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Abstract

In surface mount technology (SMT) electronics assembly, the solder paste is printed
onto the PCB’s surface through a stencil and the components are later placed over the
solder paste deposits. Since 2007, the use of extremely small SMT components for
assembly of SMT devices has been widespread, and achieving consistent print
deposits for fine pitch (the distance between the leads of the components) components
has become a real challenge. The majority of the defects at the printing stage, such as
skipping and bridging, were found to be related to the quality of the solder paste.
These defects are usually carried over to the reflow process, causing defective final

products. Hence, it is important to monitor the quality of the solder paste.

Conventional techniques for monitoring the quality of solder pastes during the
production and packaging stage are usually based on the viscosity measurements of
the solder pastes from the viscometer and rheometer. One of the potential limitations
of viscometer- and rheometer-based measurements is that the collection and
preparation of the solder paste samples can irreversibly alter the structure and flow
behaviour of the sample. Due to the sample preparation process (removal, pre-
shear/pre-mixing), repeatability issues were often encountered when taking
measurements using a viscometer or rheometer. Secondly, rheological measurements
and the interpretation of rheological data comprise a very technical and time-
consuming process, which requires professionally trained research and development
(R&D) personnel. Finally, the monitoring/inspection process usually employs random
sampling technique from the production batch. Hence, measurement may not
represent the actual quality of the whole production batch. This would mean that the
conventional solder paste quality control that has been employed in the industry as a
benchmark for printability (i.e. checking the viscosity of the paste before being
despatched to the customers), would need to be re-evaluated for its feasibility and
other possible methods of solder paste quality control would need to be considered.
This has brought the ultrasound technique into context as it can offer a non-
destructive evaluation of the quality of the solder paste in terms of viscosity. Also, it

can be used at different stages of paste production and processing. It is for these




reasons that materials suppliers that formulate and produce solder pastes, as well as
solder paste consumers (especially contract electronics manufacturers), are keen to see
the development of simple, easy-to-use and accurate techniques for the rheological

characterisation of solder pastes.

This thesis concerns the study of a non-destructive ultrasonic technique for
characterising the rheological properties of solder pastes and, specifically, the use of
through-mode microsecond ultrasonic pulses for evaluation of viscoelastic properties
of solder paste materials. In this study, a wide range of flux systems and solder alloy
particle distributions used in the industry are investigated to determine the correlation
of the ultrasound attenuation and velocity to the viscosity of the solder paste and their
correlation to paste printing performance. The work is part of a bigger study aimed at
the development of an on-line quality control technique for paste manufacture based

on both conventional rheological tests and ultrasound measurements.

Results from the work on the comparative study of standard fluids and both
commercial and newly formulated solder pastes and flux vehicle systems have been
used to demonstrate the utilisation of the ultrasound technique for on-line, non-
destructive measurement of the viscosity of non-Newtonian materials such as solder
pastes. The study also found that the viscosity of the solder paste is governed by the
intermolecular forces between the solder particles and the flux. The strength of these
intermolecular forces depends on the probability of these particles rubbing up against
one another while the paste is being sheared. Provided that the right correction factor
for a particular shear rate is used, the ultrasound viscosity results obtained were found
to be comparable to the rheometer viscosity results or to the viscosity provided by the
solder paste manufacturer. The ultrasound technique produced consistent results and
was also proven to work at low temperatures. The ultrasound technique may be used
to help solder paste manufacturers to add the correct amount of flux or solder particles
to their paste in order to reach a desired viscosity. Otherwise, it can be used as a quick
go/no-go monitoring tool in the production line for predicting printing quality. Based
on the foregoing, it can be concluded that the ultrasound technique is a viable

alternative to using a rheometer.
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CHAPTER 1

INTRODUCTION

1.1. Context

This thesis concerns the use of ultrasound techniques to study the quality of solder
paste, which is normally characterised through the measurement of viscosity. The
viscosity of solder paste has been empirically used as a key indicator to the quality of
the solder paste as it can be used as a rough guide to predict the resulting solder paste
printing process. Although there are various techniques (using viscometers and
rheometers) available to obtain the viscosity of the solder paste, these techniques
usually require removal of the sample or tampering with the sample, hence
altering/destroying the sample’s structure. Consequently, the results obtained may be
invalidated as they may not reflect the true properties of the solder paste. In addition,

these techniques usually require skilled personnel to operate the relevant equipment.

These techniques have been extensively exploited and researched to generate a map to
link the rheological properties (viscosity, yield stress, storage modulus, loss modulus,
complex modulus, creep compliance, recovery compliance, phase angle, frequency,
and angular velocity) of solder paste directly to good and bad print deposits. However,
in practice it is very difficult to apply this knowledge as there is no clear-cut answer to
the question, ‘What is the optimum value of the rheological properties that gives good
print deposits?” The myriad combinations of these properties that produce good print
deposits actually generate more questions than answers. The ultrasound studies in
many other materials have provided an indication that there might be a much simpler

solution in relation to determining the printing quality of solder paste.



















performance and flux residue. The print trials are crucial for solder paste of an
experimental (new) formulation, where the wetting, solder balling, slump, tack
performance and flux residue behaviour are unknown. For working formulations of
solder paste, however, these tests are not intended to be carried out any more as the
print behaviour of the paste can be taken as already known. Furthermore, these kinds
of quality control technique do not represent the quality of every jar of solder paste
manufactured. This is because the sampling is usually done randomly out of, say, 50
jars, or through choice of only the first and the last jars in a manufacturing run,

because of the time required to complete all the tests mentioned previously.

1.4. Problem statement and research objectives

The conventional technique to verify the quality of solder paste is usually carried out
using a viscometer or rheometer (see Section 4.5, Appendix L and Appendix M for
details). These conventional techniques of rheological characterisation are supposed
to provide a forecast for the printing performance of the paste. However, repeatability
issues (see Figure 1.7) are often encountered when taking measurements using a
viscometer or theometer, mainly due to the sample preparation process (removal, pre-
shear/pre-mixing). This has caused the use of these techniques and the analysis of
results based on these techniques to be taken back to the drawing board. From the data
set provided in Figure 1.7, it is very difficult to justify or set the optimum viscosity
values (maximum and minimum) for solder paste that produces good print deposits
since even a very short pre-mixing during sample preparation can adversely affect the
viscosity measurements. Moreover, the following settings can also affect the
measurement results:

e measuring geometries of the same diameter, e.g. cone plate, parallel plate,

cup-and-bob, and other spindle types (RV, T, LV, vane);
e gap height; and

e surface roughness.

The severity of these problems was reported by Durairaj (2006) and Mallik (2008), as

shown in Figures 1.8—1.11.
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This would mean that the conventional solder paste quality control used in the
industry, which has been used as a benchmark for printability (i.e. checking the
viscosity of the paste before being despatched to the customers), would need to be re-
evaluated for its feasibility and other possible methods of solder paste quality control
would need to be considered. This has brought the ultrasound technique into context
as it can offer a non-destructive evaluation of the quality of the solder paste in terms
of viscosity. Also, it can be used at different stages of the paste production and

processing stages.

The aim of this study is to apply the ultrasonic technique so as to provide a means of
non-destructive method for measuring the viscosity of solder pastes. In order to
achieve that, the following objectives were set out:
e to develop a methodology to characterise the viscosity of solder pastes using
an ultrasound technique; and
e to demonstrate how the technique can be used for evaluating the batch-to-

batch quality variation of the solder pastes (based on viscosity measurements).

The work completed in this study can be summarised into seven main parts:

a) verification of previous work on the use of ultrasound for evaluation of the
sand content in cement pastes;

b) verification and validation of an ultrasound test rig (sensor and data
acquisition and analysis equipment) using standard viscosity fluids;

¢) design, development and implementation of an experimental testing rig for
ultrasound measurement of solder paste viscosity;

d) providing a theoretical correlation between ultrasound results and
viscosity;

e) characterisation of the rheology of flux vehicle systems and solder pastes
using the Bohlin rheometer;

f) on-line non-destructive measurement of the viscosity of non-Newtonian

fluids using the ultrasound test rig; and
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1.5. Overview of the thesis

Chapter 1 presents an introduction to electronics assembly processes and the assembly
defects during stencil printing processes. This chapter also highlights the importance
of rheological characterisation for reducing printing defects, outlines the challenges
with conventional techniques, and argues the case for the use of a non-destructive

technique such as the ultrasound.

Chapter 2 presents information on the solder paste manufacturing process,
classifications, and the chemical and physical requirements standards for SMT

assembly.

Chapter 3 presents the concept of ultrasound propagation in different mediums,
historical development in ultrasound technology and literature review of material
characterisation using ultrasound techniques. This chapter also presents the basic
principles of ultrasound testing and the application of ultrasound testing in various

fields.

Chapter 4 presents the basics and principles of rheology, as well as the measurement
techniques used in conventional equipment, highlighting the limitations of such

equipment.

Chapter 5 presents the details of selected case studies, focussing on the aspects that
may affect the measurement of ultrasound techniques and the properties that can be

measured using ultrasound techniques.

Chapter 6 presents a description of the experimental test rigs built according to the
specifications found in the literature review and the modified rigs customised for used

with solder paste inspection.
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Chapter 7 presents the preliminary results of the work using the experimental rig on
cement paste, i.e. an initial attempt to correlate the viscosity of non-Newtonian

material to ultrasound measurements.

Chapter 8 presents a study aiming to provide a theoretical model to describe the

viscosity of non-Newtonian materials using ultrasound techniques.

Chapter 9 presents the comparative study of the solder paste and flux mediums using
the ultrasound technique and a rheometer. This chapter also illustrates how ultrasound

measurements can be used as a guide to predict the printing results.

Chapter 10 presents overall conclusions of the work described in this thesis, and
contributions made from this study. The chapter concludes with recommendations for

future work.
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paste manufacturer. Some of the manufacturers may choose not to use a certain
constituent in their water-soluble flux or rosin-based flux; but the general constituents,
consisting of alcohol-based chemicals, acid and solid content, would usually be found
in the flux. The classification of flux shown in Figure 2.3 divides the rosin-based flux
into four further categories: non-activated rosin (R), mildly activated rosin (RMA),
activated rosin (RA) and super-activated rosin (RSA). Meanwhile, the water-soluble
flux is subdivided into two further categories: organic and inorganic. This method of

classification is commonly known as the ‘traditional’ method.

Apart from the method of classification mentioned above, there is also an industry-
accepted classification of flux, as set out in IPC Joint Industry Standard 004, see
Table 2.1. Flux is classified into four categories with their respective symbols:

rosin (RO);

resin (RE);

organic (OR); and

inorganic (IN).

These fluxes are subdivided into further groups according to the residue activity for
copper mirror testing (flux-induced corrosion), surface insulation resistance and

halide content.

In J-STD 004, it is clearly defined that rosin is a solid form of resin, see Figure 2.4,
obtained from the sap of various pine species from the conifer genus. It is also known
as colophony or Greek pitch (pix greca), produced by heating the fresh sap to
vaporise the volatile liquid-terpene components. Rosin 1s brittle at room temperature,
but melts at around 100°C. Chemically, rosin constitutes a combination of at least
seven acids: 34% abeitic acid, 24% dehydroabeitic acid, 9% palustric acid, 6%
isopimaric acid, 5% dihydroabeitic acid, 5% pimaric acid, 3% neoabetic acid and a
small amount of other acids totalling 14%. Commercial-grade rosin is usually found
in a semi-transparent to opaque state, which varies in colour from yellow or brown to
pitch-black according to the species of the tree, its age, and the degree of heat applied
during distillation. This variation highly affects batch-to-batch quality for solder paste

production.
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Flux Mater.ifslls of Flux Activity Levels, (% Halide), Flux Flux Designator
Composition Type
ROSIN (RO) Low, (0%), LO ROLO
Low, (<0.5%), L1 ROLI
Moderate, (0%), M0 ROMO
Moderate, (0.5-2.0%), M1 ROMI1
High, (0%), HO ROHO
High, (>2.0%), H1 ROHI
RESIN (RE) Low, (0%), LO RELO
Low, (<0.5%), L1 RELI
Moderate, (0%), MO REMO
Moderate, (0.5-2.0%), M1 REM1
High, (0%), HO REHO
High, (>2.0%), H1 REHI
ORGANIC (OR) Low, (0%), LO ORLO
Low, (<0.5%), L1 ORLI
Moderate, (0%), MO ORMO
Moderate, (0.5-2.0%), M1 ORM]1
High, (0%), HO ORHO
High, (>2.0%), H1 ORHI1
INORGANIC (IN) Low, (0%), LO INLO
Low, (<0.5%), L1 INL1
Moderate, (0%), M0 INMO
Moderate, (0.5-2.0%), M1 INM1
High, (0%), HO INHO
High, (>2.0%), H1 INH1

Table 2.1: Classification of fluxes according to J-STD 004 and their designation code

for commercial labelling.

Both methods of classification, the J-standards and the traditional method, are still in
use today in Europe and the United States. Several other standards have also been
introduced to classify solder paste and flux, such as DIN and TUV, which are
commonly used in Germany. Separately, MIL (American Military) standard is usually
used for manufacturing militarily related electronics products. Japan also has its own

standard called JIS (Japanese Industrial Standard) for solder paste related products.
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corrosive level of the flux residues after soldering. The amount of halide activator
used in the solder paste is normally indicated as %halide (see Table 2.1). The test for
flux activator residue is defined by IPC-TM-650: 2.3.33 (see Appendix P2) in which
the flux will be designated with ‘0’ for pass or ‘1° for fail.

A small amount of thickener or rheological modifier, such as glycerine, castor wax,
plasticiser, or polyethylene glycol, is usually added to the flux to keep the flux to the
desired viscosity given the addition of alcohol solvent to the flux. The thickener will
also suspend the powder motion in the flux, preventing it from settling and separating

to the bottom of the container.
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CHAPTER 3

BASICS, PRINCIPLES OF NON-DESTRUCTIVE
ULTRASONIC TESTING AND LITERATURE REVIEW

3.1. Introduction

This chapter provides a general overview of the history of ultrasonic testing of
materials, the issues relevant to the related experimental techniques, and the
development of ultrasonics since its discovery some 170 years ago. This chapter will
thus provide the reader with background knowledge for understanding how ultrasound
can be used for characterising solder paste materials, by looking into the basic
principles of ultrasound and the application of ultrasound techniques for non-

destructive testing of suspensions and other materials.

3.2. Nature of sound

Sound is the vibration of molecules in a medium in the form of a wave generated by
moving bodies. Without a medium (gas, liquid or solid), sound cannot travel — for
example, it cannot travel in a vacuum space. Music and other sounds are usually
composed of a range of harmonic frequencies oscillating through the air. It is possible
to transmit only a single frequency of sound wave using a tuning fork or signal
generator. Generally, human hearing is limited to the frequency range of about 20Hz

to 20kHz (Figure 3.1).

Sound waves with frequencies beyond the human hearing range are known
collectively as ‘ultrasound’, or sometimes ‘ultrasonics’. The application of sound
waves in the ultrasonic range is increasingly becoming a common tool in industrial
applications, such as locating defects/cracks in metal, 3D imaging of the foetus,

particle sizing, sonar (sound navigation ranging), the establishing of material elasticity
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‘Wavelength’ is defined as the distance covered between the crests of the propagating
sinusoidal wave, as indicated in Figure 3.2. Sometimes a wavelength is also defined
as the distance covered between three consecutive nodes of the wave. The amount of
time required to travel one wavelength is called the ‘period’, usually measured in

seconds.

‘Frequency’ is defined as the number of repeating events per unit of time. As
illustrated on Figure 3.1, frequency has an inverse relationship to wavelength. Hence,

sound with higher frequency will have shorter wavelength.

By definition, frequency fis given by

1
fez 3.1)

where
f=frequency (Hz)
T = period (s).

At low frequency range (50Hz to 5000Hz), the velocity of sound travelling through

most materials is almost constant. Therefore, frequency can also be written as:

f=7- (3.2)

where
v = velocity (m/s)
A = wavelength (m).

‘Amplitude’ is defined as the measure of magnitude of a wave’s oscillation.
Amplitude is usually measured in volt, using either one of the three most commonly
used terms to measure amplitude of harmonic wave. The first measure is ‘peak
amplitude’, measured from the baseline to the peak of a wave. The second measure is

‘RMS (root mean square) amplitude’, which is defined as 0.707 times the peak
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3.4.1.Reflection and refraction

Ultrasound reflection (back scattering) and refraction mechanisms are similar to those
for light reflection and refraction. If an ultrasound wave is propagated at an angle and
arrives at the interface between two different mediums, then there will be a reflected

wave and refracted wave (see Figure 3.12). A reflected wave always has the same

angle to the incoming wave (6, =6,"). If the second medium is denser than the first

medium, then a small portion of the wave will be reflected with 180° phase difference,

otherwise the reflected wave is in phase with the incoming wave (6, =6,'). In the

second medium, the wave will be bent (refracted) towards or away from the centreline
depending on whether the second medium is denser or lighter than the first medium.
The relationship between ultrasound velocity and refraction phenomena can be

explained using Snell’s law:

Sing, _ Sinb, (3.3)
Y vV, , .
where

6, is the incident angle and &, is the refraction angle

v, and v, respectively are the ultrasound velocity in the first medium and the second

medium.
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p(r)=p,+p (3.4)
B(r)= By + b '

and outside the sphere:
pr)=p, (3.5)

B(r)=p5,

Hence, density and compressibility fraction can be expressed as:

ﬁ(r) - pl (r)
Po
(3.6)
Bl — Bi(r)
B(r) 5

The *general wave equation’ across the boundary (in one dimension, r, and time, ) is

represented by:

1 &°D(r,1)

V2(r - =0 (3.7)

1
By

where V?is the Laplacian, v is the sound velocity in the medium and v =

But in the case of scattering, turbulence is usually present. Hence, Equation 3.7 is not
equal to zero. Now, the equation has to include compressibility and density fraction in

order to reach energy equilibrium (Morse and Ingard, 1986). Hence this would yield:

2 2
V2c1>(r,t)—viM %% B(r)+div| p(r)grad®(r,n] . (3.8)

Applying Green’s function method to Equation 3.8 by considering the right-hand side
as the source term that behaves like a point source radiator (Morse and Feshbach,

1953; Morse and Ingard, 1986) would lead to the following solution:
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x 2
O(r,1) =D, (r,0)+ J.a’o I {—12- 0 q)a(:;”to) B(r0)+ div[,ﬁ(r0 )grad®d(r,,1, )]G(ro,r,to,l)63r0} ’ (3-9)
- olume y
where
r—r
o [t —t,— |—°—|J
A%
G(ry,r,t,,t) = . (3.10)

47r|r—ro'

d is the additional density change.

For complex objects or a scattering problem in three dimensions, the Green’s function
in Equation 3.10 would have to include x, y, z and ¢ terms. This leads to some
difficulty in solving the integral equation in Equation 3.9 as all the variables (®, £, p)
in Equation 3.9 would need to have x, y, z and ¢ terms. Solving the integral equation in
Equation 3.9 for simple objects can be done by using Born’s approximation
(Ballentine, 1998; Belki¢, 2003; Scherrer, 2006) based on the assumption that

scattering is weak and changes in density (5 ) and compressibility (3) are very

small.

To achieve a realistic scattering solution for a material such as solder paste, it has to
be assumed that multiple scattering is present and the change in density (p),
compressibility (,B~) and viscosity (77) all have to be taken into consideration. A

simple model for this, based on the experiment of various gases in Kundt’s tube as

proposed by Stokes (1845) will be described in Section 3.8.
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3.5. Ultrasonic signal generation

Ultrasonic signals can be produced using a device called a signal generator (see
Chapter 6, Figures 6.2 and 6.15). This device can usually generate a sine wave, a
triangular wave or a square wave up to a few megahertz. There are two kinds of signal
generator normally used for generating ultrasound signals: an analogue signal
generator and a digital signal generator. The difference between the two wave
generators is that the signal generated by an analogue signal generator is composed of
random distortions (see Figure 3.18) in contrast with smooth waveform pattern of the
digital signal generator (see Figure 3.19). The signal resolutions, i.e. the signal width
in x and y axes, of a digital signal can be adjusted by creating a shorter 0 (zero) or 1
(one) pulse; however, this is usually limited by the hardware capability. A modern
digital signal generator can usually be programmed to generate any wave form at a
continuous, pulsed or random time interval. Unlike analogue signal generators, digital
signal generators are capable of repeating a single cycle or several cycles of signal at
any frequency intermittently for any duration or for as brief a period as a few
nanoseconds. This intermittent short pulse is called a ‘tone burst’ (see Figure 3.20).
This technique allows the signal generator to send only one cycle or a few cycles of,
say, 500 cycles at S00kHz rather than the full 500 cycles at 500kHz, thus allowing the

recording of high-frequency signals at reduced interference due to the echoes.
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3.7.1. Pulse echo (PE) transmission

In PE transmission mode, only 1 ultrasound transducer is needed to transmit the pulse

and receive the echo signal. The set-up for typical pulse-echo mode transmission is

shown in Figure 3.27. As the name suggests, the pulse echo mode set-up uses the

same unit of equipment to generate a pulse and also to listen at the same time for the

echo from a single ultrasound transducer; this equipment is usually called a *pulser-

receiver’. Even though many have argued that the pulse echo technique is more

reliable than the through transmission, there are three main disadvantages to using the

pulse echo technique:

Delay-time correction or calibration. The pulser-receiver unit has to generate
a sinusoidal wave and also receive the echo signal from the transducer in a
fraction of a microsecond. In practice, the pulser-receiver has to send the
signal to the transducer, stop sending the signal and quickly switch to
receiving mode to listen for the echo. Because of this, any such system
automatically inherits a flaw of a delay time of a few microseconds, which if
uncorrected will cause unreliable readings, especially for ultrasound velocity
measurement of material. Apart from that, the calibration process to correct
the delay time is not straightforward, as it would require a calibration against
several calibrated metal standards of different thickness or by calibrating it
against water at several path lengths. The following formula can be used to
calculate the delay time based on the knowledge that ultrasound velocity
through the same medium remains constant with the change in the distance of

the travelling path of the ultrasound wave:

i:tZ_—_A_t (3.11)
S, t,—At’
where

S1, > are the path lengths at position 1 and position 2,
t1, 1 are the times required to travel the distances S) and S, respectively, and

At is the delay time of the pulser-receiver unit.
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3.8. Measureable ultrasound parameters

There are several measurable ultrasound parameters typically used for non-destructive
testing: attenuation, velocity, phase shift and acoustic impedance. These parameters
are dependent on the specific material’s properties, such as the material’s physical and
chemical structure, and can be correlated to the density, viscosity, Young’s modulus

and shear modulus of the material. Each parameter is described further next.
3.8.1. Attenuation

‘Attenuation’ is defined as the reduction of the amplitude of an ultrasound signal due

to a scattering and absorption mechanism.

