Large diameter stainless steel discs

Two large diameter stainless steel discs shown in Figure 4-7 were used as

expanders in order to fill the space inside the bonding unit and a set of four actuator
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load cell assemblies as shown in Figure 4-8 was used to control the magnitude, timing

and uniformity.

Figure 4-8: Four actuator load cell assemblies

4.3 VALIDATION EXPERIMENTS OF DTE CLAMP

4.3.1 PRESSURE UNIFORMITY

A uniform distributed pressure is essential for a constant bond quality across the entire

substrate area. However, the pressure distribution is rather difficult to be quantified,

especially in a closed furnace at elevated temperatures. The use of a Fuji Prescale film

has been found as a common measurement tool for the analysis of pressure uniformity.

Fuji Prescale film is a measurement film that can measure pressure and visualize its

distribution according to different color densities for different pressure levels up to

temperatures of 50°C. A validated method implemented in the thesis of Pluess (2004)
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found that the Fuji film was functional up to a temperature of 190°C. (Refer Appendix

B)

I I-YE a

Fuji Prescale film

Ceramic bonding
platens

Graphite bonding
platen

Figure 4-9: Single actuator assembly pressure uniformity test setup

Figure 4-9 shows the experimental setup used for validating pressure uniformity

with a single actuator load cell assembly. Apart from two ceramic bonding platens and

single graphite bonding platen a 50 mm x 50 mm stainless steel block was used to fill

up the space in the bonding unit. The Fuji Prescale film was placed between the

actuator assembly and head plate.

Single actuator assembly pressure uniformity tests were followed by two actuator

assembly tests. The test setup used for two actuator assembly tests is shown in Figure

4-10 where a 1.5" diameter stainless steel rod was used to fill the empty space in the
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bonding unit. The Fuji Prescale film was placed in between the stainless steel

expander and ceramic bonding platen.

D LL-a]iIJNYll--4IEU1

Figure 4-10: Two actuator assembly pressure uniformity test setup

En

Stainless steel rod

Fuji Prescale film

. Fuji Prescale film

Large diameter
Stainless steel discs

Figure 4-11: Four actuator assembly pressure uniformity test setup

II EI ED
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Figure 4-1 1 shows the test setup used for pressure uniformity validation tests of

four actuator load cell assemblies. The Fuji Prescale films were placed in between the

actuator assemblies and ceramic bonding platen and also in the graphite boning fixture

to study the role of each actuator assembly in achieving uniform pressure distribution

in the graphite bonding fixture.

4.3.2 TIMING OF THE BONDING PRESSURE

Since the Fuji Prescale film indicates the pressure transmitted in the fixture,

conclusions can also be drawn regarding timing of the bonding pressure. Timing of

bonding pressure application was validated from the test results obtained from four

actuator assemblies tests. The test setup is shown in Figure 4-1 1.

4.3.3 PRESSURE MAGNITUDE

The magnitude of the pressure transmitted in the stack can be interpreted from the

intensity of the color on the Fuji Prescale film. The pressure signatures obtained from

the tests conducted for pressure uniformity were used to validate the pressure

magnitude in the diffusion bonding unit. The reference color densities for the pressure

sensitive film included in Appendix B was used to read the pressure transmitted in the

stack.



5 RESULTS AND DISCUSSION

5.1 PRESSURE UNIFORMITY VALIDATION TESTS

The validation of actuator load cell assembly was done at low temperature using a

pressure sensitive film (Fuji Prescale type LW) for pressure magnitude, uniformity

and timing.

5.1.1 SINGLE ACTUATOR LOAD CELL ASSEMBLY VALIDATION

Series of tests conducted on a single actuator load cell assembly indicated that the

pressure uniformity was not consistent for different gap settings as shown in Figure 5-

1(b). This is due to the out of parallelism in the actuator assembly, mainly caused due

to the non perpendicularity of the actuator base's threads to the axis of rotation. One

more observation made from the tests is that the gap adjustment resolution is very high

because of small thread diameter of the actuator base. As an alternative to these

problems, design changes were made in adjustment collar and actuator base by

b) Non-uniform pressure signatures

Figure 5-1: Actuator assembly with internal threads on actuator base
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changing the internal threads on adjustment collar to external threads and external

threads on actuator base to internal threads.

The modified actuator load cell assembly is shown in Figure 5-2. The modified

actuator assembly was verified at two different pressure magnitudes, pressure

signatures shown in Figure 5-2(b) & (c). No pressure area in the circular cross section

pressure signature is attributed to the machining defect in the stainless steel expander

adjacent to which the pressure film was placed.

a) 4 MPa Uniform pressure signature

b) 5.5 MPa Uniform pressure signature

Figure 5-2: Final actuator load cell assembly

With the increased thread diameter on the actuator base, gap setting resolution is now

reduced from 10 microns to 5 microns.
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5.1.2 MULTI ACTUATOR LOAD CELL ASSEMBLY VALIDATION

Two actuator assemblies were tested in the first stage for the ease of analyzing the

results. Initial results indicated that there remains a considerable non uniformity in

resultant pressure. This necessitated the development of a calibration technique which

would optimize the maximum contact area by bringing various actuator assemblies on

a single plane. Figure 5-3 shows pressure signatures obtained from the same settings

before and after implementing the calibration technique. (Refer A for calibration

technique in User Manual)

Before calibrating actuator After calibrating
assemblies actuator assemblies

Figure 5-3: Pressure signatures of two actuator load cell assembly tests

In the second stage pressure uniformity tests for four actuator assemblies were

performed. The pressure signatures obtained from these results have indicated that

there is a significant amount of dimensional variation among the four actuator

assemblies. Such a dimensional variation might have been caused by disc springs with

high machining tolerances that are used in the actuator assembly. To verify such

possibility, a dimensional analysis of actuator assemblies was performed. Out of

parallelism measurements were made for sixteen different combinations of actuator
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assembly and disc spring. The data of the dimensional analysis can be found in

Appendix C.

