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IAEC - Foreword

At the two research centers operated by the Israel

Atomic Energy Commission (IAEC), considerable effort is

devoted to the investigation of phenomena and the

development of technologies related to diverse aspects of

materials science. This year the entire I A E C ' S annual report

is dedicated to the review of our R&D activities in this field.

Advancement of general scientific knowledge and

contribution to technological progress are part of IAEC's

mission. We believe that this end is best served by the

involvement of our scientists and engineers in joint projects

with the academic community and with industry. Our

commitment to this goal and mode of action is reflected in

the fact that all of the four studies reviewed here are

products of fruitful collaboration with our academic and

industrial partners.

Development of a new spray technology for producing

hard coatings is described in the first article. This promising

technology is based on a concept that evolved from the

extensive experience garnered in the course of the

development of Electrothermal, Electrothermal-Chemical

and Solid-Propellant-Electrothermal-Chemical guns. The

applicability of the coating method has been demonstrated

and a theoretical model using critical process-controlling

parameters has been developed.

The growing demand for micro-optical components and

integrated micro-optical circuits, similar to that for

micro-electronic devices, requires new materials and

processes for their fabrication. In the study reported in the

second paper it has been shown that new resins synthesized

using the fast-sol-gel route have the potential to meet the

stringent processibility and cost requirements of the

micro-optical components industry.

Foreword

Gideon Frank
Director General

Israel AEC
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IAEC - Foreword

We believe that IAEC's contribution to Israel's

technological progress should be manifested in its readiness

and capability to respond to real problems and needs. This

has been done in the third work, which addresses itself to a

specific problem encountered in the metallurgical industry,

namely, the need for a method to prevent the damage to

joined parts due to overheating during diffusion bonding. A

method of on-line monitoring of the transmittance of

ultrasonic sound waves has been developed. It provides

real-time information on the progress of the evolving

bonding process and enables its prompt termination when

the bond has been established, thus avoiding excessive

exposure to elevated temperatures. The method has been

employed and its applicability verified in monitoring the

progress of adhesion during the course of bonding of

aluminum and copper specimens.

An investigation of the impact of neutron irradiation on

the internal microstructure, mechanical properties and

fracture morphology of aluminum and its alloys, which are

widely used in the nuclear industry, is reported in the last

article. For thermal neutron fluences of up to 8xlO22

neutrons/m2, it was found that the temperature during

irradiation is the dominant factor influencing these

properties. This study is part of a more general effort to

determine the aging processes of materials and components

exposed to prolonged and intense ionizing radiation and

various particles.

As a final note, I would like to wish the entire staff of

IAEC continuing success in our endeavors to contribute to

Israel's technological progress.
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IAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

A new spray technology for producing hard-coatings,

has been developed at the SOREQ Nuclear Research

Center.

The concept is based on the extensive experience

accumulated at SOREQ in the course of the development of

Electrothermal (ET), Electrothermal-Chemical (ETC) and

Solid-Propellant Electrothermal-Chemical (SPETC) guns(1).

High quality coatings may be obtained by thermal

spraying powder particles onto a variety of substrates.

Mature state-of-the-art technologies such as plasma spray,

high velocity oxyfuel (HVOF) and detonation gun (D-Gun)

are widely used for many applications. As each method has

its own drawbacks there is a need for a combination of

several parameters which cannot be achieved by any

existing individual commercial technology. The method

presented is oriented toward a high-quality, multi-step,

high-throughput, easily programmable continuous coating

process and relatively inexpensive technology.

The combustion products of a solid or liquid propellant

accelerate the powder particles of the coating material. A

pulsed-plasma jet, provided by a confined capillary

discharge, ignites the propellant and controls the

combustion process. The powder particles are accelerated to

velocities over 1000 m/s. Due to the very high carrier gas

density, high velocity, high throughput and high powder

consumption efficiency are obtained. The plasma jet

enables control of the gas temperature and consequently

influences the powder temperature.

An Electro
thermal-
Chemical

Technology
for Thermal

Spray
Coatings

S. Wald, G. Appelbaum,
R. Alimi, L. Rabani,

S. Cuperman, C. Bruma,
D. Zoler, V. Zhitomirsky,
M. Factor and I. Roman

\. Abstract
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IAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

2. TheETCS
Technology

The capabilities and the potential of the technology to

obtain coatings on stainless steel and other substrates have

been demonstrated using several material systems such as

sintered carbides.

In order to evaluate the performance of the coating

device, the coatings obtained were characterized chemically

and physically. A physical model describing the complex

processes taking place within the gun was developed. The

model enables prediction of the main propelling gas and

particle parameters, and in particular their acceleration and

heating processes.

The project is performed in collaboration with groups

from Tel-Aviv University and The Hebrew University,

Jerusalem, under the sponsorship of the Israeli Ministry of

Science. Sulzer-Metco, which is the world's leading

industry in this field, contributes by supplying coating

powders and some diagnostics services.

The Electrothermal-Chemical Spray (ETCS) coating

device is based on a conventional machine gun and

munitions, and includes a pulsed-plasma ignition system.

The munitions consist of a cartridge containing a selected

propellant and the coating powder. Upon ignition, the drag

force exerted by the combustion gases accelerates the

powder particles towards the substrate where, subject to the

particle's thermal and kinetic energy, it adheres to the

topographical features. The buildup of the material thus

deposited forms the coating.

IAEC - Annual Report 1998
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IAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

A conventional gun cannot yield high quality coatings

because the rise-time of the pressure is broad, and the

combustion gas velocity field distribution is too wide. The

ElectrothenTial-Chemical (ETC) Gun(1) works on a concept

that overcomes these drawbacks. According to this method,

the ignition and the combustion of the propellant are

controlled by a pulsed-plasma ignition system consisting of

a plasma jet provided by a confined electric discharge

produced within an ablative capillary device(2>3). Using this

technique, a uniform coating can be obtained.

The employment of solid or liquid propellants

combined with plasma augmentation has the advantages of:

i) high powder velocity, ii) high throughput, iii) temperature

control and iv) versatility.

The drag force exerted by the flowing gas on the

moving particle controls the powder velocity. The drag

force is given by(4> 5):

FD=CD{Re)pg
K * P> nd\ (1)

o

where Co(Re) is the hydrodynamic drag coefficient of

resistance and it is a function of the Reynolds number Re; pg

and Vg are the propelling gas density and velocity,

respectively; and Vp and dp are the accelerated particles

velocity and diameter, respectively. Expression 1 thus

shows that an increase in gas velocity, gas density and

acceleration time leads to high particle velocities. All these

aspects are considered in our method.

Starting with solid or liquid propellants, considerably

higher 'in-breech densities' are reached than those obtained

IAEC - Annual Report 1998
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IAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

in HVOF or D-Gun. The prompt rise in pressure (-100

Mpa in ~ 200 (is) controlled by the dense, high-velocity

plasma jet (7-10 km/s) ensures complete combustion of the

propellant and results in high gas velocities. The barrel

length controls the acceleration period. Theoretical

predictions and preliminary experimental measurements

indicate that in our setup, particle velocity higher than 1000

m/s can be reached.

Due to the high gas density, several grams of powder

can be accelerated in a single shot. Therefore, we can reach

throughputs that are three to five times higher than those

obtained using competitive methods. For example, firing of

10 g powder per shot at a rhythm of 1 Hz results in a

throughput of 36 kg/h.

The gas temperature is determined by interplay

between the energy supplied by the propellant's combustion

and the energy supplied by the plasma. The residence time

of the powder in the gas can be minimized due to the high

drag forces. Thus, most of the energy required to obtain

good cohesion of the coating is recovered from the kinetic

energy converted to heat during impact of the powder on

the substrate. However, high gas temperature, and hence

high particle temperature, can be obtained by increasing the

rate and the total energy of plasma supplied.

The temperature affects the coating efficiency, defined

as the proportion of powder sprayed that is deposited on the

substrate. High yields (over 80% in certain cases) have been

demonstrated for some sintered carbide coatings.

The coating sequence is pre-programmable and is set

off-line. Thus, a sequence of one or more types of

IAEC - Annual Report 1998



IAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

munitions can be loaded and processed in one run. Every

firing can be controlled independently. The amount and the

type of the propellant, the powder material and the plasma

parameters can be individually set for each coating element.

The experimental setup used in the coating experiments

is shown in Figure 1. The setup is designed to give a

single-shot coating splat. It consists of a standard gun tube,

breech, cartridge and ignition system based on confined

discharge plasma technology.

-Substrate
Plasma
Injector

The gun is a standard 1/2" diameter, lm-long gun tube.

The 10 cm-long cartridge is inserted into the breech. The

plasma injector is connected to the breech, with its cathode

serving as the exit nozzle for the plasma jet. A detailed

description of the plasma injector has been presented

elsewhere (2).

A 57.5 cm-long horn is attached to the barrel. Its

internal diameter tapers from the internal diameter of the

barrel at one end, increasing to 40 mm at the horn muzzle.

The gradual tapering of the horn smoothly reduces the

pressure inside the barrel to that of the muzzle, maintaining

the one-dimensional nature of the gases and the particle

flow. The reduced pressure jump at the horn's exit

decreases the radial drag and, in consequence, the radial

velocity component. It decreases the turbulent flow of the

3. Coating
Experiments

Fig. 1: The experimental setup

IAEC - Annual Report 1998
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JAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

gases and the particles through the muzzle. This effect

results in improved focusing of the powder and higher

coating efficiency as compared with those obtained using

conventional technologies. Two ports for pressure

measurements are located along the barrel, the first (PI) at

the breech exit and the second (P2) 10 cm from the muzzle

of the straight barrel. The measured pressures are typically

-lOOMPaatPl and 10 - 20MPaat P2.

The distance between the exit muzzle of the coating

device and the substrate to be coated is a coating variable

that determines particle flight time and thus the extent of

heat up and possible thermal degradation. The optimal

distance varies from powder to powder as a function of the

material sprayed and particle geometry. For sintered

carbides, a typical spraying distance is 22 cm from the

muzzle. Stainless steel discs (SS304), 5 mm thick and 60

mm in diameter, were used as substrates. The surface

exposed to the powder was 50 mm in diameter. A

polycarbonate holder with 5 cm inner- and 8 cm

outer-diameter attached the substrate to be coated to the

frame. Photographs of the substrate and the holder are

shown in Figure 2.

WC-Co, Cr3C2-NiCr, Ta, Cr, A12O3 and ZrO2 powders

were tested and an extensive report on the yields, efficiency,

microstructural analysis and coating properties will be

published soon. In this presentation just a few of the

WC-Co and Cr3C2-NiCr experiments are presented.

IAEC - Annual Report 1998
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IAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

\ V,

Fig. 2: Vncoated substrate and the
holder

The carbide powder grain sizes ranged from 30 to 75

\\xa. A typical example of a SEM picture of aWC-Co grain

is shown in Figure 3.

The plasma injector (PI) was designed to have an

Impedance in the range of 0.02-0.ID. The plasma

parameters were evaluated using physical models ( ,

supported by experiments. Table 1 summarizes the plasma

characteristics.

Pulse width

Pulse energy

Plasma temperature

Plasma pressure

Plasma velocity

-150 ps

1 - several kJ

~30,000°C

-1000 bar

-7000 m/s

Fig. 3: SEM picture of tungsten
carbide - cobalt (12%) powder
grain (Sulzer-Metco 71NS)

Table 1 - Plasma characteristics

IAEC - Annual Report 1998
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IAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

4. Results

4.1 Coating
microstructure

Fig. 4: SEM picture of a typical
WC/Co coating at different
magnifications. The bar shown
represents 10/jn in (a) and 100/jn
in (b).

