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ABSTRACT

Solid state bonding has been increasingly used over the 
past few years as a commercial joining process. Typically 
this joining process has been accomplished by compressing two 
clean surfaces together at high temperatures, allowing 
diffusional processes to establish an interfacial bond. The 
present work was undertaken to study solid state bonding at 
significantly lower temperatures then those conventionally 
used. This study has revealed the increasing importance of 
surface topography when joining temperatures are lowered and 
mass transport processes become more sluggish.

At low joining temperatures, oxide layers and absorbed 
gaseous layers which prevent intimate contact of bonding 
surfaces must be minimized. In this work, all bond surfaces 
were glow discharge sputter cleaned to physically remove 
oxide layers and bonded under a high vacuum environment 
(lxlOE-7 Torr).

Precision machined bond surfaces were prepared by 
milling a series of uniform parallel ridges across the 
sample. The contact of these ridges determined the amount 
of bonded area. Efforts to maximize this contact area 
involved variations in ridge or asperity size and 
orientation. Methods to enhance local plastic deformation
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were also used to increase contact area. Bond contact area, 
which correlated directly with bond strength, was shown to 
increase with decreasing surface roughness over a range of 
0.2 fim to 2 /m CLA.

Variations in strength were observed for bonds made with 
identical roughness but having different rotational 
orientation. Samples bonded with machined ridges aligned 
parallel to each other showed good contact area ; however, a 
slight misalignment (less than 3 degrees) greatly decreased 
the number and length of contact areas, and correspondingly 
reduced the bond strength. In addition, the parallel 
alignment resulted in less localized plastic deformation, as 
constraint along the length of the contacting ridges induced 
a localized biaxial stress state. In contrast, the bond 
produced with machined ridges aligned perpendicular to each 
other showed more local flow associated with the high local 
stresses at the point contacts. The bonds of perpendicular 
ridge orientation were not adversely influenced by slight 
rotational mismatch, and thus, were more reproducible.
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1.0 INTRODUCTION

Solid state bonding is a joining technique which can 
often be used in applications or material combinations where 
conventional joining processes, such as fusion welding or 
brazing, are not practical or possible. The joining of 
dissimilar metals, refractory metals, metals to nonmetals and 
metal matrix composites are all examples of applications 
where solid state bonding may be preferred over other joining 
methods. Some examples of solid state bonding applications 
include: 1) aluminum to stainless steel [1,2], 2) beryllium 
[3,4,5], 3) uranium to stainless steel [6], 4) titanium and
tantalum to stainless steel [7], 5) copper to nickel [8], 6) 
molybdenum and tungsten [9], 7) beryllium copper to monel
[10] 8) super alloys [11] and 9) zirconia to stainless steel 
[12,13]. In addition, many advanced technical assembles 
require a low temperature joining method to avoid undesirable 
phase transformations, microstructural changes, residual 
stresses and distortion.

The solid state bonding process is typically 
accomplished by compressing two well prepared surfaces 
together at temperatures sufficient to allow diffusional 
processes to establish an interfacial bond. King and 
Owczarski [14] described the bonding process as taking place
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in three stages. The first stage involves plastic 
deformation of surface asperities forming an initial contact 
area containing numerous voids. During the second stage most 
of the voids are eliminated by surface diffusion and the 
interfacial boundary migrates out of the plane of the joint. 
The remaining voids are eliminated by volume diffusion in the 
final stage. At low temperatures the bonding is limited to 
the first stage because mass transport processes become too 
sluggish to make a significant contribution within a typical 
bonding cycle (a few minutes to several hours). Hence, the 
quality of a low temperature solid state bond is dependent 
upon the metal to metal contact area achieved during the 
first stage of joining. The role of surface topography 
becomes increasingly important in determining the contact 
area as bond temperatures are lowered.

In solid state bonding of metals, the goal of surface 
treatment prior to joining is to maximize the contact area 
by making the surfaces flat and by eliminating contaminants 
which inhibit the joining process. Many barriers exist on 
metal surfaces such as oxide layers, adsorbed gases, 
contaminating films and oils and greases, which inhibit 
metal-to-metal contact. Relative shear displacement at 
points of contact is essential to break through surface 
barriers and expose clean metal which facilitates bonding.
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This research describes the influence of surface topography 
parameters such as surface cleaning, surface roughness, void 
geometry, and asperity deformation on the solid state joining 
process at low temperatures.

1.1 Solid State Bonding Parameters

The parameters controlling the solid state bonding 
process include time, temperature, pressure, surface 
roughness, surface films, surface cleaning and bonding 
atmosphere. The kinetic parameters (time, temperature and 
pressure) tend to promote bonding, while the surface 
parameters tend to inhibit bonding. These two types of 
parameters will be discussed separately.

1.1.1 Kinetic Parameters

Most previous research examined variations in bond 
strength with time, temperature and pressure parameters, with 
temperature being the most dominate. In general, as 
temperature is increased, time to reach a given bond strength 
is decreased. Nichting [15] determined the time-temperature 
kinetics for copper bonding at temperatures below 0.5 Tm. 
McEwan and Milner [16] have described bonding at high 
temperatures (above 0.7Tm). The variation of bond strength 
with time is a more complex relationship. Dini et a l . [17]
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found bond strength increased with time initially, followed 
by a decrease for long times. Other investigators [18,19] 
have reported a constant increase in bond strength with time.

The main influence of pressure is to bring the two 
bonding surfaces into intimate contact. This initial stage 
of bonding involves the localized plastic deformation of 
contacting asperities creating an initial contact area. The 
pressure required to achieve a given degree of intimate 
contact is inversely proportional to the bonding temperature. 
Nishiguchi and Takahashi [20] have characterized the percent 
bonded area for copper bonding at various pressures and 
temperatures using three dimensional plots. These plots 
divide the bonding process into mechanistic regimes such as 
diffusion, plastic deformation and creep. Examples of high 
pressure, low temperature, bonding include roll bonding 
[21,22] and constrained butt joint bonding [23].

1.1.2 Surface Parameters

The optimum bonding surface would be atomically flat 
and perfectly clean. However, real metal surfaces are 
inherently rough, on a microscopic scale, and covered with 
oxide layers, moisture, greases, adsorbed gases, and other 
contaminants. These surface features inhibit the formation 
of metal-to-metal bonding. At high temperatures, the high
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mobility of surface atoms decreases the influence of surface 
roughness and surface films. In contrast, low temperature 
bonding is critically dependent on surface roughness, surface 
films, surface cleaning and bonding atmosphere [24].

Friction studies have shown that surface roughness 
limits the areas of real intimate contact to a small fraction 
of the nominal area [25]. Although little literature exists 
on the influence of surface roughness on solid state bonding, 
rougher surfaces have been found to create large voids which 
impede growth of contact area [14,26]. The formation of 
numerous small contacts leads to more rapid contact area 
growth.

Many investigators have reported on methods of cleaning 
surfaces prior to bonding. Tanuma and Hashimoto [27] used 
scratch brushing in a vacuum to remove surface contaminants. 
Munir [28] used the time necessary for dissolution of surface 
oxide films to calculate a minimum bonding time. Chemical 
cleaning methods were investigated by Vaidyanath and Milner 
[29] . Naimon [5] and Johnson and Keller [30] studied the 
effects of ion bombardment cleaning on adhesion. Perhaps the 
most efficient method for preparing bonding surfaces is by 
glow discharge sputter cleaning [31]. Ohashi and Hashimoto
[32] reported much improved quality for aluminum bonds which 
were sputter cleaned by an argon glow discharge, followed by
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bonding in a high vacuum. Similar results have been reported 
for glow discharge cleaning and vacuum bonding of copper 
[24] .

1.2 Mechanisms for Solid State Bonding

Several mechanisms have been described as contributing 
to the formation of a solid state bond. These include: 
plastic deformation, creep deformation, surface diffusion, 
interface diffusion and volume diffusion. The extent to 
which each of these mechanisms contribute to the amount of 
bonded area is determined by the process parameters. The 
formation of bonded area is dominated by plastic deformation 
and short range diffusion at low temperatures, where creep 
deformation and volume diffusion are less active. At higher 
temperatures, creep deformation and volume diffusion become 
significant. In general, the mechanisms can be divided into 
two categories: 1) deformation bonding, and 2) diffusion
bonding, which will be discussed separately, followed by a 
description of mechanistic modeling of solid state bonding.