The analysis has revealed that the dimensional variability of actuator assemblies is

due to combined effect of three different errors, namely, disc spring tolerance error,

machining tolerance error and contact orientation error among various parts of

actuator assembly. These results have suggested the lack of control on the parallelism

of the actuator assemblies. Applying the principle of parsimony, four best actuator-

spring combinations possible with the presently available resources were selected and

further experimented with.

In the third stage of experiments performed with these four actuator assemblies, the

results shown in Figure 5-4 have indicated that all actuator assemblies were not

transmitting pressure of equal magnitude. As mentioned earlier, the magnitude of

pressure transmitted directly relates to the amount of interference between the inner

Actuator
assembly # I

Actuator
assembly # 2

Actuator
assembly # 4

Actuator
assembly # 3

Figure 5-4: Amorphous behavior of actuator assemblies
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parts and the frame. Assuming that the whole inner stack is perfectly calibrated, it has

been proposed that out of parallelism of frame was the reason for this amorphous

behavior of actuator assemblies.

Considering the machining tolerances on various parts of the frame assembly, the

best parallelism that could be achieved between head plate and base plate was of the

order of4l microns. Figure 5-5 shows the front view of the experimental setup.

Estimated Less
interference

Is!

interference

Out of parallelism
of frame assembly

Figure 5-5: Schematic representation of DTE clamp with off-parallelism in frame
assembly

It can be explained from this figure that the two actuator assemblies placed onto the

right would possibly have less interference than the two actuator assemblies placed on

to the left, given that out of parallelism of the frame is inclined at an acute angle in

clockwise direction.
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This kind of a behavior of actuator assemblies was controlled by introducing a new

technique of calibrating actuators where different actuator assemblies were adjusted to

different heights. The results from these validations tests have acknowledged the

concept proposed in Figure 5-5. Figure 5-6 shows pressure signature obtained after

calibrating each actuator load cell assembly to a different height.

Actuator assembly #
Height = 52.77mm

Actuator assembly # 2
Height = 5 2.76mm

Actuator assembly # 4
Height = 52.79mm

Actuator assembly # 3
Height = 52.79mm

Figure 5-6: Improved performance of four actuator load cell assemblies

Pressure signature shown in Figure 5-6 is the best pressure uniformity possible with

the given manufacturability constraints. Pressure sensitive film placed in graphite

fixture during the successive validation test (pressure signature shown in Figure 5-7

(b)) indicated the possibility of out of parallelism in the graphite fixture since there is a

non-uniform transmission of pressure thru the graphite fixture even when all actuators

are transmitting the pressure uniformly. Based on these results, the bonding platens of

the graphite fixture were re-machined in order to yield a more uniform pressure

distribution in the work piece which is placed in the graphite bonding fixture.



Figure 5-8: Pressure uniformity results with re-machined bonding platens
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a) Pressure signature adjacent to b) Pressure signature in the
four actuator assemblies graphite bonding fixture

Figure 5-7: Pressure signature indicating out of parallelism in graphite fixture

A precise vacuum chuck was used to prevent any bowing of the platens due to

clamping forces during machining and then the surfaces of all graphite bonding fixture

were re-machined with a fly-cutter. The pressure uniformity results obtained after re-

machining the bonding platens are shown in Figure 5-8.

a) Pressure signature adjacent to b) Pressure signature in the
four actuator assemblies graphite bonding fixture



5.2 PRESSURE TIMING VALIDATION TESTS

A series of five actuator load cell assembly tests were conducted to validate the timing

of pressure application. Table 5-I shows the pressure signatures obtained at various

temperatures for the same gap setting.

Table 5-1: Pressure timing validation test signatures

150°C

2.5 MPa
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The pressure signatures obtained at temperatures ranging from 190°C to 150°C

with a difference of 10°C per each signature indicate that a minimal pressure is

transmitted into the stack up to a temperature of I 80°C. The pressure read from the

1 50°C temperature test is the minimum pressure that could be identified by using a

LW Fuji Prescale pressure sensitive film. Based on the data obtained from above

validation tests for pressure timing, a graph could be plot for the pressures transmitted

at respective temperatures as shown in Figure 5-9. The actual contact temperature was

estimated to be I 50°C by adding a trend line to the graph.

190°C 180°C 170°C 160°C

7 MPa 6 MPa 4 MPa 3 MPa



3.0 MPa

10

9

8

7

S

5

4

3

Temperature Vs Pressure

//
2 ----------------------- --

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Temperature

Figure 5-9: Estimation of actual contact temperature

5.3 PRESSURE MAGNITUDE VALIDATION TESTS

The pressure signatures obtained for various settings are tabulated in Table 5-2. The

pressure calibration chart developed by Pluess (2004) for various pressure magnitudes

was used to read the pressures of the signatures obtained from the pressure magnitude

validation tests. (See Table 5-3)

Table 5-2: Pressure magnitude validation test signatures

3.5 MPa 4.5 MPa

55

6.5 MPa 7.0 MPa
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Pressures ranging from 3.0 MPa to 7.0 MPa were read of the signatures and this

indicated that pressure magnitude in the work piece could be controlled with the large

substrate differential thermal expansion based diffusion bonding unit. It is also clear

from the pressure signatures uniform distribution of pressure is achieved only at

higher bonding pressure magnitudes. This kind of behavior is attributed to the

compliance of the belleville springs in the actuator assembly for high transmitting

forces.