Attenuation of sound due to the effect of viscosity, density and compressibility can be
described by the formula proposed by Stokes (1845, 1847). According to Stokes

(1845), the friction force in one direction can be described by:

o’u _ 2 o’u _4n o’u _
or? ox’  3p, ox’ot

(3.14)

where o’ = Z—P, a is the common velocity due to pressure (0P ) and density (Jp).
0

Now suppose that a harmonic wave of wavelength A maintained at the origin (x = 0)

fades away as x increases. Assuming that the velocity u (in x direction) varies as a

function of e™ then:
u=Ae ™ cos(nt— fpx), (3.15)
where
dnn’
2 2

,Bz—a2=L2—2, 2a,B=—3p°2—2 (316)

s l6n°n s lén'n

My : a'+ 5
9P, 9p,
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In the application of these formulae to air at ordinary pressure, viscosity (#) may be

considered to be a very small quantity; hence its square may be neglected. Therefore:

2 2
g=". a="" (3.17)

a “3pd

If angular frequency, », is replaced by 2ral™, then the formula for attenuation a can

be written as:

2
o= 8’2”7 : (3.18)
3A°pya

Attenuation is normally expressed as an amplitude fraction A(w) of the source signal
4,(w) and returned signal 4 (w). Most of the published works on non-destructive
testing of ultrasound attenuation are usually reported in nepers per metre (Neper/m),

although there are some that are reported in decibels per metre (dB/m). Amplitude

fraction can then be expressed as:

A(w) = %20 log,, Neper /m . (3.19)

4@ g = L1 | @)
4 (0) L |4(w)

1

A conversion table for certain values is given in Table 3.1 below.

Amplitude | Decibel

rgtio @) | Neper
1.41 3 0.345

2 6 0.691
3.16 10 1.151

10 20 2.302
31.6 30 3.454
10000 80 9.210

Table 3.1: Conversion table for amplitude ratio.

3.8.2. Velocity

Ultrasound velocities (shear and longitudinal) can be measured independently using

an appropriate transducer. A shear wave transducer must be used to obtain shear
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velocity; and as a shear wave cannot penetrate liquid materials, most of the non-

destructive tests are done by utilising longitudinal waves.

Longitudinal velocity and shear velocity of homogenous isotropic materials can be
derived from elasticity theory. An isotropic material usually has 36 elastic constants

that form a six-by-six matrix. The elastic matrix can be described by:

T] [A+2u A A 0 0 o T[S,

T, A A+2u A 0 0 0o |ls,

Ll | 4 A A+2u 0 0 0 s, (320)
T, 0 0 0 P 0 o |s,

T, 0 0 0 0 P 0 ||s,

T, | 0 0 0 0 0 g LS ]

where 4 and 1 are Lamé constants, and T and S respectively are stress and strain

tensors.

Ignoring whole-body forces such as gravity, the equation of motion in vector form can
be obtained by applying Newton’s second law and conservation of mass to the

elemental volume that gives (Auld, 1973):

X
or’

where X is the displacement.

vT . (3.21)

P

For small stresses in an isotropic elastic material, the displacement X is linearly

related to the stress according to Hooke’s law (1678) in the following relationship:

T=AIVeX +u(VX+XV) , (3.22)

where [ is the identity matrix.

Substituting Equation 3.22 into Equation 3.21 gives:

2
X =(A+2u)V(Ve X))+ iV x(Vx X) . (3.23)

2
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Using the Helmholtz decomposition, the vector X can be written in terms of a scalar

potential, ¢, and a vector potential, A, as:
X=Vp+VxA (3.24)

Substituting Equation 3.24 into Equation 3.23 gives:
2 ZA
V{pZT?—(/l+2,u)V2(0}+Vx|:p%tT—,uV2A}=O, (3.25)

where V’is the Laplacian. Hence, the scalar and vector potential parts can be

separated to obtain longitudinal and shear velocities which can be written as:

o* 0’4
57‘” =~ =c2V4 (3.26)

where c; and c; are respectively the longitudinal and shear velocities given by:

¢ = /’“2“ and c. = £ (3.27)
p p

The longitudinal velocity and the shear velocity have been found to be directly related

=¢'Vip and

to the Young’s modulus of the material in question and its shear modulus based on the

following correlation:

E=HBA+2H) 4 o=t (3.28)
A+ 2(A+p)

where v is the Poisson’s ratio, and E is the Young’s modulus of elasticity.

Hence, it is often found that longitudinal velocity and shear velocity are also written

as:

c=\/’“2“=£ 10 and c:\/z=/£ ! =\/§ (3.29)
’ p p (1+v)(1-2v) “Np \p201+v) \p
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3.8.4. Acoustic impedance

Acoustic impedance is usually measured using longitudinal waves, due to the
limitation of a shear wave to propagate through liquid and gaseous materials. Acoustic

impedance can be expressed as:

Z=p-c , (3.30)

where Z is the acoustic impedance (in units of [M L2 T"']; Pa.s/m), p 1s the density (in
[ML3]; kg/m3 ), and ¢; is the longitudinal velocity (in [L T™']; m/s).

Acoustic impedance is normally used to determine the amount of the signal that has
been reflected and absorbed at the boundary of two different materials — see Figure
3.30. The power fraction of reflected (R) and transmitted (7) signal can be calculated
using the following formulae (Auld, 1973):

2 2
Rz{zfﬂ and T=1—{§2—§‘} (3.31)
2+ 1
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vacuum, a finding that was also reported by Boyle (1660). In the very same year
(1660) Viviani and Boreli successfully measured the speed of sound in air (Boschiero,
2005). This finding led Euler (1757a; 1757b, 1761; 1765) and Poisson (1808, 1818) to
model the appropriate equations and to provide an exact solution to describe the
propagation of finite-amplitude waves. Soon after that, Laplace (1816) proposed a

model to calculate the speed of sound in a gas at adiabatic conditions.

Later, Lord Rayleigh (1878) made a major breakthrough by introducing the concept of
acoustic scattering in viscous fluids, using a sphere suspended in a non-viscous fluid.
Lord Rayleigh laid the foundation for work in acoustics when he published The
Theory of Sound, a two-volume book on various aspects of sound. Rayleigh’s theories
were later confirmed by Duff (1898), Altberg (1907) and Neklepajew (1911) through
experimental observations that viscosity itself would not contribute to such a high loss
of sound energy. Duff suggested that materials that exhibit a sound-attenuating nature,
such as air, should be assigned a constant of radiation in order to know how

attenuative the given material is compared with other materials.

Cady (1920) discovered that quartz crystals can be used as a stable electromechanical
oscillators. The study of ultrasound achieved another milestone when Landau and
Rumer (1937) were able to explain that the attenuation of ultrasonic waves in solids
was due to the interaction with vibration of phonons in a rigid crystal lattice, such as
the atomic lattice of a solid. A similar concept of ultrasound attenuation in liquids was
then proposed by Kneser (1938). Biquard and Ahier (1943) developed the pulse echo
technique for measuring ultrasound properties in liquids, which led to the finding that
ultrasound can cause light diffraction. Pinkerton (1949) used the same technique and
documented ultrasonic absorption in various liquids.

During the first decade of 1900, most of the work in the field of ultrasound was
focussed on the study of absorption in suspensions or of scattering due to small
spherical particles, aspects originating from Rayleigh’s concept of acoustic scattering
by small particles. Because of the limitation of the equipment capable of measuring
high levels of attenuation in viscous fluids with suspended particles, Sewell (1910)
continued the challenge by conducting similar experiments using heavy particles

suspended in a gas, which produced lower levels of attenuation. The aim was to
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demonstrate the scattering process of ultrasound due to small particles as proposed by
Rayleigh. Later, Lamb (1945) simplified Sewell’s acoustic scattering model by
studying sound scattering using mobile particles. The theory was then refined by
Epstein (1941) by considering a mobile rigid sphere, or an elastic solid or a viscous

fluid, as the spherical object that was suspended in the viscous fluid.

Urick (1948) and Stakukis et al (1955) independently conducted experiments in
aqueous suspensions and reported that the high level of ultrasonic absorption in
aqueous suspensions was due to the viscous drag from the movement of particles with
respect to the continuous phase. Isakovich (1948) pointed out that these movements
may be the cause of a significant temperature gradient between the particles and the
continuous phase even when the test was conducted in adiabatic conditions. In 1953,
Epstein and Carhart refined scattering theory by introducing the concept that
ultrasound dissipates the sound energy to thermal energy internally and externally to
the suspended sphere. This concept is still widely used today to predict sound
absorption in atmospheric fogs. However, the concept is not applicable to solid
particulate suspensions. With regard to the latter, Biot (1956a, 1956b, 1957)
postulated a theory for sound scattering in porous elastic solids saturated in a viscous
fluid. The theory accounts for average motion of both solid and fluid parts through a
macroscopic energy balance of which each part has a contribution towards the
average bulk modulus. Because of the unique ultrasonic response of materials tested
at various frequencies, Krautkramer (1959) suggested the use of wide-bandwidth

ultrasonic frequency experiments to yield more information from a test sample.

From 1960 to 1970, most of the major developments of ultrasound techniques were
focussed on the medical field, leading to the stable and reliable use of ultrasound for
non-destructive imaging purpose in hospitals up to the present day. Hunter and Derdul
(1967) attempted to correlate the dynamic viscosity of long-chain polymers to
acoustic absorption as a function of temperature and molecular weight. Later, in 1972,
Allegra and Hawley set out to refine the Epstein—Carhart model to include both solid
and liquid particulates in suspension (see Figure 3.31). Their theory is verified by

experimental works performed in both solid and liquid particulates in suspension.
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Later in 1982, Pereira investigated ultrasound attenuation and velocity in aqueous
solutions and reported the temperature dependence of ultrasound attenuation. To
monitor changes in the material, the adiabatic compressibility of the material derived
from the ultrasonic velocity and density measurement were used. Sidkey and Abd El
Aal (1986) conducted a study of the dynamic behaviour of macromolecules of
polyisoprene rubber under the action of elastic strain and reported the results of
ultrasonic absorption with regard to the flexibility of the polymer chain. Brown (1988)
later continued the work done by Pereira and came to the conclusion that the
ultrasonic attenuation is probably caused by the polymer network rather than a

solvent—polymer network interaction.

The use of ultrasonic techniques in civil engineering for inspecting the structural
integrity of concrete was then developed by Damaj (1990). The inspection technique
uses transmitter and receiver transducers to detect corrosion of embedded metal and
cracking flaws within a concrete structure of different sizes and surface conditions.
Attenuation was found to be the precursor to indicating corrosion and cracking flaws
within the concrete structure. Challis (1990, er al 2005) reported experiments using
transmitter and receiver transducer pairs with the pulse echo technique, in which
ultrasonic absorption of various liquids undergoing flocculation was investigated.
Challis et al (1998a, 1998b) also attempted to formulate a mathematical equation to
reduce error caused by the scattering of ultrasound when measuring using the pulse
echo technique. Prosser and Green (1990) conducted an ultrasound study on graphite—
epoxy composites by evaluating the elastic and non-linear stress/strain behaviour of
the composites by theoretical and experimental methods. It was reported that the
measured stress constant by ultrasound is more reliable than the results obtained from
the theoretical calculation, which is based on assumptions and approximations related

to the subject material’s properties.

Tavakoli and Evans (1991) reported the use of ultrasound to detect changes of mineral
content in bone. The work showed that both the ultrasound attenuation and velocity
can be used to detect changes of mineral content in the bone. It was pointed out that
samples with relatively similar density could have extremely large differences in

attenuation and velocity. Although samples showed a similar trend with weight loss
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after chemical treatment with nitric acid, there is no way anyone could determine that
the sample has low mineral content just from the velocity or attenuation measurement
value alone. The work was inconclusive since the change in mineral content was
evaluated by using an assumption that the density of bone would reduce linearly with
the loss of mineral content. No chemical assay has been performed to explain why
different samples with relatively similar density sometimes have higher attenuation
and sometimes has lower attenuation. No explanation has been provided to account

for these discrepancies.

Ultrasonics have also been used by Fairley (1992) to study aerated foods such as beer,
whipped cream and yogurt. Fairley utilised a pulse echo transmission technique to
study the foods samples and found that the technique fails to obtain any measurement
at high volume fractions of air. However, Fairley managed to correlate the bubble size
m whipped yogurt with ultrasound velocity. The technique was reportedly able to
discriminate between the conventional whipped cream and sprayed cream, but was

not able to characterise a fermented dough.

The use of an ultrasonic transmitter-and-receiver transducer pair was again reported
by Landis and Shah (1995), in which the attenuation of cement paste at various
frequencies was measured. It was reported that the inhomogeneity in the material
could have affected attenuation measurements. Scattering of ultrasound due to the
existence of aggregates in the cement paste was considered to be a dominant factor
affecting the attenuation measurement. The scattering effect was then verified

experimentally and theoretically by Anugonda et a/ (2001).

Jaafar (1996) presented a study of various ultrasonic techniques and configurations to
evaluate the composition of natural rubber latex suspensions. Jaafar reported that the
technique was in good agreement with the conventional method used to measure the
suspensions up to 40% of dry rubber content. Both attenuation and velocity of
ultrasound were found to be able to characterise the rubber content of the suspensions
at various temperatures. In contrast to the measurements taken at various
temperatures, at constant temperature, the difference between various levels of rubber

content is too small to notice in the ultrasound velocity. The ultrasound measurements
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of the rubber suspensions were found to match the Allegra and Hawley (1972) wave
scattering model very well. Round (1996) also employed various ultrasonic set-ups
and transducers for studying the setting of cement-based ceramics using a frequency
range of 50 kHz to 10 MHz. The setting process was monitored using the through
transmission technique in which two transducers were used, with the test sample
being placed in between the transducers. The elastic properties of the material were
determined from the ultrasonic velocity measurements and were found to be
dependent upon the filler volume fraction. The measured elastic modulus was found
to increase exponentially as porosity decreased, and this effect might possibly be used

to estimate porosity.

Tebbutt (1996) presented a detailed modelling and simulation of ultrasound
propagation in a two-phase medium using the Allegra-Hawley model, by developing
a versatile software package to simulate the ultrasonic phase velocity and attenuation
in suspensions, emulsions and solids in solid dispersions. The simulation using
Allegra-Hawley model in non-Newtonian fluids showed a reasonable degree of
accuracy to predict the ultrasonic phase velocity and attenuation in real experimental

measurements.

Supported by the availability of the commercial high-temperature ultrasonic
transducer, Shepard and Smith (1997) conducted an experiment to investigate the
resin curing process and its composites during the injection moulding period. Further
work in this area was then reported by Doéring (1998). Both Shepard/Smith and
Doring used the through transmission technique with a pair of high-temperature
transducers installed on the top and bottom mould. The work has enabled the operator
to determine the exact time to remove the final product from the mould. Similar work
to polymer injection moulding was also reported by Brown (1998), Michaeli and
Stark (2005) and Schmachtenberg et a/ (2005). While Michaeli and Schmachtenberg
and their colleagues concentrated on the study of the resin curing process, Brown
studied polymer melt extrusion using ultrasonic velocity measurements to provide an
indication of degradation or change in the material. It was found that ultrasonic
velocity is very sensitive to fluctuations in the extrusion pressure. The extruded melt

flow rate, which is empirically used to determine the quality of the extruded polymer,
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was found to be related to the ultrasound velocity of the extrusion. Verdier et al
(1998) and Longin et al (1998) reported the use of the pulse echo ultrasound
technique to extend the range of shear rate for the loss and storage moduli of
polymers, obtained by rheometer. The loss and storage moduli at high frequencies
were studied to understand the behaviour of the polymer undergoing crystallisation at

low temperatures.

Ultrasound has also been used by Chanamai et a/ (1998) to detect flocculation in oil-
in-water emulsions. It was reported that ultrasound attenuation can provide an
indication of emulsions creaming, and to determine which emulsions are likely to
cream faster than others. Challis et al (1998a) demonstrated that there are three
models available to describe the scattering of ultrasound: the first is the Epstein—
Carhart model (for liquid particles in liquid media); the second is the Allegra—Hawley
model (for solid or liquid particles in liquid media); and the third is the Ying—Truell
(1956) model (for solid particles in solid media). The analysis was intended to provide
a theoretical representation for experimental ultrasound attenuation measurements of
homogenous particle distributions in homogeneous media. In another paper, Challis et
al (1998b) reported inherent errors and uncertainties when conducting tests using the
pulse echo technique, in which 21-78% of errors in impedance and 11-45% of
standard errors in attenuation should be expected. Ultrasound has also been reported
by Freemantle and Challis (1998) for monitoring the curing of adhesives, in which the

through transmission technique was employed.

Mcintyre (1999) developed an air-coupled ultrasonic transducer that enables
ultrasound experiments to be conducted using air as the coupling material. Although
this is another major breakthrough in ultrasound transducer technology, the finding
has limited use as the transducers can only generate or record very weak signals, e.g.
amplitudes up to 0.4V and frequency up to 100kHz. This limitation means that the
transducer cannot be used for very attenuating materials because the signal amplitude
is too weak to pass through the material and the use of a high voltage or an amplifier
to trigger the ultrasound wave generation could potentially damage the transducer
itself. Later, Harwood (2000) reported on studies using a very high voltage (1kV) low

frequency (100kHz) ultrasonic transducer for detecting voids within bitumen samples.
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At the same time, Long (2000) presented a study to improve ultrasonic testing on
concrete by providing a comparative analysis of different coupling materials such as
rubber, grease and a water-filled membrane. The work showed that the transducer
attached via the water-filled membrane provided better repeatability than using
other couplants. Meanwhile, Smith (2000) was investigating the effect of filler
concentrations on HDPE (high-density polyethylene) polymer melt extrusion using
real-time ultrasound measurement. The work showed that different grades of HDPE
melts, identified by their viscosity, can be distinguished by monitoring the changes in
the transit time (ultrasound velocity) of an ultrasound wave. Chapman (2001) used
ultrasound to study the degradation of aqueous ferrofluids. The work showed that the
degradation can be observed from the changes in ultrasound attenuation and
ultrasound velocity of the ferrofluid. The degradation is indicated by the ‘clumping’

or agglomeration process, which increases the ultrasound attenuation.

Grosse (1999; 2000) and his team at the University of Stuttgart, Germany, were also
very active in ultrasound technique R&D for evaluation of cement and concrete. They
documented their work on monitoring the curing process of cement paste based on the
velocity and energy measurement using the through transmission ultrasound
technique. Their technique (see Figure 3.34) was later refined and patented by
Reinhardt et al (2003). Reports in the literature (see Alig and Lellinger, 2000; Alig et
al, 2005) show that another German research group, based at University of
Technology of Darmstadt, was also working on the characterisation of polymeric
materials. They reported on the use of ultrasonic shear waves (see Figure 3.35) for the
measurement of the storage and loss moduli of polymeric materials (e.g. acrylic glue)
in its aqueous and crystalline states. The validity of this technique is still in question
as shear waves normally do not travel through any liquids or aqueous materials. It was
also reported that the attenuation of ultrasonic longitudinal wave measurements
provides equivalent results to the viscosity values obtained by using an in-line slot die
rheometer. The work in polymer resin was then continued by Fengler et al (2004),
whereby the flow and curing of thermoset polymer resin at various moulding
temperatures were investigated using the through transmission technique (see Figure
3.36). It was reported that use of lead as a coupling material could improve the

ultrasound measurements at elevated temperatures.
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Ross (2004) investigated the effect of the mixing time of dough (a wheat-flour and
water mixture) to rheology by comparing measurements using a rheometer and
ultrasound. Ross found that excessive mixing time will reduce both the loss and
storage moduli of the dough. This means that the dough would be found to be less
viscous than the dough mixed at optimum mixing time. Although Ross did not explain
the nature of the reduction in loss and storage moduli in great detail, it can be
speculated that the reduction in viscosity due to excessive mixing time could be due to
the increasing temperature of the dough mixture combined with the breaking of bigger
particles into smaller ones. It is known that most fluids exhibit lower viscosity
behaviour at higher temperatures, but the breaking of the particles could be the most
dominant factor causing the change in viscosity since this change is usually obvious
from visual observation that pastes mixed for a longer time will have a very fine

texture.

The demand for non-contact, air-coupled ultrasound techniques for non-destructive
investigation of concrete was also driven by the increasing concern for structural
integrity of ageing concrete motorway structures in many countries. The idea was to
put forward a mobile ultrasound scanning system that could be mounted on a vehicle
to provide a real-time analysis of the structural defects of the concrete structure under
the road surface. However, this idealised solution has not been realised to date due to
the limitation of the low penetration depth of air-coupled ultrasound transducers. One
of the interesting studies has been reported by Berriman (2004), on the use of an array
of air-coupled ultrasound transducers based on the pulse echo technique. This work
showed images of embedded metal bars in concrete and concluded that the defects can
be observed using the air-coupled system. However, one of the main challenges of
using the air-coupled system is the inherent noise in the received signal, and the
thickness of the structure that can be investigated by this technique remains a big

limitation.

Ye et al (2004) reported on the study of ultrasound propagation through materials of
different levels of porosity, providing a detailed explanation of the propagation of

ultrasound signals by simulating the evolution of the microstructure of cement paste
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investigated the effect of different sand content in cement paste on ultrasonic velocity
and amplitude signal response at various frequencies. Their study showed that the
technique can be used to determine the water-to-cement ratio and the sand content of
the cement paste. However, entrapped air voids in the cement paste have been
reported in the same research to affect the accuracy of the measurements, in particular
at low frequencies (below 10kHz). Bouhadjera and Bouzrira (2005) investigated the
correlation of ultrasound with the elasticity and age of cement paste by applying
longitudinal and shear waves to the sample. 1n a separate study, Oztiirk et a/ (2006)
used ultrasound to determine the final setting time of cement paste. Punurai et al
(2006) and Chaix et al (2006) reported the study of void-induced micro-crack
simulation, which is consistent with the results reported by Ye et al (2004) and
Aggelis and Philippidis (2004). The results indicate that an increment in void fractions

increases ultrasound attenuation significantly.