Several grams of conventional solid propellant were

inserted in the cartridge case. In most of the WC/Co

experiments, 6 g of propellant and 6 g of powder were used.

Thick coatings (up to 260 jam) of WC/Co were formed

in a single shot.

The micrographs in Figure 4 of a typical WC-Co

coating have some distinctive features. Although the

substrates were not pre-prepared by means such as

sandblasting, degreasing, etc., good mechanical adhesion

was obtained. This phenomenon can be explained by the

deep penetration of the coating into the substrate as can be

seen in Fig. 4b. The porosity in this case is approximately

1.5%.

" ! • • • ' . • > " T " . • • ••

(a)

(b)
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IAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

Figure 5 shows a sample where a non-melted powder

grain produced a crack in the coating. Since the theoretical

model predicts relatively low average temperature of the

powder particles the presence of a few non-melted particles

may indicate the need to increase the plasma energy. It

shows that the in-flight powder temperature distribution is

not yet optimized in this experiment. However, a low

in-flight temperature is of advantage in many cases, as it

leads, to low evaporation losses of the powder and enables a

high efficiency yield (over 80%). The existence of the

uniform coating structure observed indicates that most of

the powder particles are melted. The major part of the

energy required to obtain the uniform coating structure is

attributed to the conversion of the high particle kinetic

energy to heat.

Figure 6 shows a coating of a in NiCr matrix.

Typical coating thickness obtained was of the order of

150-200 (j.m and Vicker's microhardness values of 1210

kg/mm2 with 300 g load were measured on the coating. The

coating penetrated approximately 20 urn into the substrate.

Again, the substrate was not pre-treated. The typical defects

found in these coatings were vertical cracks that can be

Fig. 5: SEM picture of cracked
WC-Co coatingjlue to non-melted
grain impact

IAEC - Annual Report 1998
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IAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

Fig. 6: CrjCrNiCr (Sulzer-Metco
AMDRY 5260) on SS304 substrate

5. Theory and
Simulations

attributed to thermal stress. The porosity in the sample was

measured to be 1%.

These initial results provide a proof-of-concept of the

technology. However, as the number of controllable process

parameters is high and as these parameters are

interdependent, successful application of the technology for

a specific material requires individual parameter

optimization.

These optimizations can be assisted by model

calculations based on theory, after which, the applicability

of the theoretical model has to be verified experimentally.

In order to gain further understanding of the coating

process and to isolate the parameters that control its

efficiency, extensive theoretical work was carried out. A

new consistent physical model and simulation code was

developed. From the practical point of view, our main goal

in using the model developed was to predict the accelerated

particle parameters that affect the coating quality and

efficiency, such as particle velocity, temperature and phase

at the device's muzzle. The model takes into account

plasma injection, propellant ignition and combustion, gas

flow, powder heating and acceleration along the barrel. The

IAEC - Annual Report 1998
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IAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

scenario it describes is referred to as a two-phase reactive

flow (6) and requires a rather complex solution.

The model describes the interaction between the

plasma-gas mixture and the propellant (resulting in

propellant ignition and combustion), the flow of the

plasma-gas mixture and, finally, the powder particles'

acceleration and heating. It contains two coupled sets of

equations. The first set describes the so-called interior

ballistic process (6) adapted to the specific conditions of the

coating process, whereas the second set describes the

accelerated particle characteristics within the framework of

what is known as the 'dilute approximation' . The 'dilute

approximation' assumption means that the presence of the

powder does not affect the gas-propellant interaction. Thus,

there is only a 'one way' coupling between these two sets of

equations.

The interior ballistic process equations are based on a

number of common assumptions published in the literature:

see, for example, ref 6. The gas and solid phases are

considered to occupy separate complementary regions and

within each region the material may be treated as a

homogeneous continuum. The flow of the heterogeneous

mixture, composed of two interacting continua, is described

by appropriately defined averages of flow parameters. The

conservation equations based on these assumptions,

together with the complementary constitutive laws,

comprise the theoretical model. The following equations are

used:

5. / The model equations

—
dt dy

(2)

IAEC - Annual Report 1998
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dt dy
(3)

dt dy

dy{ dy

dy
(4)

dy
(5)

9/

v 4 d dv 4_

3"

S +

(6)

dT^

dy

+ V
dt dy

(7)

dH

dt

dH

' dy
(8)

where: pi, p2 are the gas and solid propellant densities,

respectively, m2t and mpl are the rates of burning gas and

plasma production, respectively, r and R = \-r are the gas

and solid volume fractions<6), respectively,, v and V are the

gas and solid propellant velocities, respectively; r i s the

intergranular stress; / i s a factor proportional to the
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interphase drag. Pp!, Sp, are the plasma source momentum

and energy, respectively. Additional parameters describing

relevant gas properties are: 7/ - temperature, s = Cv7j -

internal energy, p - pressure (given by the Abel-Nobel

equation of state [6]), ju - viscosity coefficient, Kg-

thermal conductivity. qn is the density of the gas energy

transferred to the solid propellant. Solid propellant

properties: x- the linear regression of its surface during its

combustion, B - its burning rate, qs - energy flux incident

on the solid propellant and H - thermal function (6) used to

calculate the solid propellant surface temperature, and ap its

thermal diffusivity.

The particle equations derived and particle variables are

as follows:

v-F f f l) |v-F f f l | (9)
dt

at

dt

(10)

Twp and Tffi * Tmdl

^TorT^T

dt \ S@qe Im^C® , Te = Tmp

where: V@,yB arid TB are the particle velocity, position and

average temperature, respectively; mvap@ is the vapor phase

mass; CD is the drag coefficient (chosen to be 0.42);

cL,Sm,/Offi and m^ are the particle diameter, surface area,

density and total mass, respectively; C@,A,mp,Tllldl and Tmp

IAEC - Annual Report 1998
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5.2 Theoretical results

IAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

are the particle specific heat (140 J«kg"'K"'), vaporization

heat (4.33«106 J/kg), melting temperature (3269 K) and

vaporization temperature (5773 K), respectively (The values

in parentheses apply to tantalum particles).

In Figures 7a-7c is shown the temporal evolution of a

30 |im diameter particle: (a) velocity, (b) temperature

(compared with that of the propelling gas velocity and

temperature) and (c) its mass loss.

As shown in Figure 7, the particle reaches a velocity of

over 1200 m/s, which is considerably faster than the particle

velocity obtained using alternative technologies presently

employed in the coating industry. This velocity is very close

to that of the gas (1400 m/s), a consequence of the strong

drag force that acts on the particles because of the high gas

density and velocity attained in our device.

Velocity V© and V|
Temperature T© and T|

Fig. 7 - Temporal evolution of gas
(1) and accelerated particle (2)
parameters

(a) (b)

Mass loss

IAEC - Annual Report 1998
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As seen in Figure 7b, the gas and particle temperatures

exhibit a complex behavior due to the various processes that

the accelerated particle undergoes, which include heating,

melting, and partial vaporization followed by cooling and

re-solidification. As a consequence, the particle loses

approximately 49% of its mass (Fig. 7c).

An example of the prediction capabilities is given in

Figure 8, in which the velocity distribution for particles

with seven different initial diameters (10, 20, 30, 40, 50, 60

and 70 |im, (lines 1-7), under the same ballistic conditions

is shown.

It is notable, that the 10-|im-diameter particle (line 1) is

vaporized and disappears before it reaches the muzzle. An

important conclusion of the simulation is that the muzzle

velocity of the particles as depicted in Figure 8 seems to be

almost independent of the particles' initial diameter.

1400

1200

1000

5T 800
"B
" 600

400

200

a

Velocity V©
1 1

Fig. 8 - Velocity dependence on
particle diameter

0.5 1.0
Time [ms]

1.5

This is a very special and important feature of our

device.

IAEC - Annual Report 1998
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6. Model Validation
Tests

6.1 The experimental
setup

Fig. 9 - Velocity measurement
device

For the model validation tests, a powder-particles

velocity measurement device was developed, and it is

shown in Figure 9. Two parallel disks, 50 mm apart, are

rotated by a 30,000 rpm motor. Two parallel masks, with 3

cm opening area, reduce the amount of powder and gases

that reaches the disks. In the front disk, eight holes with 1

cm diameter are evenly distributed on a circle of 15 cm

diameter. A particle passing through a hole in the front disk

is deposited on the second one. The displacement between

the position of the deposited particles and that of the hole

depends on the particles' time-of-flight between the disks

and hence on the powder velocity.

A laser light that passes 16 notches marked on the

disk's circumference, illuminates a photodiode. The

photodiode signals are recorded and provide the average

revolution speed between each pair of notches. The

accuracy is better than 10% for velocities of-1000 m/s.

1

The simulation predicted velocities of-1000 m/s for

tantalum powder; the observed velocity was 1045 m/s. For

WC-Co powder lower velocities, of around 900 m/s are

predicted. The measured value was 847 m/s. Both results

are in good agreement with theory.

The length of coated arc on the front disk indicates that

the powder cloud emerges from the device over a period of

IAEC - Annual Report 1998
16



IAEC - An Electrothermal - Chemical Technology for Thermal Spray Coatings

~2 ms. The spread in time is due mainly to the different

drag force applied on particles with different radii. As

predicted by the model, all particles, even with different

radius, finally reached almost the same velocity.

Furthermore, the model predicts the 2 ms time distribution

of the powder.

As the disks were revolving very fast only a thin,

highly porous, coated layer was formed. Using SEM,

individual particles were observed and their size measured

and found to be consistent with the model predictions and

theory.

The temporal pressure evolution measured at the breach

and at the device muzzle and the theoretically predicted

values were also found to be in a good agreement.

7. Final Remarks
A new coating technology based on the Electrothermal

Gun concept is presented. The method enables the

formation of high quality coatings at high throughput in a

versatile off-line programmable manner.

Several powders were tested in a series of experiments.

The coating's microstructure formed was characterized

using optical microscopy and SEM. Work is in progress to

measure the coating-substrate adhesion, hardness and wear

resistance.

The experiments demonstrate that a wide range of

parameters, such as the powder temperature, velocity,

density, etc., can and should be controlled in order to

achieve desired coating properties. Extensive theoretical

work is being carried out in conjunction with proper

experiments and coating characterization.

IAEC-Annual Report 1998
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A model describing the new coating technology based

on the Electrothermal Chemical Launcher concept has been

developed and experimentally verified. Its predictions

concerning some of the gas and particles characteristics are

in good agreement with experimental measurements. The

model indicates that a large number of parameters, such as

the powder temperature, velocity, density, etc., must to be

controlled and adjusted in order to generate particles having

the desired properties for coating applications. Thus, the

theoretical model can serve as a very useful tool for device

and process optimization.

IAEC - Annual Report 1998
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Fast-Sol-Gel
Synthesis

and
Characteri
zation of

Glasses for
Micro-Optics

Y. Haruvy and
L Gilath

1. Abstract

2. Introduction

The Fast-Sol-Gel Group at Soreq NRC is engaged in

the research and development of novel materials based on

the Fast-Sol-Gel synthetic route and devices made

therefrom. The primary objective of these efforts is the

development of a novel fabrication route for both passive

and optically active optical and micro-optical components.