6 Conclusions

61 Thesis Summary

A new and unique thermal bonding device using differential thermal expansion has

been presented in this thesis. It was shown that a uniform pressure distribution could

be obtained for large substrates using a modular actuator load cell assembly. Each

modular actuator load cell assembly in itself is capable of controlling bonding pressure

based on the difference in coefficients of thermal expansion (ACTE), timing of

bonding pressure application within the temperature profile and pressure sensitivity of

the bonding fixture.

The recommended design of a ACTE bonding device investigated in this thesis

claims the use of high temperature spring elements (Belleville disc springs) to control

the pressure magnitude and sensitivity of the bonding device. Further, it has been

shown that the major challenges of requiring highly parallel machined large surfaces

can be overcome by using the modular actuator load cell assembly.

The ACTE-fixture design investigated in this thesis has demonstrated several major

advantages over existing designs in the patent literature. One major advantage

involves the ability to be able to use it for a range of geometries ranging from 25 mm

x25mmto 150 mmx 150 mm.

In prior designs, single load cell assemblies with a number of springs embedded

into the assembly were used. This concept has been decoupled in this thesis and a

more easy method of preloading the load cell was investigated.
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This flexibility makes the investigated ACTE bonding device not only interesting

for diffusion bonding, but also for any thermal bonding process. A second major

advantage (as has already been described) is the ability to control the timing at which

the bonding pressure is applied during the temperature cycle. The present design has

the ability to combat this for various calibration errors which come into play when

working with a bulk of variety of materials. A third major advantage (as has already

been described) is that the fixture is much less sensitive to fluctuations in bonding

temperature. Major advantages a'so exist for the use of a ACTE-fixture over existing

vacuum hot press platforms. By replacing the solid engagement block in the ACTE

fixture with a pneumatic or hydraulic engagement mechanism, the first major

advantage would be the ability to provide better pressure uniformity over the surface

of large substrates. This will become increasingly more important as economics

dictate the use of ever larger substrates for the microlamination of MECS devices. A

second major advantage of the fixture is that it does not require dynamic loading at the

bonding temperature. Loading of the bonding pressure in the CTE device is gradual.

This may become important with heightened efforts to increase layer-to-layer

registration precision and reduce fin warpage. And finally, like other differential CTE

devices, the use of a ACTE bonding device opens the possibility for the high-volume

microlamination of MECS devices within a continuous furnace system which will

permit the optimization of diffusion bonding (and ultimately any thermal bonding)

cycles.



6.2 RECOMMENDATIONS FOR FUTURE WORK

The investigations made in this thesis have shown the feasibility and functionality of a

fixture concept for large substrate MECS applications. However, future fixtures

should be designed with the ability of surpassing the machinability challenges. The

present design has a total of five components which includes the most challenging

component of actuator base that has internal threads. These threads have very fine

pitch and hence pose a major challenge for the machining technician to achieve

threads that are perfectly perpendicularly aligned to the axis of rotation. Any non-

perpendicularity in the threads thus leads to a large amount of out of parallelism in the

actuator load cell assembly. Hence the future designs of actuator load cell assembly

should be made without the use of threads. One possible solution for this challenge

may be a design wherein actuator load cell assembly is made from a single piece of

refractory material and a preload bolt. The sensitivity of resultant stress could be

controlled by using the governing Equations (13) & (14)

F/
E= E /A (13)

C /L

where E is the modulus of elasticity of the single piece load cell material and s is the strain in

the material for the corresponding ô and it can be expressed as the ratio of force F divided by

area A to change in length AL to original length L.

AE=
F.L (14)
AL.L
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From Equation (14) it can be interpreted that AE, the sensitivity factor can be greatly

reduced when the area of the single piece load cell is reduced. It is noteworthy to

mention that the area A that is taken into account in this case is the critical area in the

actuator assembly and not the area of the laminae that is being bonded.

One more issue that needs attention is the design of the head plate and base plate

which required a lot of investment in terms of money. To be able to apply this

technique for mass production, it would be recommended to incorporate the head plate

and base plate into the pusher furnace thus giving the frame more support. This

incorporation would help in reducing the assembling and disassembling times which

account for setup times and hence increase the economic value of the design.

Following these recommendations, a durable and robust large-substrate static fixture

for high volume-production seems feasible.
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1. Components - Differential Thermal Expansion Clamp:

There are a total of 12 different components in the DTE clamp of which some of the
parts are machined in the MBI facility and the remaining purchased directly from
vendor. Table 1-1 has all the parts listed along with the material it is made from. The
part drawings of each component are included in Appendix Al. A detailed Bill of
Materials is included in Appendix A2.

Table 1-1

68

# Component Material
Purchased /

Vendor
Machined

1 Head Plate Alumina 1 Purchased Coorstek Solutions

2 Base Plate Alumina 1 Purchased Coorstek Solutions

3 Frame Standoff Molybdenum 12 Machined Eagle Alloys Corp.

4
Standoff Washer

Stainless Steel 321 24 Machined McMaster Carr

Graphite ISO - 88 24 Machined McMaster Carr

5 Standoff Nut Stainless Steel 321 24 Machined McMaster Carr

6 Bottom Bonding Platen Graphite ISO - 88 1 Purchased
Toyo Tanso USA

Inc.

7 Top Bonding Platen Alumina 2 Purchased Coorstek Solutions

8 Actuator Stainless Steel 321 4 Machined McMaster Carr

9 Adjustment Collar Stainless Steel 321 4 Machined McMaster Carr

10 BeIleville Spring Inconel 718 4 Machined Solon Manufacturing

11 Actuator Base Graphite ISO - 88 4 Machined
Toyo Tanso USA

Inc.

12 Actuator Bolt Stainless Steel 316 4 Purchased McMaster Carr

13 Bonding Fixture Graphite ISO - 88 1 Machined
Toyo Tanso USA

Inc.