Use of ultrasound for measuring the properties of food, such as the firmness and sugar
content of products, was reported by Mizrach (2004), while Wang et al (2004) and
Giilseren and Coupland (2007) reported ultrasonic velocity measurement of a sucrose
solution at various temperatures. Wang and colleagues paid particular interest in a
study of the changes in viscosity of flowing sucrose due to temperature gradient. Kuo
(2008) found that sugar content and viscosity in orange juice can be quantified
effectively using ultrasound velocity. Another interesting study of ultrasound
techniques for food was reported by Alava et al (2007), where the team used
ultrasound to determine the consistency of dough by comparing the results to the
rtheological data obtained using an Alveograph. An Alveograph (also known as a
‘Chopin Alveograph’) is a tool used to indicate how elastic the dough is by measuring
the pressure and time required to cause and burst a large air bubble in the dough. The
results from the Alveograph are usually presented in the form of resistance against
extensibility. To illustrate these in rheological terms, the extensibility of the dough
would be representing the shear rate, while the resistance to stretch would be
representing the viscosity. The work showed that ultrasound attenuation and velocity

(see Figure 3.41) also have a correlation to the rheological properties of the dough.
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Ultrasonics has also been reported for characterising the particle size of solid material
suspended in liquid. Povey (2006) found that materials of different particle size, when
dissolved in water, produce different attenuation profiles that are unique to each
particular material. However, it was reported that the attenuation level of materials
with similar particle size, suspended in water, was also dependent on the frequency of

the ultrasound.

Guo et al (2007) presented a study on barium sulphate (BaSO,) crystal nucleation
caused by continuous ultrasound waves. The work studied the relationship between
the input energy and activation energy of nucleation. It was reported that use of high
input energy of ultrasound does not cause any chemical reaction in the material, but
evidence of physical changes such as crystal nucleation (i.e. splitting into smaller

pieces) is observed.

Over the years, the use of ultrasound techniques for investigating various materials
remains almost unchanged, with most of the experiments usually conducted using the
pulse echo technique to measure changes in attenuation or velocity. The sensitivity of
the material to attenuation or velocity is entirely dependent on the material being
tested. The pulse echo technique has been well developed to use for checking cracks
in metals and can easily be adopted for use with many other materials. However, this
technique also has its limitations as it requires, firstly, a compensation for time delay
as it usually uses the same device (pulser-receiver) to send and receive ultrasonic
pulses to the ultrasonic transducer; hence the system usually has a time delay that is
dependent on how fast the pulser can switch to receiver mode to listen to the pulse
and vice versa. The time delay can cause a significant amount of error in velocity
measurement if it remains uncorrected. Secondly, the pulse echo technique inherits a
problem of multiple echoes, caused by reflection between the reflector and the
material. Thirdly, it is usually difficult to identify the pulse signal from the echo
signal because both of the signals are usually merged as a single set of raw data, and
they would be very difficult to separate into individual parts. Lastly, due to the length
of the path that the sound wave needs to travel before it reaches the transducer, the

technique is not suitable for use with highly attenuating materials because the sound
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energy becomes completely absorbed by the material being tested before the echoes

reach the transducer.

The reported use of ultrasound for measuring viscosity of materials is usually based
on flowing systems, of which the flow rate and the pressure of the material in the
systems are known. The viscosity in such a system can be easily calculated and

referenced to the attenuation and velocity of the ultrasound waves themselves.

3.10. Concept of ultrasonic viscosity measurement

The hypothesis for the concept of ultrasonic viscosity measurement is based on the
following postulation: ‘If the viscosity of any material that flows can be measured,
then it might be possible to measure the viscosity of the material by making the
material flow for a very short period of time by generating a very short vibration using
ultrasound.” The concept is supported by the fact that all Newtonian materials have
constant viscosity regardless of the flow rate (shear rate). In contrast to that, non-
Newtonian materials have variable viscosity dependent on the flow rate. In order to
justify the use the ultrasound technique to measure the viscosity of non-Newtonian
materials, the equipment will need to be calibrated against Newtonian fluids of known
viscosity values. By doing so, the ultrasound measurement results may be used as a
‘look-up table’ so that the corresponding ultrasound measurement may represent a

particular viscosity value.

Since viscosity is a measure of the resistance to flow or the relative movement
between the particles in a material as described later in Section 4.3.3, passing
ultrasound through a material to move the particles and measuring its feedback may
ultimately provide an indication or a measure of the material’s viscosity. There are
two approaches which can be adopted to prevent or minimise the likelihood of
cavitations. The first approach is by generating or using a low-power ultrasound
wave. The second approach is by using a very short pulse of ultrasound wave. The
ultrasound technique used in this study is based on the combination of both

approaches i.e. low-power-microsecond-pulse ultrasonic wave.
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3.11.

Summary

Ultrasound is a high-frequency (above 20kHz) sound wave beyond the normal human

hearing frequency range (20-20kHz). Ultrasound can propagate through any medium,

but not through a vacuum. The scattering and reflection of ultrasound waves are the

dominant factors for attenuation of the amplitude of ultrasound waves. Ultrasound

shear and longitudinal velocity are respectively related to the shear modulus and

Young’s modulus of the material.

The following points describe the general findings from the literature review of the

ultrasound applications:

The transit time of ultrasound through a cement paste is directly related to the
compressive strength of the cured cement paste.

Scattering of ultrasound due to the existence of aggregates in the cement paste
is considered to be a dominant factor affecting attenuation measurement.
Ultrasound attenuation may be dependent on the temperature of the material,
particle size, volume fraction and any inhomogeneity in the material.
Ultrasound attenuation can be used to monitor the process of flocculation in
various liquids. It can provide an indication of emulsions creaming and a
determination of which emulsions are likely to cream faster than others. It can
also be used to indicate corrosion levels and cracking flaws within a concrete
structure.

Both ultrasound attenuation and velocity can be used to detect changes of
mineral content in bone, and to characterise the content of rubber suspensions
at various temperatures.

Ultrasound velocity has been used to correlate the bubble size in whipped
yogurt.

The elastic modulus of a material can be determined from the longitudinal
velocity measurement of ultrasound waves.

Excessive mixing time can reduce both the loss and storage moduli of wheat-

flour-water mixtures of dough.
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Ultrasonic velocity measurements (longitudinal and shear) have been found to
be dependent upon the material’s volume fraction and the type of material.
The pulse echo ultrasound technique has been used to obtain the loss and
storage moduli of polymer.

The through transmission ultrasound technique has been used to monitor the
curing of adhesive and injection-moulding polymers. The end state of the
curing process is indicated by a high value of ultrasound velocity and
amplitude.

Use of lead as a coupling material could improve ultrasound measurement at
elevated temperatures.

Possibility for application in dense suspensions such as solder pastes and

fluxes.
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CHAPTER 4

FUNDAMENTALS OF RHEOLOGY

4.1. Introduction

This chapter presents an introduction to the fundamental principles of rheology. Apart
from the basic terms, definitions and mathematical equations used in this branch of
science, the chapter will also present a view on the conventional equipment used to
study the rheology of material and the type of fluids normally encountered in industry
or daily life. In addition, this chapter will also provide a literature review on previous

work done in the field on solder paste materials.

4.2. Rheology

Rheology is defined as the science of the deformation and flow of matter. The word
‘theology” was first used by Eugene C Bingham in 1928 when he described the term

as navrape: (transliterated ‘panta rhei’), correlating it with the works of Heraclitus, a
pre-Socratic Greek philosopher who lived around 500BC. ‘Panta rhei’ means

‘everything flows’.

The field of rheology is very broad and has been regularly used to describe the
relationship between applied stress and deformation over time for a wide range of
materials, such as rubber, oils, molten plastics, inks, polymers, slurries and pastes,
blood, clays and paints. Non-drip paint and bubble-jet printer ink are the result of
technological breakthroughs using rheology to prevent smudging. Most of these
materials show remarkably complex yet unique rheological properties that classical

fluid mechanics and the theory of elasticity cannot fully describe. For most
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commercial products, a good understanding of the rheological behaviour of the
product can make a certain brand gain a better market share due to its superior
performance to rival products, even though it might not reduce the production cost in

order to achieve that superior rheological performance.

In this respect, rheology may also be defined as a science concerned with the
behaviour of liquid or semi-liquid and even solid materials that exhibit more than one
fundamental rheological property during deformation, such as shear thinning, dilatant,
pseudo-plastic, thixotropic and rheopectic forms of deformation. Thus, rheology
describes phenomena that occur in a very broad intermediate range between the solid

and fluid states of matter (Ferguson and Kemblowski, 1991)

4.3. Rheology terms and types of fluid

4.3.1. Shear stress

To describe shear stress, consider the circumstance when a force (F) is applied
parallel to the surface area (4) of a cubical solid body. Since most fluids or
suspensions consist of smaller particles, the interactions between the suspended
particles and the liquid can only be accounted for properly if the smallest elemental
unit area (d4) of the material of the body and the smallest unit of force (8F) acting on

that surface area are being considered. Hence, the relationship can be mathematically

written as:
oF ) . .
T= R where 71 is the shear stress with the unit of pascal (Pa). 4.1
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deform or cause the material to flow. Most of the viscosity values of materials are

recorded using a viscometer or a rheometer at standard room temperature (25°C).

In general, in any flow, the liquid hypothetical layers as shown in Figure 4.3 will
move at different velocities and the fluid’s viscosity arises from the shear stress
between these layers that ultimately oppose any applied force. Sir Isaac Newton
postulated that, for straight, parallel and uniform flow, the applied shear stress, T,
between the liquid layers is proportional to the velocity gradient, dv/dy, as given thus
(Barnes, 2000):

r=p’ 43)

The constant # is known as the ‘coefficient of viscosity’, ‘dynamic viscosity’ or even

just ‘viscosity’. From the definition of 6v/dy as shear rate y in Equation 4.2, Equation

4.3 can be rewritten as:
T=ny . (4.4)

The SI unit of dynamic viscosity is the pascal-second (Pa.s) which is identical to
1kg/(m.s) or 1N.s/m?. Apart from the SI unit, viscosity is sometimes quoted in cgs
units as poise, in recognition of Poiseuille a French physician who had been interested

in blood flow. One centipoise (cP) is equivalent to one millipascalsecond (mPa.s).

Sometimes, the term ‘kinematic viscosity’ is used when the material concerned is
subjected to an inertial force. However, it should be noted that kinematic viscosity is

the ratio of the dynamic viscosity of a fluid to its density, which can be written as:

v=2 (4.5)
Jo,

where v is the kinematic viscosity (m?/s).
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The cgs unit for kinematic viscosity is the stokes (st), named after George Gabriel
Stokes. One centistokes (cSt) is equivalent to one square millimetre per second

(mm?/s).

In the study of rheology, fluids can be categorised into Newtonian and non-Newtonian
fluids. Newtonian fluids usually have constant viscosity over a wide range of shear
rates, while non-Newtonian fluids exhibit a variable viscosity dependent on the shear
rates encountered. Newtonian fluids usually obey Hooke’s Law, which states that an
applied force is directly proportional to the deformation and independent of the rate of
deformation, and they can be considered as elastic materials in nature. If F is the
applied force and y is the resulting deformation, Hooke’s Law can be expressed

mathematically as:

F = ky , where £ is the force constant or spring constant. (4.6)

Based on Young’s (1807, 1821) theory of elasticity, Hooke’s Law has been adapted
so that the applied stress T becomes directly proportional to the deformation y and
independent of the rate of deformation dv/dy. Hence, according to Young’s (1807,

1821) elasticity theory:

7 = Ey, where E is the modulus of elasticity (or Young’s modulus). 4.7)

Young’s modulus has been regularly used to indicate how elastic a material is, and it
has been considered a very useful parameter for determining the elasticity of solid

materials.

4.3.4. Storage and loss moduli (G' and G")

An oscillatory shear test is normally conducted to study the storage and loss moduli
(G' and G") of materials. As the names imply, the storage and loss moduli are a

measure of stress response, i.e. how elastic/solid a material is (storage modulus) or
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how viscous/liquid a material is (loss modulus) when a small sinusoidal oscillating

strain is being applied to the material. Oscillatory strain is defined as:

¥ =y, sin(wt) (4.8)

and the shear rate is given by:

y =y,ocos(wt), (4.9)
where o is the angular velocity, y,is the shear strain amplitude, and y,® can be

defined as the amplitude of shear rate. The shear stress response of a material usually
consists of both the storage and loss moduli terms; hence, the shear stress response as

a function of time, t, can be written as:
7(t) = y,[G'sin(wt) + G" cos(ar)] . (4.10)

Since the complex modulus, G, is defined by
G =1, 4.11)

rearranging Equation 4.10 gives us:
G =G'+iG" . (4.12)

Hence, the phase angle of the complex modulus, ¢ , can be expressed as:

GI’
tang = . 4.13
$=G (4.13)
In relation to that equation, the complex viscosity, #", can be defined by:
e, .. G G+iG" G -iG
no=n-ig=—=————= , (4.14)
i@ io @

where 7’ is the dynamic viscosity associated with the viscous response and 7" is the

viscosity associated with the storage response. Therefore:
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As explained above, non-Newtonian fluids generally exhibit a non-linear flow curve
that does not pass through the origin of the axes (see Figures 4.6 and 4.7). These
fluids are sometimes described as ‘viscoelastic’ fluids, as these fluids usually exhibit
both elastic and viscous (non-elastic) properties at the same time. Moreover, non-
Newtonian fluids can be classified further into six categories according to their

viscosity response to increasing shear rate.

a. Pseudo-plastic fluids

Pseudo-plastic or shear-thinning fluids are usually composed of a suspension of solid
particles or long-chain branched polymer molecules suspended in a liquid medium.
When a pseudo-plastic fluid is subjected to increasing shear rate, the solid particles
can usually move freely to rearrange the structure of the fluid so that it becomes more
organised, leading to less resistance to fluid flow. As a result, a decrease in apparent
viscosity or shear-thinning behaviour can be observed — see Figure 4.7. Pseudo-plastic
behaviour is regarded as one of the most common material behaviours found in non-
Newtonian fluids. Common examples of materials that have this property include

molten polyethylene, ketchup, blood, paint and nail polish.

Ostwald (1925 and 1929) postulated a ‘power law’ model that can be used to model
the rheological behaviour of pseudo-plastic fluids satisfactorily. The power law model

can be mathematically expressed as:

r=ky’, (4.16)

where the parameter k is defined as the pre-exponential factor or consistency index
and b as the exponential factor or the flow behaviour index. The value of constant £
gives an indication of the viscous behaviour of the fluid, while the value of the index
b describes the extent of the deviation of the fluid’s behaviour from Newtonian
behaviour. For pseudo-plastic fluids, b must be less than unity: if b is equal to unity,
then Equation 4.16 reduces to the Newtonian model shown in Equation 4.4 and &

becomes the Newtonian viscosity n . When b is greater than umity, the fluid is said to

exhibit ‘shear thickening’ behaviour.
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disintegrate into smaller and smaller particles with the introduction of increasing shear
rate. The reorganisation of bigger to smaller particles fills the voids in the fluid
systems, therefore increasing the apparent viscosity as the increasing packing fraction
reduces the freedom of movement of the particles in the system (Fletcher and Hill,
2008). A cornstarch-in-water mix is a typical example of a dilatant fluid. Dilatant

fluids can also be modelled using the power-law model explained previously.

d. Rheopectic fluids

Non-Newtonian fluids that exhibit rheopectic behaviour will display an increase in
viscosity with constant shear rate over time. A rheopectic fluid is probably one of the
most uncommon liquid behaviours to be found in the study of rheology. Although
there are not many examples of rheopectic fluids, this type of fluid can usually be
engineered — printer’s ink, electrorheological fluid, magnetorheological fluid and

gypsum could be the only few examples of rheopectic fluid readily found today.

Rheopectic and thixotropic fluids are time-dependent fluids that have varying
apparent viscosity with constant shear rate (see Figure 4.8). These types of fluid are
very difficult to study because the apparent viscosity varies with time as well as
with shear rate and temperature. Johnson and Kevra (1989) explained that shear-
thickening or rheopectic behaviour could be due to insufficient liquid to fill the spaces

between the solid particles, leading to increasing direct particle-to-particle contact.

e. Bingham fluids

A Bingham fluid is sometimes referred to as a “plug-flow’ fluid, as it requires the
development of a significant level of shear stress, or the yield stress value being
exceeded, before flow will begin, as illustrated in Figures 4.6 and 4.7. Once the flow
starts, there is essentially a linear slope to the flow curve, indicating a constant
apparent viscosity. Some examples of Bingham fluids include chocolate, ketchup,
mustard, mayonnaise, toothpaste and grease. Bingham (1922) proposed a model,
which is called the Bingham model, to explain the behaviour of this type of fluid

using the following equation:
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z-_:z-y_'_n}}, (4.18)

where 7, is the yield stress (in Pa), n is the apparent viscosity (in Pa.s) and y is the

shear rate (in sec’h).
[ Non-linear viscoplastic fluids

Fluids with a yield stress are sometimes referred to as viscoplastic fluids, which can
be classified as ‘Bingham plastic’ and ‘non-linear viscoplastic’ (non-Bingham) fluids.
As shown in Figure 4.6, there are two types of non-linear viscoplastic fluids: yield
pseudoplastic and yield dilatant. Like Bingham plastic fluids, these fluids also possess
a yield stress value; however, the flow curve of viscoplastic fluids is not linear like the
Bingham fluids. A yield-pseudoplastic fluid behaves similarly to a pseudoplastic (or
shear-thinning) fluid, but it requires a minimum amount of applied shear (yield stress)
before it will flow like a fluid. On the other hand, a yield-dilatant fluid behaves
similarly to a dilatant (or shear-thickening) fluid but with a yield stress value. The
simplest rheological model for the flow curves of non-linear viscoplastic fluids is the

Herschel-Bulkley model, which is given by the following equation:

r=1,+ky". (4.19)

Equation 4.19 is quite similar to the power law model (Equation 4.16) except that it

has got an additional yield stress term, 7. Like a power law fluid, the value of the

constant k gives an indication of the viscous behaviour of the fluid, while the value of
the index n describes the extent of the deviation of the fluid’s behaviour from
Newtonian behaviour. For yield-pseudoplastic fluids, the value of 7 is less than unity.
If n is equal to unity, then Equation 4.19 reduces to the Bingham model (Equation

4.18). When n is greater than unity, the fluid is regarded as yield-dilatant.
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4.4. Rheology of paste and suspension fluids

Paste and suspension fluids usually consist of solid particles distributed in a liquid
medium, although very often these fluids may also consist of more than one type of
solid or liquid mixed together to form a product used in our daily life — for example,
cosmetic cream, lipstick, hair colourant, nail polish, toothpaste, cough syrup, and
antiseptic cream. Solder paste can be classified as a non-colloidal dense suspension as
the particle size of the solder alloy particles is typically greater than 1pm and the
volume fraction is approximately 50%. When a particulate material is added to a
Newtonian fluid, the system can become a non-Newtonian fluid. As a result, the
rheological behaviour of the system becomes unpredictable and a full understanding
of the nature of the system can be known only if the system undergoes full rheological

tests.

4.4.1. Factors influencing the rheology of paste and suspension fluids

Provided that the atmospheric pressure and temperature are held constant, the
rheological behaviour of paste and suspension materials is usually influenced by the

following factors (Mazzeo, 2002):

e volume fraction of the dispersed phase;

e viscosity of the medium phase;

e particle size of the dispersed phase;

e particle size distribution of the dispersed phase;
e particle shape of the dispersed phase; and

e clectrochemical interaction between the particles and the medium phase.

Each of these factors is described next.
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a) Volume fraction

Volume fraction of the dispersed phase represents the ratio of suspended phase to the
medium phase. The viscosity of the suspension normally increases with increasing
volume fraction of particles. Einstein (1906; 1911) proposed a solution relating the
viscosity to the volume fraction of the suspended solid particles, as shown in Equation
4.20. However, the equation is based on the assumption that the volume fraction of
the solid is less than 0.01. Although this equation may work well for very dilute

suspensions, it will not work for a paste.
n=n,(1+2.5¢9), (4.20)

where 7, is the viscosity of the medium fluid, ¢ is the volume fraction and 7 is the

viscosity of the suspension.

Batchelor (1974; 1977) refined Einstein’s formula for use with higher-volume fraction

suspensions ( ¢ <0.15) and suggested:

n=n,(1+25¢+k¢’ +kp’) , 4.21)

where k; and k3 are constant values, ranging from 5 to 15, that have to be determined

experimentally.

For higher-volume fractions (¢ >0.15), the Kreiger and Dougherty (1959) equation

seems to describe the viscosity of the suspension better than Batchelor’s or Einstein’s.

This equation is given by:

1)t
i=(1_£) | (4.22)
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J) Electrochemical particle interaction

Inter-particle interactions in a suspension can affect the viscosity of the suspension.
These interactions usually increase significantly as the volume fraction of the solid
content increases (Macosco and Mewis, 2004). However, the magnitude of the
increase in viscosity varies from one suspension to another depending on the
microstructure and the electrochemical reaction of the particles in the suspension. For
a suspension with very small particle size, the electrochemical interactive forces
cannot be ignored as the particles usually possess either a positive or negative charge,
which can cause repulsion or attraction amongst the particles, in turn affecting the
flow in the suspension. When a suspension has both positively and negatively charged
particles, sedimentation of solid particles in the suspension can occur regardless of the
solid-volume fraction. In contrast, if the suspension contains purely positively or
negatively charged particles, sedimentation will never happen as the particles keep
bouncing off each other at high speed, creating the effect of a *cloudy’ suspension
even at low solid-volume fractions. These interactions can be further sub-categorised

as set out next:

(i) Van-der-Waals forces

Van-der-Waals forces refer to the attractive or repulsive forces between molecules (or
between parts of the same molecule) of the same substance. They are also known as
intermolecular forces. Van-der-Waals forces are not the same as the forces that make
up the molecule, i.e. intra-molecular forces (such as covalent and ionic bonds). Van-
der-Waals forces arise due to fluctuating polarisation of neighbouring molecules.
Essentially, the Van-der-Waals force is an overall force contributed to by dispersion

forces and dipole—dipole forces, which can be explained next.