We expect that, as compared with the existing art, the

components thus made will be highly advantageous in terms

of technology and cost. Our work is focused on facile

replication of micro-optical elements (MOEs) and arrays in

Fast-Sol-Gel prepared resins. These resins are made from

mixtures of alkyl-alkoxysilane monomers, via hydrolysis

and polymerization within 10-20 min, followed by curing

that takes a few days. Single-step reproducible fabrication

of large crack-free elements, 12 mm thick and 5 cm in

diameter, and highly accurate replication of micro-optical

arrays comprising elements in the 10-500 p.m range, have

been demonstrated. Among the wide variety of feasible

applications of this technology are device-tailored

micro-optical-arrays, aspheric, diffractive or optically active

micro-optical elements and arrays.

The rapidly accelerating use of micro-optics and

integrated micro-optical circuits, similar to that of

micro-electronic devices, requires new materials and

processes for their fabrication. Optical micro-elements and

arrays have to be produced from materials and by processes

that assure high dimensional accuracy, high optical quality,

and adequate index of refraction. Natural glass of various

. types is the most obvious candidate material for such

applications. However, it can be replaced by sol-gel

synthetic glassy materials which appear to present an

attractive alternative, both costwise and technologywise.

IAEC - Annual Report 1998
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The sol-gel reaction is a synthetic route by which

metal-alkoxide monomers, silane-alkoxides in particular,

are converted to ceramic/glassy materials by a sequence of

acid or base catalyzed hydrolysis reactions (1) followed by

condensation reactions'1"4'. The condensation stage (2),

involves formation of M-O-M bonds and results in siloxane

macromolecules accompanied by small condensates of

water or alcohol.

Si(OR)4 "2° > Si(OR)3OH H-° > (1)

Si(OR)2(OH)2 "2° > SiOR(OH)3 H2° > Si(OH)4

(2)

~ROH > =Si-O-Sis

The preparation of glass monoliths or films by the

sol-gel method necessitates a cautious and prolonged

process. Preparation of optical elements from

sol-gel-derived glass is further complicated by the fact that

the drying of sol-gel-derived matrices causes extensive

shrinkage.

The new fast-sol-gel method <5"8) enables facile

preparation of siloxane-based glassy materials in which

polymerization is completed within minutes and curing

within a few hours. This synthetic route employs

methyl-substituted alkoxysilane monomers and yields

crack-free material when the average number of

alkyl-groups per silane is at least one (5):

CH3 CH3 O

(-Si -O)n(-Si -O)m(-Si -o) i - (n+2m)/ (n+m+1) > 1 (3)

O CH3 O
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Encaging of high concentrations of discrete guest molecules

in these matrices, aiming at their use in optically active

elements, has also been demonstrated(>9>. Recently, a

comprehensive study of the chemical and physical

processes involved in curing of this glass and the

consequent encaging of guest molecules has been carried

out*10'"'

Molding is an attractive route for production of micro

lenses and micro lenses arrays, where fabrication

technology is complex and expensive(12). The mild

temperatures employed in the sol-gel method, facilitate use

of a wide variety of temperature-sensitive dopants like

organic laser dyes. The pioneering sol-gel industrial

fabrication of micro-optical elements and arrays was

established in 1985(13) The high optical quality of the

glasses obtained by the fast-sol-gel method and the facile

means of their preparation appear to render this method

technologically and economically attractive for the

preparation of such micro-optical elements(14).

Micro-optical elements and arrays are densely

patterned and may contain sharp curvatures. Their

replication imposes strict physical and chemical (surface

and bulk) requirements on both the templates and the

sol-gel. High surface polarity is required to keep the resin

adhering onto the template throughout the curing. However,

this polarity must be tuned to enable separation of the cured

glass elements from the mold. The chemical constitution of

the resin must impede sol-gelation prior to removing the

volatile products and casting, to minimize shrinkage. The

sol structure thus has to enable slow cross-linking

concurrently with substantial relaxation, which is important
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for crack-free drying of the glass.

3. Experimental
Monomers and reagents - Methyltrimethoxysilane

3.1 Synthesis

(MTMS), tetramethylorthosilicate (TMOS) (Aldrich, CP)

and dimethyldimethoxysilane (DMDMS) (Hulls, CP) were

used as received; HC1 10~2 M (CP) was employed as a

catalyst for the sol-gel reaction.

Supports and templates - Glass slides, Kapton films

and AsSe chalcogenide films were used as flat supports for

sol-gel casting. Patterned supports were made of

polycarbonate, PMMA, cured acrylic photoresist, cured

polyimide photoresist, and gold-sputtered metal templates

made of brass or tantalum. PMMA lens array templates

(#MRP-110, positive) were purchased from Aeroflex Lab.

Inc., USA. Support surface etching in 6 M NaOH or

oxidative-etching in a RF oxygen plasma (Harrick Plasma

Cleaner) were employed to tune the gel-support adhesion.

, . _. , . , 3.2 Analytical methods
Thermal analysis -Thermal analysis was conducted

using Differential Scanning Calorimetry (DSC, V4.0B -

DuPont 2000), and Thermo Gravimetric Analysis (TGA,

VI.IB TA - DuPont 2000), at a constant heating rate and

controlled atmosphere. Cracking stability was tested in the

range of 100 to 250 . Coefficient of thermal expansion

(CTE) was measured by Corning Laboratory Services

(Hughton Park, USA). The thermal expansion curves upon

heating and cooling were determined by dilatometry.

Chemical and morphology surface analysis - FTIR

(Nicolet, Model DX-5) was employed for the surface

analysis of the air-facing and support-facing surfaces of the

sol-gel-derived glass and the support surface. MOEs surface
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quality (smoothness) and patterning quality (replication

accuracy) were determined by SEM (JEOL 6300), AFM

(Digital Instruments: Nanoscope-II) and 3D Imaging

Surface Nano-Structure Analysis - NSA (Zygo). Porosity,

density, Knoop hardness, weight loss at 1000°, and index of

refraction were measured at Deutsche Spezial Glas (DSG),

Germany.

Dielectric analysis - Internal transitions and

percolation processes in the glass between -100° and 120°

were studied by Time Domain Dielectric Spectroscopy

(TDDS)(15) employing a Broad Band Dielectric

Spectrometer (BDS 4284, Novocontrol) at 20 Hz - 1 MHz.

Spectral analysis UV-Vis and FTIR wide range spectra

were recorded at DSG, and narrow range spectra were

obtained using HP-8452A (UV-Vis) and Nicolet

Magna-550 (FTIR) spectrophotometers. Birefringence

analysis was carried out at Soreq employing a He-Ne

632 nm 5.3 mW laser and the setup shown in Figure 1. An

optically polished sol-gel slab was introduced into the beam

pathway and rotated (0-360°) around the beam axis. The

transmitted power was measured as a function of the sample

rotation angle.

Fig. 1: Birefringence
measurements setup.

Sol-Gel Glass
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4. Results,
Observations and
Discussion

4.1 Sol-gel Resins
adhesion and

separation from
supports

In general, since sol-gel adhesion to glass and

oxide-coated metals is permanent, only polymeric molds

can be employed for this purpose. Controlling the

resin-template's adherence and separation was the main

objective of the R&D, because the template's surface has to

be tailored to provide resin-adhesion sufficient to maintain

accurate replication; at the same time it should allow

separation of the cured MOEs from it. These are not

conflicting requirements since, upon curing of the gel, its

polar groups (hydroxy and methoxy) undergo bulk and

surface condensation, which substantially reduces the

gel-mold adherence forces.

Photolithographically patterned polyimide photoresist,

cured at 400°, was found to be inert to the sol-gel and very

useful for preparing supports and molds that meet the

necessary requirements.

4.2 Surface chemical
Characterization of the supports modified surfaces, i •

crucial for adhesion/separation timing, can be carried out

using FTIR spectra of templates and sol-gel films. Selected

FTIR spectral data are given in Table 1. The CH3-O-Si=

peak at 2844 cm"1 and the H-O-Si=peak at 3370 cm"1

were used to characterize the degree of curing. Following

condensation of these groups to =Si-O-Si=, cross-linking

progression should manifest itself in a decrease in the peak

ratios CH3-O-Sis/CH3-Sis and H-O-Si=/CH3-Sis.

The FTIR data (Table 1) show that the methoxy-groups

hydrolysis requires a MR > 1.8 to approach completion,

rather than the stoichiometric MR = 1.5. At MR = 1.5, the

water present is sufficient to hydrolyze 1.5 of the three
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Table 1: FTIRofMTMS sol-gel thin films

S o l -

Composition of
Reactants HC1 / MTMS

(MR)

MTMS (Ig); MCI
MR=1.40

MTMS (lg); MCI
MR=1.40

MTMS (lg); MCI
MR=1.43

MTMS (lg); MCI
MR=1.43

MTMS (lg); MCI
MR=1.50

MTMS(lg);HCl
MR=!.5O

MTMS (lg); MCI
MR=1.80

MTMS/TMOS 85:15 mix
(lg);MCI MR=1.80

MTMS/TMOS 85:15
mix(lg);HClMR=1.80

G e l

Procedure of
Preparation T,°C;

AW (w/w)c

T = 95±l°
McOMcvap: 0.500 g

T = 9 5 ± l °
McOMcvap: 0.550 g

T = 9 5 ± l °
McOMcvap: 0.500 g

T = 9 5 ± l °
McOM cvap: 0.550 g

T = 9 5 ± l °
McOMevap: 0.500 g

T = 9 5 + l °
McOII cvap: 0.525 g

T = 9 5 ± l °
McOMcvap: 0.525 g

T = 9 5 ± l °
McOII cvap: 0.525 g

T = 9 5 ± l °
MeOH cvap: 0.575 g

Relative Peak

CH3-O-Si=

CH3-Si=

0.33
0.30

0.29

0.15
0.22

0.33
0.24

0.12

0.15

0.10
0.05

0.30
0.36

0.29

Height a>b

H-O-Sis

CH3-Si =

1.12
1.04

1.08

1.59
1.38

1.09
1.27

1.66

1.54

0.97
1.35

0.91
0.99

0.88

Remarks

crack-free, undctached

crack-free, partly detached

crack-free, undctached
crack-free, partly detached

crack-frcc, partly detached

crack-frcc, partly detached

crack-frcc, partly detached

crack-frcc, undctached
crack-frcc, fully detached

cracked, undetached

Cracked, undctached

Sample

Code

001
002

006

007
008

011
012

016

018

019
020

039
040

037

"• Film average; b. CH3-Si= at 2974 cm-' (reference); CH3-O-Si= at 2844 cm"1; H-O-Si= at -3370 cm-';
c' Spin-cast: 4 min at 700 rpm

alkoxy groups per silane, whereas the remaining groups are

consumed in the condensation, the completion of which is

sterically hindered. For our purpose of developing of a

well-controlled process, facile casting, patterning and

crack-free drying are required; therefore, as a means of

slowing the cross-linking, we worked at MR close to 1.5.

Worth mentioning also is the fact that, for large (5 cm in

diameter) and thick (~1 cm) elements working at slightly

sub-stoichiometric MR was found to be advantageous for

crack elimination.
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Inaccessibility of tiny patterns in the template to the 4,3 Pattern replication

viscous resin may result in defective pattern replication. A

key factor in understanding and determining the replication

quality is the correlation between the pattern dimensions

and replication accuracy depicted schematically in Figure 2,

in which the change with radius of the ratio between

replicated curvature (xi) and that of its template (ri) is

denoted as the replication factor

5

100 10 0.1 0.01

(arbitrary units)

0.001

Accurate replication must be carried out in the flat

region of the curve shown where the replication factor

equals unity. It is quite clear that the smaller the template's

curvatures (e.g. < 1 jam) the further the flat range of the

curve has to be extended to the right. This can be attained

by either lowering the sol viscosity or by increasing the

gel/template adhesion.