14 Expander Stainless Steel 321 2 Machined McMaster Carr



2. Introduction

Differential Thermal Expansion Clamp (DTE clamp) is a unique thermal bonding
device which works on the principle of thermal expansion of materials. The working
principle of this device is briefly discussed in the following paragraphs.

The schematic in Figure 2-1 shows a simple bonding unit. The bonding unit consists
of a top plate and a bottom plate made of low thermal expansion material, structurally
connected representing a rigid frame construction. Between the top and bottom plates
are placed the bonding platens and an expansion block. The laminae to be bonded are
placed in between the bonding platens. The expansion block has a significantly higher
coefficient of thermal expansion than the frame of the fixture. When the bonding unit
is heated to the bonding temperature the expansion block and the platens inside the
frame expand relatively to the frame by the difference in the sum of their coefficients
of thermal expansion scaled by the product of the height of the expansion
block!laminae and the change in temperature. An initial gap can be designed into the
fixture assembly to scale and time the application of the bonding pressure. As

Initial Gap

Top Plate

Expander

Bonding Platens
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soon as the initial gap is consumed due to the differential expansion behavior (i.e.
inside of frame and inner parts come into contact), compression is applied to the
laminae and increases with increasing temperature. Graphical representation of the
working of thermal expansion bonding unit along with equations governing the initial
gap of the fixture is elaborated in Appendix B I.

This fixture is designed to allow the users to diffusion bond substrates that are as large
as 150 mm x 150 mm. The novelty of the system lies in the fact that it has a very good
control on pressure timing, pressure magnitude and pressure uniformity. A detailed
user protocol starting right from assembling the clamp, setting up the bonding cycle to



70

disassembling the clamp along with calibration procedures to calibrate various
components of the fixture has been discussed in Chapter 3.

The user protocol is followed by Chapter 4: Safety Precautions which emphasizes on
the care that needs to be taken for few components that are very costly and also
difficult to procure. Appendix follows the safety precautions.



3. Procedure to Use the DTE clamp:

In this chapter, a perfect setup path is laid out to efficiently use the Differential
Thermal Expansion Clamp (DTE Clamp). By this time the user of this clamp should
be in a position to appreciate the importance of metrics that are of high importance to
setup the experiment. The metrics that are of primary importance are 'parallelism' and
'length' of frame and inner parts. Calibration procedures and experimental setup
procedures have been elaborately laid out in the following subsections.

3.1. Determine: Diffusion Bonding Parameters

The clamp is used for diffusion bonding purpose and therefore a proper understanding
of the diffusion bonding parameters is required for the user. Five variables that affect
the bond quality are:

Bonding Temperature
Bonding Pressure
Bonding Time (duration)
Substrate Surface Conditions
Bonding Environment

The user of DTE clamp has no access to manually set the parameters once the bonding
cycle starts. Therefore, bonding pressure magnitude and timing of application of
bonding pressure need to be preset into the clamp before starting the bonding cycle.

Different materials have different bonding parameters. Based on the literature
available for the material that is of the user's interest, determine the bonding
temperature and bonding pressure required to achieve a good bond.

Bonding pressure transmission in this clamp is achieved from modular actuator load
cell assemblies and it is required to adjust the bonding pressure magnitude in such a
way that it is equally distributed among all the actuator assemblies. Based on the area
of the substrates that are being bonded and the magnitude of pressure required to
perform the bonding, the bonding force is calculates using Equation 3.1-1.

F = P x A Equation 3.1-1
F: Force ; P: Bonding Pressure ; A: Bonding Area

DTE clamp can accommodate a total of 16 actuators in a 4 x 4 square array.
Depending on the bonding area of the clamp the number of actuator assemblies can be
decided. Once the number of actuator assemblies is decided, the force value is
obtained in Equation 3.1-1 is substituted in Equation 3.1-2 to calculate the preload
force for each actuator assembly.

71

F(each actuator assembly) = F / No. of actuator assemblies Equation 3.1-2
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The procedure to preload the actuator assembly is detailed in Section 3.3. The timing
of pressure application is very important parameter which needs to be preset in the
DTE clamp. The timing of pressure application is controlled by the initial gap setting
and initial gap is calculated by using the gap equation discussed in Section 3.5.

In the next section, calibration procedures for selecting identical springs are discussed
followed by actuator assembly calibration procedures.

3.2. Belleville Spring Calibration
Introduction: Belleville spring also known as disc spring or conical compression
washer is a high load application spring. In the present application Belleville springs
are used in the actuator assembly are procured from spring manufacturing vendors like
Solon Manufacturing Co., Key Bellevilles, etc. All these springs are manufactured on
a large scale and have a tolerance of up to 50 microns.

Springs are procured in quantities of tens and twenties for our present needs.
Dimensional analysis is initially performed on all the springs that are procured.
Procedure to perform the dimensional analysis is as follows:

The basic design of the Belleville spring is shown in Figure 3.2-1. The spring
is conical in shape and has a defined inside diameter and outside diameter
along with overall height and thickness. Overall height is considered as a
metric and dimensions are taken using a height gauge.
Place the small granite block on the granite plate as shown in Figure 3.2-2.