Dispersion forces are temporary attractive forces that result from electrons in two
adjacent molecules occupying positions that make the molecules form temporary
dipoles. They are also known as ‘London dispersion forces’, named after the German-
American physicist Fritz London who first suggested how they might arise. Both the

molecular size and shape significantly affect the strength of the dispersion forces.
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Larger and heavier atoms or molecules exhibit stronger dispersion forces than smaller
and lighter ones. Bigger molecules have more electrons and longer distances over
which temporary dipoles can develop, leading to greater dispersion forces. The shape
of the molecules also affects the magnitude of the dispersion forces: long-and-thin
molecules can develop greater temporary dipole force due to electron movement than
short-and-fat ones that contain the same number of electrons. Non-polar molecules
usually exhibit a fluctuating dispersion force. Although polar molecules also exhibit a
dispersion force, the magnitude of the dispersion force is less than the force attributed

by the polar dipoles.

Dipole—dipole forces occur in polar molecules, i.e. molecules that have an unequal
sharing of electrons. For instance, a hydrogen chloride (HCl) molecule has a
permanent dipole because chlorine is more electronegative than hydrogen. These
permanent in-built dipoles will cause the molecules to attract each other more than
they otherwise would if they had to rely only on dispersion forces. It is important to
note that all molecules experience dispersion forces. Dipole—dipole interactions are

not an alternative to dispersion forces — they occur in addition.

(ii) Electrostatic forces

Electrostatic forces refer to the attractive or repulsive forces between the charged
particles in a suspension. The relative charge between the two particles determines
whether the force between the charged particles is attractive or repulsive. If the
surfaces of the two particles are covered with opposite charges, they will attract each
other, while if their charges are similar they will repel each other. In the case of a
suspension, the electrostatic forces are most important where the continuous phase
itself is polarised. The presence of charges on the particle surface often facilitates the
formation of an ‘electrical double layer’ around the particle with charges of opposite
sign from the continuous phase. The presence of this electrical double layer has a
profound effect on the viscosity of the suspension. Ferguson and Kemblowski (1991)
pointed out that, for a suspension with very small solid particles, an increase in the
viscosity will be observed due to the additional work required during the flow to
produce the distortion of the electrical double layer. It is also indicated that the

increase in viscosity can be caused by electromotive (the movement of electron or
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proton) repulsion between particles with similar surface charge. In order to overcome
this repulsion, a greater force is required to shear the material; hence, the material
exhibits higher viscosity. Another factor that could change the viscosity of a
suspension is the coating of particle surfaces with polyelectrolytic stabilisers. Such
action will disturb the pH balance and electrolyte concentration in the suspension,

effectively changing the viscosity.

(iii) Steric forces

Steric force can arise as a result of a change in reactivity pattern of a molecule
surface. Usually, the change is introduced by coating the particles in the suspension
with a polymer layer, hence limiting the free surface area of the charged particles to
react with other particles or the medium fluid. The existence of steric force can stop a

chemical reaction from taking place, hence creating a stable suspension.

4.4.2. Interaction of physical and intrinsic forces in solder paste

In terms of physical forces, the friction force between the hypothetical layers caused
by high packing fraction can affect the solder paste viscosity. The friction force in the
vertical plane is normally strong enough to counteract the gravitational force,

preventing sedimentation of the alloy particles in solder paste.

In terms of intrinsic forces, the sedimentation effect is also greatly reduced because of
the polarity of the flux medium and the solder alloy particles. The acid and alcohol
constituents (i.e. abeitic acid and propanol) in the solder paste are in fact chemicals of
the second and third most polar organic compounds (Ophardt, 2003; Reusch, 2007;
Carey and Sundberg, 2007). These acid and alcohol constituents contain a high
density of positively and negatively charged ions in the flux medium. The solder alloy
particles themselves are positively charged in nature (with relatively high

electronegativity: Sn 1.96, Ag 1.93, Cu 1.9).

In the solder paste itself, because both the flux medium and the alloy particles are
charged (see Figure 4.18), the difference in polarity or electronegativity allows the

Van-der-Waals and electrostatic forces between pair of particles and between particles
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4.5. Equipment used for rheology characterisation

The most common method for measuring the viscosity of a fluid is by using U-shaped
viscometer. This type of viscometer is usually made out of glass, very easy to use,
accurate and suitable for Newtonian fluids. There are various names given to this type
of viscometer because slightly varied designs exist, but generally they share a general
U-shape characteristic, as shown in Figure 4.19. Some of the names for this type of
viscometer include: Ubbelohde Viscometer, Ostwalt Viscometer, Cannon Fenske
Viscometer, Zeitfuchs Cross Arm Viscometer, Suspended Level Viscometer, U-Tube
Reverse Flow Viscometer, and Glass Capillary Viscometer. However, there is a
limitation on the measurable viscosity range detected using any one of this type of
viscometer and, as a result, a number of different viscometer sets are generally

required in order to cover a broad range of viscosity values.

The general principle when measuring the viscosity of a fluid using this equipment is
to draw the liquid into the upper bulb by suction, then release it to flow through the
capillary into the lower bulb. The time taken for the level of the liquid to pass between
two marked points on the upper bulb, multiplied by a factor unique to the viscometer,
should give the value of the kinematic viscosity. All commercial units are provided
with a conversion factor, or can be calibrated by a fluid of known properties. The
viscometers are usually placed in a constant-temperature water bath because

temperature affects the viscosity of a fluid.
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screen. The Brookfield or Malcom viscometer is not equipped with temperature
control equipment, so most experiments will be conducted at the expense of
unregulated room temperature. For this reason, a stand-alone water bath needs to be

used when conducting a test.

The relevant standard for rheological characterisation of solder paste is normally
based on a viscosity test according to the IPC-TM-650 2.4.34 single-point viscosity
measurement, using either a Brookfield or Malcom machine, which can be explained
using the following procedures:

e Place the container (minimum volume requirements: 4cm diameter, 10cm
depth) of solder paste in a water bath at 25°C +£0.5°C.

e When the paste has reached thermal equilibrium, place the container under the
T-bar spindle (type F) so that it is at the centre of the surface of the sample.

e (Brookfield machine) Start the viscometer at Srpm and bring the helipad stand
to descent. The helipad stand is a motorised unit that climbs at a certain rate up
and down the stand, which the viscometer is attached to. The Malcom machine
does not have a helipad stand, but the unit is equipped with a mechanism to
lower and raise the T-bar spindle during the test at programmable
descent/climb rate.

e Two minutes after the T-spindle has cut into the top surface of the paste, the
viscosity value should be recorded. The spindle should not touch the bottom of
the container.

e Remove the T-spindle from the container.

o The viscosity is expressed as a value calculated from the average of the peak
and valley of the last two cycles (A total of 5 cycles are normally recorded). If
the average of the first two cycles is more than 10% higher than the last two

cycles, the test is invalid and additional equilibrium time is required.

The rheometer can be considered one of the most advance viscosity measuring
devices currently available. The rheometer is superior to a viscometer as it can
measure multiple viscosity points, which is usually done by working in controlled

stress mode or controlled shear mode. Another benefit of using a rheometer is its
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directly proportional to the voltage and the current sent to the motor. At the same
time, by measuring the displacement on the disc using the optical disc method, the
angular velocity of the disc movement, w (rad/s), can be calculated. Hence, the torque

(7) can be calculated using the following relationship:

Power =Torque x @

(4.24)
VxI=Txw

Accordingly, the torque is correlated to the shear stress based on the following

equation:
3T

T= 4.25

27 R’ (4.25)
where 7 is the shear stress, T is the torque and R is radius of the plate.
The shear rate for parallel-plate and cone-plate are defined as:
. Ro W

=—— and, = 4.26

r== r=5 (4.26)

cone

where y is the shear rate, o is the angular velocity, h is the gap height and 0.0 is the

cone angle.

Hence, accordingly the viscosity using parallel-plate and cone-plate can be correlated

using the following equation:

ShearStress 3T-h 37 Oogne 4.27)

Viscosity = = and, =" “cone
v ShearRate 7 27R* @ g

" 27RYw

As shown in Equation 4.26, the shear rate is dependent upon the radius and the gap
between the plates. For parallel-plate geometry of any size, the magnitude of the shear
rate is not constant across the plate: the shear rate is zero on the centre of the plate and
maximum on the edge of the plate. Thus, in order to obtain the shear rate, the software

in the Bohlin rheometer has been programmed to calculate the shear rate using the
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median radius of the plate instead of the actual radius of the plate (i.e. for parallel
plate with radius of 20mm, a 10mm radius was used in the calculation). As a result,
the shear rate obtained using parallel-plate geometry is an average shear rate. For
cone-and-plate geometry, since the cone angle (6.one) is constant from the centre of the
plate to the edge of the plate, the result is a constant shear rate throughout the plate,
from the centre to the edge. Regardless of whichever geometry is used, the operator is
given the freedom to select the range of the shear rate to be applied to the sample.
However, the minimum and maximum shear rate also has a limit due to limitation of
the minimum value of the angle the stepper motor can move as well as the power of
the motor. This means that, in order to apply a very high shear rate, a smaller size

plate must be used.

The viscosity measured by Equation 4.27 is usually referred as the ‘dynamic/ absolute
viscosity’, with the SI (International System of Units) physical units of the Pascal-

second (Pa.s).

Due to extensive exposure to operating two different types of rheometer (controlled
stress and controlled strain) in the University of Greenwich’s EMERG laboratory, and
various viscometers including the Brookfield and U-tube viscometers in the fluids
laboratory, the author has been able to compile a chart based on the features available
on the equipment. The chart is shown in Figure 4.26 and will help readers to decide
which equipment should be used for specific application and what kind of test should

be run.
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Although Figure 4.26 lists other capabilities of a rheometer, only viscometry tests can
be used to simulate the tests performed on the Brookfield or Malcolm viscometers —
i.e. those that the solder-paste manufacturing industry is currently using for its
quality-control standard. Rheometers would be more appropriate to be used for non-
Newtonian materials because of their ability to measure a very wide range of viscosity
values. Other benefits of using rheometers include the ability to identify material
behaviour through various shear rates, such as non-drip paint, which is otherwise not

possible using single-point data obtained from the Malcom or Brookfield viscometers.

This clearly shows that the rheometer is in principle a superior piece of measuring
equipment compared with a viscometer for the purpose of quality control.
Nevertheless, the industry remains sceptical about using rheometers for quality
control due to the following constraints:

e tests performed using a rheometer take longer to complete;

e rheometer price (currently around £16,000);

e the requirement that the user has to be trained to analyse a rheogram;

e the requirement for judgement by the user, possibly resulting in biased results;

and

o the nature of time-dependent fluids.

One way to illustrate the problem of relying on information related to a single-point
viscosity value is that two solder pastes with different types of flux could have similar
single-point viscosity yet perform differently at the printing stage. But by using a
rheometer, we can analyse the flow graph from a good paste and use it as a
benchmark for new paste formulations because the effect of increasing or reducing the
proportion of a certain flux constituent can easily be pinpointed from the flow graph.
In other words, it would be possible to know which constituent to add or adjust in

order to reach a desired result.
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4.6. Summary

The rheological properties of solder paste are governed by physical and intrinsic
forces. Volume fraction, particle size and the shape of the solder particles dissolved in
the flux medium can each greatly affect the viscosity profile of the solder paste. These
factors also determine the storage and loss moduli (G' and G" respectively) of the
solder paste, which are indicators of the stress response behaviour of the paste. The
storage and loss moduli can be used to provide an indication of whether a solder paste
can easily flow through a printing stencil’s apertures and the paste’s ability to hold its
shape. Intrinsic forces such as electrochemical interactions between the solder
particles and the flux medium are difficult to quantify, but they play a role in the
rheology of the paste.

123



CHAPTER 5

CASE STUDIES

5.1. Introduction

This chapter presents a few examples of case studies on the use of ultrasound
techniques to study the properties of materials — for example, the effect of air bubbles,

temperature and cavitation related to the use of ultrasound.

Although there might be other case studies available for study, the case studies
presented in this chapter have been carefully selected as these cases are the ones
which are most relevant to a study of the behaviour and properties of solder paste.
These case studies have provided the author with the opportunity to analyse and
review why and how various ultrasound techniques have been used in the non-
destructive testing and characterisation of materials. These case studies also present
the challenge of using ultrasound techniques to solve problems where conventional
techniques encounter reliability problems due to limitation of an operator’s skills or

natural changes to a material’s properties.

5.2. Case study of fresh mortar

The use of non-destructive ultrasound techniques for concrete or fresh mortar arises
because most often it is difficult — if not impossible — to cut a section of a concrete
structure just to examine its quality without jeopardising the integrity of the structure
itself. The use of ultrasound techniques for studying concrete or fresh mortar
properties has been in existence almost from the time when ultrasound techniques

were first used for studying cracks in metal or welding joints, i.e. at least 50 years to
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date (Krautkramer, 1959). The use of ultrasound techniques for concrete, fresh mortar
or cement is mainly targeted at investigating the following properties:

e porosity estimation;

e permeability estimation (the ability to absorb and hold water); and

e compressive strength.

The most significant example of work to study the porosity of cement paste using
ultrasound was presented by Hernandez et al (2000, 2006a, 2006b). Similar studies
were also reported by Grosse et al (1999), Kamada et a/ (2005) and Punurai et al
(2006). The conventional method for studying the porosity of cement paste is by
measuring the changes in total volume before and after the cement and water were
mixed. For concrete sample, a mercury or vacuum porosimeter is used. Other
alternatives include using x-ray or computerised tomography (CT) imaging, but these
techniques can be very time consuming as layer-by-layer scanning is required to

produce a reliable estimate of the porosity in the cement paste or concrete sample.

Hernandez, Grosse, Kamada and Punurai and their colleagues all used a similar
equipment set-up for their studies on porosity estimation, which were all based on the
through transmission mode of working. Only Hernandez used immersible ultrasound
transducers, with the samples to be tested fully immersed in a water tank (see Figure
5.1). This is understandable because an air-coupled ultrasound system normally
returns a very faint signal, especially with highly attenuating material such as cement
paste or concrete. Herndndez used the micromechanical model to correlate the
porosity, density and ultrasound properties of the sample materials. The model was
derived from stress/strain tensors acting on isotropic material (see Section 3.8.2
above), in which porosity can be correlated with the cement matrix according to the

following elastic stiffness equations (Hernandez et al 2000, 2002):

xl:C,"f -g(cz)}(<];111>+2<]]122>) ) gx(Cél)<Tmz)

1-x+x(<Tnn>+2<7;122>) 1—x+2x<7}212>

B 2x(Cﬁ)<II212> (5.2)
l-x+ 2x<Tlm>

C,=Cn+ 5.1)

C44 = Cﬁ
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where x is the volume fraction of pores, T is the stress/strain tensor, and C;; and Ca4
are elastic constants that are normally referred to as £ (Young’s modulus) and G

(shear modulus) respectively.

Hence, the elastic constants can be correlated with ultrasonic velocity using the
following relationship (Hernandez et al 2000, 2002):

C, v - [Ca
T

V =
N p

(5.3)

where V| and V't respectively are the longitudinal and transverse ultrasonic velocities.

Hernandez’s study showed that using ultrasound techniques produced comparable
results to those for the conventional destructive-test technique (see Tables 5.1 and
5.2). This is highlighted by almost similar deviations between the destructive method
and the non-destructive ultrasonic technique. The results also hint that higher
deviations normally occur in relation to a high water-to-cement ratio. This could be
due to the assumption used in the micromechanical model that the voids in the test
material will increase proportionally when more water is present in the cement paste

(see Figures 5.2 and 5.3).
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Destructive measurement
W C Porosity Apparent density Real density Standard deviation

ratio (%) (g/cm?) (g cm?) of porosity
0.45 1595 245 291 0.18
0.50 18.04 2.45 2.98 0.14
0.55 19.94 249 3.1 0.12
0.60 20.81 2.52 318 0.25

Table 5.1: Correlation of porosity and density of concrete using a destructive

technique (Hernandez et al, 2000).

Nondestructive measurement

W ratio Measured Calculated  Calculated  Standard
L (m s) Young's porosity deviation of

(mean value) modulus (%) porosity
(GPa) (%)
0.45 4098.2 38.96 1593 0.12
0.50 3915.6 35.57 18.04 0.26
0.55 3815.0 34.30 19.94 0.25
0.60 3775.6 34.02 20.81 0.29

Table 5.2: Correlation of porosity and density of concrete using a non-destructive

ultrasound technique (Hernandez et al, 2000).
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The inclusion of sand to a cement paste that had a fixed water-to-cement ratio resulted
in higher ultrasound velocity because the sand particles replaced the pores in the
cement paste matrix. This process resulted to higher ultrasound velocity as the sound
waves then had shorter alternatives paths to reach the receiver-transducer (see Chapter

3 Figure 3.39 above).

Kamada et al (2005) also worked exclusively on cement paste and reported the
correlation, during the cement curing process, of ultrasound parameters (velocity and
amplitude) with the changes of viscosity. The viscosity was independently recorded
using a rotational viscometer such as those shown in Figure 4.21 on half the sample,
while the other half of the sample was being tested using ultrasound techniques.
Although the properties of the cement can still be monitored using ultrasound after it
is fully cured, it is not possible to keep recording the viscosity for more than 4 hours
as the hardening paste can damage the electric motor of the viscometer and the
spindle. Consequently, the work was more concentrated on Stage 1 (early curing) and
Stage 2 (fully cured) rather than Stage 3 (matured concrete). Results given in Figures
5.4-5.6 also indicate that it is not necessary to monitor the cement at Stage 3 as the

ultrasound velocity and amplitude are nearly constant.

The most interesting part of Kamada’s (2005) work was the provision of the SEM
pictures (see Figure 5.7). These helped to explain the morphological development of
the microstructure of the cement paste during curing, which can be used to support the
theory that when the paste is fully cured there are fewer bigger pores in the cement
matrix due to branching, which leads to shorter wave paths and hence higher
ultrasound velocity. The branching causes the big chunky particles to break into

smaller and longer interconnecting rods.
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5.3. Case study on the effect of temperature gradient in food suspensions

The most significant work on the effect of the temperature of materials on ultrasound
can be illustrated by the work of Giilseren and Coupland (2007) and Wang (2004 with
others; 2005). Those pieces of work demonstrate that not all materials will experience
a drastic change in ultrasound velocity due to an increase in temperature. This can be
explained by the fact that different materials have different melting, boiling or
freezing points. Thus, when there are no structural changes in the material, there are
little or no changes in ultrasound velocity — see Figures 5.11 and 5.12. Water and
water-based suspensions normally encounter structural anomalies in which the
volume increases as it reaches 0°C (impurities in water can lower freezing point),
unlike most other materials where volume shrinkage occurs. This could be the reason
why sunflower oil shows a decrease in ultrasound wave velocity when the
temperature is increased — see Figure 5.13. It was found that when the temperature
was increased, the sunflower oil encountered volume expansion due to the stretching
of hydrocarbon chemical chains within it, and hence a decrease in ultrasound velocity.
But since sucrose and tomato sauce contain water, the increasing temperature will
cause the water to evaporate first (indicated by a sudden change of curve gradient at
35 °C); hence there is a reduction in the volume of such suspensions, which was found

to lead to increasing ultrasound velocity for sucrose and tomato sauce.
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As a result of different ranges of frequency coverage pertaining between rheometry
and the ultrasound technique, Verdier et al (1998) suggested using a lower-frequency
transducer (1kHz to 100kHz) to investigate PDMS samples in order to obtain a

comparable result in the same frequency range.

5.6. Case study of natural rubber latex suspensions

The case study conducted by Jaafar (1996) on natural rubber latex suspensions
provides a good insight into investigating material properties using ultrasound
techniques. There are two conventional techniques for analysing the properties of
natural rubber latex suspensions. The first technique would normally require chemical
assay and a standard rheometry test in the laboratory. The second technique only
requires a hydrometer to measure the density of the suspensions, but this technique is
highly unreliable because the density of the suspensions does not have any direct
relationship to the qualities of the suspensions (the viscosity, total solid content,
alkalinity and dry rubber content). Although the viscosity of natural rubber latex
suspensions (800-1,600mPa.s at 25°C) is not as high as solder paste (400,000—
750,000 mPa.s at 25°C), it is a good material to be compared with solder paste as both

of these materials exhibit viscoelastic behaviour.

The technique used in Jaafar’s study was reviewed to enhance the understanding of
how suspensions response to ultrasound waves. Although natural rubber latex
suspensions normally don’t contain any metal particles, the suspensions themselves
do have traces of particles for elements such as potassium, magnesium, copper, iron,
sodium, calcium as well as certain phosphates (collectively not more than 0.5% by
volume of the suspensions). The effect of ultrasound scattering due to the existence
these particles or any other foreign particles introduced to the suspensions was also
studied, although it should be borne in mind that the results may not necessarily
represent exactly how ultrasound scattering would happen for solder pastes, as solder
pastes have metal particles as the major constituent of the suspensions. This affects
the interpretation of results, as a multiple-scattering scenario is more likely to occur in

solder paste due to the very high volume content of metal particles.
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5.6.1. Ultrasound techniques for determination of dry rubber content

There are several ultrasound techniques possible to be used for investigating the dry
rubber content of natural rubber latex suspensions. These techniques were principally
based on through transmission mode and pulse echo mode, with several possible sub-
variations. The basics of the through transmission mode and pulse echo mode
techniques have been previously explained in detailed in Chapter 3; hence only a brief

description of the sub-variations will be presented here using diagrams.

Jaafar et al (1996) considered many techniques and attempted to build both a pulse-
echo mode rig and a through-mode rig (see Figures 5.17-5.26). The performance and
feasibility of both techniques have also been thoroughly reviewed. Due to the very
thin layer of liquid sample used by Jaafar and colleagues, regardless of whichever
technique was used the results are in good agreement with each other. The work has
not provided any information regarding changes in viscosity in relation to the dry
rubber content of the natural rubber latex suspensions; nevertheless, one can always
safely presume that natural rubber latex suspensions are non-Newtonian and their
viscosity will increase as a function of temperature or the dry rubber content. Thus,
measurements reported by Jaafar et al with respect to the relationship between dry
rubber content and its ultrasound properties may possibly hold true for viscosity as

well.
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Although there was an example of indirect use of ultrasound to obtain the viscosity of
Newtonian liquids, such as orange juice and sugar solution, getting the technique to
work with solder paste materials is viewed as a challenge. This is because solder
pastes have extremely high viscosity, contain metal particles and are non-Newtonian
in nature. There are no known natural Newtonian materials with viscosity as high as
that of solder paste. The case studies show that the ultrasound technique may provide
good correlation with the properties of the materials non-destructively; however, the
vibration could alter the fluid characteristics in the same way that it can assist the

particles to flow.