1.2.1 Deformation Bonding

Two theories which exist on the mechanisms of 
deformation bonding are the film theory and the energy 
barrier theory [26]. The film theory suggests that barriers.
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such as oxide layers, adsorbed gases and contaminant films 
exist on metal surfaces and limit the metal-to-metal contact 
required for bonding. If the films were removed, the 
surfaces would bond spontaneously when brought within 
intimate contact. The energy barrier theory proposes that 
even if two clean metal surfaces are brought together, an 
energy barrier must be overcome for bonding to result. Parks
[33] suggested that the barrier was recrystallization, while 
Semenov [34] proposed that the barrier results from 
misorientation of crystals at the contact surface.

Olson and Liby [3] have described two methods which 
contribute to the breakup of the surface films upon 
application of pressure during the bonding process. The 
first is the removal of oxide and other films by relative 
shear displacement at points of contact between opposing 
asperities. Figure 1 illustrates the relative shear 
displacement which is developed from plastic deformation at 
points of contact. The existence of fine asperities, which 
deform plastically at loads well below the bulk material 
yield strength, aids in the disruption of the cover layer 
through this method. Secondly, the expansion of the surface, 
created by plastic deformation, fragments the brittle surface 
layer. Mohamed and Washburn [35] have related the bonding 
of various metals to the relative hardness of the metal to
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its metal oxide, suggesting that metals having larger oxide 
to metal hardness ratios are more difficult to bond. As 
bonding surfaces are brought into contact, the brittle oxide 
layer is fragmented, exposing areas of clean metal. The 
exposed metal must then be extruded through the cracks in the 
cover layer and make contact with a similar area on the 
opposing surface. Bay [36] has characterized the pressure 
required to extrude the metal through cover layer cracks 
using Johnson's [37] slip-line field analysis of plane strain 
extrusion through square dies. Many investigators [21,22] 
report that a threshold value for deformation exists above 
which bonding will occur. The threshold deformation value 
is dependent on temperature. Vaidyanath and Milner [22] 
found the threshold deformation for roll bonding aluminum at 
room temperature to be 40%. At higher temperatures the value 
was reduced to 18%. For applications where gross macroscopic 
plastic deformation is not acceptable, efforts must be made 
to achieve localized plastic deformation at pressures below 
the bulk material yield strength.

1.2.2 Diffusion Bonding

Diffusion bonding can be defined as bonding which is 
not accompanied by significant plastic deformation. Since 
diffusional processes are sluggish at low temperatures.
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diffusion bonding is normally associated with bonding 
temperatures above 0.7 Tm. Diffusion bonding occurs at the 
points of contact created by microscopic plastic deformation 
of surface asperities. Because limited deformation is used, 
surface factors, such as surface roughness and surface 
cleaning, become detrimental to bond formation. Therefore, 
bonding is performed at temperatures high enough to overcome 
these obstacles and form a bond. Efforts to lower bonding 
temperatures commonly involve the use of interlayers which 
form low melting eutectic phases. For example, Meier [38] 
used a silver interlayer to bond copper at low temperatures. 
Silver interlayers have also been used for low temperature 
solid state bonding of many materials, such as, beryllium 
[1,3,4], uranium [6], and aluminum [2]. Many other materials 
have been used as interlayers. Although too numerous to 
list, some of these included Ti, Co, Au, Ga and Ni. 
Transient liquid phase interlayers have also been used to aid 
diffusion bonding [39].

In most cases solid state bonding processes are a 
combination of both deformation bonding and diffusion 
bonding. Investigators have modeled solid state bonding by 
including contributions from both deformation and diffusion 
mechanisms.
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1.2.3 Mechanistic Modeling of Solid State Bonding

Several investigators have attempted to develop 
comprehensive models for solid state bonding which include 
all of the mechanisms operating during the bonding process. 
These models normally resemble those which have been 
established for pressure sintering and tend to center around 
void geometry considerations. The initial contact of surface 
asperities during bonding creates a series of voids which are 
diminished through mass transport processes.

King and Owczarski [14] first proposed a three stage 
model for solid state bonding, as described earlier. 
Hamilton [40] attempted to quantify the initial plastic 
deformation stage by relating the bulk strain energy required 
to collapse the contacting asperities to experimental creep 
data without considering diffusion. Garmong et al. [41] 
extended this approach by including diffusional 
considerations which led to predictions for complete removal 
of the surface roughness.

Derby and Wallach [42,43] proposed a comprehensive 
model which included contributions to bonding of the seven 
mechanisms operation in pressure sintering, namely:

0. plastic yielding forming an initial contact area;
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1. surface diffusion from a surface source to a 
neck ;

2. volume diffusion from a surface source to a neck?
3 * evaporation from a surface source to condensation

at a neck?
4. grain boundary diffusion from an interfacial 

source to a neck?
5. volume diffusion from an interfacial source to 

a neck?
6. power-law creep.

Surface conditions were modelled as a series of long parallel 
ridges. A separate void geometry was used to describe each 
of the three stages of bonding. This model was modified by 
Allen and White [44] to include the effects of surface oxides 
and contaminates and the rapid closure of small voids by 
diffusional sintering.

An alternative model for solid state bonding, based on 
diffusive creep, has been offered by Pilling et al. [45] . 
Pilling1s model assumed that surface diffusion mechanisms 
were always sufficient to maintain a spherical void shape. 
This model worked well for fine-grained superplastic alloys 
such as Ti-6A1-4V where creep mechanisms might be expected 
to dominate. The most recent model offered by Hill and 
Wallach [46] suggested a more realistic elliptical void
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shape, as well as grain size considerations. This model 
eliminated the need for different void geometries for each 
stage of bonding as proposed in previous models.

Although these models offer a description of the solid 
state bonding process, their practical use is somewhat 
limited. At low temperatures, the entire bond formation 
takes place within the first stage described in the models. 
This stage is not as well understood as the much developed 
creep and sintering mechanisms of the latter modeling stages. 
In addition, it is usually assumed that complete elimination 
of residual porosity is required for a sound bond. However, 
it has been shown that parent metal strength and ductility 
can be achieved with bonded areas of 80% of the nominal area 
[47,48]. This is the result of triaxial stresses developed 
at numerous micro-contacts.

1.3 Reduction of Bond Temperature

The advantages gained by the use of solid state 
bonding, as opposed to most joining techniques, result from 
low joining temperatures. The mechanical and metallurgical 
properties of a solid state bond most closely resemble those 
of the parent material. For solid state bonding to become 
a commercially viable process, joining temperatures must be 
kept to a minimum. The key to low temperature solid state
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bonding is the reduction of void sizes so that they may be 
reduced or eliminated within reasonable time limits. 
Typically, joining temperatures range from 0.5 Tm to 0.8 Tm. 
Methods of reducing joining temperatures most often involve 
the use of an intermediary material or a transient liquid 
phase. Some other methods of reducing bonding temperatures 
include enhanced diffusion at the bond interface through 
thermal gradients and defect concentrations [49]. The focus 
of this particular work, is the achievement of quality bonding 
at low temperatures by minimizing barriers which inhibit 
intimate metal-to-metal contact. Methods used to facilitate 
low temperature solid state bonding include precision 
machining of bonding surfaces, surface cleaning techniques 
and optimization of contact area and plastic deformation.
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2.0 Initial Research

Solid state bonds were produced by joining two 
cylindrical copper bond coupons. The surfaces to be bonded 
were prepared by machining on a lathe. Preliminary bonding 
involved joining at various times and temperatures in a 
vacuum environment under constant loading conditions. It was 
anticipated that the tensile strengths of the bonds formed 
would be proportional to bonding time and temperature, 
however, the results were very inconsistent. Several bonded 
specimens exhibited an increase in strength with increasing 
time and temperature while others showed a decrease. In 
addition, specimens bonded at the same time and temperature 
often exhibited a large variation in bond strength values. 
Thus, additional parameters appeared to be influencing the 
bonding process.

As a consequence, a preliminary study was undertaken 
to determine the influence of machining the adherent surface 
on the resulting bond strength value. Two sets of bond 
coupons were machined: 1) Surface "A" was machined on a
conventional lathe to give the smoothest surface possible. 
2) Surface "B" was machined as smooth as possible using a 
high precision lathe. After each specimen was machined, the 
surface roughness was measured with a stylus profilometer.
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The specimens were then bonded at 400°C for varying times as 
shown in Figure 2. In the figure, bond strength is plotted 
against time for specimens prepared by both machining 
techniques. Specimens with surface 11B ” exhibited higher bond 
strength values for short bonding times, with only a minor 
increase in strength as bond time was increased. Conversely, 
surface "A" did show an increase in bond strength with 
increasing time. Surface profiles, shown in Figure 3, 
indicated that the precision machined surface (surface "B"), 
although much smoother, was slightly crowned in the center, 
which limited the amount of surface contact area which could 
be achieved. As a result, areas which did contact bonded 
well, but the bonded area did not increase with time. 
Surface "A" was able to achieve more contact at longer times, 
because the higher asperities deformed, allowing the shorter 
asperities to contact over the entire surface.

