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(ABSTRACT) 

The research presented here investigates the effects of laser trimming on the state of 

stress in alumina Al2O3 hybrid microelectronics substrates. Evaluation of stress was per- 

formed using x-ray diffraction residual stress analysis and dynamic strain measurements 

using strain gages before and after laser trimming. X-ray diffraction measurements were 

carried out in both the longitudinal and transverse directions on the front and back sides 

of the substrates. The dynamic strain measurements were performed in situ with strain 

gages attached to the bottom of the substrates while the substrates were trimmed with a 

400 watt YAG laser. 

The substrates were characterized using optical microscopy, scanning electron microscopy / 

energy dispersive x-ray analysis (SEM/EDAX), electron probe microanalysis (EPMA) and 

electron spectroscopy for chemical analysis (ESCA). The results from these characterization 

steps gave results for fractography (optical), surface and bulk composition (SEM/EDAX), 

chemical composition (ESCA) and phase analysis (EPMA). 

Results show that laser trimming produces stress gradients which are generally tensile 

in nature and could have deleterious effects on the mechanical integrity of the substrates if 

used in hybrid microelectronic applications. Furthermore the stress distribution across the 

substrates was found to be uniformly distributed showing no peak stresses near the heat 

affected zone (HAZ) boundary. Phase analysis determined that the substrates contained 

a magnesium aluminum spinel phase (MgAl.0,) and that the glass and pore phases are 

randomly distributed in the substrates. This could have some overal effect on the state of 

residual stress in the substrates after they have been laser trimmed.
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Chapter 1 

INTRODUCTION 

In general, residual stresses arise from regions of heterogeneous plastic deformation 

following fabrication or processing of materials in some physical manner. Hence, residual 

stresses are set in a material when it is produced, or when it undergoes some anisotropic 

plastic deformation in use [1]. Residual stresses are therefore “self-equilibrating internal 

stresses existing in a free body which has no external forces or constraints acting on its 

boundary,” as defined by Mura [2]. 

There are numerous situations that cause residual stresses in materials. These stresses 

are intrinsic to all materials. For ceramics residual stresses play two roles which can be 

beneficial or deleterious to the ceramic . The compressive stresses in engineering or struc- 

tural ceramic parts are beneficial, since they are known to retard any small cracks that are 

created by corrosion or local deformation. Tensile stresses, however, are known to result in 

fatigue (during cyclic loading) and fracture of the component. 

The stress fields generated at the surface of materials are primarily sensitive to x-ray 

residual stress measurements. Surface stresses are also a potential source of weakness. At 

the surface, the stress field can aid fast crack propagation, but these stresses can also close or 

block cracks by squeezing them shut. Tensile stresses tend to be extremely dangerous since 

they may pull a material apart or open, thus accelerating crack growth and subsequently 

destroying the part [3]. 

For ceramic systems, heavy grinding and laser trimming can result in crack growth due 

to the creation of large tensile stresses. This comes about because of the brittle nature of the 

ceramics [4]. Residual stresses in ceramic systems may also arise from thermoviscoelastic 

effects, spatial nonuniformities from thermal expansion effects, phase transformations and
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variations in furnace environment variables. More importantly, ceramic materials that are 

residually stressed as in vapor deposited silicon carbide, may exhibit a time-dependent 

spontaneous and in some instances explosive fracture at room temperature. 

Laser processing of ceramic hybrid microelectronic substrates has almost completely re- 

placed other separation techniques. Because of its short interaction time with the (small 

heating period), there is no mechanical load and no contamination of the parts as in me- 

chanical techniques. The research discussed herein therefore focuses on the nature of the 

stress distribution developed in alumina substrates after laser processing and the nature 

of their phase and chemical composition. The basic properties of the substrates are char- 

acterized using a wide range of techniques. The mechanical properties of the alumina are 

analyzed by X-ray diffraction residual stress and strain gage analysis as a function of laser 

processing. 

Chapter 2 contains a background and review of the subject considered. A general 

statement of the problem is covered in Chapter 3. The discussion presented there will 

consider problems encountered in the fabrication of thick film hybrid circuits and provide 

a statement summary of the work given in this thesis. 

Chapter 4 will cover alumina substrate materials characterization such as ESCA (Elec- 

tron Scattering for Chemical Analysis), EPMA (Electron Probe Microanalysis) and mi- 

croscopy techniques and various optical microscopy techniques. Phase analysis determina- 

tion and volume fraction of the phases detected are also presented. X-Ray residual stress 

and strain gage techniques for stress and strain measurements of the substrates are de- 

scribed. X-ray diffraction residual stress analysis is covered in detail since it was the major 

technique used in determining residual stresses in the alumina ceramic substrates. 

Laser machining systems and laser processing in general utilized in the research pre- 

sented here is covered in Chapter 5. These laser systems are discussed in relation to their 

effects on the alumina substrates. Statistics and data analysis techniques are also discussed 

in Chapter 5 and were used to draw some of the conclusion of the experimental data. 

Results and discussion of the experiments are given in Chapter 6 along with detailed
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conclusions which considers ramification of the results. 

Chapter 7 offers recommendations and outlines future work deemed necessary from the 

results of the research efforts presented in this thesis.



Chapter 2 

BACKGROUND AND LITERATURE REVIEW 

This section presents a general overview of ceramic properties, ceramics used for micro- 

electronic substrates, origins of residual stresses in ceramics, how ceramics are machined 

and the residual stresses that may be developed in machined ceramic parts. Principles of 

x-ray diffraction residual stress analysis are reviewed with the basic theory behind stress- 

strain relations which is the foundation of the x-ray residual stress analysis. Laser trimming 

ceramic materials is covered in detail since is was a major part of the experimental work 

during the course of the research. 

2.1 Structure—Properties of Ceramics 

Ceramic materials receive their interesting but crucial properties after they have un- 

dergone some kind of firing sequence. The green or unfired ceramic contains a mixture of 

milled crystals, binder and plasticizer. Pores are created in the ceramic upon firing due to 

the evaporation of oils and water. Pores can be made to disappear or shrink due to pres- 

sure differentials during the sintering process. Besides their hardness and brittle nature, 

ceramics have an extremely low resistance to thermal stress. This thermal resistance is 

the only property known to affect laser machining [5]. More importantly, ceramics are not 

easily mechanically altered or machined because of the nature of their lattice defects which 

prevents grain boundary motion. It is also well known that dislocations are hindered from 

crossing any grain boundaries. This is the exact cause of ceramic breakage and fracture. 

Breakage or fracture that occur due to some applied force or residual stress occur because 

ceramics are not ductile as are metals. But some ceramics do have the ability to withstand
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high pressures and may be resilient against thermal shock if their coefficient of thermal 

expansion is low (see below). Fracture has been found to occur along the grain boundaries. 

Pores are known to reduce the cross section, adversely affecting stiffness. More importantly, 

contaminants found along the grain boundaries are known to seriously reduce the strength 

of ceramics [6, 7]. 

Since the thrust of the research presented here is concerned with the laser trimming of 

ceramic substrates, it is important to understand their resistance to thermal shock. The 

resistance of ceramics to sudden temperature changes is found from 

o,-(1-v) = (2.1) ATnoz = 

This, of course, is assuming that there is a high heat transfer number. AT,,., represents the 

maximum temperature obtained without subsequent breakage, o, is the tensile strength, v 

Poisson’s ratio, E is the elastic modulus and a is the coefficient of thermal expansion. If we 

use the numbers from Table 2.1 for 96% Al,O3 we will obtain 

AT maz = 65K. (2.2) 

While this section will consider the current problem with residual stress in ceramics parts 

in general, a discussion on residual stresses in substrates as found in industry and research 

laboratories will be given in Chapter 3, “Statement of The Problem.” There, discussions 

will center around past experience with substrate breakage due to residual stresses found in 

hybrid circuit research at the Hybrid Microelectronics Laboratory at Virginia Polytechnic 

Institute and State University. Further details on laser machining ceramics are also given 

to support the “statement of the problem.” 

Several major electronic materials manufacturers, including Alcoa, Coors, Kyocera and 

Hitachi, have been faced with the problem of substrate fracture and breakage during fabrica- 

tion. The problems associated with stress, particularly thermal stress, are crucial because: 

1) hybrid microelectronics are faced with the problem of the differences in the coefficient
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of thermal expansion among the various packaging materials. In Figure 2.1 we see that 

there are indeed variations in the coefficient of thermal expansion between the materials as 

indicated by the histogram plot to the right of the figure, 

2) the service condition of the packages becomes severe as increased component density 

results in a more demanding thermal environment, and 

3) product development has been cut short due to the increased need for more accurate 

and diverse hybrid circuit products and associated applications. The first two conditions 

create hostile thermal environments for the materials involved, leading to warpage and 

various crack zones. 

There are many papers that discuss determining residual stresses in Alo2O3 caused by 

grinding [8, 9, 10], but very few report on residual stresses caused by laser damage. There is 

practically no work done on laser effects as a function of residual stress in ceramic substrates. 

For this thesis the main focus is on stress distributions in laser trimmed Al2O3 substrates, 

since past work by Schulz et al [11] have shown that the residual stresses do not affect the 

electrical properties of thick film circuits fabricated on the Al2O3 substrates. 

The literature review surveys papers that report research activities in: 

1) structure-properties of ceramics—obtained a general but logical approach of residual 

stress effects in brittle (ceramic) materials and parts, 

2) ceramics used for microelectronic and other applications, 

3) alumina—reviewed properties and applications, viz., fabrication sequences, uses and 

basic material properties, 

4) ceramic properties—reviewed structural/engineering ceramics, ceramic composites, 

ceramic materials design, transformation toughened ceramic systems, and fracture mechan- 

ics of ceramics. 

5) residual stresses in polycrystalline materials, 

6) origin of residual stress in ceramic systems, 

7) x-ray diffraction residual stress analysis, 

8) instrumentation/measurement and analysis/interpretation—reviewed in order to un-
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derstand measurement errors, to review other systems, and to understand accuracy consid- 

erations for residual stress measurements. 

9) determination of the X-ray elastic constant for engineered ceramics—pertinent be- 

cause residual stresses are calculated from X-Ray peak shifts using elasticity relations. Since 

strain in only one plane is observed, the elastic modulus similarly must be known in that 

plane. 

10) laser-material interactions—this was also critical to review since it involved a major 

portion of the research presented here. 

The above survey was performed to get an accurate account of residual stress effects 

in brittle materials—primarily ceramic substrates such as AlgO3—used in microelectronic 

applications. The next section will explore comparing alumina to other ceramic materials. 

The discussion is not limited to substrate materials but ceramics in general. 

2.2 Alumina and Other Ceramic Materials for Microelectronic and Other 

Applications 

Alumina and engineering ceramics for microelectronics applications are explored in lieu 

of residual stress phenomenology. The review however, is weighted toward ceramic tools, 

parts and other engineered ceramics since very little work has been done on residual stress in 

ceramic microelectronic substrates. This review includes general properties of advanced ma- 

terials under consideration for microelectronic substrates, such as beryllia (BeO), aluminum 

nitride (AIN), silicon carbide (SiC), mullite (3Al,03- 2SiO2) and silicon nitride (Si3N4) as 

well as the more traditional Al,O3. 

The criteria that are met by the electronics industry for ceramic substrates, specifically 

the thick and thin film industry, include: 

e excellent electrical insulation properties. 

e compatability with surface deposited materials, including stability and strength to 

withstand these components or deposits.
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e low dielectric losses. 

e resistance to dimensional changes at high firing temperatures, about 1000°C and 

higher. 

e ability to comply with rigid standards for both thick and thin film screen printing or 

deposition. Both require dimensional tolerances, substrate uniformity and thickness, 

as well as resistance to bowing or distortion. 

e ability to achieve high thermal conduction for maximum power dissipation. 

e physical and chemical compatability with the conductor glaze or components (coeffi- 

cient of thermal expansion (CTE) similarities [13] and resistor composition!) in order 

to achieve strong bonding between the substrate and associated components. 

e proper surface roughness (for thick films) or smoothness (for thin films). Rough 

surfaces affect conductor adhesion; noticeable increased resistor noise is seen with 

rougher surfaces. 

e reproducibility in manufacture so that thick or thin film circuits are not affected by 

compositional changes [14, 15, 16]. 

In general, most ceramics are made from a formulation of many raw materials which 

usually result in uncertain physical properties. However, since the development of high 

purity oxide ceramics like alumina and beryllia, which meet most of the criteria for elec- 

tronics packaging applications, a revolution in the electronics industry has occurred. These 

materials have shown improved electrical performance, mechanical properties, thermal and 

chemical inertness (resistance to corrosion). Table 2.1 shows some properties of thick film 

alumina (96% Al2Os3). 

  

This is critical since a circuit design might call for mounting a silicon IC chip on the substrate. This 

would require that the CTE of the substrate to be 3-4x107~6/° C in order to match that of silicon.
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2.2.1 Alumina 

Alumina has been found to meet most of the above requirements and is therefore the 

most widely used of ceramic substrates. For thick film applications, substrates have alumina 

contents between 85-97% by weight. These substrates are essentially composed of alpha 

alumina crystals embedded in a glassy matrix phase. This glassy matrix is composed of 

calcium and magnesium silicates. The alumina substrates utilized in the work presented 

here contain about 4% (weight) of a glassy phase and some traces of boron, potassium, and 

sodium. This 4% glassy phase, essentially an alkaline-earth/aluminosilicate formulation, 

is utilized in 96% alumina substrates to enhance substrate manufacture since its presence 

allows for reduced firing temperatures. Holmes and Vest identify other important functions 

of this glassy phase, including facilitating the bonding process between the metal films and 

the substrate [17], and diffusional process interactions between the alumina glass phase and 

the glass phase of the conductor or resistor pastes to create a strong interaction for maxi- 

mum bonding [15]. According to Southern, a negative effect of the glass phase includes the 

tendency to reduce thermal conductivity and dielectric strength of alumina [18]. Magnesia 

is found in most oxides and its presence serves as a grain growth inhibitor [19]. Hoffman [17] 

reports on a roll-compacted alumina technique that will reduce process firing times, create 

less flaws in the finished substrate and improve resistor composition [17]. For the most part, 

the bonding mechanism for alumina and beryllia to metals involves oxidation effects of the 

manganese forming the glassy phase that in turn diffuses or penetrates the porous molyb- 

denum layer and upon cooling adheres it to the ceramic [14]. More on the composition of 

the alumina substrates used in this research will be given in Chapter 4, “Alumina Substrate 

Materials Characterization.” 

The physical condition of the substrate surface is critical for thick film and thin film 

circuit fabrication. One must achieve a 3.75 g/cm? density including a surface finish of 

about 0.63 zm, the center line average (CLA); this primarily applies to thick film processing 

[19]. The CLA is a parameter which indicates how flat the thick film substrates are since 
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Table 2.1: General properties of thick-film alumina substrates (96% Al203) 
  

  

Property Conditions Test Property Value 

Surface finish (CLA), pm(yin.) As-fired Profilometer 0.762 mm 0.6(25) 
flexural strength, MPa(ksi) 21°C ASTM F 417 400(58) 
Thermal conductivity, W/m. °C 20°C ASTM C 408 26 

100°C 20 
400°C 12 

Thermal coefficient of 25 — 200°C ASTM C 372 6.3 
expansion, 107°/°C 25 — 500°C 7.1 

25 — 800°C 7.6 
25 — 1000°C 8.0 

Volume resistivity, w/cm 25°C ASTM D 1829 1014 
300°C 5.0x 107° 
700°C 4.0x 10° 

Dielectric constant at 1 MHz ASTM 9.5 

25° C 100 MHz 9.5 
Dielectric loss(tan 6) 1 MHz ASTM D 150 0.0004 
      
  

surface roughness is important in controlling the thick film to substrate interaction during 

firing. If the surface porosity is not kept within limits, a mechanism known as “flow out” of 

the glass binder occurs. Many more parameters suffer from a lack of understanding the 

material. For further explanation see Crossland [19]. 

Although some discussion is given on newer ceramic substrate materials that may have 

some improved properties and performance, alumina still represents about 90% of all ce- 

ramic substrate sales [20]. Therefore new and better processing conditions and ways to 

improve processing methodology are warranted for this material. This thesis explores sev- 

eral methods, including processing (laser trimming) and nondestructive evaluation by using 

X-ray diffraction. Other ceramic materials are considered in the next section because, even 

though alumina has outstanding properties, these other materials have even superior prop- 

erties but are currently plagued by processing and fabrication problems in the thin and 

thick film circuit industry. 