Thus, further study will be needed to adopt an ultrasound technique for the
measurement of viscosity for solder pastes using minimally invasive ultrasound
technique. It is expected that ultrasound parameters such as attenuation and velocity
may even be able to be directly used to predict stencil printing quality with or without

the link to viscosity.
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Case studies | Investigated Findings
Properties
Fresh Estimation Utilised longitudinal wave and attenuation. Shear
mortar of water-to- | wave was only used to obtain Young’s modulus and
cement ratio | shear modulus.
(w/c), Higher longitudinal velocity reflects lower w/c, higher
porosity, Young’s modulus and lower porosity.
permeability, | Higher density — higher w/c ratio — higher porosity
compressive | (see Table 5.1).
strength, Ultrasound velocity may not reflect density of
curing material.
state/rate Voids/air bubbles reduce ultrasound velocity.
Indirect measurement of viscosity through ultrasound
amplitude and velocity (Kamada et a/, 2005)
Chemical reactions or admixtures can affect
ultrasound velocity.
Ultrasound attenuation is related to packing fraction.
Temperature | Temperature | Not all materials experience a decrease in ultrasound
gradient velocity from an increase in temperature (-10°C to
80°C)
Orange juice | Sugar Indirect ultrasound velocity to viscosity correlation.
viscosity content Exponential correlation.
PDMS Storage and | Comparison of storage and loss moduli measurement
loss moduli | using ultrasound and rheometer. Use of lower-
frequency ultrasound sensors was suggested.
Rubber latex | Dry rubber | Higher drc — higher ultrasound attenuation regardless
content of the temperature.
(drc), Higher drc — higher ultrasound velocity but
adulterant dependent on the temperature (see Figure 5.30).

Detection of adulterant at an early stage.

Table 5.3: Summary of findings from case studies.
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CHAPTER 6

DESIGN AND DEVELOPMENT OF EXPERIMENTAL
RIG

6.1. Introduction

This chapter presents several experimental rig designs developed during the

experimentation that forms the basis for this thesis. Each of the rigs was designed to

test the performance of the ultrasound technique being considered, with the intention

of producing a rig that would be capable of testing solder paste samples in bottles with

good signal resolution (i.e. minimum noise or interference).

There were several challenges encountered during the construction of the

experimental set-up for testing solder paste, such as the following:

Solder paste is a very attenuating material, and therefore it was necessary to
decide which and what type of sensors (broadband or narrowband frequency
bandwidth, magnetic or capacitive or piezoelectric, longitudinal or shear wave),
beam width and size of sensors should be used. Also, there was a need to
investigate the best frequency to run the test at, in order to achieve a readable and
reliable signal (i.e. minimum noise).

Scanning methods (pulse echo or through mode) needed to be selected.

The alignment of ultrasonic sensors was significant.

The selection of appropriate signal generators (continuous or tone burst, minimum
pulse duration, frequency range, maximum voltage output) needed to be made
carefully.

The selection of a signal amplifier and noise filter (low pass, band pass or high

pass) needed to be made.
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To address these challenges, three experimental rigs were built. The experimental rig
A was built to solve the issue of the scanning method and to investigate the maximum
penetration depth of the transducers in relation to the solder pastes. Experimental rig
B was built with the intention of achieving better signal quality: separating noise from
the true signal, identifying source and returned signals, and creating an ability to
extract and save the experimental data to a computer. Finally, experimental rig C was
constructed as an adaptation of experimental rig B. This rig used purpose-built sample
holders that allowed solder paste samples to be tested without having to remove the
samples from their airtight sealed bottles. Another improvement applied on
experimental rig C was the use of broadband high-frequency industrial ultrasonic

transducers.

6.2. Experimental rig design A

Based on the literature review from Section 3.9 and the case studies presented in
Chapter 5, the through-transmission detection mode was considered for building
experimental rig A. This decision is supported with the general knowledge that liquid-
like materials such as water or suspensions tend to attenuate sound much better than
metallic materials — although solder paste contains both metal and liquid content and
this adds another dilemma to the choice of which system to use. However, this
problem has been discussed earlier, in Section 3.7, highlighting the merit of through

transmission mode over pulse echo mode, and hence the choice of the former.

Experimental rig A was built using equipment available from Greenwich University’s
electronics laboratory. The set-up of the equipment was crude, but this fulfilled the
intention of the exercise, which was to gain an understanding of how the chosen
systems work and to allow further equipment improvement. The schematic diagram of

the set-up is shown in Figure 6.1.
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e due to using an analogue signal generator and an analogue oscilloscope, at
high resolution, signals arriving at low voltage cannot be captured and will be
ignored. It appears as if there is a huge time delay caused by the equipment,
as reported in some papers, including the ones by Landis (1993), Landis and
Shah (1995) and Povey (2006), in which they are suggesting a calibration
using a known medium or testing the same medium at different path lengths.
Some researchers mistakenly ignore the reading, which therefore contributes
to erroneous ultrasound velocity results.

e an inability to locate first maxima or minima in captured data; and

e an inability to save data or results — findings must be observed and manually

entered into a computer.

Initially, it was very difficult to read the signal from the measurement of the solder
paste samples due to very high attenuation. At times, without the use of an amplifier
filter, the signal was completely lost. However, when the EG&G Brookdeal 9452
combined amplifier-filter was used, not only was the returned signal amplified but
also the surrounding noise from the laboratory. This led the author to build an in-
house customised active band-pass amplifier-filter module (see Figure 6.8), and the
schematic diagram of this module is provided in Appendix J. However, it did not
exactly solve the problem as the module was unable to provide enough signal

amplification.

In this part of the design of rig A, the open structure transducers were conceived for
attempting to test the solder paste sample in the bottle without having to make
physical contact with the sample or remove the sample from the bottle. However, it
was found that, due to the highly attenuating nature of the solder paste material, it did
not seem possible to transmit ultrasound through these materials using air as the
coupling medium. So, at this stage, direct measurement of a sample in a bottle was

another challenge to solve.

Possible solutions considered were to build a good amplifier-filter system or to use
another type of transducer. Alternatively, applying a thin layer of soft coupling

medium such as grease or oil as reported by Fengler et al (2004) to the surface of the
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6.3. Experimental rig design B

Experimental Rig B was built to solve the problem of recording data from the

measurement. This was achieved by replacing the analogue oscilloscope with the

Picotech ADC212 analogue-to-digital converter (see Figure 6.11), which can capture

the measurement data directly and save it to a computer.

The analogue-to-digital converter (ADC) has two input channels that can record data

independently. This means that the reference signal can be recorded simultaneously

yet independently from the transmitted signal. The sampling rate of the ADC is 3

million samples per second, with a 12-bit resolution. The complete specification of

the ADC is provided in Appendix K. The decision for selecting which type of ADC to

use was based on the several factors, in the order of importance:

Resolution (8 bits, 12 bits, or 16 bits). The resolution will determine the
precision of the data — for example, 8-bit resolution over 10 volts measurement
would be able to detect a change in voltage as small as 10/256 (~39mV), while
comparable figures for 12-bit and 16-bit resolution would be 10/4096
(~2.4mV) and 10/65536 (~152uV) respectively.

Sampling rate (samples per second). The sampling rate determines how
many data points can be received per second. A very fast repeating signal of a
very high frequency would require a very high sampling rate.

Bandwidth. The bandwidth of the ADC can be defined as the maximum
frequency that can be measured by the ADC. Normally, the ADC should have
higher-frequency bandwidth than the signal to be measured.

Input and output channel number. This would usually correspond to the
number of the input signal that needs to be converted, or where the ADC needs

to be synchronised with another device.

Integrated amplifier and filter.
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6.3.1. System overview and limitations of experimental rig design B

Through preliminary tests using rig B, it can be concluded that the use of broadband
Panametrics transducers did indeed — as expected — produce more reliable results than
the Murata transducers, due to their larger element size. The Panametrics transducers
have wider elements, hence wider beam directivity (see Appendix I1), which allow
the transducers to have beam directivity of the width of the element (25mm)

compared with only 18.7mm for those of Murata’s.

It was also found that use of an ADC would allow further simplification of the system
of experimental rig B. Because of the high resolution of the ADC unit, it was possible
to eliminate the external amplifier-filter unit and read the raw data directly or to use
the supplied ADC software for magnification purposes instead. Eliminating the
external amplifier-filter unit also resolves the issue of noise amplification, as the
amplifier-filter will usually not only amplify weak signals but also weak background

noise.

Although experimental rig B allowed the user to see and compare the reference signal
and the transmitted signal, it was not possible to use the result to calculate ultrasound
velocity through the sample. This is because the signal generated by the analogue
signal generator is a continuous sinusoidal wave, so there is no beginning or end point
of the signal that can be used as a time-point marker to compare the reference signal
and transmitted signal; to obtain the ultrasound velocity of the material being tested,
an end point of the reference signal and the beginning point of the transmitted signal
are required. Therefore, the system needs to be upgraded to allow recording of the
ultrasound velocity, as accuracy of ultrasound velocity measurement plays a
significant part in determining the viscosity of material through ultrasound techniques,

as demonstrated later in Section 7.2.
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c=1.402385x10 +5.0388137 - 5.799136x 107272 ©6.1)
+3.287156x107'T° ~1.398845x10°T* +2.787860x 107 T*
where ¢ is the ultrasound velocity of water and T is the temperature of water. The
formula is valid for 0-95°C at normal atmospheric pressure. To the best of the
author’s knowledge, there is no limitation on a particular frequency range that
Equation 6.1 is restricted to. Marczak (1997) compared the findings with other
researchers who reported their work at 4, 5, and 16MHz and reported that the

deviations are negligible.

Based on this equation, the ultrasound velocity of water at different temperatures is as
shown in Table 6.1. In order to verify that the test rig is working as it supposed to be,
the ultrasound velocity measurement of water obtained at 10, 20, 30 and 40°C were
compared against the values shown in Table 6.1. It was found that the measured

values were within the range shown in Table 6.1 with an average deviation of £5m/s

(see Figure 6.22).
Temperature Ultrasqund

°C) velocity

(m/s)

0 1,403

5 1,427

10 1,447

20 1,481

30 1,507

40 1,526

50 1,541

60 1,552

70 1,555

80 1,555

90 1,550

100 1,543

Table 6.1: Ultrasound velocity of water at various temperatures.
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angle difference can be easily identified from the results, which can be used to

determine the storage and loss moduli of the material being used.

The final stage of the development process (rig C) resolved the problem of recording
the ultrasound velocity by employing tone-burst ultrasound waves produced using a
digital signal generator. Water was found suitable to be used as the coupling medium
for testing solder paste. The performances of four pairs of transducers were re-
evaluated against the solder paste sample. The Panametrics transducers outperformed
other transducers because of their broadband frequency coverage and larger size of

element.
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CHAPTER 7

PRELIMINARY TESTS ON CEMENT PASTE SAMPLES

7.1. Introduction

This chapter presents the preliminary experimental tests using experimental rig B
previously described in Section 6.3 above. This preliminary study used cement paste
and mixtures of various compositions of cement and sand as the samples under
investigation. The study was conducted to validate the design of experimental rig B
and to verify the use of the same transducers on experimental rig C. In this particular
respect, the results of this study were compared with the results of Aggelis and

Philippidis (2004).

7.2. Materials and test set-up

A test set-up similar to that of experimental rig B (see Figure 6.13) was used in this
preliminary set of experiments, and the particular rig used for this study is shown in
Figure 7.1. The cement used was Lafarge Portland cement (Portland PC CEM II
32.5), and distilled water was used to liquify the cement samples. Because of the
small amounts of sample used, the cement was hand-mixed in a small plastic
container. In all cases, the cement used was 300g (weighted to 0.1mg accuracy) of
cement powder mixed with a known amount of distilled water to make up the required
water-to-cement ratio (w/c) — for example, a 200g water and 300g cement mix would
be identified as 0.6 w/c. When sand was added to the sample mixture, the amount of
sand was measured as a percentage of the cement mass used in the mix. Hence a 0.6

w/c with 10% sand content should contain 30g of sand in the mixture. The sand used
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The secondary aim was to demonstrate that tests conducted using ultrasonic

techniques are reproducible and reliable.

7.4. Experimental results and analysis

Because the measurement results presented in Section 7.4.1 and 7.4.2 were based on
curing cement it would be difficult to make sense of the measurement results.

However, the work was required to corroborate previous works.

Section 7.4.1 below presents the results and analysis for cement pastes using
ultrasound techniques, in comparison with the technique reported by Aggelis and
Philippidis (2004). Section 7.4.2 presents the rheology test results and analysis of the
same cement pastes as described in the first section. Finally, Section 7.4.3 presents a

comparison between the ultrasound and rheometer viscosity test results.

7.4.1. Ultrasound tests of Portland cement pastes

All the ultrasound measurements for the cement paste samples were conducted
approximately 10 minutes after mixing, since it would require that time after mixing
and compaction to reduce unwanted air bubbles trapped in the paste. The bubble
formation can be observed during the mixing process, while the collapse of the
bubbles is observable during the compaction process. Since cement powder undergoes
physical change and chemical reaction when water is added to it, and will
continuously do so for a few hours, the ultrasonic velocity of the paste is also
changing continuously (Figure 7.2). The chemical reaction of the cement paste is
indicated by heat generation to the mixing bowl. It should further be noted that once
the cement paste is completely cured (Stage2), see Figure 5.4 and 5.5, the ultrasonic
wave may not propagate through the cured cement any more (very weak signal
amplitude) as a great deal of the water that acts as the coupling medium in the paste

has evaporated causing many tiny voids in the cured cement. The volume of the
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The attenuation of the cement paste with high sand content is considered to be due to
the scattering and reflection of the ultrasonic waves. It can be deduced that this effect
is only observed at high frequency because at high frequency the ultrasonic
wavelength may be a lot smaller than the size of the sand particles; therefore, a greater

portion of the ultrasonic wave is reflected and scattered.

From the analysis of all the graphs from Figure 7.5 to Figure 7.11, there are
significant fluctuations along the individual curves. Although Aggelis and Philippidis
(2004) did not comment on the fluctuations, one can understand that the ongoing
chemical reactions and the collapse of the voids in the sample pastes might be the
main cause. The curves on Figure 7.2 are relatively smooth as there are more data
points collected at regular interval over a long period of time, hence producing
smooth average curves. Attenuation of the ultrasonic wave is a more effective means

of distinguishing pastes of different sand content.

The results from these experiments were found to agree with the findings reported by
Aggelis and Philippidis (2004). Scattering of ultrasound is a dominant mechanism in

cement paste containing sand particles.

Entrapped air bubbles in cement paste are also considered as one of the sources of
inhomogeneity in cement paste, significantly affecting the attenuation of the
ultrasound waves. Paste with very large numbers of air bubbles can cause a porous
structure even after the cement is completely set. These bubbles reduce the overall
concrete strength of the structure and can initiate a micro-crack in the concrete

structure (Ye ef al 2004, Punurai et al 2006, Grosse et al 2007).
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7.4.2. Rheometer tests of Portland cement pastes

Previous rheometer tests have confirmed that cement pastes are non-Newtonian
materials, as their viscosity is dependent on the shear rate. Thus, in order to determine
the viscosity of paste samples, tests were set up to be conducted under a range of
shear rates. In this particular set of experiments, a range of shear rate from 0.5-10s’!
was used. This range of relatively high shear rates is commonly used to test high-
viscosity materials as this is the range of shear rates normally encountered in
industrial applications e.g. spraying, brushing, and mixing. The tests were conducted
immediately after mixing the cement powder with water (approximately 10 minutes
preparation time) and the rheometer tests lasted 220 seconds. As a precaution to
prevent damage to the rheometer there was no intention to run the tests longer than
220 seconds. This is because if the cement developed to a fully cured state (Stage 2),
it can seize the motor of the rheometer. The test results in Figures 7.12 show that the
viscosity of the pastes with higher cement content (smaller w/c value) tends to be
higher too. These results are consistent with the Kreiger and Dougherty theoretical
model described in Section 4.4.1.a above, at 5s”! shear rate (see Table 7.1). Fletcher
and Hill (2008) — see Figure 4.11 — also reported a similar trend with the
latex/pressure-sensitive adhesive system. This test was conducted within the Stagel
curing state shown in Figure 7.2, also in line with the Stagel of Figure 5.4 and 5.5.
With respect to the curing state in Figure 5.4, this 220seconds of experiment is only
1.2% out of the Shours window of Stagel.

. K .
Water-to-cement ratio of sample VISC(;:I;.VS?SS E:?gt;mv:rj’l;f:;::::ze:\::e |
0.3 83 —
0.36 75 77.7
0.4 30 29.0
0.42 22 20.9
0.5 3 9.2

Table 7.1: Relative viscosity of various cement pastes according to Kreiger-

Dougherty’s model. Note: [n]=8.1 and maximum packing fraction is at 0.3w/c hence

$n=0.3.
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In this set of experiments, tensile-strength compressive tests were also conducted
using a Hounsfield tensile testing machine. Although the viscosity value at very low
shear rates cannot provide a representative one-to-one result to the tensile strength of
the concrete, it is obvious that the rheology tests on the cement pastes can be used as a
guide for estimating the strength of the cured concrete. The tensile test results of 10-
days-old cured concrete are shown in Table 7.2. Having information from Figure 7.12
and Table 7.2 at hand would allow one to easily estimate the tensile strength from its
viscosity without having to wait 10 days for the cement paste to be fully cured. This

would be a great benefit to the large scale civil engineering industry.

Water-to-cement ratio of sample Tensile strength (MPa)
0.33 3.42
0.36 2.85
0.40 2.63
0.42 2.38
0.50 214

Table 7.2: Tensile-strength compressive test results for concrete samples

after 10 days of curing.

The rheometer test results of cement paste samples with the inclusion of sand particles
are not presented here as visual observation during the tests and the related test results
indicated the presence of a ‘wall slip effect’, in which the samples experienced regular
on-off contact with the surface of the parallel plate of the rheometer. The presence of
‘wall slip’ will effectively invalidate the test results as the test results generally

contain irregular data points.

7.4.3. Comparative analysis of ultrasound and rheometer viscosity tests at

early curing state (Stagel) of cement pastes

Although there is no standard formula to correlate the attenuation of cement paste

directly with viscosity, the viscosity of cement paste at various water-to-cement ratios
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determined using a rheometer seems to have a strong correlation to ultrasound
velocity, as shown in Figures 7.14. In addition to that, the viscosity also shows an
inverse relationship to ultrasound attenuation (see Figure 7.14). The challenge here
was to find a formula that could predict the viscosity regardless of the variations in the
cement paste’s content. Realistically, cement pastes may contain different amount of
sand/aggregate content, particle size distribution of the sand/aggregate or admixtures
such as accelerators, retarders and air entrainers. The only formula available to
correlate ultrasound parameters with viscosity of fluids is the formula provided by
Stokes (1845) — see Equation 3.18 in Chapter 3. However, this formula is proven to be
unsuitable to describe the viscosity of cement pastes (see Table 7.3) as this formula
was originally used to describe the viscosity of gases. Furthermore, cement paste is a
semi-solid non-Newtonian material. Hence, there is a significant different between the
calculated viscosity values (Stokes’s model) and the measured viscosity values

(Bohlin Rheometer).

Looking at the viscosity of the samples at 10s™ shear rate in Figure 7.12, the viscosity
of the 0.33 w/c sample is 23Pa.s which is comparable to the viscosity of the 0.3w/c
sample in Figure 5.5 at 220seconds (~15Pa.s).

Comparing the ultrasound velocity results in Figure 7.15 to the Stagel ultrasound
velocity results in Figure 5.5 and 7.2, it is obvious that the velocities at 220seconds
are comparable (100-150m/s). The ultrasound velocity of the sample will
continuously increase while the cement paste is curing. The ultrasound velocity of a
fully cured (Stage2) cement paste could reach up to 3000m/s. A coupling gel or
wetting the sample with water would be needed in order to measure the ultrasound
velocity at Stage2 and Stage3. Rheometer’s viscosity tests were not conducted for
Stage2 and Stage3 cement paste samples because the cured cement can damage the
motor of the rheometer. The viscosities shown in Figure 5.5 were measured using

Brookfield viscometer at 10rpm (equivalent to 10s™" of Bohlin rheometer).
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collapsing, therefore increasing the ultrasound velocity (also see Figure 3.39). Under
this bubble formation effect, it is possible that some materials will give lower
ultrasound velocity than that of for air. This phenomena has been pointed out by
Povey (1998), see Figure 7.4, in which there is no ongoing chemical reaction in the
suspension (water with a dispersion of 10um bubbles). The ultrasound velocity of the

suspension at the lowest frequency was 80m/s.

Bohlin )
Rheomet Stokes’s
Water-to- . . . ometen model
. Velocity [Attenuation| Density |Measured
cement ratio of 3 .. |Calculated
(m/s) | (dB/mm) | (kg/m?3) | Viscosity | ... .
sample (Pa.s) Viscosity
@0.5 s.1 (Pa.S)
0.33w/c 262 0.34 1987 4000 2.69E-05
0.36w/c 167 0.41 1806 673 1.88E-05
0.40w/c 133 0.38 1643 385 1.26E-05
0.42w/c 128 0.46 1534 125 1.37E-05
0.50w/c 122 0.67 1418 15 1.76E-05

Table 7.3: Measured and calculated viscosity of cement pastes at 220 seconds of

curing, at 500kHz.

The measured viscosity shown in Table 7.2 was obtained using a Bohlin Gemini
rheometer at a shear rate of O.SS'], whilst the calculated viscosity is based on the
ultrasound measurements through the formula provided by Stokes (1845) — see

Chapter 3 Equation 3.28.

7.5. Conclusions

The author’s findings presented in this chapter agree with the work of Aggelis and
Philippidis (2004) on cement pastes. The study shows that the viscosity of the cement
pastes measured using a rheometer may have a correlation with the ultrasound
measurements. Because shear rates are not equivalent to ultrasound frequencies, it is
difficult to cross-check the viscosity of the (non-Newtonian) cement pastes, especially

as the viscosity non-Newtonian materials are known to vary with shear rate.
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CHAPTER 8

DEVELOPMENT OF STOKES’ THEORETICAL MODEL
FOR NON-NEWTONIAN MATERIALS

8.1. Introduction

This chapter presents other approaches that can be used to describe the viscosity of
non-Newtonian materials using the ultrasound technique. The validation using
Newtonian fluids and dimensional analysis presented next were necessary. This is
because the preliminary tests using Stokes’ model on cement pastes described in
Section 7.4.3 have proven that Stokes’ model is not applicable for non-Newtonian
material. The validation using Newtonian fluids provided a basic ‘look-up table’ for
the viscosity, whilst the dimensional analysis part provided a possibility for finding
other theoretical models suitable for describing the viscosity of non-Newtonian

materials.