Minimizing the weight loss, by pre^-casting removal of

volatiles, is the primary means to minimize the shrinkage.

This, however, increases the viscosity of the cast sol and

shifts the ^/ri curve to the left. Hence, accurate replication

requires a well-balanced combination of template surface

polarity, sol-gel viscosity, and patterning density.

SEM and AFM studies' ' gave images of the sol-gel

glass that show nanometer-scale smoothness.

and surface
morphology

Fig. 2: Variation of the replication
factor with template's curvature -
r, (schematic)
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Fig. 3: Sol-gel replication of
polyimide cylindrical lenslet array.
Lenslet nominal diameter: 90 /um.
a. Pristine template (negative);
b. Sol-gel replica (positive).

NSA (see experimental) was used to monitor the

replication accuracy images obtained in the present work.

Figure 3 shows typical NSA-generated surface profiles of a

polyimide negative array template (ji-cylindrical elements,

® = 5 - 50 urn) and a sol-gel replica (vacuum out-distilled

resin). It can be seen that the lenslets in the glass are smooth

and accurately replicated from the template, whereas the

polyimide template after the replication is identical, in

dimensions and appearance, to that before replication,

implying its suitability for multiple use.

(a)

(b)

+0.50000:

f +0.1250K

2 -025000!

o1 -0.62500!

-1.00000^

0.0000 0.0200 0.0400 0.0600 0.0800
Distance (mm)

Ra 0.302 um
Profile Stats

+ 1.00000 -,

-0.50000
0.0000 0.0200 0.0400 0.0600 0.0800

Distance (mm)

I PV 1.345 um I
rms 0.343 um

Ra 0.285 um I
Profile Stats I

For our templates, with ri in the range 5 - 5 0 um, the

replication factor was found to to be almost equal to unity.

This finding, in the commonly useful range for

micro-optical elements, shows the applicability of the

fast-sol-gel method for industrial fabrication of MOEs.
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The classical sol-gel routes to silica-made films(l> are

applicable to a thickness of up to 1 p.m. The early fast

sol-gel routes (5"8) enabled extension of the film thickness

range to approximately 100 um, already suitable for MOEs,

but still too fragile for convenient handling. In order to

make thicker elements, increased relaxation capability in

the gel is required to eliminate cracking. This requirement

was met by lowering the MR to 1.43 - 1.45 and elevating

the reaction temperature to 100°. The low MR impedes

cross-linking, thus facilitating relaxation. The increased

hydrolysis temperature enhances formation of dimers and

ladder segments, which further assists relaxation. The

vacuum out-distillation pre-casting volume-reduction

reduces the shrinkage upon curing, and its resultant stresses

and cracking. Using this procedure in a facile single-step

replication process we were able to prepare patterned

micro-optical arrays, up to 12 mm thick and 5 cm in

diameter.

The key parameter for a successful two-face replication is

the time at which the sol-gel resin, cast on a (bottom-face)

mold, can be embossed with a second (upper-face) mold. At

this time, the pre-cured resin must be soft enough to allow

replication, yet sufficiently dry to eliminate formation of

volatiles-derived bubbles in the MOEs. To determine the

embossing time, we studied the post-casting weight-loss

time-profile, as displayed in Figure 4.

These data indicate that embossing should be carried out

after 60 - 75 min curing at 65°, after the post-casting weight

loss is almost completed. Indeed, such embossing results

4.4 Development of the
fast-sol-gel route
enabling thick
element formation

4.5 Two-face replication
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Fig: 4: Post-casting weight loss-
time profile ofMTMS/TMOS
sol-gel derived glass at 65 °. All
samples were cast at 50% weight
loss relative to reactants.

Wt (%)

100

98

96

94

92

90

88

86

50 100 150 200 250

Curing Time (min)

300 350

in a successful two-face replicated crack-free sol-gel

MOEs, having thickness up to 12 mm, on templates made

of polymers. In Figure 5, the two-face sol-gel-replicated

Aeroflex micro-lenslet array (cf. Experimental) is shown,

with its backside reflected from the mirror.

Fig. 5: Sol-gel produced two-face
replica of the Aeroflex
micro-lenslet array, with its
backside reflected from the mirror.

4.6 Thermal chemical
and dimensional
stability

Typical TGA - DTA record of annealed MOEs is

displayed in Figure 6. Up to 250°, there is no significant
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819.53°C
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200 400 600
Temperature (°C)

800 1000

transition or weight loss, indicating stability of matrices

derived from vacuum-dried and thermally annealed sol-gel

resins. This stability reflects loss of reactivity due to the

lack of volatiles and the poor mobility of the residual

reactive groups in the matrix. Above 250° these reactive

groups undergo trans-esterification reactions , thus

forming additional chemical bonds and a stiffer,

easy-cracking matrix.

The substantial transition and weight loss at 450-500°

is due to the pyrolysis of the methyl-silane groups (CH3-Si)

into oxide and silicon-carbide moieties. It should be noted

that silicon-carbide formation from a MTMS-derived fully

cross-linked matrix is stoichiometric:

CH3-Si0,.5 -» CSi + 1.5 H2O

w(CSi)/w(CH3-Si0i.5) = 59.7%

(4)

Silica residue is formed in thin glass films, pyrolyzed in an

oxygen-rich atmosphere:

CH3-Si0i.5 + 2O2 -> SiO2 + CO2 + 1.5 H2O (5)

w(SiO2)/w(CH3-SiOi.5) = 89.6%

Fig. 6: TGA - DTA record (under
Ar) offast-sol-gel-derived glass
cured at 14'Of'
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The simultaneous occurrence of both processes is

indicated by the typical 80% residue observed at 1000° (see

Fig. 6).

Thermal expansion properties of the fast-sol-gel-

derived annealed glass are of great importance when

making replicas from the template. Because of the

differences in coefficients of thermal expansion (CTE)

between the glass replica and the template, glass cracking

might occur at this stage. We have found that around 65

for our glass linear CTE equals 160 10 K , whereas the

linear CTE of the relevant template materials is 70-77 10

V 1 for PMMA, 17 10'6 °K~' for copper and 6.5 10"6 0K"'

for tantalum. Reduction of the probability of cracking can

be accomplished by a better matching between the thermal

expansion properties of the metal-made templates and the

glass. This can be achieved by modification of the glass

constitution, via addition of DMDMS to the reactants. As

this procedure entails a change in the optimal MR for

replication and since cracking under our experimental

conditions was not so frequent, we have not yet resorted to

this means.

Hardness data of the fast-sol-gel-derived glasses are

presented in Table 2. The hardness depends very slightly on

the curing process and on the catalyst. Increasing the HC1

concentration results in an increased hardness, most

probably by accelerating the matrix cross-linking. A further

increase in hardness is obtained via boron-oxide

reinforcement of silicate glass. This effect is particularly

important for the preparation of delicate MOEs.

4.7 Hardness
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Sample
No.

299A

299B

262B

234C

B-25

Sol-Gel Procedure

Standard, curing 7d at 65°

Same as 299A + 2d at 140°

Same as 299A, using 1 M HF

instead of HC1 (5x10-3 M)

Same as 299A, using lxlO"2

MHC1 instead of 5xl0'3

Same as 299A + H3BO3

(lg/40gsilane)

Knoop
Hardness

5

<5

6

10

12

Refracti
veIndex

1.423

1.4205

1.421

1.420

1.420

standard procedure at 85% MTMS, 15%TMOS and MR= 1.5 and 100°.
ICl = 5xl0'3M

A typical UV-Vis-IR spectrum of the

fast-sol-gel-derived glass is displayed in Figure 7. The glass

is highly transparent in the UV-Vis range above 300 nm and

thus can be used for optical applications which require

transparency in this region. The glass is also clear in the

near IR and becomes absorbing only as from the methyl

peaks at 1120 nm. The indices of refraction (see Table 2) in

all glasses are similar, reflecting a similar chemical

constitution. The slightly higher indices in samples 262B

and 299A can be attributed to an excess of fluorine- and

oxygen-containing groups, respectively.

120
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X, nm

Table 2. Hardness and refractive
index offast-sol-gel derived
glasses

4.8 Transparency and
Refraction

Fig. 7: UV-Vis-IR spectrum of a
typical fast-sol-gel 2.88-mm-thick
glass
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4.9 Patterning analysis

Table 3: Replication factor data of
fast-sol-gel-derived MOEs(l4>'6}

Micro-patterning of the fast-sol-gel-derived MOEs

requires comprehensive surface morphology analysis to

monitor the replication accuracy that is related to the

replication factor mentioned earlier. The replication

accuracy was found to depend on two factors: shrinkage in

the x-y plane of the micro-optical array, and expansion in

the z direction, superimposed on that shrinkage. Typically, a

decrease in the width of the elements was observed,

whereas both a decrease and an increase in their height were

observed see Table 3.

Lenslet /Template
Specifications a

Shape and Material

Cylindrical/PI

Cylindrical / PI

Cylindrical / PI

Spherical / Tantalum

Width
(urn)

45.92

44.76

24.15

294.0

Height
(l-im)

1.32685

1.32713

2.24502

13.3849

Sol-Gel Replica Lenslet
Specifications

Width
(Urn)

43.06

42.98

23.97

294.0

Height
(|im)

1.30053

1.31157

2.28150

12.4115

x-y change (%)

-6.2

-4.0

-0.7

0

z change (%)

-2.0

-1.1

+ 1.6

-7.2

H All samples prepared via the standard sol-gel procedure.

4A0 Birefringence
Typical birefringence data are displayed in Figure 8.

The modulation of the signal with the rotation angle

indicates a very small birefringence -B, which, when

derived from the experimental results using eq. 6, is found

-4
to equal 1.6x10 .

B = AI/I° = (I(out)max - I(out)min)/1° (6)
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In expression (6), 1°, I(out)max and I(out)mjn denote the

incident light intensity, the maximum transmitted light

intensity and the minimum transmitted light intensity,

respectively.

The difference between the refraction indices along

axes that are parallel and perpendicular to the incident beam

- An, can be calculated from the above birefringence result,

since

1/2An = (B) X/2nd (7)

where X denotes the wavelength of the incident laser light,

632.8 nm; and d is the sample thickness, which was 2.56

mm. The An value derived upon substitution of 1.6X10"4 for

B and the values of the two other parameters is 0.52 10" ,

which indicates a fairly isotropic optical quality of the

sol-gel-derived glass.

SolGei birefringence
1.6

1.4

£1.2

I'

.22 OA
1 |

0.2

•• •
*

•

•
•••

«

• . /

•
•

•

•
•

Fig. 8: Birefringence data of
fast-sol-gel-derived glass (sample
276: standard procedure, cured 7d
at 6? and 2d at 1401'.

50 100 150 200 250

Angle (degrees)
300 350

The porosity of the fast-sol-gel glasses was determined 4.11 Porosity

at DSG, where it was derived from density measurements.

In Table 4, are presented only typical results based on these

measurements which, in general, were in quite good

agreement with those derived from TDDS studies.
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Table 4: Porosity data of selected
fast-sol-gel derived glass samples.

Sample
No.