Figure 3.2- Figure 3.2-

3. Calibrate the height gauge by using gauge blocks of three different thicknesses.
Measure the thickness of each gauge block in four different places and enter
the values into the table as shown in Table 3.2-1. An excel sheet named
"Height Gauge Calibration Spreadsheet" with all the formulas defined is
downloadable from Appendix CD attached to the manual. After entering the



Table 3.2-2: BelIeville Spring Calibration
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values of three gauge blocks, the excel sheet would give the error in the height
gauge. If the calculated error is positive then it needs to be added to the spring
dimension and subtracted from spring dimension if negative.
The metric that is considered to calibrate the springs is overall height. Now
take one Belleville spring and place it on the granite block and measure the
overall height of the spring in inches. The variability of spring lies in the
overall height of the spring over the circumference of the inside diameter.
Refer to Table 3.2-2 and fill in the values. Take 20 readings covering the total
circumference of the inside diameter in a single shot. Repeat this procedure for
three times to ensure that the total circumference is covered. Repeat the same
procedure an other time to ensure repeatability in the procedure. The excel
sheet named "Belleville Spring Calibration Spreadsheet" with all the formulas
defined is downloadable from Appendix CD. The spreadsheet calculates the
average height to which the error calculated in step 3 need to added or
subtracted.
After measuring the overall height of all the springs, classify the springs based
on their dimensions. Create groups of springs that fall into 10 micron
tolerance.
Take four springs that belong to one dimensional group and proceed to
actuator load cell assembly preloading and calibration.

Table 3.2-1: Height Gauge Calibration

Gauge Block
(inches) Posit Height Gauge'° (inches)

Difference
(inches)

Average
(inches)

0.1000 1 0.0998 0.0002
2 0.0998 0.0002
3 0.0998 0.0002
4 0.0998 0.0002 0.0002

0.1001 1 0.0998 0.0003
2 0.0998 0.0003
3 0.0998 0.0003
4 0.0998 0.0003 0.0003

0.1002 1 0.1 0.0002
2 0.1 0.0002
3 0.1 0.0002
4 0.1 0.0002 0.0002

Error 0.000233
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Reading
1

Reading
2

Reading
3

1 0.1262 0.1262 0.126

2 0.1262 0.1262 0.126

3 0.126 0.126 0.126

4 0.126 0.126 0.1262

5 0.126 0.126 0.1262

6 0.126 0.1262 0.1262

7 0.126 0.1262 0.1264

8 0.1262 0.1262 0.1264

9 0.1262 0.1264 0.1264

10 0.1262 0.1264 0.1262

11 0.1264 0,1262 0.1262

12 0.1264 0.1262 0.1262

13 0.1264 0.1262 0.1262

14 0.1264 0.1262 0.1262

15 0.1262 0.1262 0.1262

16 0.1262 0.1262 0.1262

17 0.1262 0.1262 0.1262

18 0.1262 0.1262 0.1262

19 0.1262 0.1262 0.1262

20 0.1262 0.126 0.126

Averages 0.12619 0.12618 0.12619

0.126423 0.126413 0.126423

Reading
1

Reading
2

Reading
3

1 0.1262 0.1262 0.1262

2 0.1262 0.1262 0.1262

3 0.126 0.1262 0.1262

4 0.126 0.1262 0.1262

5 0.126 0.1262 0.126

6 0.126 0.126 0.126

7 0.126 0.126 0.126

8 0.1262 0.126 0.1262

9 0.1262 0.1262 0.1262

10 0.1262 0.1262 0.1262

11 0.1264 0.1262 0.1262

12 0.1264 0.1264 0.1264

13 0.1264 0.1264 0.1264

14 0.1264 0.1264 0.1262

15 0.1262 0.1262 0.1262

16 0.1262 0.1262 0.1262

17 0.1262 0.1262 0.1262

18 0.1262 0.1262 0.1262

19 0.1262 0.1262 0.1262

20 0.1262 0.1262 0.1262

Averages 0.12619 0.1262 0.12619

0.126423 0.126433 0.126423

Repeatability 1 Repeatability 2
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3.3 Preload - Actuator Assembly:

Load cell actuator assemblies comprise of Actuator, Adjustment Collar, Belleville
Spring, Bolt and Actuator Base. All these components assembled together look as in
Figure 3.3-1. In section 3.1, figuring out bonding parameters for the required diffusion
bonding application has been discussed. Based on the area that is being bonded and
bonding pressure magnitude and number of actuators, preload force for single actuator
load cell assembly is calculated using Equation 3.1-2. In this section, a detailed
procedure is laid out on how to load the Belleville spring in actuator assembly.

The following tools and parts are required to preload the actuator assembly.
MountPlate(1)
FlatPlate(])
SS Pillars - Gauge Blocks (2)
Torque Wrench

Figure 3.3-1: Actuator Load Cell Assembly

I. Pressmaster Hot Press is used to preload the actuator load cell assemblies. The
Hot Press has a hydraulic press which can generate forces ranging from 430
pounds to 4000 pounds. An excel sheet named "Hot Press Calibration
Spreadsheet" along with instructions to calibrate is included in Appendix CD.
After calibrating the Hot Press, place the actuator assembly without the
actuator base upside down on the bottom piece of ram as shown in Figure 3.3-
2.
Place the mount plate on the actuator assembly in such a way that it is
concentric to the adjustment collar. Now place the pillars on two edges of the
mount plate and then the flat plate on top of the pillars. Refer Figure 3.3-3.

Actuator

Belleville Spring

Adjustment Collar

-* Actuator Base
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Now dial in the pre calculated force using the ram and tighten the bolt using
the torque wrench.
Remove the actuator assembly and screw the actuator base to the adjustment
collar.
The actuator assembly is now preloaded and is ready for gap setting.

Bolt

Adjustment Collar

Belleville Spring

. Actuator

Bottom Piece - Ram

Figure 3.3-2: Actuator Assembly on Hot Press Ram

Figure 3.3-3: Preload Actuator Assembly Setup

Top Piece - Ram

Flat Plate

SS Pillars

Mount Plate

Actuator Assembly

Bottom Piece - Ram
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3.4. Frame Assembling and Calibration:

Put the base plate on the granite slab as shown in Figure 3.4-1.
Frame Standoffs, standoff washers and standoff nuts are numbered 1 to 12.
Frame standoff along with 2 stainless steel washers and 2 graphite washers are
preferred to remain as a set.
Put the standoffs through the base plate and tighten the standoff nuts using a
preset torque wrench. Refer Figure 3.4-2.