Two preliminary conclusions were reached as a result 
of the study. The first conclusions was that lathe turning 
is not a desirable process for machining solid state bond 
specimens because it cannot produce a uniform surface, edge 
to center. The surface-to-tool speed changes continually 
with tool position relative to the center, thereby altering 
the surface finish. This problem becomes more pronounced 
with finer surfaces. The second conclusion was that surface
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topography appears to play a significant role in the amount 
of contact area achieved during solid state bonding at low 
temperatures, with the amount of contact area being a direct 
reflection of the strength of the resulting bond. Thus, this 
work was then focused on characterizing the influence of 
surface topography and surface cleaning on the low 
temperature solid state bonding process.

A more comprehensive investigation with systematic 
variations of bonding surface roughness and topographic 
orientation was conducted to quantitatively determine the 
influence of bonding surface preparation on low temperature 
solid state bond strength.
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3.0 Experimental Procedure

Precision-machined cylindrical coupons were joined 
end-to-end by applying an axially compressive load at an 
elevated temperature. Prior to bonding, surface roughness 
measurements were recorded with a stylus profilometer to 
determine the influence of bonding surface morphology on the 
bonding process. A great deal of care was taken in cleaning 
the specimen surfaces prior to bonding. Specimens were 
bonded in a vacuum system developed to facilitate joining 
under carefully controlled time, temperature, pressure and 
atmospheric conditions. After bonding, each specimen was 
tested to failure in tension. The fracture surfaces were 
analyzed and correlated with the bond strength values.

3.1 Specimen Preparation

Bond specimens were machined, as shown in Figure 4, 
from 110 copper (electrolytic tough pitch). As received, the 
copper exhibited an average tensile strength of 279 MPa. 
Annealing at 300°C for 40 minutes resulted in a yield 
strength of 200 MPa and a tensile strength of 2 61 MPa. 
During preliminary investigations specimens were prepared by 
facing the adherent surfaces on a conventional lathe. The 
propensity for copper to tear, combined with the continually
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19.0 mm

12.5 mm 9.5 mm
0.3 mm

Figure 4. Typical copper 110 bonding specimen.
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changing tool-to-surface speed as the tool traversed inward, 
resulted in poor adherent surfaces and subsequent low bond 
strength values. It was apparent that an alternative surface 
finishing process was needed to achieve a surface morphology 
which was conducive to quality solid state bonds at low 
temperatures.

Lapping has often been used to produce a smooth, flat 
surface. However, some evidence suggests that embedded grit 
contaminates the surface, subsequently lowering the bond 
strength [50]. In addition, the time consuming lapping 
process is impractical for specimen preparation. 
Electrochemical polishing techniques were not considered due 
to preferential etching and residual corrosion products, 
which may adversely affect the bonding process. Therefore, 
milling was chosen as the technique to prepare specimen 
surfaces for bonding.

Milling a flat, smooth surface proved to be quite 
difficult for copper. Due to the soft nature of copper, the 
material tended to tear, rather than chip. Copper would 
build up on the cutting tool and drag across the surface, 
leading to rapid tool wear and poor surface uniformity. The 
problem was solved by supporting the specimen in a precision 
collet block, and milling the surface with a fly cutter 
(Figure 5). The carbide inserts employed in the fly cutter
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Figure 5. Photograph of specimen machining equipment. The 
fly-cutter rotates at a set speed while the specimen, 
held in the collet block, is fed at a given speed.
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were changed every 3 to 5 passes to avoid surface tearing 
caused by tool wear. Tearing also resulted from surface 
heating; therefore, a small cutting depth of approximately 
25 fim was used, together with a spray coolant. Specimens 
were milled on both ends to insure that the bond surface and 
the base were parallel. After milling, select specimens were 
examined for flatness on a coordinate measuring instrument. 
The instrument measured the degree of parallelism of the top 
surface and the base through a multi-point comparison. Most 
specimens were found to be parallel within 1.0 jum. Surface 
roughness was recorded using a stylus prof ilometer. It was 
found that the milling process was capable of producing 
surfaces with a centerline average roughness as low as 0.1 
jum. The surface roughness was determined by the rotational 
speed of the fly cutter and by the table feed rate for a 
given cutting tip radius. Table 1 lists the machining 
parameters and the resulting surface roughnesses produced. 
Select specimens were examined under the scanning electron 
microscope (SEM) to determine the morphology of the machined 
surface.

3.2 Solid State Bonding Apparatus

The vacuum bonding system, shown in Figure 6, was used 
to bond the copper specimens. The system consisted of a
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Table 1. Machining parameters used to produce bonding 
surface of specific degrees of surface roughness.

Table Feed Mill Head Asperity CLA Surface
Rate Speed Spacing Roughness

(mm/sec. ) (rpm)  (um) (um)_____
0.31 4200 4 0.1
0.60 2000 17 0.3
0.92 2000 27 0.5
1.76 2000 52 0.7
2.37 750 187 1.0
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stainless steel vacuum chamber evacuated by a 152-mm 
diffusion pump and a mechanical fore line pump. The 
diffusion pump was attached to the chamber through a baffled 
cold ring, a baffled liquid nitrogen cold trap, and a high 
vacuum gate valve. A refrigeration unit was used to maintain 
the cold ring. Two high vacuum valves joined the chamber and 
the diffusion pump to the mechanical roughing pump. The 
system achieved pressures as low as 8 X 10'8 Torr.

An Instron tensile testing machine (model TT-D) was 
used to support the vacuum chamber and to apply the
compressive load required for bonding. The load was
transferred from the crosshead into the vacuum chamber
through movable vacuum bellows. Specimen loading was 
measured by a load cell which was mounted above the vacuum 
chamber. The Instron used a load control circuit to keep a 
constant compressive force on the specimens throughout the 
bonding process. Figure 7 details the bonding fixture inside 
the vacuum chamber. Alignment and loading were achieved 
through a creep cage, which used the tensile load applied by 
the Instron to create a compressive stress on the bond 
specimens. The bonding fixture was designed to accommodate 
the high voltage used in glow discharge cleaning. The
voltage leads entered the chamber through an vacuum 
electrical feedthrough and attached to the end of each
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APPLIED LOAD

CREEP CAGE

SPECIMEN GRIP

BOND SPECIMEN 

INDUCTION COIL

VOLTAGE LEAD

Figure 7. Schematic diagram of bonding fixture contained 
within the vacuum chamber.
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specimen holding grip. Ceramic inserts were positioned 
between the high voltage grips and the creep cage provide 
electrical insulation while transferring the applied load. 
The grips were held in place with a Teflon sleeve and pin 
arrangement. For bonding temperatures above 400°C, the 
teflon sleeves were replaced with ceramic components. Ground 
shields were placed over the sample grips to confine the glow 
discharge plasma to the specimen rather than the grips. 
These shields covered the grips, leaving a 3-mm space between 
the shields and the grips. Lastly, a movable cover was used 
to shield one specimen while cleaning the other. The shield 
was moved into position from outside the chamber through a 
vacuum linear motion feedthrough.

Specimen heating was achieved with a radio frequency 
(RF) induction heating coil positioned in the center of the 
bonding fixture. Induction heating power was supplied by a 
Lepel high frequency generator. Temperatures were measured 
by a chromel-alumel thermocouple spot-welded to the lower 
specimen near the bond interface. A controller maintained 
a uniform temperature during the bonding cycle.

3.3 Specimen Cleaning

Specimen cleaning was found to have a major influence 
on the bonding process. For this reason, each specimen
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underwent a strict cleaning procedure, developed by O'Brien 
et al. [51], prior to the joining process. The specimens 
were first ultrasonically cleaned in reagent grade acetone 
for five minutes to remove machining oils and other 
contaminants. Acetone has been found to leave a residual 
surface film which is undesirable for bonding, and was 
therefore removed from the specimen surface by ultrasonic 
cleaning in an aqueous detergent (Oakite). The specimens 
were then rinsed in distilled water and air dried. This 
cleaning procedure was determined by Auger secondary electron 
analysis to be the best available cleaning method for 
removing surface residue.