8.2. Validation of Stokes’ model for Newtonian fluids

Recalling the Stokes’s model for measuring the viscosity of Newtonian fluids from
Equation 3.18:
2
N
3A°pya

Rewriting this equation to provide a viscosity value based on ultrasound attenuation,

velocity and frequency (f = a/A) gives:

3 3
1= @.1)
.y
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During the tests, the ultrasonic velocity was found to have a logarithmic relationship
(see Figures 8.4 and 8.5) with the increasing viscosity of the sugar solutions. Since the
sugar solutions have relatively low viscosity, the viscosity curve only covers a narrow
range of viscosity. One solution to this limitation was to extrapolate the curve to
extend the range to higher viscosities. It would, however, be very difficult to justify
the use of this extrapolated curve as a calibration curve to determine the viscosity of
highly viscous material. Furthermore, a material with high ultrasonic velocity does not
necessarily reflect that it has high viscosity. For example, lead has a longitudinal
ultrasonic velocity of 2160m/s and a viscosity of 2.61x 103Pa.s at the melting point of
327.3°C (lida et al, 1975). Empirical studies of ultrasonic velocity have found that
most of the materials with longitudinal ultrasonic velocity of above 2000m/s are

solids (see Appendix B).

In contrast with the work reported by Giilseren (2007) in Figure 5.11 and Wang
(2004) in Figure 5.13, the temperature of the sugar solution (sucrose) may affect the

ultrasound velocity of the material, particularly at low temperatures.
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8.2.2. Validation of Stokes’ model using viscosity standard fluids

The viscosity standards used in this experiment were obtained from Brookfield
Engineering in the United States. The viscosity standards consist of several types of
natural fluid of confirmed viscosity value, usually through the falling-sphere method
or U-tube viscometer. Viscosity standards higher than 200Pa.s were not available for
the test since Newtonian standard fluids of a few thousands or millions of Pa.s are

very rare.

. . Bulk
Sample . Viscosity | Density
Material . | modulus
Code (mPa.s) | (kg/m°)
(Pa)
BO Water 0.89 998.2 | 2.06E+09
B31 Mineral Oil 29.08 887.2 | 1.78E+09
B210 Mineral Oil 202.3 884.0 | 1.79E+09
B1000 Mineral Oil 1050 940.4 | 1.92E+09
Polyalphaolefin
B2000
Oil 1990 930.8 | 1.92E+09
B20000 | Polybutene 21350 948.0 | 2.11E+09
B100000 | Polybutene 101760 979.5 | 1.18E+09
B200000 | Polybutene 200400 900.6 | 1.95E+09

Brookfield Engineering.

Table 8.3: Properties of viscosity standards used to benchmark ultrasonic viscosity.

(Note: 200400mPa.s is equal to 50 x viscosity of typical honey.) Source:
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This would give two possible viscosity values due to fact that Equation 8.2 is a
quadratic equation, with # as the variable. An attempt to use the equation to predict
the viscosity of sugar solutions or viscosity standard fluids, based on ultrasound
attenuation, velocity and density, would return very high viscosity values. These
values do not reflect the viscosity of the materials as recorded by rheometer. Hence, it
is required to use a dimensional analysis technique to search for a new equation that

might describe the viscosity of the materials based on the ultrasound measurements.
8.3. Dimensional analysis

Dimensional analysis is a technique used to form reasonable hypotheses by analysing
the combination and permutation of each variable that affects a certain phenomenon.
The developed theories can usually be proven experimentally to check the plausibility
of derived equations. One of the techniques for dimensional analysis was devised by
Buckingham (1914). The technique is commonly referred to as the ‘Buckingham pi

theorem’.

The intention to use Buckingham pi theorem here was to investigate the possibility of
other correlations of ultrasound with viscosity, all possible related variables (density,
length between sensors, velocity, viscosity, bulk modulus, frequency and temperature)

must be considered. These variables with their dimensions are listed in Table 8.5.

Variables Symbol | Dimensions
Length between sensors L (L]

Density p (ML)
Velocity v (LT
Viscosity n [MLTT)
Bulk modulus K [ML'T
Frequency f [T
Temperature 0 [6]

Table 8.5: Dimensionless variables related to viscosity.

According to the Buckingham pi theorem, the number of possible dimensionless

formulae is equal to the number of variables minus the number of repeating
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dimensions. In addition, a variable can only be used if it has a repeating dimension in
other variables. Since, in the case under consideration, temperature has a non-
repeating dimension in the other variables, we have six variables (density, sample
thickness, velocity, viscosity, bulk modulus and frequency) and three repeating

dimensions (M, L and T), which results in 6-3=3 dimensionless formulae:

I=f 1" p V=TT MUTP ML LT (8.3)
Io=f'n"p L= MUT ey (8-4)
II5=fn'" p' K= [T MU' MU (LT (8.5)

Solving the IT formulae individually would give

-a-b-1=0; b+c=0; and -b-3¢+1=0, and hence a= -%; b= -Y: c= Y.

-d-f=0; e+f=0; -e-3/+1=0, and hence d= ¥; e= -Y; f= %.

-8-h-2=0; -h-3i-1=0; h+i+1=0, and hence g=-1; h=-1; i=0.

Therefore:
m=forpv=v |2 - (8.6)
n-
M=pgtpir=1 |2L (8.7)
n
m=f ' k=K (8.8)

n-f

It should be noted that 77, I1; and 15 are dimensionless

With 17, = I1,, we have:
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vV L:L _'O_I_ (8.9)

Since attenuation is usually expressed in per-metre units, with

a =l, then (8.10)

a]2=§ (8.11)

Equation 8.11 describes the correlation of the ultrasound attenuation of various
materials at any frequency. However, this equation does not indicate any correlation

with viscosity or other physical properties of materials.

With I1,= IT3, we have:

L B};_f?K_f, (8.12)
. .f3
P L 1/22 , (8.13)
And, since V =\/z. (8.14)
Yo,
3
n-f (8.15)

Equation 8.15 has the complete set of variables correlating ultrasound with viscosity

and material properties at any frequency.

With IT,= IT3, we have:

v /_P7=Lf (8.16)
n-f n

p__ K (8.17)
n-f nt-fv
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Vie—. (8.18)

Equation 8.18 can be used to describe the correlation of ultrasound velocity with the
viscosity of materials at any frequency. However, Equation 8.18 lacks the ultrasound

attenuation variable.

Hence, only Equation 8.15 is suitable for measuring the viscosity of materials, as it
contains all the necessary variables. Through experimental data from Table 8.4, the

coefficient for o3 was found to be as follows:

nf

a,, =52+ e

(8.19)

However, Equation 8.19 seems to be relatively similar to the formula in Stokes’
model. It was deduced that if Stokes’ formula is modified as follows, it would achieve
similar correlation values to that of a3,

2
a=s55+m2 1 (8.20)
pV

Equations 8.19 and 8.20 indicate that the viscosity of the material will be dependent

upon the frequency of the ultrasound, i.e. the viscosity is not constant.

Both of these formulae (Equation 8.19 and 8.20) show a correlation value (an R

value) of 83% with respect to the trend line of measured attenuation, see Figure 8.11.
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reduce with higher-viscosity sugar solutions, whereas an increase in ultrasound

attenuation was observed with viscosity standards of higher viscosity.

8.4. Conclusions

The original Stokes’ model was proven to give excessively high viscosity values for
low-viscosity materials (see Table 8.2). In contrast to that, the model gives a very low
viscosity readings for very high-viscosity material (see Table 8.4). A new model and
corrected Stokes’ model, based on ultrasound attenuation, were developed. The
ultrasound attenuation may increase or decrease with respect to an increase in
viscosity. The trend is material-specific; however, the equation developed can still
predict the viscosity of the material regardless of the trend. Employing a correction
factor approach may not be the right solution as it may not be applicable to all
materials covering a very broad range of viscosity. A ‘look-up table’ of ultrasound
measurements for a very specific material covering a narrower range of viscosity
might be more appropriate. Generating a ‘look-up table’ for solder paste is a real
challenge as there are no material with viscosity equivalent to those of the solder

pastes which can be used as a reference for generating the ‘look-up table’.
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CHAPTER 9

ULTRASONIC VISCOSITY STUDY OF LEAD-FREE
SOLDER PASTE MATERIALS AT VARIOUS STATES
AND THEIR CORRELATION WITH
PRINTING PERFORMANCE

9.1. Introduction

Previous studies (Green, 1973; Reddy and Suryanayana, 1981; McClements, 1988;
Farrow et al, 1995; Létang et al, 2001; Llull et al, 2002; Povey, 2006; Alava et al,
2007; Kuo, 2008) have shown that measureable ultrasonic parameters can be
correlated with the physical characteristics of a material through which an acoustic
wave propagates. The viscosity of solder paste, which can be measured using
ultrasound techniques, is one of the important material properties that can be used to
predict the printing quality for the solder pastes. Ideally, the variation in viscosity
within the batch and from batch to batch should be kept to minimum as this will

directly affect the level of electronic assembly-related defects.

This chapter presents results of the study on the correlation of ultrasound parameters
with the viscosity of lead-free solder pastes in four different conditions:

o fresh solder paste samples;

e expired solder paste samples;

e low-temperature solder paste samples; and

e solder paste samples with different amounts of flux content (% by volume).

The theoretical model described by Equation 8.20 in the previous chapter is used to

validate the ultrasonic viscosity results against the viscosity measurements from a
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9.2.2. Ultrasound viscosity test equipment

The equipment set-up used in this study has been described earlier in Chapter 6,
namely the ultrasonic rig design C with the Panametrics ultrasonic transducers (see

Section 6.4).
9.2.3. Bohlin Gemini rheometer

The Bohlin Gemini rheometer has been described earlier in Section 4.5 (see Figures

4.22-25).
9.2.4. Stencil printing machine

The DEK 260 printer was used in this study (see Figure 9.2). As the DEK 260 is not
equipped with an automatic board-alignment system, the PCB pattern needs to be
manually adjusted to fit the stencil pattern using the board alignment knobs provided.
The DEK 260 can only take a stencil of 585Smm x 585mm. The PCB is secured to the
table by using the magnetic pins provided or vacuum suction pads. Control of the
printing parameters is performed via a touch-screen control panel. The maximum
printing stroke (squeegee travel distance) for this printer is 450mm. The printing
speed can be set in the range 10-250mm/s in both forward and reverse directions,
with lmm/sec increments. The print gap between the stencil and the PCB can be
adjusted from 0 to Smm with 0.lmm increments. The printing pressure can also be
adjusted from 0 to 10kgf/m®. For this study, the following settings were used: 450mm
printing stroke; 250mm/s printing speed; Omm printing gap and 5kgf/m® printing
pressure. These printing settings are the standard industry setting used for maximum
production rate. Hence, the requirements for using the maximum printing speed of the
printing machine. The Omm printing gap was selected because large SMT components
were rarely used these days. Increasing printing gap can produce thicker print deposits
which are required in order to hold large-size-heavy SMT components. Finally, a

printing pressure of 10kgf/m” is rarely used as it can produce so much friction with
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The solder pastes described in Section 9.2.1 were used for both ultrasound and
rheometer viscosity tests. To avoid destroying the samples, the test using ultrasound
was conducted first, and then a small amount of sample was removed for testing via

the Bohlin rheometer.

The viscosity tests using the rheometer were undertaken with a controlled shear-rate
setting — a controlled stress setting was not suitable for solder pastes materials under
low stress as solder pastes materials usually have very high viscosity. This limitation
is partly due to the high viscosity of the solder paste and partly due to the limitation of
the Bohlin rheometer itself. It would be easier for the rheometer to cause a certain
total displacement and measure how much force has been used to cause such a
displacement through the feedback sensor, compared with the attempt to control and
provide just enough force to shear the material to a certain displacement. Very high-
viscosity materials tend to restore their viscosity quickly (through structural
rearrangement), especially under low stress, causing the rheometer to have difficulty
in measuring the amount of total displacement (showing positive total displacement

when force is applied and negative total displacement once the force is removed).

The range of shear rate used was 0.1-50s" using a parallel-plate (@=20mm)
geometric set-up. This range of shear rate was found to give access to values low
enough for the planned experiments, but it also covered high shear rates. Higher shear
rates were not used as the solder paste sample can easily ooze out from the plate at
high shear rate, causing micro gaps between the plates. The micro gaps can result in

stick—slip motion, leading to the ‘wall slip’ that is widely believed to cause unreliable

viscosity readings.

The experiments were conducted at a constant temperature of 18°C (+0.1°C),
controlled via the rheometer’s integrated Peltier plate temperature-control unit.
Because of the non-repeatability issue of the results, an average of five test runs for
every sample was used so as to reduce variability. The cause of the variability in the
rheometer test results was thought to be associated with the non-homogenous nature

of the paste structure, itself due to the use of a bimodal particle size distribution in the

218















usually observed from batch to batch as a result of the effect of using multimodal
particle size distribution (PSD) in paste formulations. This problem is very common
in the powder-related industry (Carson et al 1986). In a worse-case scenario, a batch
of solder paste may contain a significantly higher proportion of big particle sizes from
the PSD range in the first few bottles of solder paste samples, median particle sizes
from the PSD range in the middle of the batch of the solder paste samples, and a
significantly higher proportion of small particle sizes from the PSD range in the last
few bottles of solder paste samples. If this were to happen, the viscosity of the solder

pastes from the same batch would vary significantly.

Comparing the ultrasound viscosity results with the viscosity values provided by the
solder paste manufacturer (see Table 9.1), the ultrasound viscosity of the solder pastes
were found to be 1000 times greater than those supplied by the solder paste
manufacturer. Such a difference in viscosity values were not as expected, as
Equation 8.20 has been deduced analytically and undergone refinement of coefficient
correction by fitting the equation to viscosity-standard fluids. The difference could be
accounted for if higher-viscosity standard fluids (>200Pa.s) were available to be used

for the coefficient correction of Equation 8.20.

The difference can be corrected by downscaling the ultrasound viscosity graph 1000
times to match those supplied by the solder paste manufacturer: if the ultrasound test
results of LF1 and LF2 solder pastes were downscaled 1000 times, it is clear that the
results are very close to the viscosity values provided by the solder paste
manufacturer. This means that Equation 8.20 would be specifically suitable for
measuring the viscosity of solder paste materials if it includes a downscaling factor of
1000 times, but it would invalidate Equation 8.20 for measuring lower-viscosity

materials.

Rheometer viscosity measurements were conducted (see next section) to complete the
comparative work of how the ultrasound viscosity measurements compare with the
other techniques available, i.e. the viscosity values provided by solder paste supplier

(using Brookfield viscometer @ Srpm) and rheometer measurements.
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The rheometer test results shown in Figures 9.9-9.13 indicate that the rheometer can
easily pick up the viscosity changes in the spoiled pastes represented by Sample A
from four different batches of solder paste. The test results also confirm that there are
variations of viscosity among the solder pastes from the same batch. One problem of
using the rheometer is that it tends to give non-reproducible results, even from the
very same sample. Hence it was necessary to average the results from five test runs

for every sample in order to reduce variability.

The rheometer results at the shear rate of 6s” did not compare very well with the
viscosity results provided by the solder paste manufacturer. The shear rate of a
Brookfield viscometer at 5rpm is equivalent to the shear rate of 6s™ of the rheometer
fitted with @=20mm parallel-plate geometry. The average viscosity of LF1 (127Pa.s)
and LF2 (218pa.s) solder pastes at 6s' were respectively 75% and 71% off the
viscosity values provided by the solder paste manufacturer shown in Table 9.1.
However, if compared to the viscosity values at the shear rate of 1s” (see Figures 9.9—
9.12), the values for both LF1 and LF2 pastes were accurate to within 90% of the

values shown in Table 9.1.

Comparing the rheometer results at 6s”' to the ultrasound viscosity results obtained, it
is clear that the ultrasound results need to be downscaled 4330 times to match those of
the rheometer, accurate to within 95%. To match the rheometer results at 1s™! with the
same accuracy, the ultrasound viscosity results would need to be downscaled 1000

times.

To give an idea of how the viscosity values of these pastes may reflect the printing
quality of the pastes, a stencil printing test was carried out and is explained in the

following section.
9.3.2. Correlation of viscosity values with printing results
In this part of study, printing test results of the solder pastes used in Section 9.3.1 will

be shown to illustrate how the ultrasound viscosity results (Figure 9.8) or the

rheometer viscosity results (Figures 9.9-9.13) can be used to predict the printing
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9.3.3. Viscosity measurements for expired solder pastes and flux

mediums

a) Ultrasound measurements

In this part of the study, four batches of expired solder paste (namely DOE1 to DOE4)
and three different fluxes (namely Flux A1 to Flux A3) were tested for their viscosity
using the ultrasound technique. The results are presented in Figure 9.22. Generally,
the solder pastes tend to have higher viscosity than the fluxes. This is because the
presence of the solder alloy particles introduces friction between the particles
themselves and between particles-flux. The test results shown in Table 9.3 indicate
that some of the pastes were indeed no longer good for printing as their viscosity was
far beyond the recommended viscosity range (less than 500Pa.s or beyond 700Pa.s)
specified by the solder paste supplier (see Table 9.1). The variation in the viscosity
among the samples from the same batch might be due to the non-homogenous nature
of the paste structure owing to the use of bimodal particle-size distribution in the
solder paste formulation. The test results also show that not all fluxes have low
viscosity or similar viscosity; this is because the flux may contain different

compositions and constituents of additives, as explained earlier in Section 2.2.

If the ultrasound results in Figure 9.22 are scaled down by a factor of 1000, then the

results would match 70% of those values from the rheometer measurements shown in

Figure 9.23.
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The data points were recorded for every 4°C change in temperature. The temperature
was measured using a Digitron T228 digital thermometer attached to a K-type
thermocouple probe. Each ultrasound data point shown in Figures 9.24-9.26 was an

average of three readings.

The results in Figure 9.24 show that Type 3 solder paste has higher ultrasound
attenuation than Type 4 solder paste. This result is as expected, because the median
particle size for Type 3 solder paste is bigger (30um) compared with the 18um for
Type 4. The bigger median particle size of Type 3 solder paste results in a lower
packing fraction, which allows more air bubbles to be trapped in the solder paste. This
conclusion is supported by the fact that Type 3 solder paste has a lower density
compared with Type 4, even though both Type 3 and Type 4 solder paste have the
same metal loading (88.5% by weight). The presence of air bubbles has been known
to cause elevated levels of ultrasound attenuation, as demonstrated by Punurai et al
(2006) who showed that, at any given frequency, an increase in the air bubbles’
volume fraction will increase the ultrasound attenuation. Furthermore, the higher
attenuation of Type 3 solder paste may also be due to the effect of ultrasound wave
diffraction as described earlier in Chapter 3 (see Figure 3.14), where the bigger
particle size of Type 3 solder paste is causing a higher amount of ultrasound wave

diffraction.

The ultrasound velocity results given in Figure 9.25 show that the ultrasound velocity
of both pastes was relatively constant. The change in temperature had little effect on
the ultrasound velocity of the solder paste samples. The slight drop in the ultrasound
velocity between -10°C and +10°C may be due to the melting of the ice — ice crystals

were observed on the surface of the frozen solder paste at -30°C.
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The study of solder paste viscosity at lower temperatures using a rheometer was not
conducted as it is difficult to bring the temperature of the water-cooled Peltier plate
system to any temperature significantly less than room temperature and this may
render the results invalid because of a sample’s extended period of exposure to room
conditions and constant shear from the plate. (Increasing the temperature beyond
room temperature and then bringing it back to room temperature is, however, much
easier.) Freezing the sample to -45°C using a freezer cabinet was also considered, but

sample removal from the bottle is not possible at such a temperature.

It is important to note that the significant change in viscosity due to the temperature is
better observed at very low shear rate (<0.001s™). Higher viscosity is observed at low
temperature due to the thermal shrinkage. At low temperature, the solder paste may
reduce in volume, bringing the solder particles closer together. This increases the
chances that they rub against one another when the solder paste is being sheared. For
the very brief moment when the particles rub, the intermolecular forces come into
action and the resultant is greater resistance to flow. Hence, higher viscosity is

observed at low temperature.

9.3.5. Viscosity measurements for solder pastes with different volumes of

flux

a) Ultrasound measurements

In this part of the study, the solder pastes used previously to study the effect of
temperature on ultrasound viscosity were once more used. The purpose was to study
how the changes in packing fraction (due to flux addition) affect the ultrasound
viscosity measurement. The test was conducted by diluting the solder pastes by the

addition of incremental amounts of flux to the solder paste samples.

This experiment may be useful to solder paste manufacturers as it may help them to
formulate their solder paste by allowing them to add the correct amount of flux to

reach the desired viscosity of solder paste during the mixing process. Alternatively, it
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can be used to provide the correct amount of solder particles to be added to increase

the viscosity of the paste.

As shown in Figure 9.29 and Figure 9.30, the addition of flux to the solder paste
resulted in different responses relating to ultrasound attenuation and ultrasound
velocity. Both Type 3 and Type 4 pastes show an increase in ultrasound attenuation
and a decrease in ultrasound velocity. The increase in ultrasound attenuation with
increasing flux content could be due to the increasing amount of air bubbles trapped
by the flux (see Figure 9.32). The ultrasound viscosity result shown in Figure 9.31
was obtained using Equation 8.20 — but the viscosity values shown in Figure 9.31
need to be downscaled by 1000 times to match the viscosity obtained using a

rheometer.

One significant finding from this experiment was that once the added flux became
more than 25% of the total volume of the solder paste, the viscosity of the solder paste
would not reduce significantly further. It was observed that initially the solder paste is
very sticky and would not drip when it was scooped; but once 10g (25%) of flux was
added, the solder paste started to drip. This highlights how the strength of the
intermolecular forces of the solder particles affects the viscosity of the solder paste.
At low flux volume, most of the solder particles are always in contact with one
another since the packing fraction is high, allowing the intermolecular forces to come
into action — stronger intermolecular forces lead to higher viscosity. However, at high
flux volume, most of the particles are spaced apart (low packing fraction) and only
come into contact with one another occasionally when the solder paste is being
sheared. This very brief instance of occasional contact is the reason that the solder

paste sample with a high volume of flux is able to maintain its viscosity at 82kPa.s

(see Figure 9.31).
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b) Rheometer measurements

The rheometer results for solder pastes with different flux content, shown in Figures
9.33-9.35, agree with the results shown in Figure 9.31. The results indicate that the
initial addition of flux significantly reduces the viscosity of the solder pastes, by
15kPa.s. Subsequent addition of a similar amount of flux continued to reduce the
viscosity of the solder pastes but not as significantly as the initial addition. This is
considered to be because the intermolecular forces of the pastes with high flux volume
are weaker because most of the particles are separated (low packing fraction) and only

come into contact with one another when the solder paste is being sheared.