Previous work in thick film circuits and associated ceramic substrates performed by 

Schulz [12, 25, 11] demonstrate the following: 

e as received, Al2O3 substrates are nearly stress free, 

11
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e printed and fired substrates showed an average surface residual stress of 7.7 ksi (53 

MPa), 

e laser cut bare substrates showed residual stresses of about 13 ksi (90 MPa). 

e Al.O3 substrates for thick film applications developed stresses of 15.6 ksi (108 MPa) 

after laser cutting. These stresses are nearly 40% of the estimated rupture stress, 40 

ksi (276 MPa), 

e stresses found in the printed and fired substrates were found not to significantly affect 

the electrical performance of the transmission circuits, 

Annealing the ceramic substrates were also explored by Schulz [12]. Discoveries made 

found that the substrates when annealed at high temperatures, around 1500 °C, showed 

reduced stress values. Schulz also discovered that the stresses tended to be redistributed in 

the substrates after annealing. 

2.2.2 Advanced Ceramic Substrate Materials 

Non Oxides: Figure 2.2 illustrates some electrical, thermal, and mechanical properties 

of AIN, SiC and Si3N4 ceramic substrates [20]. Not much work has been published on SiC or 

AIN used for hybrid circuit fabrication and laser trimming, primarily because nonoxides are 

less stable chemically than alumina [22]. For instance, from results of X-ray photoelectron 

spectroscopy (XPS), degradation of AIN occurs due to laser irradiation, which results in 

the formation of free Al. This occurs because of the AIN being transformed into Al2O3 [22]. 

Oxides: Mullite is another refractory material that can achieve requirements for high- 

speed device applications as reported by Horiuchi et al [23]. Mullite is a traditional re- 

fractory ceramic; its properties have been improved beyond alumina’s through the use of 

sol-gel processing efforts [23]. Furthermore, mullite processed with more uniform particle 

sizes results in improved sintering behavior, with CTEs comparable to silicon. Mullite is an 

important ceramic simply because of its uses in some applications that preclude alumina. 

12



CHAPTER 2. BACKGROUND AND LITERATURE REVIEW 
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Figure 2.2: Electrical, thermal and mechanical properties of standard and new substrate 

materials. 

Table 2.2: Properties of 99% beryllia (BeO) 
  

  

Density, g/cm? 2.85 
Flexural strength, MPa(ksi) 241(35) 

Thermal Expansion, 10° 25°C to: 200°C 6.4 

500°C 7.2 
Thermal conductivity. W/m-°C W/m, °C 130 — 200 

Dielectric constant at 1 MHz 8.6 — 9.0 

Dielectric loss at 1 MHz 0.001         
For instance, mullite can be used in silicon chip applications because of its CTE value of 

4.5x10-°/°C closely matches that of a silicon chip (the CTE for silicon is 3.35 x 10~® [24, 23]. 

Table 2.3 illustrates some characteristics of mullite. 

Since residual stresses are a primary concern in the work presented here, the next section 

will cover the origin of residual stresses materials in general. Efforts in residual stress work in 

machined engineering ceramics in general are covered along with associated residual stresses 

and residual stresses in ceramic parts. Various types of stresses found within materials are 

considered and finally a section on laser trimming will conclude the chapter since it is a 
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Table 2.3: Mullite ceramic characteristics in comparison to 92 wt% alumina 
  

  

  

  

New Mullite 
Characteristics M1 M2 M3 MSl1 MS2 92% wt 

Alumina 
Dielectric-constant (1MHz) 730 #75 #73 5.9 5.7 9.4 
Dissipation factor(x10~*, 1MHz) 15 15 15 31 35 5 
Insulation resistivity (Q-cm) > 1014 10!4 10!4 1034 10/4 10}? 
CTE (x107°/°C) 4.5 - 45 38 3.4 7.2 
Flexural Strength (kg/mm?) 20 23 31 30 22 28-35 
Surface roughness (jm) 05 05 02 03 05~08   
  

major part of this thesis. 

2.3 Origin of Residual Stresses in Ceramic Systems and Parts 

In the introduction it was discussed that residual stress can be both beneficial and 

harmful to materials. Noyan and Cohen give an excellent review on residual stresses in 

metals and ceramics in reference [26]. 

Residual stresses may be divided into two categories: micro-residual stresses and macro- 

residual stresses. Micro-residual stresses are found in the different phases of materials, while 

macro-residual stresses may be measured across the bulk material. Residual stresses of the 

first and second kind may be classified as macroresidual stresses (because these stresses 

operate over more than one grain), while residual stresses of the third kind (which operate 

over a single grain) are classified as micro-residual stresses. 

When materials are fabricated by processes which involve high temperatures, such as 

laser trimming of ceramic substrates, large tensile stresses are found to develop in the 

material due to non-uniform cooling (with attendant shrinkage) [12, 27]. Laser trimming 

and cutting will be treated in more detail in Section 2.5.1. Compressive stresses may also 

develop. For some materials, especially ceramics, stresses are found to develop from shipping 

or storage. More importantly, fatigue-type failures can develop during temperature cycling 

under normal operation [25]. 

Lin and Ericsson found that compressive stresses occur for steel in both parallel and 
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perpendicular directions in the layer of the laser-hardened material. Tensile stresses were 

discovered in the surface and depth layer following laser tempering [28]. They also found 

stresses in large heat-affected zones of their samples due to the major differences in the 

heating and cooling rates of the different layers of the substrate. Laser trimming of ceramic 

substrates results in very small heat-affected zones; therefore, the amount of residual stresses 

in the entire substrate may be small [29]. 

Structural and engineering ceramics used in today’s technology-driven markets have 

many advantages over conventional and some advanced materials due to low density, high 

strength and hardness, low heat expansion, good heat conductivity, high thermal stabiliza- 

tion, and oxidation resistance. However, since ceramics are brittle due to their covalent /ionic 

bonding mechanism, nondestructive quality control is crucial throughout the manufactur- 

ing process as reported by Goebble [4]. Goebble also reports on different nondestructive 

evaluation techniques and the importance of knowledge of material parameters. 

From the results of current research efforts as reported by Goebble, defects down to 

less than 100m will generally result in failure when loads of up to 43.5 ksi (300 MPa) 

are applied to polycrystalline materials. This, however, will depend on the type of defect. 

More importantly, four point bending experiments with reaction bonded silicon nitride 

have found that loads of 200 MPa (29 ksi) were shown to cause failures at surface defects of 

> 15um [30]. Therefore, for nondestructive evaluations of ceramic parts and components, 

it is important to know what types of defects, microstructure, and stresses are present in 

the ceramic material during manufacturing sequences. From a microstructural aspect, the 

investigator must be familiar with grain size, grain site distribution, porosity (pore size, 

pore site distribution) and percentage. 

2.3.1 Machining Engineering Ceramics 

Ceramics are machined in a variety of ways: grinding, cutting, drilling, breaking with 

scoring, sandblasting, or laser trimming. Although the methods presented have their differ- 

ences, each share the common principle of producing one or more cracks nucleated within 
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the material which may traverse the sample until it is separated into larger or smaller pieces 

[31]. The new separated crack surface is seen as a continuous fracture surface, or is com- 

posed of many small fracture surfaces [31]. This will be discussed further in Chapter 6, as 

it plays a crucial role in laser trimming. 

Fractures in brittle materials are classified into two types: intrinsic (flaws introduced 

during material formation) and extrinsic (flaws that are stress induced due to some form of 

machining). The intrinsic flaws are predominantly voids or inclusions, whereas the extrinsic 

flaws are microcracks which result from residual stresses [32]. 

Crack nucleation resulting from a laser beam when concentrated at point to obtain high 

power density will cause a small contact area to form. At this point, high compressive 

stresses are initially created which propagate toward the interior of the material, finally 

transforming to tensile stresses at some distance under the surface being heated (this occurs 

upon cooling). Furthermore, shear stresses are known to be present throughout the contact 

region. Fracture—created degradation, and sometimes single microcracks may result in a 

total failure in the overall material system [31]. Furthermore, only a small number of atoms 

will arrive at new positions of equilibrium due to irreversible distortions brought about by 

laser machining. This irreversible damage may be caused by increased force of penetration 

by the indenter or laser beam. If defects are not present, regions that have the initial 

contacts will increase and deformations in microvolumes develop and hence the creation of 

plastic or viscous flow behavior. 

Another crucial factor which may have some bearing in the work presented here is that 

cracks may form at some point after the part has been unloaded. According to Mencik 

[31], as the surface of the ceramic is being breached, plastic deformation as well as damage 

occurs immediately below the surface. But at the same instant, the indenter or laser creates 

large compressive stresses at the region of contact, thereby preventing atomic displacements. 

Once the force is removed, tensile stresses formed under the surface by the elastically dis- 

torted surface region will produce cracks (one or more), as there are no compressive forces 

available. 
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2.3.2 Residual Stresses in Engineering Ceramics 

According to Johnson- Wallis et al. [10], the origin of residual stresses in ceramics and 

other materials is primarily due to machining by mechanical means such as grinding, laser, 

ultrasonics, etc. The basic effect of machining results in an accumulation of a gamut of 

“isolated” sharp particle contact events [10]. In early abrasion studies, it was considered 

that residual stresses arose from fracture interface debris which tended to halt crack healing 

mechanisms formed by the abrasion. However, recent investigations stipulate that machin- 

ing which produces localized contacts and abrasion will result in irreversible deformation 

[32]. Different interpretations exist for the case of fracture in machining. It has therefore 

been concluded by investigators that an isolated elastic/plastic region was found to generate 

a radially compressive residual stress field. This stress field has a tangential tensile nature 

which is clear of the plastic zone surrounding the initial contact site [33]. Furthermore, ad- 

ditional strength—degrading cracks are found to form on median planes within the tensile 

field [33]. 

Sometimes residual stress fields overlap because of neighboring damage sites in a ma- 

chined ceramic surface. This overlapping causes a layer of residual compressive stress. 

However, this compression tends to reduce the residual tension effects which in turn act on 

the strength controlling flaw [10]. 

In most cases, ceramics machined by grinding and polishing were found to contain 

compressive residual stresses. Eigenmann et al. [34] found that machined ceramic surfaces 

(SiC, AljO3, and SisN4) that were ground, lapped, spark eroded, and cut had steep near— 

surface compressive residual stress gradients [34]. They also discovered residual stresses after 

unloading, when loading under bending-creep-conditions using high temperatures caused 

inhomogeneous plastic deformation; they also report on residual stresses in surfaces treated 

by diffusion processes [34]. 

Residual stresses resulting from machining damage (grinding, polishing, laser trimming) 

is understood to be due to the accumulation of many isolated sharp particle contact reactions 
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[10]. Recent results reported by Johnson-Wallis state that localized contacts due to abrasion 

and machining can cause irreversible deformation and fracture are a result of the following 

considerations: 

e there is an isolated elastic/plastic contact creating a compressive field that is radial 

in direction. 

e this compressive field has tangential tension found outside the plastic zone surrounding 

the contact site. 

e cracks that are known to degrade strength form median planes within the tensile field. 

e the overlapping of residual stress fields created from neighboring damage sites results 

in the overall residual compressive field layers. 

e it has been determined that this compressive field does not eradicate residual tensions 

which are known to act on the strength-controlling flaw [10]. 

Essentially, residual and applied stresses define the localized stress state. Surface finish- 

ing from machining components can result in residual stresses that may reduce the strength 

of a part by as much as 40%, as reported by Marshall [33]. 

In general due to the high hardness of ceramics, the layers that are usually affected by 

residual stresses after machining are very near the surface. Since these stresses reside near 

the surface, X-ray diffraction residual stress analysis is the method of choice to detect the 

surface stresses. For bulk materials, careful lapping of the ceramic part is performed. This 

allows for the X-ray residual stress measurements to be performed on a new surface. 

Overall, X-ray residual stress applied to ceramics is difficult compared to metals, since 

ceramics are less sensitive to X-ray diffraction. Careful analysis of data generated from 

ceramic parts must be performed since the data are usually hard to interpret. 

When ceramic parts are machined surface compressive stresses are generated. In some 

circumstances, as reported by Johnson- Wallis et al. [10] residual compressive stresses were 
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found to cause severe buckling due to diamond grinding. They also discovered an underlying 

tensile stress layer near the strength-controlling damage. 

There is currently not much literature on the subject of stress in ceramic microelectronic 

substrates. The next section will cover work performed by the Residual Stress Group at 

Virginia Tech. 

2.3.3 Stresses in Ceramic Microelectronic Substrates 

Stresses that develop in the substrates can be linked to processing history from start to 

finish. Therefore the stresses developed in ceramics and ceramic substrates are superposi- 

tions. For instance the total stress in a can be represented by: 

ohsS _ ofS 4 o RSH 4+ ohS Hl (2.3) 

where residual stresses (RS) I, II, and III are the stresses of the first, second and third 

kind. Residual stresses of the first kind are those stresses that setup in a material covering 

several grains. They are created from processing that cause inhomogeneously distributed 

plastic changes on the dimensions of the work piece. Residual stresses of the second kind 

result from elastic anisotropy due to the different phases having varying thermal expansion 

coefficients. Finally residual stresses of the third kind act at short ranges within the and 

equilibrate in the material over small distances. Generally these are stress fields centering 

around dislocations or point lattice defects [34, 35]. In the alumina substrate there is also a 

CTE mismatch between the matrix and precipitate phases, resulting in intrinsic or residual 

stresses. 

2.4 Measurement of Residual Stresses 

There are four techniques (mechanical, diffraction, acoustic, and magnetic) that allow 

for the determination of the superposition of various loading stresses and residual stresses 

in most materials. These stresses can be determined using sophisticated experiments and 
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theoretical stress analysis procedures. In general, depending on the nature of the residual 

stress and the material, the stress state may be determined from: 

e the mechanical release of large strains or macrostrains from the , recorded via strain 

gages (e.g., hole drilling, in which stress is measured by the change in the local strain). 

This sort of testing is destructive, however. 

e the displacement or lack thereof of lattice strain processes. X-ray and neutron diffrac- 

tion experiments and procedures are used in these residual stresses measurement meth- 

ods. 

e the effects of intrinsic physical structure properties of the material itself as in ultrasonic 

stress analysis in which stresses are determined from differences in shear wave time of 

flights. 

e another intrinsic detection technique is by magnetic methods, viz., Barkhausen “noise” 

analysis (BNA), which can be used only in ferromagnetic materials [35, 36]. 

All of the above techniques except diffraction are indirect methods to measure residual 

stresses. X-ray and neutron diffraction techniques, however, are direct means of measuring 

residual strain in materials. These two methods measure the lattice spacing displacements 

by shifts in diffraction peaks—these are directly proportional to homogeneous lattice strains 

in the direction of workpiece rotation (measured in terms of tilt angle w) and are nonde- 

structive. X-ray residual stress stress analysis (XRRSA) is limited to the measurement of 

surface stresses. This is a result of common X-ray wavelengths having small penetration 

depths in most crystalline materials. From biaxial elasticity theory, any residual stress of 

the first kind (residual stresses occurring in macroscopic dimensions) results from strains 

which are found to be linearly dependent on sin? w in every angular distance of the relating 

stress or deformation ellipsoid [35]. More will be discussed regarding this sin? y technique 

in the following section. 
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2.4.1 X-ray Determination of Residual Stress 

This section will explore measurement procedures of x-ray residual stress analysis along 

with the associated stress strain relations and introduce the sin? 7 technique of measuring 

residual stress. 

The d-spacings (distances between a given crystallographic plane) are obtained from 

Bragg’s Law, which is given by: 

nv = Qdaki sin 6 (2.4) 

where 4 is the incident radiation, n is an integer multiple of the radiation wavelength, dj: 

is the distance between the planes of Miller indices (hkl), and @ is the angle of incidence 

of the X-rays to the (hkl) planes. Figure 2.3 illustrates this behavior or scattering. This 

figure shows a cubic cell diffracting X-Ray photons (note the geometrical illustration of the 

parameters involved showing how the waves constructively interfere). Cullity [37] states 

that “a diffracted beam may be defined as a beam composed of a large number of scattered 

rays mutually reinforcing one another.” For a known incident radiation and sample crystal 

structure, diffraction planes can be found and d-spacings or lattice displacements can be 

calculated. Furthermore, these different grains will result in diffraction peaks that are 

slightly displaced from the previous measurement. By differentiating Bragg’s law, we find 

  

dd = 0 = (—2dcos 6 + 2d6dsin 8), (2.5) 

or 

bd 66 
—= . 2.6 
d  tané (2.6) 

Thus, for a given error 6@, the error in d-spacing is minimized if measurements are made at 

high angles. In effect, the d-spacing decreases with the tilt while the angle 26 increases. 