The specimens were then placed in the vacuum bonding 
chamber and cleaned by glow discharge sputtering. The intent 
of the glow discharge sputter cleaning was to clean the 
surface by physically removing atomic layers from the surface 
by bombarding it with ionized gas molecules. The ions hit 
the substrate surface with enough energy to dislodge surface 
atoms from the copper substrate. The simplest method of 
producing the positive gas ions required for sputtering is 
by creating a glow discharge in a partial vacuum [31]. A 
glow discharge is achieved by applying a potential between 
two electrodes under a low pressure inert gas environment. 
At low pressures the glow discharge is made up of a series



T-3643 31

of glowing zones and dark zones. The schematic diagram, 
shown in Figure 8, characterizes the appearance of the glow 
discharge. As seen in the figure, the Aston dark space is 
adjacent to the cathode and is followed by the cathode glow 
and the cathode dark space. Near the cathode dark space, is 
the negative glow region which is the brightest of the glows. 
Next is the Faraday dark space followed by a long glowing 
region known as the positive column. Adjacent to the anode 
are the anode glow and the anode dark space.

Prior to glow discharge sputter cleaning, the chamber 
was evacuated to a nominal pressure of 5 X 10"6 Torr. The 
chamber was then back-filled with high purity argon to a 
partial pressure of 2 X 10~2 Torr. By applying a bias voltage 
to the specimen, a glowing plasma was induced between the 
sample (cathode) and the fixture (anode).

Since each of the two adherents were to be cleaned, a 
shield was placed between the specimens to prevent 
contaminants from one surface from being redeposited on the 
opposing surface. Space limitations prevented the
simultaneous cleaning of both upper and lower specimens. The 
upper specimen was positioned above the induction heating 
coil for sputter cleaning. Once cleaned, the upper specimen 
was lowered to the normal position within the coil and the 
lower specimen was moved down from the coil. The shield was
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DARK SPACES

CATHODE

Cathode Glow

ANODE

Aston Cathode
U

Positive Column
Negative Glow Anode Glow

LUMINOUS REGIONS

Figure 8. Schematic diagram of a glow discharge plasma 
showing the various glowing and dark fields.
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then moved into position and the lower specimen was sputter 
cleaned. Following glow discharge cleaning, the chamber was 
evacuated to a pressure of 5 X 10~6 Torr.

Since glow discharge cleaning physically removes atomic 
layers, it was assumed that any contamination on the surface 
would be removed as well. However, it was determined that 
lower quality bonds resulted when the specimens were not 
thoroughly cleaned before entering the chamber. The 
conclusion was reached that glow discharge cleaning could not 
compensate for inadequate cleaning prior to the placement of 
the specimens into the vacuum bonding chamber.

3.4 Solid State Bonding Procedure

The milling operation produced a surface morphology 
consisting of a series of long parallel ridges. The 
machining ridges of two specimens to be bonded together were 
aligned either parallel or perpendicular to each other. 
After careful alignment of the machining ridges, the bonding 
chamber was pumped down and the specimens were glow discharge 
sputter cleaned as earlier described.

After the cleaning operation was completed, the 
diffusion pump valve was opened to bring the chamber to a 
base pressure of 5 X 10~6 Torr. The specimens were brought 
together and the applied load was slowly increased to a
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pressure of 69 MPa. A load control circuit was engaged to 
compensate for load changes due to thermal expansion of the 
specimens and the fixturing. The specimens were induction 
heated to 300°C in approximately eight minutes. Figure 9 
shows the temperature cycle for a typical solid state bonding 
event. Outgassing caused a slight pressure rise during the 
heating cycle. However, the pressure usually returned to 
normal before the desired temperature was reached.

Once the desired temperature was reached, the 
controller regulated the power input to maintain a uniform 
temperature. Upon loading, the specimens experienced some 
yielding; however, no appreciable increase in specimen 
diameter was measured after the bonding cycle. After the 
3 00°C temperature was reached, the specimens were held at 
temperature for the required 40 minute bonding time. The 
bonded specimens were allowed to cool to 4 0°C before the load 
was removed so that tensile residual stresses at the bond 
interface due to thermal contraction would be avoided.

3.5 Testing

The solid state bond specimens were tested to failure 
in uniaxial tension. Prior to testing, the bonded specimens 
were machined to eliminate notch effects at the bond 
interface and bending moments caused by slight misalignment.
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Each bonded pair was machined on a lathe from the initial 
diameter of 9.5 mm (0.375 in.) to 8.9 mm (0.350 in.). The 
bonded specimens were then polished with 240 grit paper to 
further remove any evidence of a joint and eliminate any 
surface imperfection which may adversely effect the bond 
strength. After polishing, the bonded specimens were mounted 
in a tensile testing machine and loaded to failure. Results 
from the tensile tests were plotted as stress versus strain 
to determine tensile behavior.

Scanning electron microscope studies were performed on 
the fractured bond surfaces. The SEM made it possible to 
determine the amount of contact area as well as the nature 
of the bonding. Quantitative measurements of bonded area 
were taken using a digital image analyzer.
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4.0 RESULTS AND DISCUSSION

The following section discusses the influence of 
surface parameters on the solid state bonding process. 
Surface machining, surface cleaning, surface roughness, void 
geometry and asperity deformation were identified as having 
a direct effect on the fraction of bonded area and the bond 
quality.

4.1 Machining Comparison

Bond specimens machined on a milling machine were 
compared to those turned on a lathe. The SEM
photomicrographs seen in Figure 10 show the as-machined 
surfaces resulting from each machining preparation technique. 
The milling process creates a series of long parallel ridges 
of uniform height and spacing across the specimen surface, 
while the turning process produces an irregular surface. The 
turned specimens also show areas of tearing and smearing not 
observed in milled specimens. As anticipated, the bond
strengths achieved from the two different machining 
techniques varied greatly. Solid state bonds produced under 
constant conditions of 300°C for 40 minutes and a 69 MPa 
compressive stress for both milled and turned specimens are 
compared in Figure 11. The milled specimens resulted in bond
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Figure 10. SEM photomicrographs comparing the as machined 
surfaces produced by a) milling and b) turning.



T-3643 39

0173CQ
CO

c_
03 01O. 73
CL ca ou u ta1 03 CLc_ 01 z
03 CJ
CL ° o CD
CL O o ■a o t r GOcj cn CVJCO KWWW

1 1  *■ 1  Li 1 1 1 1 1

0)Æ
4-1(0

730)C•Hx:utos

73<Lc■HXUfds

o  o  o  o  o
i n  o  i n  o  i nCXJ CXJ x-i i-«

(BdH) L j lSuaJ is  puog

Fi
gu
re
 

11.
 

Bar
 

gr
ap
h 

co
mp
ar
in
g 

the
 

ra
ng
e 

of 
bo
nd
 

st
re

ng
th

s 
ac
hi
ev
ed
 

fro
m 

bo
th
 

mi
ll
ed
 

and
 

tu
rn
ed
 

sp
ec

im
en

s.



T-3643 40

strengths ranging from 90 MPa to 217 MPa over the range of 
surface roughness conditions. The lathe turned specimens 
showed much lower bond strength values ranging from 62 MPa 
to 105 MPa. The increased bond strength of the milled 
specimens resulted from improved contact area as opposed to 
turned specimens which exhibited inconsistent contact.

The surface profiles of milled and turned samples, 
given in Figure 12, reveal how contact area is influenced by 
the machining process. The figure shows the height and 
distribution of surface asperities across the specimen 
diameter as recorded by the surface profilometer. The milled 
surfaces proved to be much flatter and more uniform than the 
turned surfaces. The surface quality of the specimens showed 
a direct influence on the amount of contact area achieved 
during bonding. The fracture surfaces from bonded specimens 
shown in Figure 13 indicate the nature of the bonded areas 
resulting from the contact of surface asperities. The 
inconsistent bonding of the turned surfaces results from 
irregular machining grooves and areas of tearing limiting the 
amount of contact which can be achieved. It was apparent that 
lathe turned specimens produced poor bond strength values due 
to the inconsistent surface morphology. In contrast, the 
milled specimens produced uniform bonding over the entire 
surface which lead to improved bond quality.
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Figure 13. SEM photomicrographs of fractured bond surfaces 
for both a) milled and b) turned specimens.