The probability of the solder particles coming into contact with one another while it is
being sheared dictates in practice the viscosity of the solder paste. When a material is
being sheared, the molecular bonds stretch and break. Continuous shearing reduces
the viscosity of the material because more and more bonds are being broken. As a
result of the intermolecular forces, most of the high-viscosity material would require a
relatively high shear rate to break the bonds, thereby drastically reducing the

viscosity.

It is shown in Figures 9.33 and 9.34 that, initially, LF1 Type 3 solder paste is more
elastic than the LF1 Type 4 paste. This is indicated by the flat-plateau curve before
flux was added. After the flux has been added, it can be seen that the solder paste is
becoming more and more plastic, as indicated by the slope on the curve when the

solder paste is being sheared within a shear-rate range of 0.001s™ t0 0.01 s™".

Elasticity at low shear rates normally represents stability, so that the solder paste
maintains its shape after being dispensed. Moreover, plasticity at high shear rates
represents how easily the paste flows into the apertures during the printing stroke. The

combination of both of these properties in a solder paste reflects the paste being a

paste of desirable characteristics.
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CHAPTER 10

CONCLUSIONS AND SUGGESTIONS FOR FUTURE
WORK

10.1. Introduction

The work reported in this thesis is concerned with the use of ultrasound techniques to
provide a quick and simple solution for the analysis of solder paste quality, which is

normally characterised through the measurement of viscosity.

The motivation for this study came about because of a repeatability issue with
conventional rheological measurement technique using a viscometer or rheometer (see
Section 1.4). Apart from the equipment settings, this repeatability issue is assumed to
be associated with the sample collection and preparation, in which the process can
irreversibly alter the structure and flow behaviour of the sample. Additionally, the
conventional technique is a very time-consuming and daunting task, and it requires
trained personnel to operate and interpret the test results. The non-destructive and
non-intrusive features of ultrasound techniques make such techniques very attractive
because the quality-control sampling of each and every bottle of solder paste during
manufacture could be performed, rather than the currently implemented random

sampling system of selecting two bottles of solder paste from each production batch.

10.2. Conclusions of this thesis

This thesis has demonstrated the utilisation of ultrasound techniques to provide a
rheological measurement for solder paste. This was achieved by studying the
techmque theoretically (see Chapters 3—-5) and experimentally (see Chapters 6-9)

through critical analysis of the application of the techniques in various materials, such
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as cement, polymers, slurry food products, beverages, cosmetic pastes and cream drug

products.

The novelty of this work lies in the fact that it is able to measure the viscosity of
materials when they are in a static condition (non-flowing system), unlike other
techniques that require to make the material in a flowing condition in order to
measure its viscosity. The idea was developed from the use of ultrasound as a flow
meter, in which the flowing material inside a pipe at a certain flow rate should also
possess a certain viscosity at a certain ultrasound attenuation or ultrasound velocity.
The author’s approach was to use the ultrasound wave to cause the material to vibrate,
and then to measure the signal that passed through the sample in a static condition and
compare the ultrasound measurements (attenuation and velocity) against the
ultrasound measurements of Newtonian materials of known viscosity values. Material
with higher viscosity usually has higher packing fraction, hence stronger
intermolecular forces and higher viscosity (see Section 9.35). The ultrasound
technique developed by the author was found to be more reproducible than the
measurement performed using a rheometer because the ultrasound is capable of
measuring the viscosity of materials at rest non-destructively. Hence, does not require
a fresh load of sample to repeat the test. As non-Newtonian materials’ viscosity are
sensitive to the applied shear (see Figure 1.7), it is difficult to obtain the true viscosity
value (viscosity at rest condition) of the material using a rheometer. If the ultrasound
viscosity measurement were solely based on the ultrasound attenuation measurement
only, deviation in reproducibility measurements could be kept to as low as 2%
(+0.5Neper/m). Regarding the issue of the downscaling factor reported in the thesis,
the downscaling factor can be easily integrated into the software to eliminate the
discrepancy between the ultrasound measurements and rheometer measurements. The
downscaling issue arose because Newtonian fluids up to such a viscosity of the solder
paste were not available. The technique developed by the author has been proven to
be feasible to be built as a commercial easy-to-use and reliable technique for

measuring solder paste viscosity.

Although there was an example of indirect use of ultrasound to obtain the viscosity of

Newtonian liquids, such as orange juice and sugar solution, getting the technique to
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work with solder paste materials is viewed as a challenge. This is because solder
pastes have extremely high viscosity, contain metal particles and are non-Newtonian
in nature. There are no known natural Newtonian materials with viscosity as high as

that of solder paste.

It was realised that, apart from the measurement of the viscosity of materials,
ultrasound techniques may be used to directly identify batch-to-batch variation (Jaafar
1996 and Alava et al 2007) through the measurement of ultrasound attenuation. This
is because variations in materials (packing fraction and chemical structure) cause
different levels of ultrasound attenuation according to the amount of ultrasound wave
being scattered (see Chapter 3). Although developed for investigating solder paste, the
ultrasound viscosity measurement described in this thesis, and its ability to detect
batch-to-batch variation, may be applicable for other materials too, such as those
encountered in the paint, food and pharmaceutical industries. The use of this
ultrasound technique in such industries could improve quality control and consistency

of the product during manufacturing processes.

It has been demonstrated using the ultrasound technique described in this thesis that in
order to achieve good printing results with solder paste, its viscosity must be in the
region of 500kPa.s to 900kPa.s at the test frequency of 40kHz (see Figures 9.8 and
Table 9.2). Direct ultrasound attenuation measurements may also be used as a quick
go/no-go tool for predicting printing quality. The author did not use the ‘look-up
table’ approach for predicting viscosity as the range of the Newtonian viscosity
standard up to the viscosity those of the solder pastes were not available. The ‘look-up
table’ approach might be more reliable than using a formula with a correction factor.
This is because a look-up table may be tailor made for a very specific material,
directly correlating the viscosity of the material against the corresponding ultrasound

attenuation and velocity.

This thesis also studies the effect of temperature towards the ultrasound measurements
of solder paste and flux. The results in terms of viscosity indicate an increase in
viscosity as the temperature is lowered. The ultrasound viscosity measurement may be

correct in its own right owing to its non-destructive and non-intrusive feature, which

252



cannot be simulated through rheometer measurement. This claim is supported by the
fact that test results of the same samples using ultrasound and rheometer show a

similar trend in viscosity measurement.
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The provision of an algorithm that can capture time of arrival at first peak should
reduce the deviation in the measurements of ultrasound velocity, possibly to 1% of the
average value. With this kind of algorithm, it might be possible to conduct relatively
accurate measurements based on velocity. If this is achieved, it will also improve the

accuracy of the ultrasound viscosity.

In addition to that, since the use of ultrasonic for solder paste material is new, there
are some areas that are open to be explored further. Possible areas to be explored are

set out next:
a) Predicting ultrasound viscosity from a ‘look-up table’

If Newtonian standard fluids with the same range of viscosity to that of the material to
be investigated are available, a complete ‘look-up table’ based on the ultrasound
attenuation and velocity may be produced. This ‘look-up table’ may be used to

provide direct ultrasound viscosity measurement.

There is an alternative to producing this ‘look-up table’ without the Newtonian
viscosity standard fluids. This ‘look-up table’ can be produced, if it were possible to
produce/alter the material to be investigated so that it consists of a series/range of the
same material with different viscosity. By recording these viscosity values along with
the ultrasound attenuation and velocity, one can produce a contiguous ‘look-up table’.
Because temperature has an effect on the viscosity, the table may be useful for a
specific temperature only. To provide a comprehensive usefulness, several tables

might be needed, possibly one for every decade of temperature i.e. 5°C, 15°C, and

25°C.
b) Investigation using shear wave transducer

Shear wave transducers were not used in the experiment as there have been many
reports documenting that shear waves cannot easily travel in a liquid. This fact is also

highlighted in the acoustic properties of materials provided in Appendix B. It is
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shown that there is no recorded value for the shear wave velocity of liquid materials
such as water, motor oil, glycerine and polystyrene. From a search of the literature, it
has been found that when a shear wave transducer is used, the wave only survives on
a very thin layer of the surface of the liquid being tested. This means that an ultrasonic
shear wave would not travel the full breadth of the material being tested. It is for this
reason that no shear wave transducers were procured for the experiment. However,
since solder paste is a semi-solid material there is a possibility that shear waves might

be able to travel the whole breadth/thickness of a sample under test.

c¢) Investigation of solder paste using ultrasound frequency spectra.

During the experiments for this thesis, the author observed a unique frequency
spectrum for every material tested. The samples tend to emit backscatter signal (multi
frequency) different to the original frequency signal sent from the signal generator.
But for identical materials, the frequency peaks are similar. This indicates that the
ultrasound techmque may be used like XRF (x-ray fluorescence) or XRD (x-ray
diffraction) for identifying the chemical composition of unknown materials — see

Figures 10.2-10.5.

This area was not investigated any further as the focus of the work of this PhD thesis
was aimed at using ultrasound to provide a more reliable and easier viscosity

measurement technique than the rheometer.
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d) Integrated close-loop feedback to solder paste manufacturing line.

Since it is possible to use ultrasound to predict the viscosity or the variation of the
solder paste in a static condition, the ultrasound technique can be integrated into the
solder paste manufacturing line to provide a closed-loop feedback to maintain a
consistent solder paste quality. The feedback can be used to adjust the amount of a

particular size of solder particle or flux to be added to the solder paste.

e) Detail study of ultrasonic response of particle size, particle distribution and packing

fraction of solder paste materials.

Although the author did conduct experiments using solder pastes of different particle
distribution (see Section 9.3.1) and flux (see Section 9.3.5) this range of samples only
consist of two different types of particle distribution. Findings from the case studies in
Chapter 5 indicate that particle size, particle distribution and packing fraction of
solder pastes may significantly affect the ultrasonic response of the material. The
author did not investigate in detail the effect of particle size, particle distribution and
packing fraction of the solder paste as the author has no access to producing solder
powders and flux formulations. Formulating the solder paste to specific particle size,
particle distribution or packing fraction in order to study the ultrasonic response can
be easily done, but the paste may be non-printable if the paste were formulated
without the knowledge of the flux. Altering the particle size, particle distribution or
packing fraction would require re-formulation of the flux in order to get a non-spatter

printable solder paste (Lee, 2002).

In terms of rheological measurement using a Brookfield viscometer or a rheometer,
the author would also like to suggest that solder paste manufacturers should use dual
shear rate to quantify the viscosity of the solder paste. This dual shear rate should
incorporate one low shear and one high shear rate for measuring the viscosity of some
solder paste. This is necessary as a high shear rate represents the viscosity of the paste
when the solder paste is flowing through the apertures, while a low shear rate

represents the viscosity of the paste when it has been deposited onto the PCB, which
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relates to the tendency of slumping. The author recommends the use of dual shear rate
of

0.15'/10s" for rheometer use and 1rpm/10rpm for Brookfield and Malcom

viscometers when measuring the viscosity of solder pastes.
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Appendix A
Ultrasonic Rheology Program

This rheology program is used for generating viscosity-related data in conjunction
with the Picoscope analogue-to-digital converter. The program was produced using
Microsoft Visual Basic software.

The program can be compiled and run independently as an ‘.exe’ file or run as a
macro for Microsoft Excel. When used as an Excel macro, the program can be
adjusted for measuring other material’s viscosity since the user is allowed to modify
or input a new value for the density, ultrasound frequency and distance between
transducers.

Declare Function adc200_open_unit Lib "ADC20032.DLL" (ByVal port As Integer)
As Integer

Declare Function adc200_set_unit Lib "ADC20032.DLL" (ByVal port As Integer) As
Integer

Declare Sub adc200_close_unit Lib "TADC20032.DLL" (ByVal port As Integer)

Declare Function adc200_get_driver_version Lib "ADC20032.DLL" () As Integer
Declare Function adc200_get_product Lib "ADC20032.DLL" () As Integer

Declare Function adc200_get_hw_version Lib "ADC20032.DLL" () As Integer
Declare Function adc200_has_relays Lib "ADC20032.DLL" () As Integer

Declare Function adc200_get unit_info Lib "ADC20032.DLL" (ByVal str As String,
ByVal Ith As Integer, ByVal line_no As Integer, ByVal port As Integer) As Integer

Declare Function adc200_set_frequency Lib "ADC20032.DLL" (ByVal Frequency

As Long) As Long
Declare Function adc200_set_range Lib "TADC20032.DLL" (ByVal channel As

Integer, ByVal gain As Integer) As Integer
Declare Sub adc200_set_dc Lib "ADC20032.DLL" (ByVal channel As Integer,

ByVal enable_dc As Integer)

Declare Function adc200_set_channels Lib "ADC20032.DLL" (ByVal mode As

Integer) As Integer

Declare Function adc200_set_oversample Lib "ADC20032.DLL" (ByVal factor As
Integer) As Integer

Declare Function adc200_set_trigger Lib "TADC20032.DLL" (ByVal enabled As
Integer, ByVal source As Integer, ByVal direction As Integer, ByVal delay percent
As Integer, ByVal threshold As Integer) As Integer

Declare Function adc200_set_timebase Lib "ADC20032.DLL" (ns As Long, is_slow
As Integer, ByVal timebase As Integer) As Integer
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Declare Function adc200_max_samples Lib "ADC20032.DLL" () As Long

Declare Function adc200_run Lib "ADC20032.DLL" (ByVal no_of values As Long)
As Integer

Declare Function adc200_ready Lib "ADC20032.DLL" () As Integer

Declare Function adc200_get_values Lib "ADC20032.DLL" (buffer_a As Integer,
buffer_b As Integer, ByVal no_of values As Long) As Integer

Declare Function adc200_get overflow Lib "ADC20032.DLL" (channel As Integer)
As Integer

Declare Sub adc200 get single Lib "ADC20032.DLL" (buffer As Integer)
Declare Function adc200 get ets_time Lib "ADC20032.DLL" () As Long
Declare Function adc200_get max_ets Lib "ADC20032.DLL" () As Integer
Declare Sub adc200_set _ets Lib "ADC20032.DLL" (interleave As Integer,
max_cycles As Integer, mode As Integer)

Dim buffer a(101) As Integer
Dim buffer b(101) As Integer
Dim ns As Long

Dim is_slow As Integer

Dim S As String * 255

Sub Fillcell()

Range("A1").Select
ActiveCell.FormulaR1C1 = "p (kg/m?)"
ActiveWorkbook.Names.Add Name:="density", RefersToR1C1:="=Sheet1!R1C1"

Range("A2").Select

ActiveCell. FormulaR1C1 ="f (Hz)"

ActiveWorkbook.Names.Add Name:="frequency",
RefersToR1C1:="=Sheet]1!R2C1"

Range("A3").Select

ActiveCell. FormulaR1C1 ="L (m)"

ActiveWorkbook.Names.Add Name:="distance",
RefersToR1C1:="=Sheet1!R3C1"

Range("A4").Select
ActiveCell.FormulaR1C1 = "Batch no"

Range("A5").Select
ActiveCell.FormulaR1C1 = "Temperature"

Range("C5").Select
ActiveCell.FormulaR1C1 = "Celcius"
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Range("A8").Select
ActiveCell.FormulaR1C1 = "Time"

Range("A9").Select
ActiveCell.FormulaR1C1 = "(ns)"

Range("B8").Select
ActiveCell.FormulaR1C1 = "Voltage"

Range("B9").Select
ActiveCell.FormulaRIC1 = "Transmitter (mv)"

Range("C8").Select
ActiveCell.FormulaR1C1 = "Voltage"

Range("C9™).Select
ActiveCell.FormulaR1C1 = "Receiver (mv)"

Range("E4").Select
ActiveCell.FormulaR1C1 = "Areceiver"

Range("G4").Select
ActiveCell.FormulaR1C1 = "nanosecond"

Range("E5").Select
ActiveCell. FormulaR1C1 = "Vsample (m/s)"

Range("G5").Select
ActiveCell.FormulaR1C1 = "(m/s)"

Range("E6").Select
ActiveCell.FormulaR1C1 = "B"

Range("E7").Select
ActiveCell.FormulaR1C1 = "Z (Accoustic Impedance)"

Range("G6").Select
ActiveCell.FormulaR1C1 = "1/Pa.s"

Range("G7").Select
ActiveCell.FormulaR1C1 = "Pa/m"

Range("E8").Select
ActiveCell.FormulaR1C1 = "Attenuation trans"

Range("E9").Select
ActiveCell.FormulaR1C1 = "Attenuation rec"
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Range("G8").Select
ActiveCell.FormulaR1C1 = "Neper/m"

Range("G9").Select
ActiveCell. FormulaR1C1 = "Neper/m"

Range("E10").Select
ActiveCell. FormulaR1C1 = "o (Total attenuation)"

Range("G10").Select
ActiveCell. FormulaR1C1 = "Neper/m"

Range("E11").Select
ActiveCell.FormulaR1C1 = "Viscosity"

Range("G11").Select
ActiveCell.FormulaR1C1 = "Pa.s"

Range("E12").Select
ActiveCell.FormulaR1C1 = "Phase Shift, 6"

Range("G12").Select
ActiveCell. FormulaR1C1 = "Degrees"

Range("E15").Select
ActiveCell.FormulaR1C1 = "Complex Modulus"

Range("E17").Select
ActiveCell.FormulaR1C1 = "Storage Modulus"

Range("E18").Select
ActiveCell.FormulaR1C1 = "Loss Modulus"

Range("E21").Select
ActiveCell. FormulaR1C1 = "Loss tangent, 8"

Range("G11").Select
ActiveCell.FormulaR1C1 = "rad"

End Sub

Sub Checkcell()

If Range("B1").Value = "" Then
MsgBox "Please enter a value of the density for B1 cell"

End If
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If Range("B2").Value = "" Then
MsgBox "Please enter a value of the frequency for B2 cell"
End If

If Range("B3").Value = "" Then
MsgBox "Please enter a value of the distance between the sensors for B3 cell”
End If

If Range("B5").Value = "" Then
MsgBox "Please enter a name of the sample for BS cel]”
End If

If Range("B6").Value = "" Then
MsgBox "Please enter a value of the temperature for B6 cell"
End If

End Sub

Sub GetData()

port =1
ok = adc200_open_unit(port)

Fori=0To 4
J =adc200_get unit_info(S, 255, i, port)
Cells(1 +1, "K").Value=S

Next i

If ok Then
Cells(1, "K").Value = "ADC-200 opened"

ok = adc200_set_trigger(True, 0, 0, -15, 0)

ok = adc200_set_channels(2)

mv = adc200_set_range(0, 10) ' Channel A range
mv = adc200_set_range(1, 10) ' Channel B range
Call adc200_set dc(0, True)

ok = adc200_set oversample(1)

ok = adc200_set_timebase(ns, is_slow, 0)
ok = adc200 run(101)

While adc200_ready() =0

Wend

Call adc200 _get values(buffer_a(0), buffer b(0), 15016)
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Fori=0 To 15015
Cells(i+ 11,"A").Value =ns * i
Cells(i + 11, "B").Value = (mv * buffer a(1) ) / 2048
Cells(i + 11, "C").Value = (mv * buffer _b(i) ) / 2048
Next i
Else
Cells(1, "K").Value = "Unable to open ADC-200"
End If

Call adc200_close_unit(port)

End Sub

Sub Filldata()

ActiveCell. FormulaR1C1 ="

=2* ABS(INDEX(A11:A21 MATCH(MAX(C11:C21),C11:C21,0))-

INDEX(A11:A21, MATCH(MIN(C11:C21),C11:C21,0))) "
Range("F4").Select

ActiveCell. FormulaR1C1 = "=distance/(F4*0.000000001)"
Range("F5").Select

ActiveCell.FormulaR1C1 = "=density”-1*F5"-2"
Range("F6").Select

ActiveCell.FormulaR1C1 = "= density*F5"
Range("F7").Select

ActiveCell. FormulaR1C1 = "=LN(B115)*1000/90"
Range("F8™).Select

ActiveCell.FormulaR1C1 = "=LN(C115)*1000/90"
Range("F9").Select

ActiveCell.FormulaR1C1 = "=ABS(F9-F8)"
Range("F10").Select

ActiveCell.FormulaR1C1 = "=ABS(($F9-$F8)-55)*
density*$F$5°3/(9.87*frequency”2)" .
Range("F11").Select ‘Equation 8.20

ActiveCell.FormulaR1C1 =
"=90*((INDEX(A11:A751 9 MATCH(MAX(B11:B7519),B11:B7519,0))-

INDEX(C11:C7519, MATCH(MAX(D11:D7519),D11:D7519,0)))/((F4)))/4"
Range("F12").Select
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ActiveCell. FormulaRIC1 = "=ABS(ABS(MIN(B11:B111)))/ABS(MIN(C11:C111))"
Range("F15").Select

ActiveCell.FormulaR1C1 = "=ABS(F15*COS(F12*PI()/180))"
Range("F17").Select

ActiveCell. FormulaR1C1 = "=ABS(F15*SIN(F12*PI()/180))"
Range("F18").Select

ActiveCell.FormulaR1C1 = "=ATAN(F18/F17)"
Range("F21").Select

End Sub

Sub Plotgraph()
Range("F12").Select

Charts.Add
ActiveChart.ChartType = x1XYScatterSmoothNoMarkers
ActiveChart.SetSourceData Source:=Sheets("Sheetl").Range("H23")
ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(1).XValues = "=Sheet] IR11C1:R7519C1"
ActiveChart.SeriesCollection(1).Values = "=Sheet1'R11C2:R7519C2"
ActiveChart.SeriesCollection(1).Name = "=""Transmitter Voltage"""
ActiveChart.SeriesCollection(2).XValues = "=Sheet1 '1R11C1:R15026C1"
ActiveChart.SeriesCollection(2).Values = "=Sheet1 'R11C3:R15026C3"
ActiveChart.SeriesCollection(2).Name = "=""Receiver Voltage"""
ActiveChart.Location Where:=xlLocationAsObject, Name:="Sheet1"
With ActiveChart
.HasTitle = True
.ChartTitle.Characters.Text = "Amplitude of Transmitter VS Receiver"
.Axes(x]Category, xIPrimary).HasTitle = True
Axes(xlCategory, xIPrimary).AxisTitle.Characters.Text = "Time (ns)"
.Axes(x1Value, xIPrimary).HasTitle = True
Axes(x1Value, xIPrimary).AxisTitle.Characters. Text = "Voltage (mV)"
End With
ActiveChart.HasLegend = True
ActiveChart.Legend.Select
Selection.Position = x1Bottom
ActiveWindow.Visible = False
Range("F37").Select
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Charts.Add
ActiveChart.ChartType = x1XYScatterSmoothNoMarkers
ActiveChart.SetSourceData Source:=Sheets("Sheet1").Range("F37")
ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(1).XValues = "=Sheet] 'IR11C1:R7519C1"
ActiveChart.SeriesCollection(1).Values = "=Sheet1!R11C2:R7519C2"
ActiveChart.SeriesCollection(1).Name = "=""Transmitter Voltage"""
ActiveChart.Location Where:=xlLocationAsObject, Name:="Sheet1"
With ActiveChart