In x-ray residual stress analysis (XRRSA), diffraction peaks are obtained by tilting the 

substrate across a range of orientation angles », while keeping 20 fixed. This is shown in Fig- 
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Figure 2.3: Tlustration and derivation of Bragg’s Law [38]. 
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Figure 2.4: Atomic plane schematic in grains oriented for X-ray diffraction [38]. 

ure 2.4. The optimum grain size which should result in better statistics for polycrystalline 

materials is about 10-50 um [38]. 

Residual stresses are measured to be compressive or tensile, depending on the shift in 

diffraction peaks. For the large values of 28 employed in XRRSA, a peak shift to lower 

20 values indicates widely spaced planes in the direction of the diffraction vector, and thus 

compressive stresses in the plane of the material. Figure 2.5 illustrates this by showing the 

effect of residual stress on the 26 Bragg angle diffraction (or position). 

From Figure 2.5, do represents the initial stress-free condition (no stress, no atomic 

displacements) which is increased when the atoms move from do to d; (final stress state) 

representing the application of an applied tensile stress—the atoms being pulled apart. This 

case is representative of a @ increase as defined by Bragg’s law. 
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Figure 2.5: Effect of residual stress on the displacements of atoms and the 26 Bragg angle 

[12]. 
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Figure 2.6 illustrates what will happen when a position—sensitive detector (as in our 

case) is moved over several 26 angles in order to locate the angle of maximum diffraction 

from grains that satisfy Bragg’s Law. Diffraction occurs only for those (hkl) planes that 

are perpendicular to k; k bisects the incident and diffracted beam. Figure 2.6 also shows 

what happens after new grains are diffracted when the specimen is tilted with respect to 

the incident wavelength or diffraction vector. Here the orientation of the diffraction planes 

are almost perpendicular to the diffraction direction. 

Furthermore, these different grains will result in diffraction peaks that are slightly dis- 

placed from the previous measurement increases, as shown in Figure 2.6 [26]. 

2.4.2 Stress-Strain Relations 

The X-ray diffraction technique is really measuring strain and not the stress. Therefore, 

the interplanar spacings, dy, or d-spacings are serving as an internal strain gage. For the 

case presented here, strain is related to the d-spacing difference divided by the unstressed 
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  Figure 2.6: Diffraction after the sample is tilted, viz., diffraction occurs in the same planes 

but with different grains [26]. 
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Figure 2.7: Sample coordinate system of the y diffractometer showing laboratory L;, sample 

5S; coordinates, and the ¢, % angular relationships [12]. 

lattice spacing 

' dey —d 
(43) = —4— s ° (2.7) 

0 

Equation 2.7 represents the case for one dimensional strain. The geometry for x-ray 

diffraction measurements is illustrated in the three dimensional system in Figure 2.7. 

In Figure 2.7 S; and £; define the two coordinate systems utilized in the X-ray residual 

stress measurements. S', represents the sample’s surface and is defined by S) and 52. L,, 

the laboratory system defined by L3 acting normal to the hk! planes in which the d-spacings 
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are determined by X-rays. Finally, Lz is located in the planes that defines the orthogonal 

coordinates 5, and S2 making an angle ¢ with S52. 

We expand on the relationships between stress and strain by following the stress-strain 

equations of continuity as developed by Délle which are given below. Equation 2.8 illustrates 

the relationship found between the d-spacing change of a crystallographic plane and a 

triaxial stress field. This stress field is determined from a Cartesian coordinate system 

transformation law, Hooke’s law and the strain-deformation relationship, viz., 

dygy—ad ; 
(€33 60 = — o = €11 cos” @ sin? w+ €12 sin 2d sin? w 

0 

+ €99 sin? dsin? wb + €33 cos? w 

+ €13 cos Psin 2a + €9387n¢g sin 2y 

= ! _ (on cos” $+ 012 sin 264+ 022 sin? g- 033) sin? y 

l+vp 

E 
l+vp 

E 

  

  
y 

+ 033 — E (011 + 022 + 933) 

+   (o13 cos 6 + o23sin d) - sin 2y. (2.8) 

As before, do is the d-spacing of the (hkl) plane in the unstressed material and dg, is 

the d-spacing parameter of the measurement plane which is oriented normal to the sample 

coordinate system (see Figure 2.7). The applied residual stress tensor is represented by the 

oj; components; the X-ray elastic constants of the material are represented by (1 +v)/ Eng 

and v/Ey.1, where E;,; is Young’s modulus and v is Poisson’s ratio. These constants are 

applied in the residual stress analysis since they follow Hooke’s law and relate the internal 

strains (€) to the stress values. However, as mentioned previously, these constants are 

different for each crystallographic orientation. Therefore the X-ray elastic constant should 

be determined experimentally for the material under study. 

Equation 2.8 shows the relationship for a triaxial applied field of stress. If the stress 

field is biaxial, then the stress components o,;; =0 for i or j =3. For this case, Equation 2.8 

becomes 
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dg _ do _ 1 + vy 

do — £E 

This equation can be further reduced if the first bracket is set equal to og, which is the 

(on cos? ¢ + 012 sin 2¢ + 622 sin” $) sin? a + 3 (011 + 022) (2.9) 

stress in the ¢ direction, and since when yw = 0, we have 

do — do 
do 

A reduction of this equation generates a final form 

vy 
=F (011 + 022) (2.10) 

dgy-dgo0 _1+v_ 9 : — = . 2.11 i BE oesin w (2.11) 

This final form predicts a linear relationship between d and sin? 7 if a biaxial stress 

  

field exists; the slope of the line would be (1+ v/E)oy. The slope, og of equation 2.11 is 

the residual stress determined from the irradiated material volume. Two ~ tilt angles are 

sufficient to determine the residual stress only if the material is in a biaxial stress state and 

all underlying elasticity and optics assumptions are valid. A biaxial stress approximation 

assumes no shear stress and therefore, the biaxial approximation is incorrect when applied 

(i.e., when shear stresses exist) to materials showing preferred orientation, texture, or even 

shear stress. 

2.4.3. Shear Stress Analysis of X-ray Residual Stress Measurements 

For work in x-ray residual stress analysis careful interpretation of the data is crucial. In 

the sin? w technique there are a variety of deviations from a linear d versus sin? w plot. These 

deviations or non-linearities may be due to texture, preferred orientation, shear stresses, 

grain size effects, etc. Various examples of nonlinearities are illustrated in Figure 2.8 [41]. 

If nonlinearities in the data are encountered the biaxial stress analysis will be invalid and a 

triaxial stress analysis will be in order. 

In general, the biaxial model assumes an equation of the form d = A + Bsin? w for 

fitting the data to stresses acting biaxially. Since the model fails when nonlinearities are 
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encountered, the shear stress model is considered and has the form d = A + Bsin? yp + 

Csin2w. The extra term in this equation, Csin 2a, represents the shear component of the 

general residual stress equation. The B term (the normal component in stress analysis) 

is related to the slope and is determined from the multiply regressed data. The shear 

stress equation defines an ellipse and the B term determines whether wy splitting will have 

a positive or negative slope. The constants A, B, and C in comparison with equations 2.9, 

2.10, 2.11, shows that 

  

  

  

1 
A=dy+do | + “033 — = (011 + 022 + o22)| (2.12) 

E E 

l+v 
B= do E (011 — 033) (2.13) 

and 

l+p 
C= do E 013 (2.14) 

where all variables have been defined above. If it is assumed that the shear stress model 

fits the data and the biaxial model doesn’t, we expect the shear model to be the best fit to 

the data in most cases compared to the biaxial case. This can be determined by examining 

standard statistical t, F and R values as will be discussed in Chapter 4. 

2.5 Laser-Material Interactions 

To understand the laser-material interaction, a brief explanation is given below. In 

general, lasers have three distinct modes of operation: normal mode (pulse length) operating 

in the millisecond range, Q-switched mode operating in the shorter nanosecond range, and 

the continuous wave mode or cw. The pulsed mode and Q-switched mode lasers are generally 

more suitable for laser trimming/scribing, drilling or cutting ceramic, wafers, and metals 

[55]. 

29



CHAPTER 2. BACKGROUND AND LITERATURE REVIEW 

  

  
  

  
  

  
    

d, 

Case | ea 
“$.. 

me to . oo 

sin*(Psi) 

as 
Case TI 

\ 
| \ J 

sin*(Psi) d A 
vase 

V 

—
 

sin“(Psi) 

  

  

  

d, 

Case II 
aa ——~-s 

- ee oe 

sin*(Psi) 

d A 

  

Case IV 

  

Figure 2.8: Non-linearities in various d-versus sin? p plots [41]. Case I represents a biaxial 
stress condition (compressive), Case II a shear stress condition (psi-splitting), Case III is 

indicative of oscillations in the data (preferred orientation and grain size effects), Case IV 
involves geometrical errors, and finally Case V indicates that the material may contain a 

stress gradient perpendicular to the materials surface. 
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Laser applications for industrial use for materials processing are categorized into two 

groups: (1) applications requiring a controlled amount of laser energy such as micromachin- 

ing, resistor trimming, substrate trimming/scribing and semiconductor annealing; and (2) 

applications wherein a large amount of heat or energy is imparted to the sample in order 

to bring about the necessary phase transformation in the sample for cutting, welding and 

other processes. 

To laser process a material, the following must be taken into account: laser beam char- 

acteristics, material properties (optical, thermal, surface region), and energy transfer opti- 

mization, viz., the heat conduction, absorption capacity, and rate. Soarez and Perez-Amor 

[55] recommend that the following items should guide careful laser—-material interaction 

applications: 

e the creation of a highly intense initial pulse to circumvent any surface reflectivities. 

e adjustment of power density and the duration of the pulses to give optimum conditions 

for laser heating or melting (vaporization). 

e understanding of the lateral dimensions of the area being processed. The spot size 

(usually a micron sized region) is dependent on this process. 

e the beam width and pulse controls the depth of interaction, which is dependent on 

the heat conductivity and material removal rates. 

Finally, the incident energy absorbed is given by: 

I(z) = Ipe~°? (2.15) 

This is Lambert’s law where I(z) is the radiation intensity at a depth z, and a is the 

absorption coefficient. 
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2.5.1 Laser Trimming Alumina And Other Ceramic Materials 

The primary purpose of laser machining ceramic materials is to create localized damage 

by penetrating the surface with an intense collimated beam of energy at some diffraction 

limited point. This is done to control the propagation of a single crack. The laser is simply 

nucleating cracks for crack propagation [31, 42, 43]. The laser’s output and its working 

region must be chosen so that the ceramic characteristic wavelength A is opaque to it. 

Scribing or trimming ceramic materials is similar to vaporization. For trimming pur- 

poses, a blind cut is performed on the material to serve as a stress raiser. This is done 

to enable the material to be mechanically snapped along the trimmed lines. The method 

or strategy used in trimming ceramics is to create a small heat affected zone with as little 

surface debris as possible. Small HAZs must be created since laser machining will gener- 

ate high residual stress effects which are detrimental to the workpiece [29]. Furthermore, 

ceramics are prone to failure when tensile stresses are created [7]. 

When laser processing ceramic materials, one must consider the critical temperature 

cycle of laser processing. This temperature cycle is defined by external stress, geometric 

configurations, and the characteristics of the material itself [29]. The external stresses are 

solely defined by the critical value of the temperature gradient in the material. Furthermore, 

the environmental conditions and laser energy may directly affect the amplitude and speed 

of the temperature cycle. The thermal stress resistance is directly dependent on the speed of 

the thermoshock. It is interesting to note, however, that a mild heat transfer will generate a 

damage resistance that is higher than that of a hard thermoshock. Hence, crack propagation 

initiated by residual stress due to these shock loads is easily influenced by the heat conducted 

to the cut face. In addition, chemical reactions are also known to contribute to the external 

stress [29, 31]. Affolter and Schmid give a good overview on processing ceramics with solid 

state lasers in [44]. 

For straightforward laser machining, the ideal ceramic substrate would have material 

properties such as low elasticity parameters, low thermal expansion, a high modulus of 
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rupture, and a fairly high thermal conductivity. The AljO3 substrates used in the research 

covered in this thesis are unfortunately susceptible to thermal shocks—localized overheat- 

ing is known to cause large tensile stresses, resulting in subsequent failure [12, 27]. Pabler 

and Lensch report on a short pulse duration (superpulse) method proven to be effective in 

reducing the thermal load on ceramic substrates [65]. Dettmer and Charles [20] report on 

laser trimming alumina as compared to BeO, SiC, and AIN. After the set up the laser for 

96% Al2O3 machining, alumina was the only substrate able to be laser machined with the 

parameters used (power = 30 Watts, frequency = 300 Hertz, pulse length = 0.3 millisec- 

onds, feed rate = 0.02 inch/second). For BeO the laser power was increased to 50 Watts. 

Machining AIN and SiC required refocusing of the laser beam, as well as decreasing the feed 

rate and increasing the power. Although laser machining Al2Q3 is an established practice, 

simply varying the parameters should allow the other ceramic materials to be machined 

with relative ease. 

The microcracks formed during laser trimming greatly influence the mechanical prop- 

erties of the ceramic. Most microcracks are formed by stored elastic energy, an immediate 

result of the thermal stresses generated due to the laser. In order to reduce this elastically 

stored energy, the heat affected zone must be minimized. Specifically, to examine this pro- 

cedure of minimizing HAZs and therefore the stored energy, a point heat source must be 

considered. For instance, applications with a thermal thin sheet having axial symmetry for 

essentially a line source [44], generally follow an equation of the form: 

T(r, T) = nye (2.16) 

In this equation, Q is the quantity of heat, p is the density of the material, C,, the 

specific heat, k, the thermal conductivity, and t and d are the time and thickness of the 

sheet respectively. From this approach it can be assumed that if the short laser pulses 

are considered as immediate heat trains, the width of the HAZ will be reduced, since the 

immediate pulses will minimize the amount of heat Q liberated [44]. 

Furthermore, when considering processing brittle materials such as ceramics, the follow- 
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ing parameters should be varied to minimize the HAZ: 

e pulse length 

e pulse shape 

® spot size 

e pulse feed rate (frequency) 

The pulse length and/or frequency are to be reduced as prescribed by equation 2.16. 

2.5.2 Laser Trimming Ceramic Substrates 

When substrates are laser trimmed a variety of factors come into play which include 

cracking, spalling, thermal stress generation, phase transformations, etc. According to 

Mencik [31], when ceramic parts are laser machined the following structural and material 

interactions occur: 

e low power laser energy incident upon the ceramic workpiece will result in thermal 

stresses. 

e Once the laser beam leaves a point after trimming, the effected region of the substrate 

will quickly solidify. 

e Cracks are generated both parallel and perpendicular to the laser path and in other 

directions. 

e Lasers operating in the pulsed mode tend to eliminate unwanted heating and thermal 

stress generation. 

e Both the speed and motion of the laser beam as well as the radiation intensity influence 

the integrity and quality of the grooves formed. 
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Gardner and Beauchamp [46] have discovered that laser trimming was found to reduce 

the strength of ceramic parts. They also discovered that 96% alumina seemed to degrade 

far worse than the strength degradation of 99% alumina. Furthermore, the controlled crack 

growth needed for separating ceramic substrates may be performed optimally through the 

use of two lasers placed at opposite ends of the substrate. The speed of separation with 

this technique may be increased four times as much. This process may further be enhanced 

by translating a cooling device just behind the laser. The result is that tensile stresses are 

increased at the crack tip as confirmed by Mencik and Machulka [31, 39]. 

Past research performed by Schulz [25] on both XRRSA and electrical measurements on 

alumina microelectronic substrates after the substrates were laser trimmed and fabricated 

with thick film circuits, showed that the residual stresses found were tensile in nature but 

were found to have no effect on the electrical properties of the thick film circuits. Further- 

more, after attempts to anneal the stresses out of the substrates, the stresses were found 

to be reduced and redistributed. Additional work by Venzant [27] found that the stresses 

were generally tensile in nature but were isotropically distributed across the substrate. 