ARTHUR LAKES LIBRARY 
C O L O M D O  SCHOOL ol MINES i 

GOLD2M. COLORADO 80401
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4.2 Tearing of Machining Ridges

Solid state bonding of specimens prepared by the 
milling process occasionally resulted in bonds of much lower 
bond strengths than expected. After close examination of the 
fractured bond surfaces, the poor bonding was attributed to 
the tearing of the machined ridges. The torn ridges formed 
bridged areas which limited contact. SEM photomicrographs 
of both as-machined and as-bonded surfaces are given in 
Figure 14. The figure compares surfaces which were properly 
machined to those surfaces which exhibited tearing both 
before and after bonding. The cleanly cut surface shows 
uniform ridges across the specimen diameter which provide 
even contact and bonding. The torn surface showed areas of 
material build-up and areas where the cutting tool had 
smeared the surface rather than cutting freely. Upon 
bonding, these areas flatten and, rather than bonding, act 
as bridges between areas which would normally contact and 
bond.

4.3 Glow Discharge Sputter Cleaning

Solid state bonding of copper at low temperatures and 
pressures (300°C and 69 MPa) is greatly influenced by 
contaminating barriers such as oxide films and adsorbed
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Figure 14. SEM photomicrographs of fractured bond surfaces 
showing the effects of surface tearing: a) as
machined without tearing, b) bonded without tearing, 
c) as machined with tearing, and d) bonded with 
tearing.
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gaseous layers. These barriers limit contact and adhesion 
of the bonding surfaces. At higher joining temperatures and 
pressures, these barriers are either broken or dissolved, 
allowing contact of clean metal surfaces. To facilitate low 
temperature joining, a sputter cleaning process was developed 
to remove contaminating barriers. Sputter cleaning has been 
shown to be the most successful method for obtaining 
atomically clean metal surfaces in a vacuum environment [31] . 
The sputter cleaning process uses ion bombardment to 
physically remove material from the metal surface. Figure 
15 compares the bond strength values achieved for specimens 
which were sputter cleaned to those which were not. The
removal of surface film barriers by sputter cleaning resulted 
in a doubling of the bond strength. Copper bonds made after 
glow discharge sputter cleaning consistently achieved 
strengths above 215 MPa, while uncleaned specimens resulted 
in lower bond strength values of 100 MPa.

The glow discharge is created by electrons, which are 
accelerated in the cathode dark space, producing positive 
ions upon colliding with gas molecules. As gas pressure is 
reduced, the mean free path of the electrons is increased, 
therefore causing the cathode dark space to expand at the 
expense of the positive column. The discharge is
extinguished when the cathode dark space expands sufficiently
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to contact the anode. The cathode dark space is of greatest 
interest when sputter cleaning because positive ions and 
electrons in this region reach their greatest velocities. 
Sputter cleaning results as positive ions impact the cathode 
and displace surface atoms.

Mattox [31] showed that sputter cleaning is easily 
monitored by measuring current while holding gas pressure and 
voltage constant. Since metal oxides generally have higher 
secondary electron emission, the current starts out high and 
decays with time as contaminants are removed. Figure 16 
gives current density versus time for samples sputter cleaned 
at different pressures and voltages. The figure indicates 
that sputter cleaning is more efficient at lower pressures 
since less time was required for the current to reach a 
stable level. The effect of gas pressure on glow discharge 
sputtering is described by Chopra [52]. An increased 
pressure increases discharge current and lowers discharge 
voltage, thus reducing the cathode dark space. The increased 
current increases the number of positive ions but decreases 
their energy. Since the sputtering yield increases linearly 
with ion number and decreases less than linearly with ion 
energy, the net number of atoms ejected should increase 
slightly. However, at higher gas pressures, ejected atoms 
are more likely to collide with gas molecules and be
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redeposited on the cathode, making sputtering at high 
pressures less efficient. Figure 16 also indicates that 
reducing the applied voltage from 2000 V to 1500 V had little 
effect on sputtering rate.

Specimen surfaces were examined under the scanning 
electron microscope after being glow discharge cleaned for 
various times at 2000 V and 2 X 10"2 Torr. Figure 17 shows 
SEM photomicrographs of samples which were cleaned for 0, 3, 
and 15 minutes. After 3 minutes of sputtering, the surface 
appears to be uniformly cleaned without changing the overall 
surface morphology. The small round features seen on the 
surface were found to be copper material which was ejected 
and redeposited during sputtering. The surface which was 
cleaned for 15 minutes shows sputter etching where enough 
material was preferentially removed to reveal grain 
structure. The above results agree well with work reported 
by Ohashi and Hashimoto [32] where the strengths of copper 
to copper solid state bonds were greatly increased after a 
surface layer of 1100 À was removed by glow discharge sputter 
cleaning. The 1100 À layer was determined to be equal to the 
thickness of an oxide film created by air drying for ten 
minutes. All samples to be bonded were cleaned in this 
manner for three minutes at 2000 V and 2 X 10~2 torr argon 
pressure.
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Figure 17. SEM photomicrographs of bonding surfaces after 
glow discharge cleaning: a) as machined, b) 3 minute
exposure, c) 15 minute exposure, and d) 15 minute 
exposure.
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4.4 Surface Roughness

Solid state bonds were produced, under constant time, 
temperature, and pressure conditions, from copper specimens 
having varied degrees of surface roughness. Each specimen 
was machined to give a bonding surface of uniform flatness 
and roughness. The height and spacing of the long parallel 
machining ridges determined the roughness of the surface. 
Prior to bonding, this roughness was characterized by a 
stylus profilometer which recorded the profile of the 
specimen surface and calculated an average roughness. 
Typical surface profiles for smooth and rough samples are 
shown in Figure 18. The figure displays the variation of 
surface asperity heights over the sample diameter. The 
traces indicate the height, spacing, and uniformity of the 
machined ridges. Specimens ranged in centerline average 
(CLA) roughness from 0.1 fim to 1.0 /-tm.

Surface roughness is typically described by asperity 
wavelength and asperity amplitude parameters. Recent work 
by Hill and Wallach [46] has indicated that the centerline 
average asperity amplitude is the most representative 
roughness parameter for solid state bonding surfaces produced 
by machining. The asperity wavelength was found to vary in 
accordance with asperity amplitude for typical machining
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processes. Table 1, which was presented earlier, shows that 
the asperity spacing and centerline average roughness are 
proportional. The proportionality results from the
difficulty of producing surfaces having different asperity 
amplitudes without changing the asperity spacing. Throughout 
this work, the centerline average roughness parameter is used 
to represent variations in bonding surfaces. It should be 
noted that surfaces having higher roughness values also have 
larger asperity wavelengths.

Solid state bonds produced from the machined specimens 
varied in strength according to surface roughness as shown 
in Figure 19. The reader is referred to Appendix A for a 
detailed presentation of the bonding data. Figure 19 
presents bond strength (in MPa) versus centerline average 
surface roughness for the above-mentioned range. The figure 
indicates a decrease in bond strength as the surface 
roughness is increased. Bond strength values exceeding the 
bulk material yield strength of 200 Mpa resulted from 
specimens having a roughness near 0.1 Aim. These bonds failed 
at the bond interface after much yielding throughout the gage 
length of the specimen even though total surface contact was 
not yet achieved. The rougher specimens showed decreased 
strength.
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SEM examination of the fractured bond surfaces as shown 
in Figure 20 revealed that the percentage of bonded area was 
much higher for the smooth specimens than for rough 
specimens. Bonded areas are characterized by ductile 
rupture, and appear as light areas in the SEM fractographs. 
These areas are formed as the surface asperities contact one 
another and deform under high local stress. The deformation, 
or relative displacement between contacting asperities, 
facilitates bonding by breaking through film barriers present 
on the surface and exposing clean metal which joins readily. 
The dark colored areas indicate little or no bonding where 
contact was limited. These appear as long voids between the 
machined ridges. The striations created by the cutting tool 
during machining can be seen, indicating that no contact was 
made in these areas. As shown in the figure, the rougher 
specimen contains a higher percentage of unbonded area 
because the large height and wide spacing of the surface 
asperities limited the contact. The smooth specimen shows 
many smaller contacts which add up to an overall higher 
percentage of area bonded. Many investigators [14,15,24,35] 
agree that larger void sizes resulting from rougher surfaces 
impeded initial growth of contact area during the first stage 
of joining. The smaller voids created by fine surface 
asperities result in greater initial contact and take
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Figure 20. SEM photomicrographs of fractured bond surfaces 
showing the amount of bonded area for a) smooth and b) 
rough surfaces.
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less time to be eliminated by mass transport processes.
Figure 21 gives the percentage of bonded area versus 

the surface roughness as determined through quantitative 
analysis of the fractured bond surfaces. As anticipated, 
higher contact area resulted from bonding smooth surfaces. 
A direct correlation was found between the percentage of 
bonded area and the bond tensile strength. The maximum 
bonded area achieved was just over 80 percent for the finest 
surfaces. The inability to achieve 100 percent contact 
suggests that the plastic deformation of contacting
asperities is limited to an elastic magnitude as stresses in 
the plastically deforming asperities are taken up by elastic 
deformation of the underlying material [53]. The subject of 
asperity deformation will be discussed in a later section. 
The data presented in the figure agrees well with work
reported by Elliot et al. [48] where bond strengths near the 
parent metal tensile strength were found for bonds having a 
contact area of 80 percent. This behavior results from 
elastic constraint ensuing from a triaxial stress state at 
the bond interface. Bartle [47] also reports that bond
strengths equal to the parent metal tensile strength can be
achieved without the entire elimination of voids at the bond 
interface.
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4.5 Asperity Alignment