299A

299B

262B

234C

B-25

Sol-gel procedure

Standard, curing 7d at 65°

Same as 299 A + 2d at 140°

Same as 299A, using 1 M HF
instead of HC1 (5x10"3M)

Same as 299A, using lxlO"2 M
HC1 instead of 5xl0"3

Same as 299A + H3BO3

(1 g per40 g silane)

Density
(g/cm3)

1.315

1.314

1.325

1.366

1.315

Wt. Loss
(%)

21.08

19.37

17.99

14.55

19.50

Porosity
(%)

27.6

28.7

28.9

28.9

28.6

(to avoid ea

Remarks

MR= 1.60

-"-
a

i t

MR= 1.19

rly gelation)

4. \2 Dielectric relaxation
processes

The measured porosity in all the glass samples falls

within a narrow range of 28-29%. This can be attributed to

the fact that a similar procedure was employed in the

preparation of all these samples: preparation at 100° and

casting at 50% wt (relative to the reactants). This finding

lends support to the assumption that under the fast sol-gel

conditions the catalyst, its concentration and additives have

only negligible effects on the porosity.

The relaxation processes in the fast-sol-gel made glass

matrices were investigated by TDDS, as described in the

experimental section; a typical 3-D plot of the results is

presented in Figure 9. The variation of the permittivity with

temperature and frequency shows a rather complicated

pattern, which has been found to be common to all our

sol-gel glass samples.

The complex dielectric behavior of the sol-gel glasses

can be described in terms of three distinct relaxation

processes (see Fig. 9) At the low temperature wing the

strong relaxation process (1) can be observed. It can be

IAEC - Annual Report 1998
36



IAEC - Fast-Sol-Gel Synthesis and Characterization of Glasses for Micro-Optics

attributed to the molecular motion of the H+ (and the Cl"

counter ions) anchored on the methoxy residual groups in

the matrix. The second process (2) is due to the percolation

of the charge carriers within the developed fractal structure

of connected pores. The third relaxation process (3), which

occurs at temperatures above 50°, can be ascribed to the

dielectric relaxation brought about by segment motion,

which can be associated with the slow bending motion of

polymer chains forming an entangled three-dimensional

network.

-100
100

Temperature [°O]

200

The studies of the fast-sol-gel process at Soreq NRC,

focusing on aspects of replication of micro-optical elements

and arrays in sol-gel-derived glass, have led to the

following:

# Identification of the controlled modification and quantitative
analysis of the support surface oxygen-con tent as the primary
means for prompt self-timing of the glass-support detachment.
That is, chemical tuning of the time, in the course of the process
of curing, at which the contraction of the sol-gel matrix
overcomes the forces of its adherence to the support.

Fig. 9: 3-D plots of the frequency
and temperature dependence of the
dielectric losses for the
fast-sol-gel-derived matrices, at
100".

5. Conclusions
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# Identification of the need for specifically tailored sol-gel
chemical constitution, degree of polymerization, and alcohol
out-distillation as the primary means to ensure the mechanical
and stability features of the glass.

# Based on the above findings, a facile single-step replication
process of micro-optical arrays was developed. Self-supporting
sol-gel-derived glass patterned elements with thickness up to 12
mm and a diameter up to 5 cm were thus prepared for various
experiments and applications.
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A method for on-line monitoring of bonding procedures

has been developed. It enables monitoring of the evolving

bonding process and its termination when the bond has been

established. The bonding parameters are determined by

analyzing the amplitude ratio and attenuation of acoustic

waves transmitted through a pair of cylindrical specimens,

held in a furnace one on top of the other and pressed

together. Computer-assisted data analysis is carried out

during the process.

The method has been employed and its applicability

verified in monitoring the progress of adhesion during the

course of bonding of aluminum and copper specimens using

silver as a bonding interlayer.

Many commercial bonding procedures are used for

industrial purposes. The choice of the most appropriate

procedure for given materials requires knowledge of their

relevant physical and chemical properties as well as

acquaintance with the bonding process parameters which

must be taken into account in order to obtain the desired

bonding. Bonding procedures in which melting of either the

base metal or of the filling metal occurs, are the most

common metallurgical bonding procedures^1" . A bonding

process that has recently gained popularity utilizes diffusion

bonding (1>2'4'5)
5 which takes place when both elevated

temperature and pressure are applied to the interface

between two solid samples, thus stimulating atom migration

from one bonded specimen to the other(l>2) until a

permanent bond is established(4'5). This method is

particularly useful in applications in which exposure to the

heat evolved during welding has to be avoided because of

/. Abstract

Method and
Application of

Ultrasonic
On-Line

Monitoring of
Low-Tempera-
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Bonding

G. Kohn, Y. Greenberg,
Y. Feuerlicht and
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2. Introduction
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the heat sensitivity of the materials which have to be

bonded.

In addition to temperature and pressure, the bonding

depends on other parameters such as surface roughness,

surface contamination, and the composition of the

interlayer(6). Therefore, it is rather difficult to know the

exact time required to complete the bonding process

without resorting first to trial and error experiments in

which all of the process parameters are optimized(7).

Furthermore a major disadvantage of the diffusion bonding

procedure is its relatively long duration, due to the slow rate

of diffusion. In some cases the time required to achieve

good bonding can be reduced by using an interlayer applied

as a thin film between the bonded specimens*7"10'.

A critical disadvantage of the procedure, as performed

today is the lack of a clear indicator of the onset and the end

of the bonding process. As a result, the bonded specimens

are usually exposed to elevated temperature and pressure

conditions much longer than required, resulting in excessive

deformation of the structure. In the present study an attempt

was made to solve this problem by developing an on-line

monitoring method that provides real-time information on

the progress of the evolving bonding process and thus

enables its termination when the bond has been established.

The method determines the bonding parameters by

analyzing the amplitude ratio and attenuation of acoustic

waves. It is based on ultrasonic sound waves transmitted

through a pair of cylindrical specimens attached one on top

of the other. The specimens are held in a furnace and

pressed against each other. Data analysis is done by a
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computer during the bonding process.

3. Experimental
The specimens used in this study were commercial nmcedures

copper and 6061-T6 aluminum cylinders, 10 or 20mm in

diameter. The flat surfaces of both cylinders were polished 3.1 Sample preparation

using a polishing cloth with a 3-micron diamond polishing

compound. Each sample was made of two cylinders, which

were bonded one on top of the other. To prevent

overlapping of the reflected ultrasonic echoes, cylinders of

different lengths were used. Mechanical tests were

performed on bonded samples, 10mm in diameter and

18mm in length. In order to achieve bonding at a

temperature as low as possible the cylinders were coated

with a thin layer (few microns) of silver, an inert metal that

does not oxidize easily. Silver coating of copper cylinders

was done using a commercial electrolytic coating

procedure, and that of aluminum cylinders with a vacuum

deposition sputtering system. The coated specimens were

kept in a protected atmosphere chamber during storage to

avoid contamination of their surface.

Just before being mounted into the bonding fixture, the

specimens were cleaned with a 1:1 mixture of HC1 (32%)

and water. Following etching, the specimens were rinsed in

water, alcohol and finally dried with argon gas.

The diffusion bonding system as (shown schematically

in Figure 1) consists of the following components: a 20-ton

press which is used to apply the pressure, a heater, an

ultrasonic transducer and a sound velocity measurement

system. The transducer was used in the pulse-echo mode to

transmit and receive ultrasonic waves to and from the

3.2 The bonding system
and process
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bonding specimens (see below).

Fig. 1: Schematic drawing of the
bonded specimens mounted in the
bonding fixture.

unlaxlal
load

heating
furnace"

unlaxlal |
load

specimen no. 2

specimen no. 1

stainless steel
ave guide

ultrasonic transducer

The etched specimens were mounted into the bonding

fixture (Figure 1). Three K-type thermocouples were placed

in the vicinity of the bonding interface. In order to keep the

ultrasonic transducer as far as possible from the furnace, the

two specimens were placed on top of a stainless steel wave

guide. The bonding fixture was inserted into a PID

controlled heating furnace. By applying a uniaxial load, the

specimens were pre-stressed to approximately IMPa.

The samples were then heated at a constant rate up to

the pre-set temperature and maintained at that temperature

for a pre-set time, after which the furnace was turned off

and the sample allowed to cool to room temperature.

Temperature and pressure were recorded at 5 min

intervals and the recorded data were fed into a PC. The

increase in the sample's temperature was accompanied by

an increase in the pressure exerted on it due to thermal

expansion. Throughout the duration of the bonding process,

the stress in the sample was lower than the room

temperature micro-yield stress of the bonded materials,

whether aluminum or copper. A typical chart of the
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temperature and pressure applied to the specimens during

the bonding process is shown in Figure 2.
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Throughout the entire bonding process, ultrasonic

sound waves were sent through the wave-guide to the

specimens. These longitudinal sound waves were generated

by an ultrasonic piezo-electric transducer, which was glued

to the bottom of the stainless steel wave-guide (Figure 1).

The 5MHz transducer had a diameter of 0.5" and was

operated in the pulse-echo mode(11) . Both the generated

ultrasonic sound waves and their reflections were displayed

on a digital oscilloscope in the A-scan mode(12) and the data

were stored in a PC.

The ultrasonic method of monitoring the bonding

progress is based on the effect of the changes in the

properties of the interface on the reflected and transmitted

waves. Thus, at the beginning of the process, before a bond

is established between the specimens, the interface between

them forms a discontinuous zone. As a result of this

discontinuity, an acoustic wave generated on the free face

Fig. 2: A temperature and pressure
vs. time plot recorded during the
bonding process.

3.3 Ultrasonic process
monitoring
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(opposite the one attached to the other specimen) and

transmitted through the specimen is reflected at the

interface between the specimens. As the bonding process

progresses, the discontinuity at the interface between the

specimens disappears and becomes penetrable to the

acoustic wave, which can then pass through the interface

and is reflected from the far end of the second specimen.

When the bonding is completed, the interface between the

two specimens vanishes and the acoustic wave is reflected

only from the far end of the second specimen. Figure 3

illustrates this ultrasonic monitoring principle.

u.s. transducer

Fig. 3 : A sequence of ultrasonic
reflections taken at various stages
of the bonding process
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The first ultrasonic echo (0-1 fis) is reflected from the

interface between the wave-guide and specimen No. 1

(Figure 1). Since the wave-guide and specimen No. 1 are

not bonded, the amplitude of this echo remains fairly

constant during the bonding process. In Figure 3a, an echo

can be observed between 3 and 4us on the time base. This

echo is a reflection from the interface between the bonded

specimens at the onset of the process. As the process

progresses (Figure 3b), the amplitude of this echo decreases

and another echo, which is a reflection from the back end of

the specimen No. 2, appears at 4.5-5jiS and it increases until

it reaches its maximum amplitude upon completion of the

bonding process (Figure 3c). Then all the recorded

ultrasonic sound waves were displayed using an M-mode

display method(13), which actually is a sequence of

ultrasonic recorded signals taken at a few minutes intervals

using the A-scan display method.

The bonded samples were characterized using a second

non-destructive ultrasonic method and destructive testing

method (metallography and tension tests). Off-line,

post-bonding C-scan was used for mapping bonding defects

and misalignment of the system. These ultrasonic mapping

measurements were performed using a 3 mm diameter,

20MHz transducer. The scan, comprising 49 ultrasonic

measurements in a 7x7 matrix-like form, was performed

through one face of the bonded specimens. Bond quality is

reflected in the ratio between the amplitude of the sound

wave reflected from the far end of the second specimen and

that of the sound wave reflected from the bonding interface.

The higher the ratio between these reflections at a particular

site, the better is the strength of bonding there. For each site

.4 Bond quality
evaluation
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the ratios, obtained from the computer analysis of the

reflections were assigned a color corresponding to the

bonding strength thereby creating a map describing the

bond strength distribution in the sample.