2.6 Summary 

It has been shown that the need for the study of residual stress in materials crucial 

especially in the ceramics industry, since ceramics are replacing many applications usually 

performed with metals. Residual stresses were shown to be both beneficial and detrimental 

to engineering parts and XRRSA is the method of choice when nondestructive evaluation 

of residual stresses are warranted. Laser machining ceramics has been shown to be a very 

complicated process involving many variables and processing problems. Although compli- 

cated, laser machining is known to be far superior to most conventional machining methods 

(for instance diamond cutting ceramics). Alumina although a well established ceramic engi- 

neering material currently does not face the many fabrication and processing problems that 

newer ceramic materials have this is especially true when laser machining is considered. 

39



CHAPTER 2. BACKGROUND AND LITERATURE REVIEW 

Chapter 3 will cover the general problem statement and give a description on what the 

present work will explore regarding alumina microelectronic substrates. 
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Chapter 3 

STATEMENT OF THE PROBLEM 

This section will consider the current problem with substrates as found in industry and 

research laboratories. The discussion will center around past experience with substrate 

breakage due to residual stresses in the Hybrid Microelectronics Laboratory for microelec- 

tronics hybrid circuit research at Virginia Polytechnic Institute and State University and a 

what the present work will attempt to explore. 

Alumina (96%) substrates have been used in the Hybrid Microelectronics Laboratory 

for RF transmission circuit substrates. The motivation of the research was to identify and 

eliminate mechanical failures in a wide band probe used for radio frequency transmission 

applications. The probes were made of an alumina substrate with a thick film (AgPd) 

transmission circuit fabricated on the top surface. A generic structure of the probe is 

illustrated in Figure 3.1 including location of fracture. 

After laser trimming and fabrication, the probes showed tensile stresses of 17 ksi (117 

MPa) on the component side of the probe and compressive residual stresses of the same 

magnitude on the backside [12]. The tensile stresses are high and play a major part in the 

fracture process of the probes (as illustrated in Figures 3.1 1(b) and (c)). These stresses 

are almost half the rupture strength of alumina (50 ksi or 345 MPa). 

In the work presented in this thesis the nature of the stress distribution across the sub- 

strate is explored as a function of laser trimming, characterization of the substrates before 

and after laser trimming to ascertain whether any structure property change occurred due to 

laser trimming, and measure the strain response insitu as a function of laser trimming. Be- 

cause of the complex structure of standard Al2O3 substrates and because fo the importance 

of the interaction of the various phases which may be present, it is essential to understand 
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Figure 3.1: Laser cut RF probe. (a) Original substrate with RF probe. (b) Fractured 

substrate. (c) Fractured laser-cut substrate. (d) Location and orientation of stress mea- 

surements [25] 

the detailed microstructure of the starting material. Characterization was performed using 

optical and electron microscopy (scanning electron microscopy (SEM), electron scattering 

for chemical analysis (ESCA), acoustic microscopy, dye penetrant, x-ray radiography, and 

electron probe microscopy (EPMA)) The stresses were measured using x-ray diffraction 

before and after laser trimming and in situ during laser trimming using strain gages. X-ray 

diffraction was used to measure the residual stresses on a microscopic scale while the strain 

gages will measure residual stresses on a macroscopic scale. Therefore the stress/strains 

were measured statically (x-ray diffraction) and dynamically (strain gage). Static mea- 

surements by x-ray diffraction residual stress analysis was used to understand the extent 

of compressive and tensile stresses before and after laser trimming. Tensile stresses are 

known to cause fracture and subsequent failure. Dynamic measurements were necessary 

to understand the behavior of the substrates while they were being laser trimmed—this in 

turn gave crucial information to the final residual stresses. The next chapter will examine 
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the materials characterization procedures of Al,O3 microelectronic substrates used in the 

present work. 
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Chapter 4 

ALUMINA SUBSTRATE MATERIALS 

CHARACTERIZATION 

This section will explore the procedures used to characterize the alumina substrates. Op- 

tical microscopy, secondary electron microscopy /energy dispersive x-ray analysis (SEM/EDAX), 

electron spectroscopy for chemical analysis (ESCA), and electron probe microanalysis (EPMA) 

were used to understand the chemical nature and composition of the substrates. X-ray phase 

analysis was used to verify the phase results as detected by EPMA. NDE techniques such as 

liquid dye penetrant and acoustic microscopy were also used and will be discussed briefly. 

Some typical results of EPMA and X-ray phase analysis are given in this Chapter while the 

results of the other techniques will be shown in Chapter 5. The ceramic substrates were 

characterized for chemical composition, microstructure (volume fraction of the glass, pore 

and other significant phases, and fractography), and phases present. X-ray residual stress 

analysis was employed as the major characterization step used to determine the stress dis- 

tribution in the substrates. Listed below are merits of each technique and the information 

they provide. 

e optical microscopy was used to perform basic fractography work on a macroscopic 

level as well as identify phase segregation. 

e SEM/EDAX was used to investigate both macroscopically and microscopically the 

structure and composition of the substrates. EDAX was found to be sensitive only to 

the alumina content of the substrate, so that use of ESCA became necessary. SEM 

photos were very useful since we were able to probe the walls and depths of laser 

trimmed paths to look for flaws and to compare the laser—material interactions of the 
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400 watt JK700 and the 30 watt ESI lasers. 

e X-ray radiography was employed to discern any macroscopic anomalies in the sub- 

strates after being machined (laser and diamond cut). 

® acoustic microscopy was utilized for the same reasons as radiography but to discern 

any variations at a smaller scale as a function of laser machining only. 

e a dye penetrant technique was used to detect any fractures on a macroscopic level 

after substrates were laser machined. 

e ESCA was used to ascertain the exact chemical composition of the substrates. 

e EPMA was employed to perform compositional maps of the substrates to discern the 

number and types of phases present and to qualitatively calculate the volume fraction 

of the phases detected. 

e X-ray phase analysis was performed with the Scintag XDS 2000 to verify quantitatively 

unsuspected phases observed by EPMA. 

e X-ray residual stress analysis is a technique that allows exact residual stress measure- 

ments in material systems possible and was used in this research to map the stress 

distribution in the substrates before and after laser machining. 

4.1 Materials 

The alumina substrates used in this study were obtained from Kyocera Industrial Ce- 

ramics Corp., San Diego, CA. The substrates were 96% alumina with a 4% glassy phase 

(this phase is necessary for standard thick film substrates to enhance bonding between the 

alumina and thick film paste). Their properties are similar to those given in Table 2.1; they 

are standard thick film substrates cut in 1 x 1 x 0.025 in. (25.4 x 25.4 x 0.64 mm) squares. 
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4.2 Materials Characterization 

The following sections will expand upon each of the characterization techniques by giving 

more specific details and how each technique was utilized to characterize the alumina thick 

film substrates. Results of the as-received materials are presented here; those for laser-cut 

materials will be presented in the following chapter. 

4.2.1 Optical Microscopy 

A variety of optical tools were used to observe the surface and bulk integrity of the 

substrates. A Bausch and Lomb General Inspection Microscope was used to inspect the 

substrates before and after laser scribing and to observe the effect of liquid dye penetrant on 

the substrates. Magnification ranges varied between 10X to 25X. A polarizing automated 

high power microscope was used to inspect laser trimmed substrates immediately after laser 

trimming with the JK700 laser at ITT GTC in Roanoke, Virginia. Typical magnifications 

ranged from 25X to 500X. Color micrographs were automatically created once resolution 

and magnifications were achieved. A Neophot Optical Metallograph Microscope was used 

to optically characterize metallogrphically prepared substrates. For this setup, a substrate 

was laser trimmed with five power levels using the JK700 laser in five parallel locations . 

The sample was next metallographically prepared for optical and EPMA analysis. Sam- 

ple preparation involved sandwiching the substrate between two additional substrates two 

maximize the surface area to be analyzed. The assembly was mounted at 45° to achieve 

additional surface area. The assembly was next selectively diamond polished with 0.5y, 

0.3u, and 0.1 diamond paste with metallographic oil as the medium for polishing between 

a nylon polishing pad and the mounted susbstrates. 

4.2.2 X-ray Radiography 

X-ray radiography is a convenient technique for detection of significant macroscopic 

variations of any material. More importantly, this technique has the ability to detect 
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crack—like defects since they are sensitive to orientation with respect to the radiation. 

The technique was applied to the substrates that were laser trimmed to look for cracks 

developing radially from the separation region or trim region and as a function of diamond 

cutting. The X-ray machine utilized was a Hewlett Packard Faxitron X-ray System model 

43805N. The work was performed at ITT Electro-Optical Products Division, in Roanoke 

Virginia. 

4.2.3 Accoustic Microscopy 

Scanning acoustic microscopy was employed to characterize the substrates for any suttle 

defects in or near the heat affected zone (HAZ) due to the laser trimming process. The 

instrument was a Model UH3 Olympus Scanning Acoustic Microscope (SAM). Several laser 

trimmed substrates were analyzed with this microscope. The surface of the substrates 

were scanned with a focusing probe optic at a frequency of 200 MHz. The probe had a 

0.25 in. focal length and a 30° aperture. The focusing probe or lens was coupled to the 

backside of the substrates through a water medium (used to create a passage for sound 

waves thereby enhancing the attenuation and improving the overall signal-to-noise ratio). 

Image processing was next performed using a Kodak SV6500 Olympus Q2 Image Analysis 

System. This technique however, is restricted to the surface or at a few wavelengths below 

it. As received substrates showed no discernable cracks at the level of resolution of the SAM 

(5 ym at the 200 MHz frequency). 

4.2.4 Dye Penetrant Visual Inspection 

Dye penetrant can usually detect the most severe surface flaws. However, the technique 

is not optimized for ceramics since a “capillary” effect occurs due to the porosity of the 

ceramics. However, the technique was utilized since it is capable of penetrating surface-or 

near-bulk cracks as small as lum width in about 15 seconds. The penetrant used was a tube 

from Glo-Tek, Dallas Texas. A substrate that was laser trimmed was examined using the 

dye penetrant at the HAZ (heat affected zone) while placed under an inspection microscope 
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and examined; magnification varied between 10 and 25X. The penetrant fluoresces, while 

penetrating any cracks when viewed under UV light, none were detected. In principle dye 

penetrants can only quantify surface cracks lengthwise but not the depth [4]. 

4.2.5 SEM/EDAX 

To analyze the surface of the substrates for pore size and laser machining effects on 

a microscopic level, scanning electron microscopy was performed. A Scanning Tunneling 

Electron Microscope (STEM) located in the Virginia Tech Microstructure Laboratory was 

utilized for analyzing the microstructure of the substrates before and after laser trimming. 

Results are illustrated of a substrate laser machined with an ESI laser in Chapter 5. EDAX 

was employed to perform chemical analysis of the substrates; the technique, however, was 

only sensitive to the aluminum in the substrates. ESCA and EPMA were therefore used to 

detect the other species in which the EDAX was insensitive to, like silica and MgO. 

4.2.6 Elemental Mapping of Alumina by ESCA 

A Kratos XSAM-800 X-Ray Photoelectron Spectrometer located in the Virginia Tech 

Microstructure Laboratory was used for ESCA analysis. The samples were chemically 

cleaned with trichloroethylene and acetone before being analyzed. The results of ESCA 

are shown in Figure 4.1 and a summary of data obtained from this spectrum is given in 

Table 4.1. The initial chemical analysis was performed at the immediate surface, i.e., no 

sputtering was done (zero sputter time). To analyze the alumina surface a few atoms below 

the first monolayer, sputtering with ions must be performed. From Figure 4.1 and Table 4.1, 

the carbon peak is high due to handling. After sputtering for 5 minutes, the carbon content 

drops and the percent atomic species detected is at 100% instead of only 90% as in the case 

for zero sputtering time. 
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Table 4.1: Summary of ESCA results, atomic % species detected. 

C O Al Si Ca Mg 
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Figure 4.1: ESCA analysis of 96% alumina illustrating elements detected. The copper peak 
is due to the specimen chamber. 
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4.2.7 Elemental Mapping of Alumina by EPMA 

Electron probe micro-analysis (EPMA) allows one to perform elemental maps of the 

constituent phase areas of interest. EPMA is founded on the principles of the interaction 

of highly energized electrons with the specimen serving as the target. The instrument uti- 

lized for the compostional work presented here was a CAMECA-SX50 Electron Microprobe 

located in the Geological Sciences Department at Virginia Tech. It uses a 4-spectrometer 

or four x-ray crystal detectors to perform wavelength dispersion as opposed to energy dis- 

persion found in SEM/EDAX machines. 

The process for performing electron microbe analysis essentially involved focusing a 

15 kV @ 10 nA electron beam to a lym spot size and slowly scanning the substrate in 3um 

steps from the base of the substrates cross section to the surface. X-ray spectrometry was 

used to detect the four phases by comparing a standard to an unknown. Corrections were 

made for fluorescence, absorption, and the affected atomic number. 

For quantitative information using EPMA a fully automated analysis was performed at 

every beam location. The system must perform a pixel map count rate for each element 

using a wavelength spectrometer and an energy spectrometer. From the ratio of these 

two measurements values, an intensity ratio is performed between a known and unknown 

standard. After a matrix correction and digital image processing, a compositional map is 

made of the area of the sample being analyzed. Figure 4.2 illustrates an x-ray map of the 

alumina substrates used in this research. The four quadrants illustrate the different phases 

detected. The technique used to produce the micrographs in Figures 4.2—4.5 is called 

thresholding in which the phase of interest is enhanced while suppressing the unwanted 

phases. 

Figure 4.2 illustrates a x-ray map of one region of a substrate that was metallograph- 

ically prepared as discussed in the optical microscopy section above. In order to perform 

a semiquantitative analysis of the volume fraction of each phase, x-ray maps were taken 

of four phases determined from the electron probe. The four phases included the glass 
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Figure 4.2: X-ray Map of alumina showing elemental compositions. The top left illustrates 
the pore phase, the top right the glassy phase, bottom left the Al-Mg spinel, and the bottom 
right Ca, which is part of the glass. Each quadrant was determined by suppressing through 
thresholding all phases allowing an outline of the pore phase. 
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(involving calcium and silica), pores, and the magnesium-aluminum spinel structures. Five 

micrographs were made of each phase using a 200 mm camera so that an areal analysis 

could be performed for the point counting procedure explained in the next section. 

Other trace elements were found using EPMA such as Na (0.7%), K (0.4%) and Fe 

(0.3%). The iron is probably serving as a contaminant species. 

The next section will cover how the volume fraction of each phase (viz., pores, glass, 

and MgAl.04) was determined from point counting and areal analysis techniques. 

4.2.8 Phase Analysis by Point Counting 

Point counting is a conventional technique used to determine the various constituents 

in a microstructure and can be done on micrographs obtained from optical microscopy, 

SEM, TEM, EPMA, etc. From the micrographs created from the EPMA x-ray maps, a 

regular grid was superimposed on each micrograph and the number of intersections of the 

constituent which lie on the grid lines was determined. 

In general when the variable constituent is measured as a proportion p, the mean p and 

standard deviation o of the distribution are known to be related by [47]: 

w= po = \/[p(1 - p)/n] (4.1) 

The volume fraction is therefore the ratio of the average number of intersections (Y) in 

the area of the constituent to the total number of points counted (n) and p is the proportion 

Y/n. A total of five (represented by k in Table 4.2) frames were taken of each phase which 

resulted in a total of 500 points per phase, since each grid contained 100 intersection points. 

The 500 points utilized per phase are in agreement with the confidence interval values 

determined in the next section for the glassy phase only. When point counting is employed 

the results are known to conform to the binomial distribution. From this, the accuracy 

of the estimate can be calculated from the points counted and the subsequent determined 

proportion. 
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Table 4.2: Summary of point counting results 
  

  

  

Phase n  k groups Y  p=(Y/n)(proportion) Volume Fraction 
glass 500 5 37 37/500 0.074 + 0.031 
Al-Mg spinel 500 5 15 15/500 0.034 + 0.021 
Pores 500 5 24 24/500 0.048 + 0.114       
  

From point counting, the volume fractions of the three phases were determined as shown 

in Table 4.2. 

From the results, confidence intervals may be calculated using the binomial distribution. 

For instance if Y is the number of successes that a line intersection occurs for a certain 

constituent and n is the total number of points counted, then Y/n is the sample proportion 

p then the equations given above, viz., the mean and variance will follow the binomial 

distribution. The central limit theorem implies 

o= Y= ep (4.2) 
Vnp(l — p) 

which follows a binomial distribution since it is approximately N(0,1) and hence 

a Y —np a p|-+(§) < eas s($)]|= 1-2 (4.3) 
| 2 J/np(l — p) 2 

where z is a test statistic used to calculate the critical region for the confidence interval. 