Figure 3.4-1

8

6

49

Figure 3.4-

2

77

6. Now place the frame on a 3-point contact and adjust the frame parallel to the
reference datum - granite slab.

7

Place the base plate on the granite plate and slide the top plate onto the
standoffs as shown in Figure 3.4-3.
Torque the standoff screws following the pattern numbered 1 through 12.
Refer Figure 3.4-4. 1 3

/ /

Figure 3.4-
Li

Figure 3.4-

-

C



78

Use a height gauge and measure the gap between base plate and head plate at
all the 12 different positions. Enter the values in the spreadsheet shown in
Table: 3.4-1
Take a series of readings and fill them up in Table 3.4-1. Readings 1 thru 4
will confirm the repeatability of the readings that are taken.

Table: 3.4-1

The values in Max. and Mm. columns will give the maximum and minimum
distance between the top and base plate at that particular position. Most of the
times this value should be same which in fact assures that the measurement
technique is repeatable.
The Average column will give the average distance between the plates at that
particular position. Highlight the maximum average distance and minimum
average distance and take the difference between the values. This value should
be less than 30 microns.
If the difference is greater than 30 microns then unscrew all the standoffs and
insert thin washers machined from SS shimstock. Thickness of the shimstock
used should be either 25 microns or 38 microns.
Repeat steps 7 thru 10 till the difference of 30 microns or less is achieved.
The excel sheet named "Frame Assembly Calibration Spreadsheet" with all the
formulas defined is downloadable from Appendix CD.

Standoff
#

Shim
(mu)

Position Reading
1

Reading
2

Reading
3

Max. Mm. Average

1 2 1

2 5 2

3 0 3
4 0 4
5 0 5

6 0 6
7 5 7

8 5 8

9 0 9
10 0 10

11 0 11

12 0 12
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3.5 Build: Gap Equation

As explained in Chapter 1, the principle on which the DTE clamp works is differential
thermal expansion of materials. The uniqueness of this clamp lies in the fact that it can
be preset for pressure timing and pressure magnitude and the user just has to run the
temperature profile on the furnace. In this chapter, equations corresponding to the
initial gap settings are briefed. A gap equation has been built with all the equations
and is included in Appendix CD by name "Gap Equation Spreadsheet"

The total height of the inner stack can be changed from cycle to cycle based on the
bonding parameters. The initial gap setting primarily controls the timing of pressure
and this is a very important setting to avoid warpage in the bonded samples. Gap
equation would help the user to calculate the adjustable height of the inner stack.
Height adjusting feature is in the actuator assembly where the height of the assembly
can be changed by screwing in or screwing out the actuator base on the adjustment
collar as shown in Figure 3.5-1. The inputs needed for building the gap equation are
the heights of all the components, height of the frame, bonding temperature and
contact temperature.

Actuator height can
be precisely set
outside the clamp

A

V
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Threaded A'ustment
Collar rusts height

ive to base

Figure 3.5-2 shows a snapshot of the gap equation. The following steps will elaborate
the procedure to use the gap equation.

Threaded Adjustment
Collar adjusted to
Actuator Base Figure
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Enter the height of the frame parts into the frame parts section of the gap
equation spreadsheet. The height of the frame is comprised of height of
stainless steel washers and height of molybdenum standoffs.
Enter the height of all the inner components except for the actuator assembly
parts but including actuator base into the inner parts section of the gap
equation. This must include the height of the bonding platens, height of the
expander and height of the bonding fixture if any.
Enter the bonding temperature and ATCB in the temperature section of the gap
equation. ATCB is the temperature difference from the bonding temperature at
which the user would like to have a contact between the inner parts and frame
in order to avoid warpage in the sample.
The amount of compression necessary to achieve the required pressure can be
looked from the pressure calibration chart. By trial and error method, calculate
the dimension that needs to be entered into the actuator dimension (highlighted
in yellow color) section of the gap equation. This would give the total
adjustable initial gap for the DTE clamp setting.
Section in the bottom of the gap equation gives the total height of the actuator
assembly. The actuator needs to be calibrated to that height and the procedure
is elaborated in Chapter 3.6.

Miturosoft E,ccot - Pre,Baure Tinning .tnd Mtgnitodo TsLB
EI Ee edit 61Cc

.1

2 Gap Eqoatlon
3
4
5
S

7
6

10
11
12
13
14
15
16
17
16
19
20
21
22
23

pne.rt OgfmCt 1006 CtC ndew 5C

r

to H L LI B 8

mm/dd/yyvv
Diffusion Bondinci Cycle I

Figure

Inn., Pert. Height (Ze) Cr1 foe> Material IZroe)
Cer Platen 25 30 8 2E-O6 AD 995 0 000206116
Gre Plates 10 07 iS SE-OS ISO -88 0 000123955
Actuator 34 57 1 7E-05 55 321 0 000591147
Act Base 16 360 5 SE-OS ISO -58 0 000119276
Graph For 44 677 6 SE-OS ISO -88 0 000289761
Ecpander 49 61 1 7E-O5 Sb 316 0 000851751
P Sensor 0 3

Total 192 057 0 002153996

F,. Pan. Height IZI) Cr1 (ci!) Material (Ore!)
Standoff 166 77 6 SE-OS Moly 0 001207505
Weshere 6 34 1 7E-O6 Sb 321 0 000108414

Tote) 192 11 0 001315919

Prossure Calibration
Conrplao Modulus Calculations Pressure ten

Material Modulus 26 17
AD 998 370000 3 21
ISO -58 12700 35 24
55 321 193000 26

45 31
Grephil 0 Ceramic Sb 321 35

0 0054565 5 856-115 0 00044 55 38
42

65 46
Actuator Assembly Height 52 920 2 0836 69 48

Temoe atur fla Settinn, I
Bonding T 185 Initial G 114 09

30 Interior 25 04
Room T 23

HOight of Frosts = Inner pass Height * Initial Gap = 19217161
Adj Gap I 5300

M25
- C t3 Formula Bar H L

27
26
29
30
31
32
33
'4
35
'6
37
38
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3.6 Actuator Assembly Calibration