In addition, tensile strength experiments were carried

out for which subsize specimens were machined to approx.

8-mm diameter to create a 10-mm-long gauge at the

bonding interface. The tensile tests were performed at a

displacement rate of 0.2 mm/min.

4. Results and
discussion Our concern was mainly with the development of the

monitoring method and the establishment of its utility.

Therefore, the results reported here are mainly those that are

relevant to this aspect, rather than to the development of the

bonding process, which is the subject of an ongoing

research effort. It is within the context of this objective of

this study that the significance of experiments in which

failures and defects were detected should be emphasized.

The plot of temperature and pressure vs. time is

presented in Figure 2, which depicts the P - T profile of

copper specimens bonded at 250°. In this experiment the

heating rate was 60°/h and the dwell time was 8h. Following

this stage the furnace was turned off and the sample was

cooled to room temperature.

An M-mode display of all the ultrasonic reflections

taken during the bonding process is shown in Figure 4, in

which only the positive amplitudes of the waves were

plotted. The first peak is a reflection from the interface

between the wave-guide and specimen No. 1; the amplitude

of this peak remains constant during the process. As
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Amplitude [V]

No. of echo

Time base
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Fig. 4a: M-mode display of all the
ultrasonic reflections taken during
a bonding process.

29 » 4* 55

No. of sampling

indicated by the second reflection of waves 1 to 10 in

Figure 4, at the beginning of the process between specimen

No. 1 and specimen No. 2 the interface behaves like a

discontinuous region which interferes with the ultrasound

wave transport. After approximately 150 min, the amplitude

of the second reflection decreases while the third reflection

(from the back end of specimen No. 2) appears. The third

reflection reaches its maximum amplitude at about the 20-

echo and from then on its amplitude remains constant until

the end of the process (echo No. 70). Figure 4 shows that

Fig. 4b: A top view of the M-mode
display of all the ultrasonic
reflections shown in Figure 4a.
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the reflection from the back end of specimen No. 2 appears

after 150 minutes. Since the heating rate in this experiment

was 60°/h starting at room temperature, one may infer that

the bonding process started at approx. 170°. During the 8h-

dwell time at 250°, no significant change was observed in

the amplitude of the acoustic wave reflected from the back

of specimen No. 2.

" ¥ •

Fig. 5a: A cross section of a
sound bond.

Fig. 5b: A cross section of an
area containing bonding
irregularities
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be observed while in Figure 5b a cross section of an area

containing bonding irregularities.

Based on the information obtained in the 250°

experiment, which indicated that diffusion bonding started

at 170°, a second experiment was carried out at this

temperature, with a 2h-dwell time. At the end of the

bonding process the sample was scanned with an ultrasonic

transducer; the result of this scanning is shown in Figure 6a,

Specimen's Contour

3 4 5 6
Longitudinal Coordinate

Fig. 6a: A map displaying the
bonding quality of diffusion
bonded aluminum specimens. The
darker colors on the upper right
side correspond with weaker sound
reflections from the bonded
interface, indicating a good bond.

Fig. 6b: A macrograph of the
bonded area after separation. The
darker area on the upper right side
indicates better bonding between
the specimens.

in which the specimen's contour is marked as a circle on the

map. The differences in the shades of gray indicates

different bond quality for the various test areas; the darker

the square, the better the bond quality. Figure 6b, a
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macrograph of the bonded area after separation, shows that

on the left-hand side of the sample (light shade parts of

Figures 6a and 6b) the bonding was quite poor, whereas

good bonding was achieved on the right-hand side of the

sample (darker parts of Figures 6a and 6b). The defective

bonding was attributed to poor alignment of the two

specimens, an assumption that was confirmed subsequently

in experiments in which the specimens were carefully

aligned, led to a marked improvement in bond quality and

symmetry.

To demonstrate the importance of the silver coating,

two uncoated copper specimens were mounted in the

bonding fixture. The specimens were heated to 250° at a

heating rate of 60°/h, and the dwell time was 8 h. At the end

of the process the specimens were not bonded, as

indicated by the M-mode display of the ultrasonic

reflections recorded during the process and shown in Figure

7. Two clear reflections can be observed: The first one

(~lj_is on the time-base axis) is the reflection from the

interface between the wave guide and specimen No. 1; the

second reflection (~4|j.s on the time-base axis) is the

reflection from the interface between the specimens. The

amplitude of the second reflection remained fairly constant

during the process, showing that the interface between the

specimens behaved like a discontinuity throughout the

entire process, which indicates that bonding did not take

place.
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X10

Fig. 7: M-mode display of all the
ultrasonic reflections taken during
a failed bonding process

The fracture stress was evaluated by dividing the

fracture load by the measured bonded area. The results of

all the tensile tests are presented in Table 1.
Table 1: Summary offructure
testing experiments

Experiment

Coating Method

Fracture Load [kg]

Fracture Stress [MPa]

Bonding Temp. [°C]

Max. Bonding Load [atm.]

Cu-6

electroplating

146

113-118

260

165

Cu-10

electroplating

275

118-121

300

165

Cu-13 '

electroplating

85

41-44

300

165

Cu-16

electroplating

25

16-17

300

200

Al-24

sputtering

37

15

300

140

A typical example of the experiments carried out is the

experiment denoted as Cu-6. The two silver-coated copper

specimens were in this case preloaded with a pressure of 73

MPa and bonded at a temperature of 250°. Due to thermal

expansion the maximum pressure applied to the specimens

during the process was 165Mpa.
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The bonded specimens were machined, tensile tested,

and broken at a load of 146kg. A typical load vs.

displacement graph is shown in Figure 8. A typical

macrograph of the fracture surface is shown in Figure 9, in

which the light area corresponds to the bonded area that

separated during tensile testing. The dark area is the area

which was not bonded during the bonding process.

Fig. 8: Load vs. displacement
graph recorded during tensile test
of specimen Cu-6.

160

140

120

100

na
W 80

T5

q v
10

20

0.5 1.0 1.5

Displacement [mm]

Cu-6

Fig. 9 : A macrograph of the
fracture surface of specimen Cu-6.

The aluminum specimen, Al-24 failed due to

separation of the sputtered silver layer from the aluminum

base metal, whereas all the copper-electroplated specimens
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failed at the interlayer between the bonded specimens. In all

copper specimens the silver layers remained on the

specimens, that is, they did not peel off the base metal.

The yield strengths of aluminum(I2), copper(14) and

silver'l5) are 200, 220 and 125 MPa, respectively. Hence it

appears that the best joint strength, i.e., fracture strength,

obtained by us approaches the strength of the coating

material.

In conclusion, based on the results reported here and

other data, we believe that diffusion bonding can be

successfully monitored on-line using the ultrasound method

described here.
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1. Abstract

The impact of neutron irradiation on the internal

microstructure, mechanical properties and fracture

morphology of cold-worked Al-1050 and Al-6063 alloys

was studied, using scanning and transmission electron

microscopy, and tensile measurements. Specimens

consisting of 50 mm long and 6 mm wide gauge sections,

were punched out from Al-1050 and Al-6063 23%

cold-worked tubes. They were exposed to prolonged

neutron irradiation of up to 4.5x1025 and 8xlO25 thermal

neutrons/m2 (E < 0.625 eV) for Al-6063 and Al-1050,

respectively, at temperatures between 41 and 52°. The

tensile specimens were then tensioned until fracture in a

hydraulic tension machine at a strain rate of 2xlO"3 s"1. In

general, the uniform and total elongation, the yield stress,

and the ultimate tensile strength increase as functions of

fluence. However, for Al-1050 a decrease in the ultimate

tensile strength and yield stress was observed up to a

fluence of lxlO25 thermal neutrons/m2 which then increase

with thermal neutrons fluence. Metallographic examination

and fractography for Al-6063 revealed a decrease in the

local area reduction of the final fracture necking. This

reduction is accompanied by a morphology transition from

ductile transgranular shear rupture to a combination of

transgranular shear with intergranular dimpled rupture. The

intergranular rupture area increases with fluence. In

contrast, for Al-1050, fracture morphology remains ductile

transgranular shear rupture and the final local area reduction

remains almost constant No voids could be observed in

either alloy up to the maximum fluence. The dislocation

density of cold-worked Al was found to decrease with the

thermal neutron fluence.
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Prolonged annealing of unirradiated cold-worked

Al-6063 at 52° led to similar results. Thus, it appears that,

under our irradiation conditions, whereby the temperature

encompassing the samples increases the exposure to this

thermal field is the major factor influencing the mechanical

properties and microstructure of aluminum alloys.

2. Introduction
Aluminum alloys exhibit good corrosion resistance as

well as very low capture cross-section of fast and thermal

neutrons, and hence are used extensively as structural

materials in the nuclear industry. In the past, the choice of a

particular alloy was based on the properties of the

unirradiated material(l). Structural materials in the reactor

core are exposed to large fluxes of fast and thermal

neutrons, resulting in microstructural changes. Thus,

changes in mechanical properties take place during service.

Numerous studies have been conducted concerning the

irradiation impact on aluminum alloy properties'1"19'.

Irradiation usually induces degradation in mechanical

properties (particularly increase of ultimate tensile strength

and reduction of elongation), and swelling. On the other

hand, irradiation of cold-worked Al-1050 results in its

annealing, and consequently the ultimate tensile strength

and elongation increase with the neutron fluence(17). Some

studies indicate that annealing of cold-worked Al-1100(15)

and Al-6061<!^ may occur during irradiation. However, the

impact of irradiation of cold-worked aluminum alloys on

the mechanical properties is not well established, especially

for alloys containing Mg, which undergo precipitation

hardening. The present work was aimed at investigating the

post-irradiation properties of cold-worked Al-6063 and

Al-1050.
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3. Experimental
Al-6063 and Al-1050 23% cold-worked parts were

exposed to prolonged irradiation of neutron fluences of up

to 4.5xlO25 and 8xlO25 thermal neutrons/m2 (E < 0.625 eV),

respectively at a temperature range of 41 to 52°. For

mechanical examination, tensile specimens consisting of 50

mm long and 6 mm wide gauge sections were punched out

from the parts. In the case of Al-1050, specimens annealed

for 5h at 500° were also checked. According to our past

experience regarding transmission electron microscopy

(TEM) of punched samples, punching never introduces any

significant work hardening. Following this step, the samples

were strained in a hydraulic tension machine at a rate of

2xlO"3 s"1 until fracture was detected. Fractured surfaces

were examined with a scanning electron microscope (SEM).

Parts of the aluminum were thinned for TEM. First thinning

to about 150 um was performed chemically with a 1M

aqueous solution of NaOH. Then, discs of 3 mm diameter

were punched out of the specimen and further thinned by

electropolishing at 20-30 V using 20% perchloric acid in

methanol at -20°.