Occasional bonded pairs showed an unexpected drop in 
bond strength. Upon examination of the fractured bond 
surfaces, it was determined that these irregularities in bond 
strength resulted from misalignment of the two bonding 
surfaces, which decreased contact area. Each specimen
surface consisted of a series of long parallel ridges created 
by the machining process. In preparation for bonding, the 
surfaces were brought together with the opposing machined 
ridges aligned parallel to one another. The parallel
alignment of the two surfaces proved to be sensitive to 
rotational mismatch. This prompted a study of the
interaction of contacting ridges and the resulting amount of 
contact area achieved.

Solid state bonds were produced with the surface ridges 
aligned perpendicular to each other. These bonds were 
compared to those made with the surface ridges aligned
parallel to each other over the range of surface roughnesses 
from 0.1 fim to 1.0 jtim. Figure 22 shows this comparison in 
a plot of bond strength versus surface roughness for both 
configurations. The perpendicular configuration resulted in 
slightly higher bond strengths and improved consistency in 
comparison to the parallel configuration. The improved
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consistency was attributed to the perpendicular alignment 
being less sensitive to rotational mismatch, while the 
increased strength resulted from the increased contact area 
created as the asperities were brought together.

Work done by Elliot et a l . [48] on diffusion bonding
of steel contradicts this work, indicating that the parallel 
bonding configuration is preferable to the perpendicular 
configuration. Although the difference between the two 
configurations was found to be small, when compared to the 
deviation in the data, Elliot et al. [48] found that the 
parallel configuration tended to result in slightly higher 
bond strengths than the perpendicular configuration. 
However, it is important to note that Elliot's work was done 
at 900°C (0.65 Tm) , while this study was performed at 300°C 
(0.42 Tm) . Some investigators [3,15,24,32] believe that the 
topography of the mating surfaces is less critical at higher 
temperatures where mass transport processes are active enough 
to overshadow some surface effects. For lower temperature 
joining, the interaction between contacting asperities has 
a critical influence on the amount of contact area achieved, 
and thus, on the quality of the resulting metal to metal 
bonding.

The schematic diagram shown in Figure 23 illustrates 
the contact geometry created as the machined surfaces are



COMPRESSION
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Figure 23. Schematic diagram showing asperity contact 
geometry and number for different bonding 
configurations.
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brought together with either parallel or perpendicular 
alignment. This figure suggests that the parallel
configuration is very sensitive to slight rotational 
misalignment, whereas the perpendicular configuration is not 
sensitive to small deviations from perpendicularity. The 
perpendicular alignment creates many point contacts where 
opposing asperities come together. Slight rotational 
misalignment only decreases the number of contacts by a small 
amount. In contrast, parallel alignment creates a
comparatively small number of line contacts. If the 
alignment angle is changed only a few degrees, the line 
contacts quickly decrease in length until they become a small 
number of point contacts. The contact area of the parallel 
configuration is also influenced by the possibility of the 
machine ridges lining up either peak-to-peak, peak-to-valley, 
or somewhere between. These factors account for the 
variability seen in the parallel bonds as compared to the 
perpendicular bonds.

The number of contacts is determined by both the 
machine groove spacing and rotational orientation. As the 
machine groove spacing is decreased, the number of contacts 
is increased. Increasing the rotational alignment angle from 
0 degrees (parallel) to 90 degrees (perpendicular) also 
increases the number of point contacts. A simple computer
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program was written (Appendix B) to sum the number of point 
contacts when given the specimen radius, the alignment angle, 
and the machine groove spacing. Figure 24 gives the number 
of point contacts as a function of alignment angle for four 
surfaces having different machine groove spacings. The
curves show that the number of contacts are significantly 
increased for finer spacings. A 300-jLim spacing results in 
2000 contacts at 90 degrees whereas a 50-jum spacing results 
in 30,000 contacts. Also, for the 50-jLtm spacing the number 
of contacts decrease dramatically from 3000 to 200 over the 
5 to 0 degree range, indicating the sensitivity of the 
parallel configuration to misalignment.

The influence of the alignment angle is more easily 
seen when the curves are normalized against machine groove 
spacing by dividing the incremental number of contacts by the 
maximum number of contacts possible, which occurs at 90 
degrees. Figure 25 illustrates the contact point ratio as 
a function of the alignment angle. As shown in the figure, 
the number of point contacts rapidly decreases with alignment 
angle for orientation angles less than 45 degrees. The SEM 
photomicrographs presented in Figure 2 6 show the effects of 
misalignment on both "parallel" and "perpendicular" bonds. 
The figure gives examples of "parallel" and "perpendicular" 
bonds in both the aligned and misaligned condition. The
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Figure 26. SEM photomicrographs of fractured bond surfaces 
produced under identical bonding conditions : a) 
aligned parallel, b) aligned perpendicular, c) 
misaligned parallel, and d) misaligned perpendicular.
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slightly misaligned parallel bond shows a decrease in contact 
area while the bond area of the misaligned perpendicular bond 
remains essentially the same.

Although the number of contacts decreases as the 
alignment angle decreases, the size of each contact is 
increased. The size of each contact, prior to any 
deformation, can be estimated by assuming that the top of 
each machined ridge is flat and has a thickness t. Then the 
area of contact created a two surfaces are brought together 
is determined by the alignment angle such that:

ai= 12/sin» (1)
The above equation approaches infinity as the angle nears 
zero degrees. However, for an alignment angle of zero 
degrees we may substitute

ai = t*d (2)
where d is the diameter of the specimen. The total contact 
area is then found by multiplying the incremental area by the 
total number of contacts. Figure 27 shows the predicted sum 
of the incremental areas as a function of orientation angle, 
prior to deformation. The figure indicates that the total 
area for a given thickness is nearly constant except for a 
slight increase at zero degrees.

The above relations suggest that the maximum contact 
area would result from the parallel bonding configuration.
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However, for actual bonds, the perpendicular bonding 
configuration leads to greater contact area and higher bond 
strengths. Since the contact area is higher for parallel 
alignment than for perpendicular alignment prior to 
deformation but less after, it is concluded that the 
perpendicular arrangement leads to increased plastic 
deformation of surface asperities. The plastic deformation 
of contacting asperities will be discussed in the following 
section.

4.6 Asperity Deformation

As previously mentioned, the quality of a low 
temperature solid state bond is dependent upon the amount of 
metal to metal contact achieved during the initial stage of 
joining. Conceptually, atomically smooth, flat, and clean 
surfaces would result in complete bonding without the aid of 
time, temperature, or pressure. In practice, the metal to 
metal contact is influenced by the surface topography, the 
alignment and deformation of surface asperities, and by oxide 
and other film barriers. Although a smooth surface bonds 
more efficiently than a rougher surface [24], the presence 
of contaminating films requires some amount of surface 
roughness to aid in breaking through these barriers to clean 
metal contact [3,26,35], En jo [54] used electrical
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resistance measurements between two contacting surfaces to 
determine the influence of oxide layers on metal contact. 
Enjo found that surfaces having a higher roughness were more 
efficient at breaking through the oxide layers and providing 
metal contact. Olson and Liby [3] reported that oxide films 
are effectively broken by relative shear displacement of 
contacting asperities, exposing clean metal. If the bond 
surfaces were perfectly smooth, there would be few areas of 
shear displacement and bonding. Conversely, rougher surfaces 
with large asperities will form contacts which are few in 
number and widely spaced. Therefore, an optimal condition 
of surface roughness and asperity deformation exists which 
will result in maximum contact and bond strength. Other 
investigators [35,36] have described the process of achieving 
clean metal contact as a cracking of the brittle cover layer, 
followed by extrusion of metal through the cracks to form 
bonds. In either case, asperity deformation plays a critical 
role in the low temperature solid state bonding process.