In general Y is usually observed to be y and if p is approximated by y/n then a 100(1-a) 

percent confidence interval will be 

p= 422($) (y/n)(1 — y/n) (4.4) 
n 2 n 

Therefore, for a 90% confidence interval using the above expression, the the following is 

obtained [0.0771, 0.0431] which corresponds to a 1% standard deviation for 500 points 

using Table VIII of [47] for the glassy phase. Similar calculations for the spinel phase and 

pores result in the estimated confidences limits (90%) shown in Table 4.2. 

Table 4.2 shows that the glass phase, which was found to be composed of silicates, CaO 
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Figure 4.3: Threshold x-ray map of the glass phase from an alumina substrate. Note the 
fairly uniform distribution of this phase representing a volume fraction of 7.4% from this 
substrate. 

and Mg, has a volume fraction of 7.4%. This volume fraction is randomly distributed as 

illustrated in the micrograph shown in Figure 4.3. Similar micrographs are given in Figures 

4.4 for the spinel phase and 4.5 for the pores. The pore phase effects will be discussed in 

Chapter 6. In Figure 4.3 the glassy phase is randomly distributed and this randomness 

may have a significant effect on the overall residual stress of the substrates. The pore phase 

distribution, as shown in Figure 4.5 also illustrates this same randomness and may also 

contribute some effect on the measured residual stress. 

4.2.9 X-ray Diffraction Phase Analysis 

Since traces of MgAl,O4 spinel were observed using EPMA, X-ray diffraction phase 

analysis was performed to verify this spinel phase using a Scintag XDS 2000. A diffraction 

pattern of this phase was performed using a step-scan procedure since the spinel phase 
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Figure 4.4: Threshold x-ray map of the Mg-Al spinel phase from an alumina substrate. Its 
volume fraction was determined to be 3.4% in this substrate. 

  

  

  

    

Figure 4.5: Threshold x-ray map of the pore phase from an alumina substrate. This phase 
was found to be quite abundant representing a volume fraction of 4.8% from this substrate. 

51



CHAPTER 4. ALUMINA SUBSTRATE MATERIALS CHARACTERIZATION 

  

  

  

    

FN: venzantog.RD ID: KYOCERA 2ND PHASE SCINTAG/USA 

DATE: 04/29/93 TIME: 16: 16 PT: 20.0000 STEP: 0.02000 WL: 1.54060 

CPS 4.436 3.559 2.976 2.562 2.252 2.013 1.823 1.668 1.541 1.434 x 
227.0 ! I J J __ j l | __| | 400 

204.37 90 

181.67 - 80 

158.97 - 70 

136.27 - 60 

113.57 - S50 

90.874 - 40 

68.17 - 30 
45.47 - 20 

22.77 10 

0. OTT TTT TT oo 0 
20 25 45 50 5 65 

MAGNESIUM ALUMINUM OXIDE / SPINEL, SYN 
  

    

            

21-1152 | 

| | 
MG AL2 04 

ALUMINUM OXIDE / CORUNDUM, SYN 

42-1468 | 

| I] 1 
AL2 O03       

Figure 4.6: X-ray diffraction pattern of 96% alumina showing a match with corundum and 
the weak peaks which are identified as the spinel phase as shown at the bottom of the figure. 

peaks are weak compared to those of the major phases in alumina. The pattern is shown in 

Figure 4.6. From the results, the corundum and MgA12Q, spinel phases were identified with 

respect to to the diffraction pattern for the 96% alumina substrates as shown in this figure. 

The 3.4% volume fraction of the spinel is created from a phase transformation resulting 

from the aluminum and magnesium phases of the substrate combining during processing. 
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4.3 X-ray Residual Stress Analysis 

X-ray residual stress analysis was the major technique used to characterize the state of 

residual stress of the alumina substrates. For the experimental x-ray residual stress work, 

a Technology For Energy Corporation (TEC) Model 1610 portable X-Ray stress analyzer 

was used. The measurements were made with nickel filtered CuA, radiation, which was 

diffracted from the (146) planes of the alumina substrates at approximately 136° 20. From 

work performed previously [50, 51], the (146) planes generate high peak intensities at large 

26 angles, thereby giving more significant shifts in 20. For the experiments performed for the 

present work, the copper X-ray tube was operated at 37 kV at 0.85 mA. The (146) planes 

were measured using a position-sensitive proportional counter (PSPC) detector mounted on 

a 135° Bragg-angle bracket. A schematic of this arrangement and the overall stress analyzer 

system is illustrated in Figure 4.7. A picture of the TEC diffractometer is shown in Figure 

4.8. 

The PSPC is essentially a one-dimensional wire chamber counter that is designed to 

immediately observe by detection a broad range of angles in the 26 range. Furthermore, 

each photon that diffracts and scatters unto the detector’s wire is then electronically decoded 

in order to illustrate a digital image of the scattered X-rays (again, in one dimension). The 

computer algorithm BIAXAL, part of the software of the stress analyzer, determines the 

peak location from the image generated by statistical curve fitting. ! 

Channel location is then determined from the detector of the top percentage of the fit 

peak. It is this channel number that is related to the exact 20 angle. A djx)-spacing versus 

sin? w is calculated from the 20 value by utilizing Bragg’s law. This curve-fitting process 

is performed after geometric corrections for detector background, Lorentz polarization, and 

sample absorption, all of which affect the scattering process and vary with 6. Counting 

  

‘The BIAXAL program fits a parabola to a certain percentage of the peak. A 20% peak fit was used, 

which, as can be seen in Figure 4.5, is above the Aa2 maximum intensity and therefore only fits to Kai. 

The Kaz peak was not included in the calculation since it would have fit the peak in the wrong region of 

the spectra. 
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Figure 4.7: Schematic of the detector and diffractometer with associated hardware of the 

TEC stress analyzer [52]. 
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Figure 4.8: TEC Portable Apparatus for Residual Stress (PARS) measurements. [52]. 
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statistics errors in the measurement, which are affected by the amount of data acquisition 

performed, are also determined in the algorithm. From the error computed, one can make 

a judgment call about the experiment. An overview of the PSPC and its basic operation 

can be found in [26, 48]. 

A typical diffraction pattern is shown in Figure 4.9. This Figure shows a series of peaks 

which are known to be the result of several things. The (146) planes are easily singled out 

as are the (3014) located at channel 73 and (2014) at around channel 104.5. The peaks 

at the end are due to the end effects of the detector, while the (146) peaks between the end 

effect peaks are the result of peaks contributed to lower 2@ scans [12]. Furthermore, the 

(146) peaks represent a doublet (Ag; and Kg2). The peaks are sharp because Al2Q3 is so 

brittle; there is not enough microstrain to sufficiently broaden the peaks. The (146) peaks 

in most cases are nearly overlapping and may be treated as one peak. Therefore to perform 

calculations on this peak the program that performs the parabolic fit must be programmed 

to ignore the correction for AK,2. Furthermore, the additional peaks seen in the pattern are 

removed so that the software in the stress analyzer will not analyze them since if analyzed, 

will result in erroneous data by placing the peak position off its true location during the 

parabolic fit routine of the software. Figure 4.10 illustrates a modified diffraction pattern 

showing only the peaks of interest. 

It is crucial to discuss at this point the importance of the X-ray elastic constants for 

the material under study. This material constant should be determined experimentally 

since it will vary per sample orientation and corresponding atomic planes. However, in 

this research, interests laid strictly in the absolute value changes; therefore, the results of 

Tanaka, Yamamoto, and Suzuki [49] (given in Table 4.3) were utilized since they calculated 

the elastic constant for 96% alumina substrates. 

Before starting the experimental study of residual stress measurements across the sam- 

ples, several collimators (rectangular and round) were used to ascertain which gave the 

best statistics and stress value when measured as compared to stress values of a reference 

sample (alumina substrate). From these trials a 2 mm round collimator met the statistical 
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Figure 4.9: Typical diffraction pattern of 96% alumina before peak subtractions. The (146) 

planes are seen at channel 292, the peaks seen at channel 73 are identified as the (3014) 

plane and the peak at 104.5 is identified as the (2014) plane, as determined by X-ray phase 

analysis; see text for details. 
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Figure 4.10: Typical diffraction pattern of 96% alumina after peak subtractions. This 

diffraction pattern illustrates the (146) planes. 
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Table 4.3: X-ray constants determined for 96% Alumina [49]. 
  

  

Alumina Elastic Constant 

(% Purity) E/(i+v) 
(ksi) (GPa) 
  

99 47.0 324 
96 45.2 312 
92 34.8 240         

accuracy and stress values that closely matched the stress statistics of the reference sample. 

The measurements were made at seven different 7 tilts: +33, +25, +15, and 0 degrees ~ 

(after careful sample and diffractometer alignment). To average across the grains for statis- 

tical accuracy, and to reduce the effects of preferred orientation, each ~% was programmed to 

oscillate three degrees i.e., the angles oscillated at + 1.5 degrees in each direction. Initially 

measurements were taken at 120 seconds, which led to large error bars due to insufficient 

peak intensity. Count times were then doubled, resulting in better statistics. 

The procedure used here was repeated for each ~ angle and performed three times for 

each measurement location to reduce systematic errors resulting from sample positioning 

or alignment. In general, a plot of the day; versus sin’ y is linear (where the stress is 

proportional to the slope); however, deviations of the plot caused by nonuniformity of 

stress with depth, shear stresses, and sample preferred orientation will result in nonlinearity. 

Figure 4.11 illustrates a dj,y; versus sin* plots generated from the TEC BIAXAL program. 

4.3.1 Statistical Error Analysis 

The output is shown in Table 4.12. This table shows the measurement setup and data 

generated from the analysis of raw data. At the bottom of the table are the stress value, 

counting statistics, and goodness of fit stress error. The counting statistics (CS) at the 

bottom of the table are errors corresponding to differences in peak intensities diffracted 

from different grains, leading to uncertainty in peak location. This Bragg peak location 

error will generate an error in the d-spacing, and will therefore give a error in the slope 

and subsequently in the stress value since it is proportional to the slope. Thus, CS error 

59



CHAPTER 4. ALUMINA SUBSTRATE MATERIALS CHARACTERIZATION 

is simply the errors expected if only those errors associated due to finite measuring times 

of the experiment were involved. Goodness of fit (GF) errors are nothing more than the 

deviations of the slope of the dj,; versus sin’ 7 plot. 

To test for the completeness of the Biaxial analysis used by the software program BI- 

AXAL, a shear stress or triaxial analysis was performed on the calculated peak data from 

the alumina substrates measurements and is explained below. 

4.3.2 Shear Stress Analysis 

The procedure for performing the shear stress analysis is performed by retrieving data 

from the Biaxal data analysis program provided by TEC and downloading these data to 

a database program called RS/Base developed in our facilities [40]. Before the data are 

downloaded they are analyzed on the TEC stress analyzer program and a report is created. 

This report is then downloaded to RS/Base which is resident in a DELL 286. A typical 

analysis RS/base report is shown in Figure 4.13. The first part shows the general exper- 

imental setup conditions, the second illustrates the data acquisition and some statistics. 

The final portion illustrates the model fit to the data, in this instance the Biaxial model is 

used. In Figure 4.14, the triaxial model or shear stress model is compared to the biaxial 

model. Figure 4.15 illustrates a plot of the data. 

The shear stress analysis or pseudo-triaxial stress analysis program RS/Analyze was 

next applied [41] to generate a model from multiple regression of the data which considers 

both the biaxial and triaxial models. Both the biaxial and triaxial models are discussed in 

the next section. 

From the data in Figure 4.14, the statistical analysis lists an R? value which represents 

how the model fits the data, an F-test which estimates the agreement of the data with the 

model, and a p-value which measures the level of significance of a statistical test. In general 

the closer to one the R? value is the better the model. For the biaxial model for the data 

in Figure 4.14, the R? test is a low 0.07 which would indicate that this model is not a good 

fit to the data. The F-test number should be as high as possible in this case it is only .39. 
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Figure 4.11: Typical dj; versus sin? y plot of alumina generated from the biaxial stress 

analysis. Statistically this data fits the Biaxial stress model, however there are cases in 
which this model is not accurate as in the shear stress in which the data shows splitting in 

the plot. 
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Material Stress Canstant 2.21L1538E-08 
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Total Stress Error (+/—) 6.9 ksi 41.5 MFa 

  

Figure 4.12: Typical data summary and analysis report. 
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Sample Description : 

  

  

stress Spectra: 
Filename Acquisition Date/Time[{ 20-Feb-9592 19:14:59 

User Def 1[VENZANT__] UserDef2[— sd User Def 3| | 

  

falumina Kyocera reierence sample, round collimator (2.0mm). Laser timmed sample #2, scan is in X axis 4mm 

  

  

  

  

  

  

  

        

  

  

  

  

  

  

      

  

  

      

  

  

  

  

center. 

Measurement Type Psi Stress Spectra Count Time (Sec) 120.00 
Chi Value 0.0 Tilt Angle Oscillation Range 3.0 
Phi value 0.0 
Psi Value 6.0 Slit Resolution in Two Theta 0 

Collimator Shape/Size[~ Round 2 
X-Ray Tube[ Copper 
Wavelength[ 1.54180 Peak Bounding Range (%)| 20 | 

Material: 
Name[Alumina 96%, (146) Kyo ID # 1 Database. TT sz 

(1+Mu)/E| Z:2T0000E-08 | Anisotropy Factor 0.00 

Detec Var  Sin*2(Var) _ Intensity FWHM 2-Theta d-spacing St. Dev 

0 -33.0 0.30370 33.4 0.71 135.8800 0.831774 0.000043 
0 -25.0 0.18466 25.6 0.64 135.9000 0.831724 0.000029 
0 -15.0 0.07094 23.0 1.12 135.8900 0.831746 0.000106 
0 0.0 0.00006 21.9 1.12 135.9000 0.831730 0.000040 
0 15.0 0.06307 22.5 1.07 135.9100 0.831692 0.000046 
0 25.0 0.17247 26.3 1.10 135.9200 0.831654 0.000050 
0 33.0 0.28912 32.1 1.17 135.9500 0.831589 0.000053 

    

Figure 4.13: Biaxial report of a typical run analyzed with RS/analyze. 
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Model Model! 

L d= A+B sin*(Psi) | d=A+B sin*(Psi) + C sin(2Psi) | 

Regression: Regression: 

A B A B Cc 

Value 8.32E-01 -1.45E-04 Value 8.32E-01 -1.70E-04 | -7.60E-05 

Error 4.38E-05 2.33E-04 Error 1.69E-05 8.95E-05 1.39E-05 

Statistics: Statistics: 

R-Square F-Test p-value R-Square F-Test p-value 

| Value 0.07 0.39 5,59E-01 | Value 0.89 16.26 1.20E-02 

Stress: Stress: 

Value CS Error GOF Value CS Error GOF 

| Normal] -7.91E+03 4.02E+04 4.27E+04 Normal) -9.27E+03 NIA 4.87E+03 

Shear | ~-4.14E+03 NIA 7.57E+02 

a 

            

  

Figure 4.14: Biaxial and pseudo-triaxial multiple regression models of the data reported in 

Figure 4.13 created by RS/analyze. 
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Figure 4.15: Plot of d versus sin? w of the data generated in the report shown in Figure 4.13. 

A F < 4 means the model is not statistically significant. The P-value on the other hand 

should generate a low number and this model gives a P-value of .559 indicating a confidence 

of 49% that the model is correct. 

The shear stress model on the other hand has generated statistics that fit well to the 

data. The R? value is 0.89, the F-test is large, 16.26 and the level of significance or P-value 

is 0.012 indicating a confidence interval of 98.8%. Therefore, we accept the hypothesis that 

the shear stress model gives the best fit to the data. 

The data is observed to fit well with the shear stress model because of the extra term, 
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Csin 2 which introduces additional degrees of freedom for the F-test, viz., df, df, df3. 

The additional degree of freedom increases the value of R? to approach 1. 

In some cases the data do not fit well to either model. For instance, the data shown 

in Figure 4.16 generates the statistics given in Figure 4.17. Since all of the statistical 

parameters are not optimum, neither model is a good fit which may mean that the data could 

be grossly scattered as illustrated in Figure 4.18 of sample 1A. Such effects are attributed 

to X-ray optics errors, grain size, and preferred orientation, more of which are handled by 

equations 2.9, 2.10, and 2.11 given in Chapter 2. 