The novelty along with difficulty is contained in the actuator assembly. It has a total of
5 parts which are actuator, disc spring, bolt, adjustment collar and actuator base.
Parallelism is the key factor that plays a major role in uniform distribution of pressure.
All the components of the inner stack have pretty good parallelism and have been
standardized after calibration. The actuator assembly alone has an off planarity of up
to 80 microns. This off planarity issue has been taken care in the gap equation, but the
orientation of these actuators is what that needs to be discussed in this chapter. At
present there are four actuator assembJies and each actuator assembly is expected to be
maintained as a set. The following steps give elaborate the procedure of actuator
assembly calibration.

The height of the actuator assembly to which it needs to be calibrated is
obtained from the gap equation (Refer Chapter 3.5). Screw the actuator base to
the preloaded actuator assembly (Refer Chapter 3.3). Place the actuator on the
granite slab as shown in Figure 3.6-1 and use the height gauge to calibrate the
assembly.
The corners of the actuator assembly have been numbered 1 thru 4. Use the
height gauge and measure the height of each corner. One of the corners would
have the greatest height. This is taken as the reference height and is calibrated
to the dimension that is obtained from the gap equation.

81

H

Figure 3.6-1

Slowly start unscrewing the actuator base and the overall height of the
assembly keeps increasing. At a point when the height of the actuator reaches
the required value stop unscrewing the actuator base and measure the overall
height at all the corners. Enter the values into the excel sheet named by
"Actuator Assembly Calibration Spreadsheet" downloadable from Appendix
CD. A snapshot of the calibration sheet is in Figure 3.6-2.
Enter the height of the actuator assembly in the positions 1 thru 4 for
orientation 1 in first column. Rotate the actuator assembly by 90° which would
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be orientation 2 and take the heights of the assembly at all the corners and
enter into the second column. Refer Figure 3.6-3. Continue this procedure for
all orientations and repeat the same for all the four actuators.
For the purpose of repeatability of the calibration technique, repeat the whole
procedure and enter the values in the calibration sheet. The equations
incorporated into the spreadsheet would calculate the highest points and the
lowest points on each actuator assembly. That way the pressure would start
transmitting in the center first and distribute evenly towards outside corners.
The corners are numbered 1 thru 4 in clockwise direction as shown in Figure
3.6-3. After calibrating the actuators are inverted upside down and the numbers
are now in anti-clockwise direction as shown in snapshot of actuator assembly
calibration sheet. Figure 3.6-2
The columns adjacent to each actuator assembly data have the averages of
heights at each corner. The tallest height of each actuator is referenced to zero
and all others are measured relative to that zero. It is recommended to put all
the highest points in the center. The user needs to adjust the four assemblies in
a square array and make sure that zeroes of all the actuators are in center.

15
18
17

18
19
20
21
22

i 23
24
25
26
27

- 20
29
38

32
33
34
35
36
37
38
39

1 45

41
42
43

Actuator Assemblies Calibration Chart; Assembly Height = 2.0835"

Position

rio

2 8809
2 0810
2 0836
2 0830

2 0816
2.0831
2. 0836
2 0826

Figure

Repeat 1 Actuator Assembly 2
Position

1) 20814 28020 2 0016 20816 2.0817
2) 2 8836 2 0032 2 0828 2 0032 2.0832
3) 2 0836 20036 2 0836 20838 2.0837
4) 2 0022 2 0820 2 0830 2 8024 2.0826

Repeot 2 2 0827 2 0829 2 0828 2.0828
1) 28814 20822 2 0812 20808 20814
2) 2 0035 20830 2 0820 20032 2 0830
3; 2 0836 2 0834 2 0830 20838 20836
4; 28822 20030 2 0832 20822 20827

20827 20829 Z0825 20826

Repeat 1 Actuator Assembly -
Position

1) 20810 20812 20006 20806 2.0809
2) 20020 20020 20014 20816 20818
3) 20836 20834 20834 20036 2.0836
4) 20030 20834 20830 20028 20831

Repent 2 20824 2 0820 20821 2.0822
1) 20010 20812 20006 20800 20809
2) 20020 2 0020 20814 20016 20818
3) 20036 20036 20836 20836 20836
4) 2 0830 2 0832 2 0828 2 0826 2 0829

2 0824 20826 2 0821 2.0822

4) 20836 20836 20034 20836 20836 28821
Repeat 2 20823 2 0822 2 0819 20822 2 0806

1) 2 0022 2 0024 20810 2 0820 2 0021 2 0823
2; 2 0000 20606 2 0004 2 0008 2 0885 20836

0 0000
.8 0006

-0 0012
00000

Ropeol 1 Actuator Assembly 4
Pcsilicc

1) 20764 20708 2 0794 20704 2,0795
2) 20010 20810 20603 20806 20808
3) 20838 20038 20034 20830 20837
4) 20824 20628 2.0022 20820 20823 I 85

26Repeal 2 2 0817 2 0818 2 0814 2 0814
1) 20794 20790 20700 20792 2.0795 20837
2) 2 8806 2 0800 2 0802 2 0006 2 0804 2.0823
3) 2 8836 2 0638 2 0836 20838 2 0837
4) 20024 2 0026 2 0822 2 0820 2 0823

20016 2.0016 20014 20814

-0 0010 -00010 00000
-0 0027 -00021 -0 0006

Put

-00030 -0 0042 .00014
-00015 -00031 00000

3i 2 0020 2 0620 2 0022 2 0024 2 0824
4) 2 0836 2 0030 20834 2 0836 2. 0836

2 8622 2 8822 2 0820 20822

41

Ac. ASS. I

P1

1211fl

Actuator Assembly 3Ropeet 1

2 08212 0822 2 0822 20018 2 0020
2 08072) 2 0008 2 0808 2 0804 2 0808

3) 2 0026 2 0822 2 0820 2 0024 2 0823
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1 2 4 1 3 4 2 3

3 2 2 1 1 4
4 3

Orientation Orientation Orientation Orientation
A

Figure 3.6-
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3.7 DTE Clamp Setup and Experimental Run

In this chapter, a detailed procedure is discussed on how to set the DTE clamp and run
the bonding cycle.