4.6.1 Constrained Deformation

As surfaces are brought together, the highest 
asperities come into contact first and deform under high 
local stress. The deformation continues until the area 
becomes large enough to support the applied load. However,
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the amount of area required to support a given load can vary 
depending on the nature of the asperity deformation. 
Geometric conditions can result which constrain plastic flow 
and reduce the contact area for that load. Each point of 
contact produces plastic flow in a manner similar to an small 
hardness indention. Tabor [55] reports that the area of real 
contact can be determined by summing the areas produced at 
each contact such that for fully hardened materials :

A = W/P (3)
where W is the total load and P is the yield pressure at the 
tips of asperities where contact is made. For annealed 
material, the area will be slightly less than proportional 
to the load to account for strain hardening. Further, the 
yield pressure P is given by:

P = c*Y (4)
where Y is the elastic limit of the material and c is the 
constraint factor which describes the ease of plastic flow 
and is dependent upon the geometry of the contacting 
asperity. Generally, a more pointed asperity will have a 
smaller value of c. Tabor [55] reports that for conical and 
pyramidal asperities being flattened by a smooth plate, the 
constraint factor ranges from 1 to 2.9 for semi-angles of 
zero to ninety degrees, respectively. Deformation of a cone 
or pyramid having a semi-angle of zero degrees is equivalent
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to the upsetting of a right circular cylinder where c = 1, 
and therefore, P = Y [56] . This condition would result in 
the greatest amount of contact area for a given load. 
Geometric conditions for which plastic flow is difficult are 
described by constraint factor values greater than one (c > 
1) •

As discussed earlier, the strength of a solid state 
bond is directly proportional to the amount of bonded area. 
The bonded area results from the formation of metal to metal 
bonds across surface barriers at areas of intimate contact. 
Increasing the amount of plastic deformation at points of 
contact increases the amount of clean metal contact area. 
Figure 28 shows the bond strength as a function of bonded 
area for solid state bonds produced at 300°C, 69 MPa, and 40 
minutes. The figure shows the direct dependence of bond 
strength on bonded area. The bonded area, which ranged from 
19% to 84%, was determined by digital image analysis of 
fractured bond surfaces. The corresponding effective bond 
strength values ranged from 86 MPa to 217 MPa. The figure 
also gives the bulk material yield strength as 200 MPa and 
the tensile strength as 261 MPa. The effective strength of 
each bonded joint exceeds the strength of the bulk material. 
This strengthening results from the development of a triaxial 
stress state at the bond interface. The triaxial stress
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state arises from the stress concentration at the interface. 
The bulk material constrains the interface material allowing 
it to withstand more stress before failing. If the line in 
Figure 28 is extended to 100 percent bonded area, the 
corresponding bond strength is essentially equal to the 
material strength. This indicates that the triaxial 
strengthening effect diminishes as the interface decreases.

The percent bonded area is plotted against surface 
roughness for both parallel and perpendicular bonding 
configurations in Figure 29. For surface roughnesses
ranging from 0.1 jum to 1.0 /xm, the bonded area varied from 
84% to 19% respectively. The data suggests that the finer 
asperities of the 0.1 /im surfaces have a lower yield pressure 
than the rougher surfaces and therefore undergo a greater 
amount of plastic deformation under the same load. The SEM 
photomicrographs of fractured bond surfaces, shown in Figure 
30, compare the contact area formed for fine and coarse 
surfaces of both parallel and perpendicular bonding 
configurations. Although identical loads were applied to 
each surface, the amount of contact area required to support 
the load varied greatly. Approximately 80% contact area 
resulted from the compression of fine surface asperities, 
while compression of coarse surface asperities resulted in 
only 30% contact area. For roughness values below 0.3 /xm.
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Figure 30. SEM photomicrographs of fractured bond surfaces 
produced under identical bonding conditions: a)
parallel smooth, b) perpendicular smooth, c) parallel 
rough, and d) perpendicular rough.
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little difference was seen between bonded areas for parallel 
and perpendicular aligned specimens. However, for surfaces 
rougher than 0.3 /xm, the perpendicular aligned bonds formed 
increased bonded area as compared to the parallel aligned 
bonds having the same surface roughness and therefore
exhibited higher bond strength values.

Increased contact area for fine surface asperities
results from a decreased yield pressure at points of contact 
as constraint is minimized. The yield pressure equation 
gives :

P = c*Y (5)
and the area is therefore determined by:

A = load/c*Y (6)
The constraint factor, c, and the elastic limit, Y, determine 
the area required to support a given load. The elastic limit 
may be determined from a compression test. Figure 31 shows 
the true stress - true strain behavior of copper 110 at 300°C 
and a strain rate of 0.1 per second. Assuming ideal plastic 
behavior with no strain hardening and taking an elastic limit 
of 90 MPa at a true strain of 0.005, the constraint factor 
can be calculated knowing the area and the load. Figure 32 
shows the constraint factor plotted against surface roughness 
for both parallel and perpendicular bonding configurations. 
In the figure, both parallel and perpendicular bonds exhibit
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a constraint factor near 1.0 when the surface roughness is 
less than 0.3 fim. As roughness is increased above 0.3 jum, 
plastic flow of the contacting parallel ridges becomes more 
constrained than the perpendicular ridges. For roughness 
ranges between 0.3 /xm and 1.0 /xm, the constraint increases 
from near 1.0 to 3.8 for parallel bonds. Perpendicular bonds 
of the same roughness range have a constraint factor between
1.0 and 2.4. Deformation of the finer, more pointed 
asperities is controlled by asperity geometry, where each 
asperity behaves like a small cone or pyramid having a semi
angle near zero degrees. As the asperities become larger, for 
rougher surfaces, the plastic deformation of two asperities 
whose ridges contact in a parallel fashion is constrained 
along the length of the ridge. This constraint in one 
direction results in a plane strain condition. In contrast, 
for two asperities contacting perpendicularly, material is 
free to plastically flow around the point of contact, 
therefore reflecting a lower constraint factor.

Atkins and Tabor [57] have reported on the mutual 
indentation of crossed cylinders and wedges. Their work 
compared the mutual indentation of crossed cylinders and 
wedges to the indention of a flat plate by a ball as in a 
hardness test. Experiments showed that the yield pressure 
of a ball indention was 2.8Y. For crossed cylinders the
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yield pressure was found to be lower at 2.3Y. The lower 
constraint factor was contributed to the absence of 
constraining material in the crossed configuration. This 
analysis may be applied to perpendicular aligned bonds having 
coarse surface asperities. For coarse asperities, the 
constraint factor was found to be approximately 2.4. 
Parallel aligned bonds having coarse asperities show a higher 
constraint factor. The schematic diagram of Figure 33 
demonstrates the constraining effect of parallel alignment 
as compared to perpendicular alignment. The SEM
photomicrographs in Figure 34 show the deformation resulting 
from perpendicular alignment of coarse ridges. The plastic 
deformation of this particular sample resulted in 34% bonded 
area.

4.6.2 Plastic Versus Elastic Deformation

It must be taken into consideration whether the contact 
area formed is elastic or plastic. Plastic flow of 
contacting asperities is essential to the formation of a 
clean metal bond at low temperatures while elastic contact 
would be less effective. The general idea that contact is 
elastic for small loads and plastic for high loads is 
incorrect. Greenwood and Williamson [53] have defined a 
plasticity index which is essentially the ratio of the
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Perpendicular Alignment

I

t
Unconstrained Flow

Parallel Alignment

Constrained Flow
Figure 33. Schematic diagram comparing the plastic

deformation behavior of parallel and perpendicular 
aligned asperities.
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Figure 34. Several SEM photomicrographs showing the 
plastic deformation resulting from perpendicular 
alignment of surface asperities.
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elastic strength to the real hardness and determines whether 
the contact will be elastic or plastic. The plasticity index 
is a surface texture parameter which combines material and 
topographic properties such that:

* = (E'/H) (<J/B) 5 (7)
where E 1 is the plane strain modulus, or E/2(1 - vz) , H is 
the hardness, a is the standard deviation of the asperity 
heights, and B is the asperity tip radius. It was shown that 
the plasticity index typically ranges from 0 to 100. In the 
range of 0 to 0.6 the contact is elastic even for large 
pressures. For ij> > 1 the contact is plastic for all loads 
including those which are trivially small. The deformation 
mode is in transition over the range of 0.6 to 1.0. For most 
surfaces the plasticity index is well above 1. Blok [58] 
however, has described a condition which could exist where 
surface asperities would be completely leveled elastically. 
Blok explains that two sinusoidal surfaces brought together 
with the ridges and furrows aligned parallel can be 
completely leveled given that some critical pressure is not 
exceeded