From the models and data presented here, one can see how important statistics are to 

data analysis and how crucial it is to correctly interpret XRRSA data. 
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stress Spectra: 

Filename[ 0OUTTSPC] 
User Def 1[VERZANT—] User Def 27>} 

Sample Description : 

Acquisition Date/Time[” 21-Feb-92 | 

User Def 37 

  

19:15:00 

  

Jalumina Kyocera reference sampie, round collimator (2.0mm). Laser trimmed sample #2, scan 1s in X axis 10mm 

  

  

  

  

  

  

  

        

  

  

  

  

  

  

      

  

  

      

  

  

  

  

f center. 

Measurement Type Psi Stress Spectra Count Time (Sec) 120.00 - 
Chi Value 0.0 Tilt Angie Oscillation Range 3.0 
Phi value 0.0 
Psi Value 0.0 Slit Resolution in Two_Theta 0 

Collimator Shape/Size[" Round 2 
X-Ray Tube Copper 
Wavelength| 1.54180 Peak Bounding Range (%)| 20 

Material: 
Name[Alumina 56%, (146) Kyo ID# 19 Database| T 

(1+Mu)/E [2 2TO000E-08] Anisotropy Factor 0.00 

Detec Var Sin*2(Var) __ Intensity FWHM 2-Theta d-spacing St. Dev 

0 -33.0 0.30373 31.5 0.56 135.8900 0.831762 0.000041 
0 -25.0 0.18459 29.9 0.69 135.8900 0.831756 0.000053 
0 -15.0 0.07110 23.8 0.64 135.9300 0.831640 0.000034 
0 0.0 0.00006 24.9 1.13 135.9200 0.831674 0.000051 
0 15.0 0.06294 26.8 1.10 135.9400 0.831605 0.000040 
0 25.0 0.17273 27.6 1.07 135.8900 0.831768 0.000078 
0 33.0 0.28928 32.3 1.15 135.9300 0.831649 0.000036 

    

Figure 4.16: Report of the experiment for sample no. 2. 
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Model Model 
| d=A +B sin*(Psi) d= A+B sin*(Psi)+ C sin(2Psi) | 

Regression: Regression: 

A B A B Cc 

Value 8.32E-01 2.85E-04 Value 8.32E-01 2.75E-04 -3.11E-05 

Error 4.26E-05 2.26E-04 Error 4.38E-05 2.32E-04 | 3.61€-05 

Statistics: Statistics: 

R-Square F-Test p-value R-Square F-Test p-value 

| Value 0.24 1.59 2.63E-01 | Value 0.36 1.12 | 4106-01 

Stress: Stress: 

Value CS Error GOF Value CS Error GOF 

| Normal} 1.55€+04 8.21E+03 | 1.23E+04 Normal] 1.50E+04 N/A 1.26E+04 

Shear | -1.69E+03 N/A 1.97E+03     

          

  

Figure 4.17: Biaxial and pseudo-triaxial multiple regression models of the data reported in 

Figure 4.15. 
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Figure 4.18: Plot of d versus sin? ~ for sample 1A. Note the deviations in the data. 
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4.4 Summary 

We have applied a number of materials characterization steps each critical to the un- 

derstanding of the structure/properties of the alumina substrates as a function of laser 

machining. Optical microscopy, x-ray radiography and liquid dye penetrant were utilized 

to examine the surface properties of the substrate before and after laser machining and di- 

amond cutting. Scanning acoustic microscopy and x-ray residual stress analysis were each 

employed to examine the substrates on a microscopic level. While acoustic microscopy re- 

lies on stress waves to generate any slight mechanical deformation due to laser machining, 

x-Tay residual stress analysis relies on strain deformation occurring between atomic lattice 

planes. ESCA, EPMA and x-ray phase analysis were each used to determine the chemical 

composition and the phases present in the substrates. 

It has been determined from this work that the substrate is a complex multiphase 

ceramic material composed of a distributed glassy phase (5.8%-7.0%), a magnesium alu- 

minium spinel phase MgAl2QO,q4 (3.4%) and pores (4.8%). The MgAl.O,4 phase is also ran- 

domly distributed. We are not surprised with the amount present since the substrates are 

manufactured at high processing temperatures and this is an equilibrium phase. ESCA 

provided chemical spectroscopic data giving volume percents of silica, aluminum, oxygen 

(as an oxide) and magnesium. EPMA gave both chemical and phase composition as well as 

supplying information on how the various phases are distributed in the substrates. X-ray 

phase analysis was used to confirm the MgAl20, spinel phase as determined by EPMA. It 

is important to note that ESCA and EPMA were in good agreement as to the amount of 

glass present in the substrates which was determined to be between 5.8 and 7% by volume. 

The stress state for for non-machined substrates was found to be between 2 to 6 ksi + 4 

ksi. 

Statistics and data analysis was shown to be a critical part of XRRSA work. Results 

presented illustrated that the biaxial model may not be the correct model of the data when 

XRRSA is performed on Al2O3 microelectronic substrates. 
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Laser trimming performance and associated laser machining/trimming instruments used 

in this research will be covered in the next chapter. The two laser systems, the ESI Model 25 

and the JK700 lasers will be described and how they were used to laser trim the substrates 

are given. 
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Chapter 5 

LASER TRIMMING OF ALUMINA 

SUBSTRATES 

A general explanation of the laser systems used to machine the subsrates is initially 

given, and includes the ESI Model 30 and the JK700 400 watt laser; their performance as 

a function of machining the substrates is covered. The ESI laser was used in the initial 

round of experiments while the JK700 was used in the final experiments. Since the JK700 

laser allowed complete control over laser parameters, it was utilized for most of the laser 

machining as will be illustrated by the optical micrographs given below. 

This chapter will also present results of the effect laser trimming had on the substrates. 

These results will consist of NDE anlaysis of the ESI laser trimmed substrates which will 

include radiography, acoustic and optical microscopy, and residual stress analysis. The 

substrates laser trimmed with the JK700 laser will include optical microscopy as well as 

residual stress analysis. Dynamic strain gage analysis was an additional technique applied 

to the substrates trimmed with the JK700 laser. The strain gage results were obtained at 

several different laser power levels. 

In general there are two types of lasers that are optimized for trimming—the CO 2-No2- 

He molecular laser and the Nd-YAG laser. The CO2 molecular laser has good coupling 

with nonmetals due to its wavelength of 10.6 wm. This wavelength also has its limitations 

in focusing (its minimum is 0.001 in). The YAG type laser, however, can be Q-switched 

(turned on and off) at an astounding rate of 5000 pulses per second. The Q switch properties 

enhance the power of the YAG type lasers, allowing them to achieve peak outputs higher 

than molecular lasers. Operating at 1.06 wm, the YAG’s laser energy can be focused to a 

spot size one tenth that of the molecular lasers; this property makes them well suited for 
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scribing ceramics [53]. 

The Al2O3 substrates used in the research for this thesis were cut using a laser-scribing 

method and a laser-trimming method of thermal shock spalling (controlled fracturing). 

The scribing method utilized an ESI Model 25 laser trimming system located in the Hybrid 

Microelectronics Laboratory at Virginia Tech. The controlled fracturing method utilized a 

JK700 laser at ITT Gallium Arsenide Technology Center, Roanoke, Virginia. Both were 

Nd-YAG (neodynium-yttrium aluminum garnet) lasers. The Virginia Tech laser had a 

maximum output of 30 watts while the ITT laser offered a maximum output power of 

400 watts. Nd-YAG dye pump lasers are the lasers of choice when performing resistor or 

substrate trimming because of their high pulse energy and high repetition rates. 

Figure 5.1 illustrates the effect of a laser beam incident on the substrate with an illustra- 

tion of the temperature profile, distribution and tension compression theoretical plot. Plots 

of the dynamic strain measurements show similar distribution as this theoretical plot. In 

general, if the tensile stresses are greater than the critical stress, the material will fracture 

as we have seen happen while using the JK700 laser operating between .50 to 1.06 Joules. 

5.1 NDE Results From the ESI Laser 

The ESI laser is a general resistor trimmer and substrate scriber laser. Lasers of this 

type are usually cw-pumped, repetitively Q-switched Nd-YAG lasers. This laser operates at 

short—pulse duration (about 200 ns) with high peak power pulses, which enables materials to 

be laser machined and left with a clean material removal finish. An example of a substrate 

laser trimmed in this manner is shown in Figure 5.2. Note the edges show no irregular 

patterns do to the trimming process. The Laser parameters for trimming alumina with this 

system were 15 watts at 1.5 MHz with an interaction speed of about 3 mils per second. 

The NDE techniques outlined in the NDE section of Chapter 4 are presented in this 

section for x-ray radiography, microscopy (optical metallography, and SEM), acoustic mi- 

croscopy, liquid penetrant, and EPMA. 
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Figure 5.1: General description of laser trimming substrates. Thermal and stress distri- 

butions are also illustrated. The last figure illustrates tension and compression stresses 

perpendicular to the laser beam trace in the top figure. 
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Figure 5.2: Alumina substrate laser trimmed with the ESI Model 25 system. 
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X-ray radiography results are illustrated in Figure 5.3. This figure illustrates radio- 

graphs of two samples that have been diamond cut and laser trimmed. This technique was 

used to search for any cracks due to the laser or the diamond cutting; no major defects were 

observed. The dye penetrant and radiography techniques may have been more effective 

if used simultaneously, by the use of the so called “dye enhanced radiography technique.” 

With this technique, the characterization sequence could proceed in the following manner: 

e apply the dye to the substrates; view under an inspection microscope. 

e if flaws are not detectable, perform X-Ray radiography on the substrate with the 

penetrant applied. 

With the combined techniques, cracks may have revealed themselves. 

The acoustic micrograph illustrated in Figure 5.4 is a micrograph of a subsrate laser 

trimmed with the ESI laser. This technique was used to discern microscopic anomalies in 

the substrate and again results were negative. There is however, a small region adjacent 

to the melt zone highlighted by the acoustic microscope image analysis. This small region 

parallel to the melt/hardening zone could be the outline of the HAZ. 

5.2 Residual Stress Results from the ESI Model Laser 

To understand the nature of the residual stresses created from the use of laser machining, 

two parallel lines 6 cm apart were laser trimmed with the ESI Model 25 system. This is 

illustrated in Figure 5.5. X-ray residual stress measurements were made on the front and 

back of the substrates. 

Only nearly stress-free samples were chosen for the laser trimming process in order 

to observe any increases in the residual stress due to laser trimming process. After laser 

trimming with the ESI Model 25 laser in two locations as shown in Figure 5.2, the laser 

trimmed samples were characterized using XRRSA in 11 positions that were 2mm apart 

in three different locations. The measurements were performed in both the longitudinal 

and transverse directions. The data generated are averages of three X-ray residual stress 
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Figure 5.3: X-ray radiograph of samples that were diamond cut, as shown in the breaks 
and laser trimmed with the JK700 With this technique no flaws are visible. This may be 
attributed to the lack of resolution of this machine, since it was not a microfocus device. 

measurements made along the aforementioned directions. The back side of the samples 

were also measured but only in 5 positions 4mm apart. Figures 5.7 and 5.8 show the results 

of these measurements when locations 1 and 3 are compared. The laser power delivered 

to the samples was 14-15 watts at 0.4 kHz. Initially it was anticipated that a steep stress 

gradient would appear near the heat affected zone of the substrates as is common in the 

HAZ of welded metals see Figure 5.6. This appears not to be the case here. Therefore, an 

average of the residual stress data is shown by the dashed line. 

Statistically the stresses in Figure 5.7 and 5.8 are isotropic across the substrate. Stress 

measurements performed on the reverse side are also uniform as seen in Figures 5.9 and 

5.10. 

The data generated in the plot of Figure 5.7 and 5.8 are averages of three measurements. 

The initial stress data of this sample prior to laser trimming were about +6 ksi. After laser 

trimming the substrates into the two parallel sections as indicated by the arrows, x-ray 

residual stress measurements showed GF statistics as low as 11 ksi and as high as 13 ksi. 

while counting statistics as low as 10.6 and as high as 20.7 were noted. It was previously 
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Figure 5.4: Acoustic micrograph of an alumina substrate laser trimmed with the ESI Model 
laser. Note the area at the very edge of the laser trimmed lines. This may be attributed to 
the HAZ. 
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Figure 5.5: Schematic of a substrate showing laser cut lines and the location X-ray residual 

stress measurements. 
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Figure 5.7: Transverse X-ray residual stress measurements of the first (open squares) and 
third (closed squares) lines of alumina laser trimmed with the ESI laser (front side). 
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Figure 5.8: Longitudinal X-ray residual stress measurements of the first (open squares )} 

and third (closed squares) lines of alumina laser trimmed with the ESI laser (front side). 
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stated that the counting statistics (CS) errors are those which would be expected if only 

errors due to finite measuring times of the experiment were involved. The GF errors are 

those associated with the fit of the biaxial and triaxial stress models (given in Chapter 2) 

to the data. That the GF errors are approximately the same as the CS errors (Table 1) 

implies that equation 5.1 below is an acceptable model of the data, but the errors could be 

reduced significantly by extending the measuring times. CS errors and GF statistics stress 

values are illustrated in Table 5.1. As stated above, it was anticipated that larger stresses 

would form in or near the HAZ; such effects were not apparent from the results of the data 

analysis. Steep stress gradients were anticipated for the laser trimming process as typically 

seen for metals since laser trimming the substrates may be seen as a point heat source 

performing material removal at high heats of fusion. In Figure 5.6 steep stress gradients 

are seen near the heat affected zone [28]. 

As noted earlier, The equation that relates the residual stress by the variation of the 

d-spacing for the shear stress case is given by [26]: 

St = dgo _ 1 s Vv lon sin? » + 013 sin 2y)] (5.1) 
0 

  

where dz. represents the d-spacing of the planes forming the angle # with the material’s 

surface in the ¢ direction, dg o is representative of the d-spacing for ~ = 0, the unstressed 

lattice planes are given by do, v and E are Poisson’s ratio and the X-ray elastic modulus 

respectively, 01; is the normal stress and o13 represents the shear stress term. We have 

assumed the stresses normal to the sample were zero, viz., 033 = 0. Further details of this 

technique are given section 2.4.2. 

5.2.1 Statistics and Data Analysis 

A variety of statistical techniques were applied including multiple regression, Kolmogorov- 

Smirnoff, and analysis of variance for substrate correlations between the location of the laser 

cut and the resultant residual stresses. No correlations could be found [27]. Therefore, it 

may be concluded that the thermal shock resistance properties of the ceramic substrates 
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Figure 5.9: Transverse X-ray residual stress measurements along the third line for alumina 

laser trimmed with the ESI laser (back side). 
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Figure 5.10: Longitudinal X-ray residual stress measurements along the third line for alu- 

mina laser trimmed with the ESI laser (back side). 
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Table 5.1: Descriptive statistics summary of the measurements 

  

  

  

      

Means 

Direction Stress CS GF Line Sample 

Longitudinal 10.1 +106 +12.7 1 2 

Transverse 8.0 +140 +10.5 1 2 

Longitudinal 15.3 +194 +16.4 3 2 
Transverse 7.8 +140 +12.0 3 2 

Longitudinal 11.3 4170 +88 1 12 

‘Transverse 13.8 +20.7 +13.2 1 12 

Longitudinal 12.4 +12.7 +10.0 3 12 
Longitudinal 116 +112 +86 3 12 
  

some how redistributes the thermal shock received from the ES] laser by some intrinsic 

physical mechanism. This mechanism will be discussed in sections to follow and in Chap- 

ter 6 

For the analysis of data generated for the X-ray residual stress measurements, three 

techniques were utilized: multiple linear regression, ANOVA (Analysis of Variance), and 

Kolmogorov-Smirnov. Least squares regression was used to obtain the stress from the slope 

of the least squares fit line of the experimental data. Multiple linear regression was used to 

develop a model of the stress distribution after the samples were laser trimmed. ANOVA 

was employed to test for the null hypothesis for comparing more than one population mean 

for residual stress distributions across the alumina substrates in three distinct locations. 

Kolmogorov-Smirnov non-parametric statistics were used for the same purpose; however, 

this technique permitted a larger variation in population comparisons. 