Structural materials in a reactor core are influenced not

only by the fast and thermal neutron interaction, but

undergo a prolonged low temperature annealing. In order to

examine the effect of low-temperature annealing, a set of

Al-6063 23% cold-worked samples were annealed at 52° for

over 2.5 years. These samples were examined in the same

way as the irradiated ones.
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4. Results
Irradiation of cold-worked Al-1050 and Al-6063

caused changes in their mechanical properties, the nature 4 \ Mechanical properties

and extent of which depended on the thermal neutron of irradiated aluminum

fluence, as seen in Tables 1-3. Typical stress/strain curves

of unirradiated, as well as irradiated Al-1050 and Al-6063

for different neutron fluences are presented in Figures 1 and

2, respectively. Differences exist between the two types of

aluminum. For Al-1050 the ultimate tensile strength (CTUTS)

changed with irradiation (Table 1 and Figure 1); first it

dropped below the unirradiated value to a minimum value

of 95 MPa for fluences of less than lO23 thermal

neutrons/m2; then it rose with continued irradiation. At

5xlO23 thermal neutrons/m2, GUTS increases above the

unirradiated value (123 MPa) to 133 MPa. The tensile

strength increased further until it reached its ultimate value

of 142 MPa at the maximum fluence exercised, 8xlO25

thermal neutrons/m2. The uniform elongation as well as the

total elongation increased with increasing fluences for all

zones (i.e., the uniform elongation increased from 2.7% for

unirradiated samples to 15.1% for the maximum fluence).

Many of the samples fractured outside the extensiometer.

Therefore, the uncertainty in the total elongation is quite

large. To gain a better understanding of the impact of

irradiation on the mechanical properties, we also checked

the mechanical properties of Al-1050 annealed for 4 h at

400 and 500° after irradiation (see Table 1).

The impact of irradiation on the mechanical properties

of Al-6063 is somewhat different. As seen from Figure 2

and Table 2, the uniform elongation, the yield strength-ay

and the ultimate tensile strength-cruTS of cold-worked
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Table 1: Mechanical properties of
cold-worked Al-1050 as a function
of the thermal neutron fluence,
compared with the cold-worked
tubes and tubes annealed at
different temperatures for 4 h.

Al-6063 increased with neutron fluence, whereas the final

area reduction of the fracture decreased with this fluence.

Generally, the total elongation was almost unchanged, with

only a slight tendency for increase with the neutron fluence.

Conditions

Unirradiated
and
annealed for
4h

Irradiated

[1025n/m2]

As received

400°C

500°C

<1

3

5

8

Stress

aY

[MPa]

117

43

43

83

102

120

120

OUTS

[MPa]

140

72

71

95

106

133

142

Elongation

Uniform

[%]

2.7

32.0

40.1

4.0

10.1

8.0

15.1

total

[%]

4.0

36.0

43.5

4.8

12.0

11.8

16.0

Fig. 1: Stress-strain curves of
unirradiated and unirradiated and
annealed for 4 h at 500° C of
Al-1050 samples and of samples
irradiated to different thermal
neutron fluences.

160

120

:E
S

S 80

40

n.

-

• i 1

• 4 hours a
- • - IxlO25 i
- • - 3x102i i
—A— unirradia
—*— 5xlO25 i
— 1 _ 8x10" i

1

500°C
Im]
/in"
ed
/in2

/nr

i 1
10 20 30 40

ELONGATION [%]
50

IAEC - Annual Report 1998
62



IAEC - Mechanical Properties and Microstructure of Neutron Irradiated Cold-worked
Al-1050 and Al-6063 Alloys

Fluence

[1024n»m-21

0.0

1.5

4.7

8.8

11.5

14.9

19.0

21.5

33.5

45

Stress

aY

[MPa]

189

222

222

234

224

240

235

236

235

255

CfUTS

[MPa]

239

291

282

289

277

301

294

267

309

314

Elongation

Uniform

[%]

7.9

9.6

11.2

10.6

9.7

12.3

11.3

10.5

10.0

10.0

total
[%]

11.5

11.0

13.5

13.4

11.2

13.5

14.1

12.8

12.5

12.5

Final area
reduction

[%]

73

50

45

47

45

43

35

32

30

25

Table 2: Mechanical properties of
cold-worked Al-6063 as a function
of the thermal neutron fluence

(a) 400-i

As received
21.5xl024n/m2

.5xl024n/m2
CO

(b)

4 8 12
ELONGATION [%]

400

4 8 12
ELONGATION [%]

16

Fig. 2. Stress-strain curves of
Al-6063 samples as function of
thermal neutron fluences (a) and
annealing time (b).
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Table 3: Mechanical properties of
cold-worked Al-6063 as a function
of aging duration at 52".

Aging
duration
[months]

0

1

2

6

8

13

15

18

22

24

27

30

Stress

CTY

[MPa]

189

189

202

222

229

234

228

245

242

243

247

245

CUTS

[MPa]

238

240

258

282

289

293

287

304

300

301

306

302

Elongation

Uniform
[%]

7.9

9.8

10.6

11.1

11.1

11.1

11.9

11.8

10.8

11.0

11.1

10.9

Total
L_J%L™

11.9

13.2

13.2

12.8

12.9

12.85

14.2

12.5

12.5

12.2

12.7

11.3

Final area
reduction

[%]

73

72

73

50

51

45

42

37

37

35

30

27

4.2 Fractography

Fig. 3: Secondary electron images
illustrating the fracture
morphology of 23% cold-worked
Al-1050 specimens before
irradiation (a-b), and after
irradiation to 8X102' thermal
neutrons/m'(c-d).

The mechanical properties of unirradiated samples

which were subjected to a 2.5-year annealing at 52° showed

similar changes in mechanical properties as occurred during

irradiation, (see Table 3 and Figure 2b).
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The impact of irradiation on the fracture morphology of

the fractured Al-1050 specimens irradiated up to 8xlO25

thermal neutrons/m2 is illustrated in Figure 3. The fracture

surfaces for unirradiated as well as for irradiated Al-1050

exhibited a transgranular dimpled shear rupture

microstructure (ductile fracture) independent of the fluence

(ct. Figure 3b and Figure 3d). The final area reduction of

the fracture was not affected by irradiation, and its values

remained above 90%.

The impact of irradiation on the fracture morphology of

Al-6063 specimens irradiated up to 4.5xlO25 thermal

neutrons/m2 is illustrated in Figure 4. Two major changes

occurred: reduction of the final area fracture, and fracture

Fig. 4: Secondary electron images
illustrating the fracture
morphology of 23% cold-worked
Al 6063 irradiated to different
thermal neutron fluences.
(a) unirradiated sample.
(b) irradiated to lxl025 thermal
neutrons/m2. (c) irradiated to
2.5X102' thermal neutrons/m2

(d) irradiated to 4.5xl(fs thermal
neutrons/m .

morphology. There was an increase in the final fracture

thickness (i.e., decrease of the area reduction of the final

rupture) with increasing thermal neutron fluence. For

example, the final area reduction for unirradiated samples

was approximately 80%. Irradiation to fluences of 1 .OxlO23
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and 2.7xlO23 thermal neutrons/m2 led the local area

reduction to 42% and 32%, respectively. A picture at a

higher magnification (Figure 4) presents an even better

view of the irradiation impact on the fracture morphology.

The fracture of the unirradiated samples exhibits a

transgranular dimpled shear rupture microstructure (Figure

4a), characteristic of a ductile fracture. After irradiation, the

fracture morphology changed to a mixture of transgranular

dimpled shear rupture and intergranular dimpled rupture,

the latter appearing as large facets. The fraction of the

intergranular rupture areas increased with the thermal

neutron fluence. Similar behavior of fracture morphology

was observed for prolonged annealing at 52°' as illustrated

in Figure 5. Larger magnification of the facets observed in

both cases reveals the dimpled structure seen in Figure 6.

The dimple size is one order of magnitude smaller than the

one revealed in the shear transgranular rupture.

Fig. 5: Secondary electron images
illustrating the fracture
morphology of 23% cold-worked
Al 6063 annealed for different
durations, (a) before annealing
(b) annealed for 6 months.
(c) annealed for 15 months.
(d) annealed for 30 months.
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* *

~p

a

Irradiation of cold-worked Al-1050 causes two main

microstructural changes, which are revealed under proper

Bragg diffraction conditions:

(i) A decrease in dislocation density with thermal neutron
fluence, as illustrated in Figure 7. The microstructure of
the unirradiated specimens exhibits tangled dislocations
and no individual dislocation can be distinguished
(Figures 7a and 7b). After irradiation, the dislocation
density decreases with thethermal neutron fluence and
individual dislocations can be observed (Figures 7e
and 7f). In addition, irradiation induces dislocation

Fig. 6: Secondary electron images
illustrating the faceted nature of
fracture at two magnifications for
cold-worked Al 6063 irradiated to
2.5xlO2:' thermal neutrons/m2.

4.3 Irradiation impact on
the internal
microstructure

4.3.1 Internal
microstructure of

Al-1050
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rearrangement in sub-grains. The average sub-grain
boundary decreases due to irradiation from 1.5 jim for
the unirradiated Al-1050, to 0.5 jam for the irradiated
materials under the maximum thermal fluence.

500 nm

,«r*

j ' 500 n«.

Fig. 7: Transmission electron
images of 23% cold-worked
Al-1050 illustrating the dislocation
structure as a function of
irradiation, (a-b) unirradiated
samples, (c-d) irradiated to
l.^xlO23 thermal neutrons/m2. (e-f)
irradiated to 2.7x1025 thermal
neutrons/m2.

,500 rom

500* nn
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ii) Irradiation-induced Si precipitation, as illustrated in
Figure 8. Due to the (n,y) interaction followed by a p
decay, an Al atom transforms into Si. Silicon, however,
is immiscible in the Al lattice at the irradiation
temperature, and therefore precipitates as pure Si. The
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average precipitate size, average distance between
precipitates and precipitate density for the different
fluences are summarized in Table 4. Up to the maximum
thermal neutron fluence exercised, voids formation was
not observed.

a
C 4

Fig. 8: Transmission electron
images of 23% cold-worked
Al-1050 irradiated to different
fluences demonstrating the Si
particle distribution, (a to d)
1x1025,2X1025, 5x1025 and 8x1025

thermal neutrons/m2, respectively.

Fluence
[1025/m25]

1

2

3

5

8

Density, C
[particles/nT5]

1.25xlO19

7.90xl019

8.90xl019

25.40xl019

Particle size,
d [nm]

34

34

37

41

Inter-particle
distance, x [nm]

230

90

80

76

Similarly to the case of Al-1050, irradiation of

cold-worked Al-6063 induces microstructural changes, as

illustrated in the TEM in Figure 9. A decrease occurred in

dislocation density with thermal neutron fluence. The

microstructure of the unirradiated specimens (Figure 9a)

shows tangled dislocations, and no individual dislocation

can be distinguished. After irradiation, the dislocation

Table 4: Average particle size,
average distance between Si
particles and particle density in
cold-worked Al-1050 for different
thermal neutron fluences.

4.3.2 Internal
microstructure of
Al-6063
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Fig. 9: Transmission electron
images of 23% cold-worked
A16063. (a) annealed to 500"Cfor
4 hrs. (b) 23% cold-worked
unirradiated samples.
(c) irradiated to 2.0x1023 thermal
neutrons/m2. d) irradiated to
4.5xlO2> thermal neutrons/m2.

density decreased (Figures 9c to 9d), and individual

dislocations could be resolved. In addition, as suggested by

the observed increase in material strength, precipitation of

Mg2Si probably increases with irradiation fluence.

However, no individual precipitates were observed.

Irradiation also induces the formation of Precipitation Free

Zones (PFZ) along both sides of the grain boundaries, as

demonstrated in Figure 10. No voids were observed up to

the maximum thermal neutron fluence exercised.
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&<**

Fig. 10: Transmission electron
image illustrating the onset ofPFZ
formation at grain boundaries
23% cold-worked A/6063
irradiated to 4.5x102* thermal
neutrons

5. Discussion
Al-1050, which is considered a commercially pure

aluminum, in fact contains 0.5 wt.% of additional elements

(Fe and Si are the major impurities) whereas Al-6063,

which is considered as an alloy contains approximately 0.4,

0.5 and 0.2 wt.% of Fe, Mg and Si, respectively. Therefore,

Al-6063 undergoes aging whereas Al-1050 does not. This

difference in behavior influences the mechanical

propertiesand the internal microstructure of the two alloys.