Gave = TrhE */2L (8)
where h denotes the peak-to-valley height and L is the 
spacing. If the critical contact pressure for the onset of
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plastic deformation is taken as the hardness, the critical 
condition becomes :

h/L < 2H/7TE ' (9)
This condition would be met only for very smooth surfaces 
having small h/L ratios. Greenwood and Williamson [53] 
report that the separation between two nominally flat 
surfaces is approximately equivalent to the center line 
average surface roughness and is only dependent on the mean 
pressure and not on the load. This explains the difficulty 
of reaching 100 percent contact area between two well 
prepared bonding surfaces. Greenwood's work showed that the 
separation was decreased only by a factor of three as the 
mean pressure was increased 100 times. Further, the 
additional load required for small increases in mean pressure 
were very high. Therefore, the pressure which would be 
required to achieve 100 percent contact of two bonding 
surfaces would exceed the bulk material strength and could 
not be achieved without somehow constraining flow of the 
material near the bond interface (eg. strain hardening). The 
plasticity index for the contact of bonded copper coupons was 
calculated to be near 60 and would therefore be entirely 
plastic.
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4.6.3 Frictional Effects

The fracture surfaces of bonded specimens often 
exhibited a higher degree of bonding around the edge of the 
specimen when compared to the center. Figure 35 shows SEM 
photomicrographs of fractured bond specimens which 
experienced gradient of bonding. This variation in bonding 
is the result of a pressure gradient across the specimen 
surface known as the friction hill [56]. For example, for 
compression of a right circular cylinder, an edge to center 
pressure gradient is developed as frictional forces constrain 
lateral flow of metal outward from the cylinder center. This 
constraint leads to shearing stresses on the outside which 
lessen to zero at the center. As earlier described, shear 
forces are very effective in removing surface oxides and 
other contaminants which inhibit bonding. The shearing near 
the edge of the bonding specimen promotes metal-to-metal 
contact and enhances bonding. Near the center, surfaces come 
together and flatten but surface barriers are not effectively 
broken and therefore, the contact leads to limited bonding.

The friction hill behavior was observed only for bond 
specimens having a surface roughness of 0.4 /xm CLA or less. 
For rougher surfaces, the asperity size and spacing is large 
enough that each asperity behaves independently of the others
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Figure 35. Several SEM photomicrographs of fractured bond 
surfaces showing the limited bonding near the specimen 
center resulting from the friction hill.
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and therefore no friction hill is observed.
The presence of a friction hill leads to inaccurate 

measurements of the actual bond strength. A more accurate 
measure of bond strength could be made by removing the 
specimen center and tensile testing the bond as a hollow 
cylinder.
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5.0 Conclusions

1. Low temperature copper-to-copper solid state bonds were
produced at 300°C (0.42 Tm). Bond strength values were 
found to be directly dependent upon the amount of
contact area formed during the initial stage of
bonding. Bond strengths exceeding the material yield 
strength were achieved.

2. The role of surface topography becomes increasingly 
important in determining the bond contact area as 
temperatures are lowered. Contributions to the contact 
area through the mass transport processes of second and 
third stage bonding are minimal because of the low 
temperatures.

3. The percentage of bonded contact area was determined
to be controlled by surface roughness, asperity 
alignment, and asperity deformation and ranged from 84% 
to 19% of the nominal specimen area.

4. Bond strength values ranged from 217 MPa to 86 MPa for
the surface roughness range of 0.1 jitm to 1.0 jum, 
respectively. The smoother specimens showed contact 
areas as high as 84% of the nominal area, while the
contact area for the rougher specimens was as low as
19%.
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5. Solid state bonds produced with the contacting
asperities aligned either parallel or perpendicular to 
each other. Perpendicular alignment resulted in
greater ease of plastic flow, and therefore, greater
contact area as compared to parallel alignment.

6. Glow discharge sputter cleaning effectively removes
oxides and other contaminants which inhibit low
temperature solid state bonding.
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APPENDIX A: SUMMARY OF SOLID STATE BONDING DATA
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PARALLEL BONDING DATA

CLA Bond
Sample Roughness Strength % Bonded Constraint
Number (urn) (MPa) Area Factor
A2-A5 0.14 212 83 0.9
A6-A7 0.21 181
A13-A17 0.18 196
A9-A10 0.22 197 —  —
A3 —B4 0.27 174 —— ——
B2-B7 0.41 139 45 1.7
B3-C11 0.53 144 54
C1-C16 0.62 116
C9-C12 0.51 119 43 1.8
C5-C6 0.54 101 —  —
C7-C10 0.57 106
C13-C14 0.61 123
C4-C15 0.79 124
R1-R6 0.19 193 68 1.1
R2-R3 0.28 163 74 1.0
E4-F3 0.76 89 19 3.8

PERPENDICULAR BONDING DATA

D2-D3 0.41 181 61
E5-E9 0.77 125 —

E3-E7 0.73 116 34
E1-E2 0.78 121 —
G4-G5 0.21 215 76
G7-G8 0.18 217 84
G10-G11 0.23 212 81
G2-G19 0.23 216 82
R4-R5 0.26 213 64
H1-H5 0.58 152 58
H6-H7 0. 60 146 ——
2a-2b 0.97 107 36

1.3
2.3

2.1
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APPENDIX B: COMPUTER PROGRAM FOR DETERMINING
NUMBER OF ASPERITY CONTACT POINTS



100
110
120
130
140
150
160
170
ISO
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
3 SO
390
400
410
420
430
440
450
460
470
480
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HPOINTS by: Guy Brada 11/18/88

VARIABLESD = LINE SPACING 
B = RADIUS
THETA = ANGLE DEGREES 
T = THICKNESS 
N = SUMMATION VARIABLE

KEY OFF
CLS: PRINT:PRINT : PRINT
COLOR 1,5:PRINT" NPOINTS "sCOLOR 1,7:PRINT:PRINT:PRINT
INPUT“Line Spacing = ";D$
D = VAL(DS)
INPUT"Radius = ";R$
R = VAL(R$)
INPUT"Thickness = ";T$
T = VAL(T$)
INPUT"Angle increment = ";INCRE$
INCRE = VAL(INCHES)
PRINT
FILES
PRINT: PRINT
INPUT"Name of data file: FILES
PRINT:PRINT "Was data entered correctly ?
Q$=" "
Q$=INKEY$: IF Q$="“ THEN 370 
IF QS="N" OR QS="n" THEN 210

OPEN FILE FOR OUTPUT

OPEN "0",#1,FILES

WRITE #1,"Line spacing = ";D 
WRITE #1,"Radius = ";R 
WRITE it I , "Thickness = " ;T 
WRITE #1,"Angle increment = ";INCRE 
WRITE #1,"Angle N Area % Area"
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490
500 • CALCULATIONS
510 •-
520 FOR THET = 0 TO 90 STEP INCRE 
530 THETA = THET*3.1415/180 
540 N = (R*SIN(THETA))/D
550 N = INT(N) '
560 SUM = 0
570 FOR I = 1 TO N
580 SUM = SUM-M (2*INT(SQR((RA2/DA2)-(I/TAN(THETA))A2)) + !-!))
590 NEXT I
600 SUM = 2*SUM
610 SUM = SUM+2*INT(R/D)+1
620 IF THET = 0 THEN PAREA=T/D*100 : AREA = (3.1415*RA2)*T/D:GOTO 670 
630 IF THETA < .1745 THEN AREA = (TA2/THETA)*SUM: GOTO 660 
640 AREA = (TA2/SIN(THETA))*SUM
650
660 PAREA = (AREA/(3.1415*8A2))*100
670 •-
680 •- OUTPUT OF RESULTS
690 -■
700 PRINT:PRINT
710 PRINT "Angle = ";THET
720 PRINT "# of intersections = ";INT(SUM)
730 PRINT "Area of intersection = ";AREA
740 PRINT "7. Area = PAREA
750 WRITE #1,THET,INT(SUM),AREA,PAREA
760 •-
770 NEXT THET
780 -
790 CLOSE #1
800 ••
810 " END SEQUENCE
820 "■
830 PRINT:PRINT:PRINT "Do you wish to run program again? “
840 Q$=“"
850 Q$=INKEY$: IF Q$="" THEN 850 
860 IF Q$="Y" OR Q$="y" THEN 210
870 PRINT: PRINT : PRINT: COLOR 1,5:PRINT"Good-bye":COLOR 1,7:PRINT:PRINT 
380 KEY ON 
890 END