5.2.2 Multiple Linear Regression 

Multiple linear regression was utilized to test for the development of a model for the 

stress distribution of the laser trimmed samples. Multiple regression is a least squares test 

in which the dependent variable is expressed in a model as a polynomial of independent 

variables (quantitative and independent). Furthermore, for the multiple regression model 

there is more than one term in the model. 
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To develop models of the stress distributions as measured by X-ray diffraction, both 

linear and multiple regressions were used. Figure 5.11 shows the different models fit to 

the same X-Ray residual stress data. From the F and T-tests of each model, it is clearly 

seen that the higher order models are not good representations of the data. For statistical 

significance, F should be greater than about 4. The F-test statistics are low (average low is 

2 and the high is only 5). The F test illustrates the relationship between the stress versus 

position. A stronger test is the R? value. If the R? is near 1 then a good model exist for 

the data; in the cases for these results a good model could not be found. Therefore we 

conclude that the linear regression is the best model to describe these data and the stresses 

are therefore uniformly distributed across the substrates. 

5.2.3 ANOVA 

ANOVA was used to test various models of the residual stress. Again, linear or constant 

models were found to give the best representation of these data. 

5.2.4 Kolmogorov-Smirnov Two-Sample Test 

A Kolmogorov-Smirnov Two-Sample Test or KS2 was used to test whether two inde- 

pendent samples (or two populations from the same distribution) belonged to the same 

population. This test was significant since it would give a better picture of whether the 

stress distribution across the laser trimmed substrates was isotropic or anisotropic. This 

statistical test procedure was ideal for the laser trim analysis. The KS2 procedure permit- 

ted two and one tail tests. The two tailed test can be used to check for variance in location 

(central tendency), skewness, dispersion, etc. One tail tests are used to check if the data 

from one population has a large random variation (stochastic) with respect to data from 

a second population. For instance, for the residual stress data analyzed in this research, 

tests were performed to see if the stress distribution is stochastically different from another 

stress distribution located 6 mm away (i.e., to ascertain whether these stresses in general 

are higher or lower than stresses of the other location). 
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Figure 5.11: Polynomial fits to the stress distributions across the alumina substrates. 
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5.2.5 KS2 Method and Procedure 

The procedure for the KS2 technique involves developing a cumulative distribution of 

the data chosen by using the same intervals or conditions for the two distributions (in our 

case two stress distributions) and follows that found in Siegel [64]. The next step is to 

subtract from each interval one step function from the other. The purpose is to look for 

the largest of the observations after subtraction and then to test for the null hypothesis 

Ho, viz., that the two stress distributions belong to the same populations. Therefore, for 

comparing one data set to a known cumulative distribution function P(z), the KS statistic 

is 

D=_max__ | Sz Pl2)| (5.2) 
and for comparing two different cumulative distribution functions Sy,,,, and Sn,,,,, the KS 

statistic is 

D= max |S, — Sn, | (5.3) 
—oo<r<oo 

where § Nay Tepresents the data in the population. 

The test statistic developed from these functions is D,,, where m and n are the observed 

range of any two populations compared. From the results applied to the residual stress data, 

the null hypothesis Ho that any two stress distrbutions were different was rejected. This was 

due to the fact that any time any two stress distribution were compared using the KS2 test, 

it showed that the two distributions belonged to the same population. Therefore, based on 

all statistical models, it is concluded that the stresss across the substrates are uniform. 

5.3 NDE Results From the JK700 Laser 

The JK700 laser system is a general purpose instrument used primarily for laser weld- 

ing of metallic workpieces. We have shown that it can also be used for laser trimming 
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ceramic parts, viz., thick substrates as well. It was used due to its precise control over laser 

parameters as well as its accuracy and stability. 

The laser parameters were: 

© power = 15% of maximum power (400 watts) 

e pulse height = 1.06 joules/pulse 

e pulse width = 3 ms 

e pulse rate = 18 Hz 

e beam diameter = 30 mils 

The parameters presented above can be adjusted in order to achieve optimum laser trim- 

ming. A typical laser trim pattern is shown in Figure 5.12. The reader should compare this 

micrograph with Figure 5.2. 

After laser trimming the substrates at 1.06 Joules, three distinct microstructure regions 

were seen, a melt zone, a region of surface spalling, and a recrystallization zone (see Figure 

5.13). The melt zone showed extensive microcracks distributed radially but along the di- 

rection of the laser beam translation. Similar results were seen by Gardner and Beauchamp 

[46] except in the recrystallization region. The bulk material adjacent to the melt zone 

tended to cut off or stop cracks from propagating from the laser interaction path. This is 

most likely a fusion zone between the bulk and melt areas sealing off cracks or forcing them 

in the preferred direction of the laser beam, possibly by serving as hardening zones. An 

example of this effect is seen in Figure 5.14. 

Optical microscopy was used to ascertain microstructure before and after laser pro- 

cessing. Optical techniques included low to high magnification inspection (10X-500X), a 

polarizing microscope and optical metallographic high magnification inspection. Figure 

5.15 shows an optical micrograph of a laser trimmed Al2O3 substrate. 

Four samples were laser trimmed at four different power levels; 0.75, 0.50, 0.25 and 0.1 

joules. Dark field optical metallographic micrographs are shown in Figures 5.16 through 
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Figure 5.12: Alumina substrate laser trimmed with the JK700 400 Watt Laser. Note the 

pulsed spacing and cracks generated from easy separation. 

  

  

      
Figure 5.13: Optical micrograph of the side view of a substrate laser trimmed -with the 
JK700 laser. Note the three phases created from the laser effect (see text for explanation). 
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Figure 5.14: Example of a cracks path being altered by the melt /hardening zone. 

5.20 of the cross sections of the different laser trim passes as a function of laser power. 

As expected, the higher the laser power the larger the kerf width and depth. The kerf or 

laser trim pattern length to depth section is about 23 mils for the highest laser power (1.06 

Joules). Figure 5.17 shows a cross section at 0.75 Joules. From this figure, it is seen that 

the kerf depth broadens as the laser power is reduced. Figures 5.18 and 5.19 also illustrate 

this broadening which is more profound. These micrographs illustrate the importance of 

using a beam with sufficient power density so that a proper kerf depth is made to effectively 

separate the ceramic substrate. Each sample showed varying strain behavior which could 

be attributed to laser power, sample constraint factor (some were clamped and some were 

not), and strain gage adherence. The section on strain behavior will illustrate in situ the 

effect of laser power variations on the substrates. 

Figures 5.19 and 5.20 show that laser trimmed patterns for samples K3 and K4 have the 

familiar cracks which are created when the laser impinges the substrate and when the next 

pulse starts the first pulse cools creating a crack propagation sequence. The fused edges of 

the tracks or boundary not affected by the laser pattern assists in the cooling process also. 
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Figure 5.15: Surface optical micrograph of a laser trimmed alumina substrate. Note the 
pulse-like train of melted material in the surface at 10X (upper left corner) and 50X mag- 
nification (upper right corner). The lower left corner illustrates at 250X magnification the 

stress raising cracks created from the 400 Watt Nd-YAG laser, operating in pulsed mode. 

The lower right figure at 500X magnification shows how a crack has moved perpendicular 

with respect to the major crack path.
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Figure 5.16: Optical micrograph cross section of an alumina substrate laser trimmed with 
0.75 joules of laser power (JK700). 

  

  

      

Figure 5.17: Optical micrograph cross section of an alumina substrate laser trimmed with 

0.50 Joules of laser power (JK700). x
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Figure 5.18: Optical micrograph cross section of an alumina substrate laser trimmed with 
0.25 Joules of laser power (JK700). 

  

  

      

Figure 5.19: Optical micrograph cross section of an alumina substrate laser trimmed with 
0.1 Joules of laser power (JK700). be
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Table 5.2: Descriptive statistics summary of JK700 laser stress measurements. 
  

  

  

Means 

Direction Stress CS GF Line Sample 

Transverse(L) 13 +50 +105 C 2k 
Transverse(R) 90 +54 4136 C 2k 
Transverse(L) 13 +50 +478 C 3k 
Transverse(R) 17.6 +5.0 +105 C 3k 
Transverse(L) 143 +54 +107 C 4k 
Transverse(R) 1448 +54 +135 C 4k 
        

It can be seen that the material shows a vaporization and melting sequence on heat input. 

Figures 5.21—5.23 illustrate the lack of coupling in samples K3 and K4 due to the lack of 

laser energy coupling to the surface. Samples K3 and K4 also show that at lower incident 

laser power delivered to the substrates, more chaotic crack branching occurs. 

5.4 Residual Stress Results of the JK700 Laser Trimming 

X-ray residual stress measurements of the samples trimmed with 1.06 joules of laser 

input energy are shown in Figures 5.24—5.26. These are measurements for a single residual 

stress measurement pass. Each sample was measured in six positions, all 3 mm from one 

another. The stresses are essentially isotropic and all data are within 20 of the measurement. 

A summary of the data is given in Table 5.2. The CS are a factor of two lower than the GOF 

which is very reasonable as compared to previous measurements. The improved statistics 

are a result of increasing the detector counting times by a factor of two thus generating 

improved statistics. 

The data in Table 5.2 are averages of data on the left and rightside of the three samples. 

These data are also averages of three x-ray residual stress measurements (with improved 

CS and GF statistics) at left positions or right positions of the substrates. 

A problem throughout the stress measurements was that tensile stresses were measured 

on both the front and backsides of the substrates. Two processes may be operating here, to 

generate such stress distributions; the difference in volume expansion of the glassy phase or 
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Figure 5.20: Optical micrographs of sample K1 laser trimmed with .75 Joules of laser power 
(ITT JK700 laser). 

  

  

      

Figure 5.21: Optical micrographs of sample K2 laser trimmed with 0.50 Joules of laser 
power (ITT JK700 laser). 
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Figure 5.22: Optical micrographs of sample K3 laser trimmed with 0.25 Joules of laser 
power (ITT JK700 laser). 

  

  

      

Figure 5.23: Optical micrographs of sample K4 laser trimmed with 0.1 Joules of laser power 
(ITT JK700 laser). 
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Figure 5.24: Residual stress measurements of sample 2 laser trimmed with the JK700 laser. 

All data is within 20 of the average stress. The arrow represents the location of the laser 

cut. 
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Figure 5.25: Residual stress measurements of sample 3 laser trimmed with the JK700 laser. 

All data is within 20 of the average stress. The arrow represents the location of the laser 

cut. 
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Figure 5.26: Residual stress measurements of sample 4 laser trimmed with the JK700 Laser. 

All data is within 20 of the average stress. The arrow represents the location of the laser 

cut. 

101



CHAPTER 5. LASER TRIMMING OF ALUMINA SUBSTRATES 

the restraint on the substrates. Yet Another possibility is the constraint resulting from the 

strain gages themselves. Since the volume of the glassy phase was found to be insignificant 

as reported in Chapter 4, the first hypothesis can be ruled out. This leaves the restraints 

on the substrates and the strain gages as the remaining source of why tensile stresses 

measured on the front and back of the substrates back side averaged about 13 ksi ((90 

MPa]) while the front side averaged between 13 - 17 ksi ({[90 - 118 MPa]). Thus, as was 

observed with the ESI laser trimmed samples, the residual stresses in the JK700 trimmed 

samples are also uniformly distributed across the sample. However, the variance of the 

measurement is somewhat larger. In general, surface contraction following heat input from 

the laser trimming process is given by a(TZo - T/) = Ty, where Tp and T’ are the initial and 

final temperatures of the substrate and “a” is the coefficient of thermal expansion. Upon 

restraint tensile stresses will vary in the surface. Therefore, the integration of stress over 

the entire volume of the sample is essentially zero: 

I o,;,dV =0 (5.4) 
V 

where v is the volume and o;; is the general second rank stress tensor [26]. This implies 

that for stress equilibrium the surface stress must be balanced by compressive stresses in 

the interior. 

5.5 Dynamic Strain Measurement Procedure 

5.5.1 Procedure 

Strain measurements were performed to ascertain the behavior of the substrate in situ 

during the laser machining procedure. Here, the strain gages were attached to the back 

side of a substrate and the strain was recorded in real time as the laser beam traversed the 

sample. The strain gages measured the strain induced in the substrates as a function of 

laser processing. The substrates go through dimensional and phase transformations when 

laser machined and the strain gages measured the apparent strain due to these changes. 
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Figure 5.27: Sample geometry showing strain gage location and laser trim marks. Only 

one line was measured with X-rays across this sample to detect peak stresses near the heat 

affected zone. 

      

The strain gages utilized in the dynamic measurements were general purpose CEA- 

060250U W-350 purchased from The Measurement Group in Raleigh, NC. The strain gages 

were well suited for static or dynamic stress analysis and thus chosen to match the coefficient 

of thermal expansion of alumina. A strain gage was centered and adhesively attached to 

the back side of a substrate that was subsequently laser machined. Strain values were cali- 

brated and adjusted with the Measurement Group Model P3500 and Measurement Group 

Model SB-10 strain gage instrumentation units. A diagram illustrating the laser trimming 

paths and strain gage attachment are shown in Figure 5.27 and Figure 5.28 illustrates the 

experimental setup. 

Two samples were laser trimmed and both, transverse and longitudinal stresses were 
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Figure 5.28: Schematic of laser trimming and and strain gage measurements of an alumina 
substrate. 
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recorded. Two samples were laser trimmed with two passes, two transversly in one substrate 

and two longitudinally in the other substrate. The laser used was the JK700 Nd-YAG 

400 watt laser system described previously. Figures 5.29 (a) and (b) illustrate the strains 

recorded during a single laser pass. In these experiments the laser beam traversed the full 

length of the substrates (1 inch) in approximately 10 seconds. During this time a rapid 

and large increase in compressive strain in the strain gage as the thermal expansion of the 

sample on the top side forces the bottom (strain gage) side into compression. Following 

traverse of the beam (t > 10 seconds) the strain was recorded as the sample cooled to 

room temperature. A large, net tensile strain is observed as the top side contracts, placing 

the bottom (strain gage) side into tension. Figures 5.30 (a) and (b) illustrate double laser 

pass on one substrate. The microstrains are shown to have increased by about 110% for 

transverse laser pass and about 104% for the longitudinal case. Thus, it is seen that the 

strains are approximately additive as a function of laser pass. 

From the initial heating, compressive stresses as measured in the back side result from 

the restraints on the substrate. As the substrate cools, tensile stresses are subsequently 

created. Initially the melt zone created by the laser interaction is stress free and the 

adjacent HAZ is found to be in compression as shown by Figures 5.29 and 5.30. Stresses 

measured in and around the HAZ are almost symmetrical to the stresses farther away 

from the HAZ. This may be due to relaxation resulting from plastic deformation at higher 

temperatures. Upon cooling (contraction), these layers generated large tensile stresses, since 

the adjacent untreated bulk regions initiated constraints on these layers. More importantly, 

the viscoelastic flow of the glass matrix phase may serve as a stress relaxation mechanism at 

lower temperatures since X-ray residual stress measurements showed stresses considerably 

lower than those reported by the dynamic strain measurements. 

Although the fracture strength of the samples laser machined in this research was not 

measured in this work, Gardner [46] and Beauchamp observed a reduction in the fracture 

strength after laser machining. This was found to be the effect of laser induced flaws in the 

melt zone. 
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Figure 5.29: Dynamic strain measurements (single laser pass) (a) Single longitudinal and (b) 
Single transverse laser pass versus microstrain. The dashed lines and data points represent 

different samples. The laser traversed the sample in approximately 10 seconds. Strains 

generated after 10 seconds were those resulting from thermal gradients in the sample (see 
text for discussion). 

Flaws such as microcracks that propagate behind the laser paths are due to thermal 

stresses created from differential contraction as the melt regions cooled as well as the adja- 

cent heat affected boundary. 

Since the glassy phase served as a stress relieving mechanism the mechanical strength 

of 96% alumina substrates are not reduced as much as purer aluminas, viz., 99% alumina 

[46]. 
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Figure 5.30: Strain versus beam transit time for double (a) double longitudinal and (b) dou- 

ble transverse laser passes. Dashed line is after first laser pass, data point shows microstrain 

after second laser pass. The increase in the strain from the second laser pass illustrates the 

effect of superimposed strains with respect to the first laser pass strains. 
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Dynamic Strain Measurements Versus Laser Power Level 

If a material is prevented from expanding as in the early dynamic strain measurements, 

thermal expansion is halted, upon heating the sample will undergo initial compression as 

seen in the strain vs position figures. This compression takes on the value of 

o> Ea,(T2 _ T%)/Q _ Vv). (5.5) 

where a, is the coefficient of thermal expansion and v is Poisson’s ratio [7]. Therefore, 

failure results when the thermal stress approaches the fracture stress. And if the material 

is porous, as in the case of the substrates used in this research, large or small stresses may 

be initially stopped by the pores [7]. 