For example, the fracture morphology of irradiated Al-1050

remains transgranular dimpled, whereas in a contrast,

irradiation of Al-6063 causes a change from a transgranular

dimpled structure to a mixed transgranular-dimpled and

intergranular-dimpled structure.
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5. / The impact of neutron
irradiation on

mechanical properties

Under our irradiation conditions, neutron irradiation of

cold-worked Al-6063 resulted in an increase in yield stress,

as well as an increase in ultimate tensile strength and

elongation. The same behavior was observed after

irradiation of cold-worked Al-1050 (l7). Generally, neutron

irradiation induces changes in precipitation, dislocation

density, and void formation, all of which contribute to the

strengthening of the irradiated material. In our studies, no

voids could be observed up to the maximum thermal

neutron fluence to which both Al types were exposed.

Rather, irradiation caused a decrease in the dislocation

density, indicating partial Al recovery, which increases

elongation and decreases the ultimate tensile strength.

The impact of annealing on the ultimate tensile strength

(CUTS) after irradiation is more pronounced in Al-1050.

First, the CJUTS drops below the unirradiated value (123

MPa) to 95 MPa for a fluence of lxlO25 thermal

neutron/m2; then it rises with irradiation to 133 or 142 MPa

for fluences of 5xlO23 or 8xlO25 thermal neutron/m2,

respectively. However, as we shall see later, this increase

can be ascribed to irradiation-induced Si precipitation, as

seen in Figure 8. In contrast to Al-1050, irradiation-induced

precipitation does take place in the case of Al-6063. It is

well known that in Al-Si-Mg alloys like Al-6063 Mg2Si

precipitation can be detected only at full aging (T6)(2(n and

therefore, it is not surprising that no precipitates could be

observed in the case of this alloy. However, their influence

on the mechanical properties was observed, as evidenced by

an increase in the yield stress and in the ultimate tensile

strength. The presence of precipitates is also evidenced by

the onset of formation of precipitation free zones (PFZ) near
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the grain boundary, as demonstrated in Figure 10.

The overall change in the tensile strength and

elongation of the irradiated alloy reflects the superposition

of all the afore mentioned effects. It seems that, in the case

of elongation, the contribution of the recovery is dominant,

whereas precipitation hardening exerts the dominant effect

on the increase in ultimate tensile strength. Thus, irradiation

induces an increase in ultimate tensile strength, which is

accompanied by a decrease in elongation(2I). Our results

agree well with studies indicating that annealing of

cold-worked Al-1100 (I5) and Al-6061(1) may take place

during irradiation.

Theoretically, each strengthening mechanism

contributing to the change in ultimate tensile strength may

be calculated as a function of the precipitation density,

average precipitation size, dislocation density, and void size

and density(l4). However, in the case of Al-6063 these

parameters are difficult to estimate and therefore only the

general trend can be discerned. Quantitative evaluation

requires development of a model and a special method that

should allow an exact weighing of dislocation and

precipitation. We are presently engaged in the development

of such a method. In contrast, in Al-1050 only Si particles

precipitate and these particles are much larger than those of

Mg2Si, therefore their contribution to hardening may be

calculated as follows:

The change in the yield stress due to irradiation Aay

may be expressed as:

Acry =Aasi + Aav
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where Aasi, Aav and Aaa are the separate contributions to

Aay by Si precipitates, voids and dislocations, respectively.

For Al-1050, the increase in yield stress is

approximately equal to the corresponding increase in the

ultimate tensile strength(22), i.e., AGUTS S Aay. Therefore, in

the case of this Al alloy eq. (1) accounts also for the

dependence of the ultimate tensile strength on Aasi, Aav and

Aad (It is worth mentioning in this context that our

instrumentation provided a reliable reading of the ultimate

tensile strength but not of the yield stress).

Void formation was not detected under our

experimental conditions, indicating that Aav=0. As

mentioned previously, Si starts to precipitate only after an

incubation irradiation of approximately lxlO25 thermal

neutrons/m2, whereas a decrease in dislocation density

which causes a decrease in the ultimate tensile strength was

observed at all fluences. As soon as Si starts precipitating, it

provides a positive contribution to the ultimate tensile

strength (eq.(l)). At 2xlO25 thermal neutrons/m2 this

contribution is sufficiently large to compensate for the

negative contribution of Aaa (see Table 5).

Table S: Experimental and
calculated (aVTS =9S+A<ysi [MPa]
ultimate tensile strength of
irradiated Al-1050 for different
thermal neutron fluences.

Thermal
neutron fluence

a

1

2

3

5

8

Experimental

^UTS
[MPa]

95

...

106

133

142

Aasi

[MPa]

5±3

14+7

16+8

28+15

Calculated

^UTS

[MPa]

95

...

109+7

111+8

123+15
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The increase in the ultimate tensile strength of A11050,

caused by the interaction of mobile dislocations with silicon

precipitates derived from the dispersed-phase hardening

theory(11>, is expressed by equation 2:

1/2,AaSi =1.04/u(Gb)(Cd)1//ln(d/(4b)) (2)

where G is the shear modulus of aluminum (2.648x104

MPa), b is the Burger,s vector (0.286 nm), and C is the

precipitate density of average diameter d. Substitution of

the experimental values of C and d from Table 2 enables

evaluation of the increase in the ultimate tensile strength for

Si precipitation and yields the results presented in Table 5,

in which the specified error limits reflect uncertainties in

sample thickness and the measured precipitate density. The

maximum increase in the ACTUTS values calculated using

expressions 1 and 2 ranges between 28 and 43 MPa.(Table

5) which, within the experimental error, is quite close to the

increase in experimentally measured CTUTS values.

5.2 The impact of
It appears that neutron irradiation and low-temperature- prolonged aging on

prolonged aging play an important role in determining the

post-irradiation mechanical properties of the aluminum

alloys. In the case of Al-6063, prolonged aging has a similar

effect on the mechanical properties as does irradiation

(compare Figure 2 and Table 2 with Figure 3 and Table 3).

Therefore, it is reasonable to assume that under our

irradiation conditions, annealing and aging are the dominant

factors influencing the microstructural and mechanical

properties, due to the temperature field generated during

irradiation. However, it should be noted that during

irradiation, Si is also formed from Al by the Al(n,y)Si

nuclear reaction. The presence of Si might increase the

mechanical properties.
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strengthening during irradiation by increasing precipitation

of Mg2Si or of pure Si.

Since aging and annealing of the Al parts inside the

reactor depend on the irradiation duration, the neutron flux

may be a very important factor in determining the

mechanical properties of these parts. A large thermal

neutron flux (of the order of 1018-1019 thermal

neutrons/(m2s) entails a large Si creation rate, as well as a

shorter exposures to the aging temperature. There appears to

be the need for an incubation period of 2 to 3 months before

the changes in the mechanical properties induced by

annealing can be observed (see Table 2). Thus, for low

fluxes (of the order of 10l6-1017 thermal neutrons/(m2s), as

in our case, thermal aging during irradiation would seem to

be the major factor influencing the mechanical properties of

aluminum. In contrast, in a High Flux Isotope Reactor

(HFIR), where the irradiation duration required to obtain

fluences of the order of 1025-1026 thermal neutrons/m2 is of

the order of several months, irradiation effects like atom

displacements, dislocation, and voids formation become

predominant.

The impact of Al-1050 low temperature annealing during

irradiation is also dominant in determining its

post-irradiation mechanical properties. However, Si

precipitation, which takes place in this case, is larger and

less dense than that observed for Mg2Si. and as pointed out

in the next section, PFZ would not form under these

conditions. Therefore, fracture morphology of Al-1050 is

expected to remain unchanged during irradiation.
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5.3 The Impact of
At first sight, the changes that take place during Precipitation Free

irradiation appear to have an opposing effects on the Zone on Fracture

mechanical properties of the alloy: (i) an increase of Morphology

uniform elongation with thermal neutron fluence, which

indicates an increase in ductility; and (ii) a decrease in

elongation, as indicated by the diminished of local area

reduction accompanied by an increase in the density of

intergranular facets.

It is well known that Al-Mg-Si alloys, like Al-6063,

undergo a sequence of precipitation stages: Guinier-Preston

(G. P.) Zones-->6"-->8'-->9. The G.P. Zones are actually

locally Mg-enriched regions, which then transform to a

coherent 0" precipitation consisting of metastable Mg2Al

precipitates. However, it is difficult to detect these

precipitates in Al-Mg-Si(20) before a fully aged condition

(T6) is reached after which time the precipitates become

semi-coherent (9' precipitate) and visible. In this process,

(PFZ) around the grain boundary is usually created. There

are two main reasons for creating a PFZ adjacent to a grain

boundary: (i) Mg diffusion into the grain boundary and the

formation of Mg2Si precipitation at the grain boundary; and

(ii) enhanced vacancy diffusion to the grain boundary,

resulting in the creation of a denuded vacancy. It is well

known that in a region of small vacancy concentration, it is

difficult to cause precipitation.

We have found evidence that PFZs begin to form

during irradiation, as seen in Figure 8. These PFZ regions

are responsible for the creation of the dimpled intergranular

fracture, as well as the increase in the homogeneous

elongation. Due to precipitation, the grains become stronger
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6. Conclusions

and therefore a higher stress is required for necking.

Increase in the ultimate tensile stress, as has been found by

the examination of mechanical properties, is expected to

cause an increase in the uniform elongation. On the other

hand, the PFZs are weaker than the grains; hence, at a

certain stress, they will rupture throughout the PFZ, but not

necessarily at the grain boundary. As may be seen in a well

developed PFZ, obtained in an Al-6063 alloy under T6

aging conditions, needle precipitation protrudes into the

PFZ, and is the source of the dimpled nature of the fracture.

Actually, under fully aged conditions, the entire

cross-section structure is intergranular dimpled(22). Thus, it

is hard to say that the presence of a transgranular dimpled

structure is typical of a brittle fracture. In addition, the local

area reduction decreases, due to ductility losses in the grains

at the necking regions.

Conceivably, Alexander's'2 * observation of large crack

propagation in spite of only minor changes in the fracture

toughness, may be attributed to the formation of PFZs. A

similar explanation of the fracture morphology was given

by Sturcken(13).

The effects of irradiation of cold-worked Al-1050 and

Al-6063 in a thermal reactor are as follows:

a. Radiation-induced recovery of cold-worked samples, as
evidenced by a decrease in dislocation density and an
increase in elongation.

b. No voids are observed up to a fluence of 8x1025 thermal
neutrons/m2 (E < 0.625 eV).

c. A decrease in local area reduction at rupture occurrs with
Al-6063 whereas for Al-1050 it remains unchanged.
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The major factor influencing the microstructure and

mechanical properties during irradiation is prolonged

thermal annealing caused by the temperature field generated

during irradiation.

Annealing of cold-worked aluminum alloys at 52° for

long periods of time has the same effects as neutron

irradiation. In both cases, the fracture morphology changes

from a transgranular shear rupture to a mixture of

transgranular dimpled shear rupture and intergranular

dimpled rupture. The fraction of the intergranular rupture

area increases as a function of the thermal neutron fluence.

Unlike Al-6063, the fracture morphology for Al-1050

remains unchanged when subjected to thermal annealing.
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