L Place the calibrated frame on the granite slab as shown in Figure 3.7-1.
Working with the present design constraints, all the inner parts are slided into
the frame form in between the frame standoffs. At first slide the bottom
bonding platen and carefully place it flat on the base plate of the frame. In the
same manner slide the expanders, bonding fixture and top bonding platen into
the frame. Align all these parts into the center. To align the expanders and
fixture to the top bonding platen, a pencil drawn pattern is used. Top bonding
platen being ceramic any kind of pattern can be drawn on both sides and the
parts can be aligned to the pattern.
Now take the calibrated actuator assemblies and slide them onto the top of top
bonding platen aligning them on the pattern drawn with pencil. Hold the
actuator while sliding the actuator assemblies. The actuator assemblies once
calibrated should never be touched in the actuator base area.
Lift the whole assembly carefully and with the help of a cart transfer the clamp
into the furnace. The furnace that is presently used for this purpose is a forced
convection type one. The thermocouple of the furnace is on the rear of the
furnace cavity and experience shows that the actual temperature of the
materials is not the temperature read out by that thermocouple. An extra J-type
calibrated flexible thermocouple is attached to the furnace and the lead of this
flexible thermocouple is inserted into a dummy actuator. This dummy actuator
needs to be placed at the farthest point on the top bonding platen. The
temperature in this actuator would be the actual temperature of the materials in
action in the DTE clamp.

Figure 3.7-1
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3.8 Frame Disassembly

The usage of this clamp starts from assembling the clamp and ends at disassembling
the clamp. Lot of care needs to be taken while disassembly in order not to crack any of
the components. Due to the present design constraints, the frame is not being
disassembled. All the inner parts are slided out carefully.

An updated procedure would be added to this chapter once the present design
recommendation is taken upon.
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4 Safety Precautions

There are a lot of safety precautions that need to be considered while using this clamp.
They are listed in a prioritized order below:

The frame plates (head plate and base plate) have been designed to bear a
maximum load of 162580 N each. The pressure calculations and gap equation
need to be double checked if load being applied in a particular bonding cycle is
more than this maximum load. These plates are very costly and actually
manufactured for us on a trial basis (manufacturer did not promise for the
precision we demanded)
Top and bottom bonding platens have very good parallelism and are also very
costly items. They need to be handled with subtle care. The lead time for most
of the components in the clamp is more than 3 weeks.
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B-i: Colorization chart pressure sensitive film
ORATUREJ

HUMIDITY CONDITIOI8

1.4

1.2

1.0

0.8

0.6

0.4

0.2

10 C

IEMPERATURE (,C

1.0

0.8

0.8

0.4

0.2

88

284 569 853 1.t3 1.422
I'.sur PSI)

Figure B-i: Color density chart pressure sensitive film



APPENDIX C: DIMENSIONAL ANALYSIS DATA
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C-i: Out of parallelism readings for 16 combinations

Repeatability I

Repeatability 2

90

The objective of this study was to look for any scope for improvement of parallelism

in the actuator assemblies. The results indicated that there is no control over the

dimensional tolerances and that the out of parallelism is caused because of

manufacturing tolerance on the Belleville spring, orientation and contact surfaces

between parts and machining tolerance of assembly parts.

is! 2S2 3S3 4S4

RRR
4S31S4

Actuator Assembly

Cl)

1 2 3 4

1 0.3318 3.0020 0.0040 0.0030

2 0.0306 3.0016 0.3042 0.0038

3 0.0026 0.0024 3.0034 0.0043

4 0.0326 0.3022 3.0038 0.0328

Actuator Assembly

U)

1 2 3 4

1 0.0020 0.0028 0.0030 0.0046

2 0,0030 0.0028 0.0040 0.0036

3 0.0016 0.0032 0.0038 0.0038

4 0.0018 0.0026 0.0040 0.0016



APPENDIX D: FIXTURE DRAWINGS
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Dl: Bill of Materials
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0.t.o
E

z

>-
Description w

00

0I-

9001 2 Frame Head and Base Plates
Coorstek
AD998 $6,735.00 $13470.00

9002 12 Frame Standoff Molybdenum $360.41 $4,324.92
9003 24 Frame Standoff Nut AISI SS 321 $2.41 $57.84
9004 24 Frame Standoff Washer SISI SS321 $0.58 $13.92
9005 16 Actuator AISISS 321 $11.02 $176.34
9006 16 Actuator Adjustment Collar AISI SS 321 $2.92 $46.78

9007 16 ActuatorBase
Graphite ISO
88 $41.00 $656.00

9008 16 Actuator Nut AIS! SS 300 $0.79 $12.67
9009 16 Actuator Belleville Spring Inconel 718 $4.42 $70.72

9010 1 Lamination Platen - Upper

Lamination Platen - Lower

Graphite ISO
88
Coorstek
AD998

$355.00

$975.00

$355.00

$975.009011 1

9012 24 WasherTierod Nut
Graphite ISO
88 $22.00 $528.00

Total Cost $2O687.19
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