The experiments described in the previous section involved samples which were clamped 

on two sides. Some component of the observed strain must have arisen from clamping 

stress. To determine the significance of such stress, the experiments were repeated with free 

standing samples. 

Dynamic strain plots of each unconstrained sample are shown in Figures 5.31 through 

5.34. The results are significantly different from those of the constrained samples shown 

in Figure 5.29. Samples K1 and K2 are shown in Figure 5.31 and 5.32, K3 and K4 are 

given in Figure 5.33 and 5.34. As sample K1 (0.75 joules) was initially laser trimmed, 

it showed an initial increase in tensile strain, reaching a max of about 500ye, indicating 

stresses of about 25 ksi (172.5 MPa). The strain decreased after the laser was cut off. At 

this point the sample began to cool, resulting in an increase in tensile stresses created by 

this controlled fracture process. The behavior of this sample showing initial tensile strain 

illustrates the effect of the sample being unconstrained, allowing free thermal expansion. 

A similar behavior is seen in Figure 5.32 for sample K2 (0.50 joules). Sample K2 started 

in tension again after the laser was removed, its behavior started in compression, and as 

it cooled tensile stresses were generated. The maximum tensile stress reached 8.8 ksi (61 

MPa) and compressive stresses reached a maximum of -20 ksi (-138 MPa). Sample K3 (0.25 
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Joules) showed nearly equal compressive and tensile stresses at the onset; however, as the 

sample cooled the strains returned to nearly zero, indicating 0.25 joules of energy had no 

controlled fracturing effects. The sample showed tensile stresses to increase 15 to 20 ksi (105 

MPa to 140 MPa) which are in agreement with XRRSA results. Sample K4 (0.1 joules) 

indicates a similar situation as seen in Figure 5.33. 

5.6 Summary 

Two laser systems were utilized for laser machining alumina substrates, the ESI 30 watt 

and the JK700 400 watt laser. The ESI laser was used in the initial stages of laser machining 

since it was easily accessible, but it was hard to control laser processing parameters. The 

JK700 laser was then chosen primarily due to its ability to allow more control over laser 

processing parameters. The ESI laser showed good trimming capability illustrating that it 

can laser trim without any crack branching. The JK700 laser showed the opposite result 

showing crack branching and crack propagation along the laser path. However, a positive 

result for the JK700 laser is that it created a crack propagation phenomena exhibiting a 

controlled fracture behavior. This behavior resulted in easy sample separation after laser 

trimming. 

Machining ceramic substrates with the Nd-YAG laser generated the following charac- 

teristics: 

e The alumina substrates in this study were subjected to thermal input instead of a 

mechanical load (which is more directly detrimental). 

e A very short interaction time exists in which the laser beam touches the substrate 

surface. This fast process is preferable over other machining techniques for ceramics. 

e The heat affected zone was found to be negligible in the processed parts, since laser 

trimming distributes the stress isotropically. This is probably due to the nature of 

the defect structure. 
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Figure 5.31: Dynamic strain measurements of samples K1 (laser trimmed using 0.75 Joules 

of laser power from the the JK700 laser at ITT). 
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of laser power trimmed from the JK700 laser at ITT).
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Figure 5.33: Dynamic strain measurements of sample K3 (laser trimmed using 0.25 Joules 

of laser power trimmed from the JK700 laser at ITT). 
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Figure 5.34: Dynamic strain measurements of sample K4 (laser trimmed using 0.1 Joules 

of laser power trimmed from the JK700 laser at ITT).
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e Tangential and radial cracks were not developed on the exterior of the lines in the 

substrates trimmed with single or double pass, as shown by dye penetrant and frac- 

tographic techniques. 

e Although Al,O3 is susceptible to thermal shock, trimming with powers as high as 

1.06 joules produced no radial microcracks from the trimmed lines. However, residual 

stresses as great as 160 MPa (23 ksi) were generated. Pabler reported on the use of 

150 W COz lasers working in a super pulse mode to avoid any fracturing [65]; however, 

he does not address residual stresses, which are just as detrimental. Tensile residual 

stresses are known to result in fracture and ultimate failure of Al2Q3. 

Residual stress measurements have shown that the stresses in the substrates are essen- 

tially uniformly distributed across the substrates. Strain gage measurements have illustrated 

that the behavior of the substrates result initially in compression at the onset of laser trim- 

ming and result in tension upon cooling immediately after the laser trimming process. The 

next chapter will discuss the results in some detail and draw some general conclusions on 

what the data presented here may mean. 
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Chapter 6 

DISCUSSION AND CONCLUSIONS 

Three approaches have been taken to understand the development of residual stresses in 

laser trimmed Al2Q3 substrates: physical characterization of the various processing steps, 

X-ray residual stress analysis (XRRSA) measurement of before and after laser trimming 

the substrates, and in situ dynamic strain measurements. 

Materials characterization played a major role in this research. A variety of techniques 

were used in order to completely characterize the alumina substrates studied. SEM, ESCA, 

and general optical fractography proved to be the most useful generating insight into both 

composition and microstructure. EPMA and areal analysis (point counting) has shown that 

a discontinuous (not networked) glassy phase with a volume fraction of 7.4%, an aluminum 

magnesium spinel phase having a volume fraction of 3.4% and pores with a volume fraction 

of 4.4% are present. Because the glassy phase is less than about 15-20% as required for 

continuity, we conclude that the alumina substrates may be considered to be a uniform 

distribution of small particles in a continuous matrix. 

Other nondestructive evaluation techniques such as dye penetrant and x-ray radiography 

results were negative. Acoustic microscopy was also used to explore other defects due to 

trimming. This technique may have detected the HAZ of the laser trimmed substrates. 

The substrates were laser machined with two techniques, laser scribing using a ESI 

30 W laser and controlled fracturing using a JK700 laser. The ESI laser operated on a 

Q-switch mode (extremely fast overlapping continuous laser beam train) while the JK700 

laser operated in pulse mode. Residual stresses were measured after laser processing and 

were found to be tensile in nature and uniformly distributed across the substrates. No peak 

stresses were observed from the XRRSA measurements in the HAZ; stresses in this zone 
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were found to be of the same magnitude as in the surrounding regions. 

Dynamic strain measurements of the substrates during laser machining with the JK700 

laser showed a large difference between constrained and unconstrained substrates. Con- 

strained substrates showed large initial compressive stresses and, upon cooling, large tensile 

stresses were noted. Unconstrained substrates showed initial tensile stress behavior upon 

laser machining and final tensile stresses were observed during and after cooling. XRRSA 

measurements for the constrained substrates showed a factor of two reduction in tensile 

stresses compared to the final in-situ tensile measurements. It was noted that the laser 

trimmed samples showed a bending deflection which was measured by the strain gage, but 

not by XRRSA. In addition this discrepancy may be attributed to rapid stress relaxation 

due to controlled cracking and heating. The unconstrained substrates in-situ measurements 

were in good agreement with XRRSA measurements. 

Substrates laser trimmed with the JK700 laser showed complete separation at 1.06 J of 

laser power. Even at the maximum laser power for the ESI laser complete separation was 

not observed. Stress raising cracks were also observed for the lowest power level when the 

JK700 laser was utilized. 

We have illustrated that laser trimming introduces thermal stresses into the substrates. 

From ANOVA and Kolmogorov-Smirnov (K-S) statistical data analysis, residual stress mea- 

surements of laser trimmed substrates were shown to be isotropic. Initial laser trimming 

experiments showed stresses that are about 15 to 25% of the modulus of rupture of alumina 

(278 MPa). More importantly, both ANOVA and K-S statistical analysis showed essentially 

uniform distributions of stress over the entire surface even though the heat input was along 

two very narrow lines (about 134m wide) when the ESI laser was employed. The JK700 

laser produced the same result with even a higher incident laser beam energy. Thus, unlike 

the welding of metals, there is no residual stress concentration in the heat affected zone of 

the laser cut. 

The uniformly distributed tensile stresses measured across the substrates even when 

high input laser energy was used may be attributed to the various phases of the alumina 
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substrates acting in such a manner as to average out the stresses throughout the substrate’s 

body. Furthermore, it is well known that when a material or surface is treated the atoms 

affected will move to new positions of equilibrium due to irreversible damage. If the damage 

occurs where there are no native defects, the areas that were irradiated may increase and 

result in microvolume deformations thus creating plastic or viscous flow behavior. This 

behavior may explain why there are no detectable peak stresses in the HAZ of the substrates. 

However, the uniform stress distribution observed in the substrates may also be due to 

the creation of plastic or viscous flow behavior resulting from the laser machining process. 

The pore-glass mechanism proposed below could aid in this process. More importantly, 

since there are three major phases (glass, pores, and MgAl20Oq) including trace elements 

found in the substrates the stresses in each phase will average out the total stress in a 

random but uniform manner upon laser machining. 

In addition to the glassy phase playing a role in redistributing and thus lowering the 

stress, pore size effects may also serve as a stress reduction mechanism and therefore may 

contribute in the creation of the uniform stress distribution process. This means that 

although the pores serve to conduct heat (as explained below), their existence may hinder 

large thermal stresses by reducing the thermal shock wave caused during laser machining. 

The stress wave will impact the pore or empty space, and will be slightly uniformly degraded 

through scattering. In general, pore size distribution is known to affect heat flow by both 

conduction and radiation and can contribute to heat transfer at high temperatures. If the 

pores are relatively small, they are a good shield against heat flow which lowers the thermal 

conductivity [7]. 

From this, when laser energy is incident upon the Al.O3 substrates, translating and 

performing laser ablation (vaporization and material removal), thermal stresses are believed 

to be propagating throughout the volume in a uniform manner due to a pore-glass radiation 

shield heat transfer mechanism. For metals, this mechanism is not observed since thermal 

conductivity is high. Thus, the anticipated high tensile residual stress in the HAZ is not 

seen in the ceramic as is the case in welded metals. 
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The JK700 laser was also employed in the dynamic strain gage measurements and laser 

energy variation experiments. This laser was found to produce initial compressive stresses 

as great as 40 ksi (278 MPa) and final tensile stresses as great as 60 ksi (414 MPa) as 

measured by the strain gages when the samples were trimmed with 1.06 input power. 

These large stresses included both macroscopic strains due to sample bending as well as 

microscopic (intergranular) residual stresses since X-ray diffraction measurements showed 

average stresses less than half of these values which explains why the maximum measured 

stress on these samples was 17 ksi (118 MPa) as opposed to the 40 to 60 ksi calculated from 

the strain. Despite this reduction in stress, the remaining tensile stresses should be removed 

from the substrates before use. These data are consistent with previous laser trimming in 

which stresses of 30% to 40% of the modulus of rupture were observed [12, 27]. In the 

earlier work, however, the laser parameters were not so well controlled as in the present 

study. 

Furthermore, if a constant heat source is applied to the substrate for controlled crack 

growth, as in the case of the action of the JK700 YAG laser, a line of assumed fracture 

heated by the laser moving at a certain speed will cause the substrate to increase in volume. 

If the substrate is hindered as in the previous dynamic strain measurements, compressive 

stresses are created in the surface (since the temperature is high there). However, tensile 

stresses are created at a certain depth ”x” beneath the heated zone. These stresses will 

act everywhere at the dimensions of the fixture holding the sample in place. Figure 5.2 

illustrated how a laser beam incident on ceramic substrate behaved and dynamic strain 

measurements show similar distributions as this theoretical plot. 

From this research, it may be concluded that laser trimming alumina substrates will 

result in large uniformly distributed tensile residual stresses. The reason for the uniform 

distribution may be attributed to the pore-glass radiation shield mechanism or due to the 

various phases acting together and averaging out the stress. The glassy phase may play a 

significant role since it was found to make up a volume fraction of 7.4% and is randomly 

distributed as is the pore phase. The tensile stresses generated as a result of laser trimming 
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are possibly superimposed stresses since there may be a coefficient of thermal expansion 

mismatch between the alumina matrix phase and the glass precipitate phase generating the 

initial residual stresses [67]. 

Further, it was discovered that the substrates may be laser trimmed in three ways, 

by scribing (ESI laser), controlled fracturing (JK700 laser) and a two—ended controlled 

fracturing process using two lasers as proposed by other investigators [31]. Scribing was 

found to require a large load applied to the part in order to complete the separation pro- 

cess, while controlled fracturing, and two—ended controlled fracture requires little or no 

additional mechanical load for separating the part. It is important to note that although 

the ESI laser exhibited cleaner edges after its use, nonuniform separation was seen after 

a mechanical load was applied at the laser scribed region; this was never observed when 

the JK700 laser was used. Therefore, it is recommended that a combination of both lasers 

be used (in a single laser pass) in the process industries for laser machining alumina for 

thick applications. From this, one will get the clean edges as seen from the ESI laser results 

and the controlled fracturing as observed from the JK700 results (nonuniform separation is 

avoided using controlled fracturing).



Chapter 7 

RECOMMENDATIONS FOR FUTURE WORK 

The present work has shown that laser trimming is a complex and challenging process 

and that the alumina substrates are not always nearly stress free as received from the ven- 

dor. Therefore, it is important to perform nondestructive evaluations on the as-received 

material. For instance, before laborious x-ray stress experiments are performed on as re- 

ceived material, the substrates could be inspected more efficiently by X-ray radiographic 

techniques (preferably microfocused), ultrasonic or more sensitive acoustic microscopic tech- 

niques. Which ever technique generates the fastest and most accurate result should be 

utilized. 

Materials characterization work should continue to be employed through whatever pro- 

cess methodologies are employed, and characterization should involve the following proce- 

dures: 

e continue SEM and EPMA work. EPMA seems to be the best method to perform 

quantitative analysis on the substrates. Compositional maps with this technique 

should especially be applied to diamond cutting as well as laser trimming and any 

other mechanical separation techniques (water jet, for instance), 

e employ other techniques such as secondary ion mass spectroscopy (SIMS), atom probe 

topographical techniques, etc., for further chemical and structural analysis, 

e perform basic fractographic methods to determine crack propagation origins and flaw 

effects in the laser trimming process, and 

e study the effect of pore size on laser heat transfer energy, to test whether the pore 

phase in the substrates has an effect on thermal stresses. 
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Experimental work can continue in a variety of ways. Other residual stress methods 

could be applied to the substrates in order to compare results and experimental accuracies. 

Other methods could include: 

e performing residual stress measurements on the substrates using two different stress 

analyzers, e.g., the TEC and Scintag machines. To monitor the accuracy of the results. 

e perform XRRSA on a higher sensitivity machine such as the Scintag system because 

of the high modulus of Al2O3. 

e perform residual stress measurements of various geometrical shapes and thicknesses 

of alumina, 

e using synchrotron radiation sources to measure properties after laser trimming, and 

before laser trimming. A high brilliance X-ray source such as those of synchrotron 

machines may find transformed phases that conventional X-ray sources are unable to 

detect, 

e varying the laser parameters to narrow the kerf or trim width on the samples. The 

estimated widths for substrates trimmed with the JK700 laser were about 300um 

compared to 13um of the ESI laser, 

e annealing the substrates to remove or redisttribute the residual stresses. New and con- 

ventional techniques could be performed such as microwave annealing, laser annealing 

or vacuum oven heating, 

e measuring the state of stress in different alumina compositions. For instance, measure 

the state of stress vs purity, e.g., 96% versus 98% or even 99% alumina to look for 

similarities or differences. These measurements could aid in substrate evaluations, 

and 

e performing microanalysis or SEM and EPMA on various phases of the hybrid metal- 

lization processes. This procedure could aid in determining phase change anomalies 
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between substrate and metallization materials. 

The research presented here utilized several models for data analysis and interpretation; 

however, more insight is needed from newer statistical techniques such as experimental 

design and Taguchi methods. These techniques could allow for improved ways to guide 

experimental work. 

Finally, theoretical work is needed to model the role of thermal stresses generated from 

laser machining alumina substrates. Possible work could include the following: 

e finite element analysis of the laser/ceramic interaction zone to predict residual stress 

or other mechanical deformations, 

e develop a model for the role the glassy phase plays in determining the level of residual 

stresses in Al2O3 substrates, 

e model the contribution the initial stress state makes on the overall stress distribution 

in the substrates, and 

e correlate the nature of residual stresses in diamond—cut substrates to those which 

have been laser trimmed. 

Although there are still many variables to understand, X-ray residual stress analysis is a 

very reliable nondestructive evaluation technique for predicting failure in ceramic products. 

The technique shows promise for application in the electronics substrate industry. 
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