.HasTitle = True

.ChartTitle.Characters. Text = "Amplitude of Transmitter"

.Axes(xlCategory, xIPrimary).HasTitle = True

.Axes(xlCategory, xIPrimary).AxisTitle.Characters.Text = "Time (ns)"

.Axes(xIValue, xIPrimary).HasTitle = True

.Axes(xIValue, xIPrimary).AxisTitle.Characters.Text = "Voltage (mV)"
End With
ActiveChart.HasLegend = False
ActiveChart.SeriesCollection(1).Select
ActiveChart. Axes(xICategory).Select
With ActiveChart. Axes(x1Category)

.MinimumScale = -120000

.MaximumScale = 40000

MinorUnit = 20000

MajorUnitlsAuto = True

.Crosses = x]Automatic

.ReversePlotOrder = False

.ScaleType = xILinear

.DisplayUnit = xINone
End With
Range("X57").Select

Charts.Add
ActiveChart.ChartType = x1XYScatterSmoothNoMarkers
ActiveChart.SetSourceData Source:=Sheets("Sheet]1").Range("X57"), PlotBy:= _
x1Columns
ActiveChart.SeriesCollection.NewSeries
ActiveChart.SeriesCollection(1).XValues = "=Sheet1!R3705C1:R7091C1"
ActiveChart.SeriesCollection(1).Values = "=Sheet1!R3705C3:R7091C3"
ActiveChart.Location Where:=xlLocationAsObject, Name:="Sheet1"
With ActiveChart
.HasTitle = True
.ChartTitle.Characters.Text = "Amplitude of Receiver”
.Axes(xICategory, xIPrimary).HasTitle = True
.Axes(xICategory, xIPrimary).AxisTitle.Characters.Text = "Time (ns)"
.Axes(x1Value, xIPrimary).HasTitle = True
.Axes(xIValue, xIPrimary).AxisTitle.Characters.Text = "Voltage (mV)"
End With
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ActiveChart.HasLegend = False
ActiveChart.SeriesCollection(1).Select
With Selection.Border
.ColorIndex =7
.Weight = x1Thin
.LineStyle = x1Continuous
End With
With Selection
.MarkerBackgroundColorIndex = xINone
.MarkerForegroundColorlndex = xINone
.MarkerStyle = xINone
.Smooth = True
.MarkerSize =3
.Shadow = False
End With

End Sub
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Appendix B
Acoustic Properties of Materials

Material Longituglinal Sheqr Acoustic
Velocity Velocity Impedance
(ivus)*  (nvs)  (in/us)*  (m/s) (Kg/m32s x 109)

Actylic resin (Perspex®) 0.107 2,730 0.056 1,430 322
Aluminum 0.249 6,320 0.123 3130 17.06
Beryllium 0.508 12.900 0.350 8.880 23.5
Brass, naval 0174 4,430 0.083 2120 37.30
Cadmium 0.109 2,780 0.059 1,500 24.02
Columbium 0.194 4,920 0.083 2,100 42.16
Copper 0.183 4,660 0.089 2,260 41.61
Glycerine 0.076 1,920 —_ — 242
Gold 0.128 3,240 0.047 1,200 62.60
Inconet* 0.29 5820 0.119 3,020 49.47
lion 0.232 5,900 0.127 3,230 4543
Iron, cast

{slow} 0.138 3,500 0.087 2,200 25.00

ifast) 0.220 5,600 0.126 3.220 40.00
Lead 0.085 2,160 0.028 700 24 49
Manganese 0.183 4,660 0.093 2,350 34.44
Mercury 0.057 1,450 — — 19.66
Molybdenum 0.246 6,250 0.132 3.350 63.75
Motor Oif (SAE 20 or 30} 0.069 1,740 — — 1.51
Nickel, pute 0.222 5630 0.117 2,960 49.99
Platinum 0.156 3,060 0.056 1,670 84.74
Polyamide, (nylon, Perlon®)

(slow) 0.087 2,200 0.043 1,100 .40

{fast) 0.102 2,600 0.047 1.200 3.10
Polystyrene 0.092 2,340 — — 247
Palyvinyichloride, PVC, hard 0.094 2,395 0.042 1,060 3.35
Silver 0.142 3,600 0.083 1.590 37.76
Steel. 1020 0.232 5,890 0.128 3.240 45.63
Steel. 4340 0.230 5,850 0.128 3,240 45.63
Steel, 302 0.223 5,660 0.123 3120 4545
austenitic stainless Steel, 347 0.226 5740 0.122 3.090 4540
austenitic stainless Tin 0.131 3.320 0.056 1.670 24.20
Titanium, Ti 150A 0.240 6,100 0.123 3.120 27.69
Tungstan 0.204 5.180 0.113 2870 99.72
Uranium 0.133 3.370 0.078 1,980 63.02
Water (20°C) 0.058 1,480 — — 1.48
Zinc 0.164 4170 0.095 2410 29.61
Zirconium 0.183 4,650 0.089 2,250 30.13

* Conversion Factor: 1 mvs = 3.937 x 10°% inspS .
Scurce: Nondestructive Testing Handbook 2nd Edition Volume 7
Ultrascanic Testing ASNT 194 | ed Paul Mcintire
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Appendix C

Data-Processing Flowchart of Experimental Rig C
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Appendix D
Viscosity of Gases

The Zollowing 2Yle grves the Viicosity of :ome JOmLIOL g4 35 3 fIncuor of eperatuze rless 0:nerwiiz noted the viic2an valaes refar
a pressure of 100 hPa (1 bar). The wotanoc Pad ipdicates the Low prassure Lmincg value o5 given The ciffaresce tenveen the v::osity at 100 kPa
and:helmuitrgvrluets geceraly le.s than % Viscosiny : puea muwt: of wPa . note tAatd uFz 5= 10 “ponse Substazces rre Listed mthe modified
Hill order (see nwoducnor)

Viscouity in micropascal teccnd. (nPx )

100 K 200K 300 K MWK SMOKN 0O K Ref.
An Tl 133 se 230 271 Rl .
Asgor §0 153 28 225 =2 &0 3
Boren tifuonde 123 71 el 351 02 23
Evdrogen chloride 146 19° AR °3
Sulfuz havafluort e
P=0 153 1058 232 =" M1
Hydrogen (P=3: 4.2 58 8T pLCRS 127 144 +
Dewenium (P=(, i R 2¢ 194 179 03 il
Water e 133 1”3 2L4
Ceuwenum onide 11 3= | S 223 -
Eelum P=0) e- 153 pER 4 244 8- s g
vpeea 1P=y €3 171 15 € R 398 EENY g
Tt oxade 13 8 1212 RS 230 i3 .3
Nitrogea (P=in 122 iTe a2l 261 06 w2
Wirsus onade 33 5¢C 234 7= 3
Yeca (P=( 44 %3 321 459 i 5
Osvgen F=1: T 1- < 208 373 3L 22
Sulfur Dioxice 3¢ 12¢ - 23
Xeanon F=0 €3 15 - 32 7S -1 :
Carbop morsuida [ 122 17 ¢ 243 el i3
Carbor dioxide 19¢ 15¢ ¢ -3 cr 9.2
Ctloroform e 2 B 159 Wl i3
Metkane i 112 1+12 73 bl L
Methanal PEIN 15 < RaX) 23
Azanviace 104 133 155§ .3
Ekviene ~3 1t 4 126 15§ 16 3
Eikane 5= 85 123 1-9 173 b3
Eitzrol 1.6 1-5 170 23
Propane B3 me 13- T s
Butane ] b 123 T 3
Isobtmae T4 100 123 <5 s
B0 Daetkyl 2ier e L 12« 3
Pertane [ [ 11 - Lie L3
Hexane 3.6 133 1232 23
REFERENCES

11.
12.

13.

II Kadova. N Matscnaga and A IVngnilume WViscous acd thermel conduinvity of A arimthe g2:2005 phase J Phr Them, Ref Do,
14,947, 0085

B A Youngloveand H 7 M Eanler, The viizzsiry endthermel scacuzmnny coefficients of zaseor: snd liyuzd orzon S Finz Chom Rer
Daca. L5 1327, 1936

P M Holland. B = Zatwa. znd H 7 M. Hacley. A Comelanon of the viscciin and thermal conducnitty daa of zaseou: and hiquid eshviere,
S Pivs Cuem Ref Dara. .2 917 1883

M. T Asszel, § Misoafeadt apd W oA Wakeahan Theviscasney and themerl conductnat ofnomuzl tyrdrozenin the kerzere decuiny S Bl
Chem Rgf Dora. 15..3185. 123%¢

B A Youngloveand T Zlv, Thermopavacalpropertie: of fnds II Methane ethzre. propace. tsotuiaze, srdpommzitutase J Pins Coon
Re¢f Caca. 16,577,1987

J. V. Sengers and J. T. R. Watson. Improved miemanonal formulations for the viscosity and thermal conductivity of water substance, J. Piys.
Chem. Ref. Dara. 15. 1291, 1986.

N.Martsunagaand A Nagashima, Transport propernes of iquid and gaseous DO over a wide range of temperature and pressure. J. Phys. Chem
Ref Data 12,933, 1983.

. J. Kestin, et al, Equilibrium and transport properties of the noble gases and thexr mixtures at low density, J. Pkys. Chem Ref. Data. 13, 299,

1984
V. Vescovic. et al.. The tansport properties of carboa dioxide, J. Phys. Chem. Ref. Dasa, 19, 1990.

: R D. Trengove and W. A. Wakeham_ The viscosity of carbon dioxide. methane. and sutfur hexafinoride in the Limit of zero density. J. Piys.

Chem. Ref. Data, 16. 175, 1987. o )
M. J. Assael, S. Mixafendi, and W. A. Wakeham. The viscosity of normal deutenum m the limit of zero density, J. Phys. Cham. Ref. Dara.

16, 129, 1987.

W.A. Coleand W.A. Wakeham. The viscosty of nitrogen, oxygen, and their binary mixtures in the Lt of zero density. J. Phys. Chem. Re/.
Dama, 14, 209, 1985. o
C.Y.Ho. Ed., Properties of Inorganic and Organic Fivids, CINDAS Dara Saries on Masrrals Properties, Vol V-1, Hemisphere Publishing

Corp._. New York, 1038,

©2r b b IHFASLLE
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Appendix E

Viscosity of Liquids

The absolube viscosity of some common 1xuids at tamperatures batween -5 and 100°C is given 1n this table. Values wese denived by filting
expecimental data lc suitable expressicns for the temparature dependence. The substances are atranged by molecular formula inthe modifisd Hill onder
(s Prefoce). All values are given i units of miftipascal saconds (P s); this unit is identical to centipoise (CP).

\'iscqsiry values comeapond 2 nominal pressureos | atmosphere Ifa valueis gives atatemperature above the ocamal bedling podnt, the appdicable
prassure is understond to be the vapor pressuse of the liquid at that tamperatuce. A few values are given al a temperature slightly tedcew the noemal

freezing podnt; these reder to the sugeccccied liquid.

The accusacy ranges fram 1% in the best cases to 5 to L(KE 10 the worst casas. Additional significent figures are included in the table to facilitabs

inbespolation.

—

REFERENCES

Viswanath, D. S. and Natarajan, G.. Date Book on #he Viscosity of Liguids, Hemisphere Publishing Corp.. New York, 1089,

2. Daubert, T. E.. Danner, R P.. Sibul, H. M., and Stebbins, C. C.. Phvsicol ond Themoawamic Properties of Pure Composinds: Date

Compilation. extant 1934 (core with 4 supplementss. Taylor & Francis. Bristol, PA (also available as database).

3. Ho.CY..Bd. GINDAS Dara Series o1 Mowria! Properties. Vol. V-1. Properiies of Inovganic and Organic Flaids. Hemisphere Publishiog
Corp.. New York, 1988,
4. Stephan, K. and Lucas. K.. Viscosirv of Dense Fluids. Pienum Press. New York, 1979,

5. Vargaftik N, B.. Todles of Thermaplvsical Praperties of Ligaids and Gases, 2ad ed.. Joha Wiley, New York, 1975.

Molecudar
formula

Bf!
CLHS{
ChLP
Cl5i
H0
HN;

CHLO,

CH,NO
CH;NO,
CH,O

C,05F;

CQy
CHCY,
C,HCl,
CHF,0,
CHLCly
CHCh
CH,CY,
C.H,CIF,

Name

Bromine
Trichlogosifane
Phosphorous trickionide
Tetrachiorosalane
Watar

Hydrzioe

Mercury

Nitsogen dioxide

Trichiorofluoromethane
Tetrachlcecmethane
Curbon disulfide
Tribromomethane
Trichloromethane
Hydrogen cyanide
Dibromomethane
Dichloromethane
Formic acid
Iodamethane
Formamide
Nivomethane
Methanct
Methylamine
1.1 2-Trichiopotrifluoro-
ethane
Tetrachioroethylene
Trichlcacetylene
Peatachlormthane
Trifluorcavstic acid
¢is-1.2-Dichlcercethyleoe

1rans-1.2-Dichlcrcethylene

1.1.1 2-Tetrachloroathane
1-Chiomo-1, -difluoro-
ethane

Viscosity in mPa s

25T

0°C

25°C

Campousds not coptaining carbon

0370

0.740

0983

1948

03

131
1.258
0319

1.465

0.786
52

3.660

Xy

1.252 0.044
0413 0.326
0662 0529
9.4
1.793 0.890
0876
132
03532 0,402
Compounds cendaining carbon
0539 0421
1321 0.908
Q429 0.352
1.857
0708 0.337
0235 0.183
1.320 0.980
03533 0413
1607
G594 0460
T4 1343
0.875 0.630
0793 0544
3231
0945 0.656
114 0.844
et 0.545
3361 254
0.803
0373 0445
Q398 an?
2200 1437
0.3%

M3

0.746

04¥
96.2
0547
0628
L

0.636

1367
047

0Im

1.030

1833
0.481

0.48}
0.663
0.444
1494
0571

0.26]
1.006

3C

0.378
D480
1.312

1,494

1.9

1.652

0.53%
0.376
1.061

0.741

100°C

0282
0384
1.245

0442

Q570
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Appendix E

Viscosity of Liquids (continued)

Molecular
formula

CH,CI0
CHyCly
CHyN
CH B,
CHLCL
CHCh
C:HO;
CHO,
CiHsBr
GHCl
CHI
CHNO
CHNO,
CHO
C,H08
CH0,
CHS
CHS
CH:N
CHNO
GHsBe
GHC
GHCI0
GHN
CHO
GHO
GH0
GHO,
GHO,
CHO,
GH e
CyHBr
CH/l
CH,LCL
GHiI
GHl
CyHNO
CGHNO,
GHO
CiHO
CyHgOy
C3Hy0,
CHS
CH S
CHN
GHN
CHO
CH:N
CHO;
CHN
Cao
CHO
CH0,
CHeOy
CHO,
CHe0y
Cdy,

Name

Avetyl chioride
L.1.1-Trichloroethane
Acatonitrile

1.2 Dibromoethans
1.1-Dichioroethane
1.2-Dichioroethane
Acetic acid

Maethy] formate
Bromoethane
Chiorosthane
kodoethane
N-Methylformamide
Nitroethane

BEthaoo!

Dimethyl sulfoxide
Brhyleae glyoal
Dimethry] sulfide
Exhanethiol

Dimethylainine
Etbsnolamine
3-Beamopmpens
3-Chloropropene
Epichlncobydrin
Propanenitrila
Acetons

Allyl alcohol
Propanal

Ethyt foemate
Methyl acetate
Propancic acid
1-Bromopropane
2-Bromopropane
1-Chiosopsopane
2-Chioropiopane
1-lodopsopane
2-lodopropane

N N-Dimethylformamide
1-Nitropropaoe
1-Propancl
2-Propasol
1.2-Propylene glycal
Glyceral
1-Propanethiol
2-Propanethiot
Propyluioe

Furan

Pymole

Acetic anhydride
Butanenitrily
2-Butsnone
Tetrahydrofusmn
1 4-Dioxane
Bxhyl acetate
Maethyl propionate
Propy! formate
Butancic acid

Viscosity in mPa s
-25°C 28°C 80°C 758°C HrC
0368 0.294
1847 1.161 0.793 0578 0428
0.400 0.369 0284 023
1.595 1116 0.837 0661
0484 0.362
1125 0.779 0576 0.447
1.056 0.786 0.5%9 0484
0424 0.325
0.635 0477 0.374
0416 0319
0723 0.556 0.444 0.365
258 1.678 1.155 0.84 0606
1354 Q40 0.688 0526 0.415 0337
3262 1.786 1.074 0.504 0476
1.987 1.260
16l 6.554 3340 1.975
Q356 0.284
0364 0.287
0.300 Q232
211 8.560 3935 1.998
Q.60 0471 0373
Q408 0314
2492 1570 1073 0.781 0.597 0474
0.294 0.240 0.202
0540 Q395 0.305 0.247
1.218 0.759 0.505
0.321 0.249
Q506 0.380 0.300
0477 0.364 0.284
1496 1.030 0.749 0.569 0449
0645 G480 0.387
Qas12 0453 0.35%
Q436 0334
0.401 0.303
0970 G.%3 D541 0.436 0363
Q.83 0.653 0.506 040
L1756 74 0524
1851 1.160 0.768 0.580 0.460 0374
8.545 3.815 1.945 1107 0.685
4.619 2038 1.028 0.576
48 04 113 4.770 2750
934 152 308 148
0503 Q.38
047 0.357 0.280
0.376
0.454 0.325
0.661 0475 0.361
20835 1.225 0.828 0.612
1.241 0.843 0.614 0472 a377
0553 0418 0.330 0268
0720 0433 0405 0.315 0.249
0.849 Q&% 0456 0350
L177 0.787 0.569
Q578 0425 0.3 025
0581 0431 0.333 0.266
Q659 0485 0.370 0.293
2215 1426 0.982 0714 Q542
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Appendix E
Viscosity of Liquids (continued)

Malecular
formula

CH,0,
CH,055
CH,S
CHyBe
CH,CY
CHN
CaNO
CJHNO
CHO
CH,0
CHy0
CH,0
CH\0,
CH S
CH N
CH;N
CH N
CH,NO,
CHO,
CHN
Gl
CHy;,
CsHyo
CsHy0
CsHi o
CH,0
G0,

CHyc0

Viscosity in mil’a s

Name B 0FC I8°C S T"C 100°C
2-Methylpropanoic acid 1.857 1.226 0.863 0.6¥ 0492
Sulfolane 6.280 1818 2353y
Tetrahydrothiopheos 0973 0912
1-Bromobutane 0815 0.60¢ 3471 0.379
{-Chivrobutane Q556 0422 0329 0.261
Pymroldine 1914 1074 0.704 0512
N A-Dimethylacetamde L7
Morpholine 2021 1.247 1,850 0627
1-Butanol 1219 5183 254 1.394 0.833 0533
2-Butanol 30 1,332 0.493 0414
2-Mehy!-2-propanol 4.2 1421 0678
Diethyl ether 1283 0.24
Diethylene glyool 33,200 1113 4917 1An3
Disthy] sulfide Q558 0422 0.3M 0,267
Butylamine (.830 0.574 0.409 0.298
Isobutylamine Q770 05t 0.367
Diethylamine 0319 0.23
Diethanolamine 10035 287 Q100
Fusfural 25601 1.587 1.143 0,905 072
Pyridige 1.351 087¢ 0537 0497 G409
1-Peatene 0.313 241 0.495
2-Meatiyl-2-butens 1253 0XA
Cyclopeatane 0555 413 032
Mesityl oxide 1.291 Q838 0.602 0.465 0.381 0.326
IPentanooe 0.641 0470 0.362 0289 0238
3-Peatancne Qasez 0444 0.345 0.27% 0227
Buty! formate 0937 0.644 0472 0.3 0286
Propy! acatate 0768 0.544 0.406 0.316 0255
Bthyl propancate 069 0501 0.380 0.2% 242
Maethyl butanoate 0759 0.344 0.40¢ 0.318 0257
Methyl tscoutanoate 672 U488 0.373 020
Piporidine 1.373 0958 0.649 0474
Peatane 0.351 02 0.224
Isopentane 0.376 0277 0.214
{-Peatanol 54 8512 3619 1820 1.035 0846
2-Fentancl 1470 L4447 0.761 Q465
3-Pentann} 4189 1473 07n 0.436
2-Methy}-1-butanot 4453 1963 1.0 (612
3-Mathy}-L-butancd 8.&7 3652 1842 103 0631
Peatylamine 1.030 0.702 0493 0.356
Hexafluorobenzene 278 1730 1.15t
o-Dichlorobeazens 1.958 1.324 0962 0.7% 71503
m-Dichlorcbenzene 1422 1.044 0.787 0.638 13525
Bromobenzene 1.560 1.074 0.768 0.627 Q512
Chicrobenzene 1703 1.058 0.753 1375 0.456 0369
o-Chiprophenot 3589 18% 1.131 0786
m-Chdarophenol 4041
Fluorobenzene 0749 0.550 0423 0.338
Iedotenzene 2354 1.554 1117 0.8 0683
Nitrobenzene 3036 1 853 1262 0918 0704
o-Chlogoanitine R RIS 1913 1.248 0.887
Phenol KL 1.784 1.009
Aailine 47 20 L4 Q850
Phenythydrazine 130 4553 1830 0848
Cyclchexen 0882 0625 0.467 0364
Cyciohexanone 2o 1321 0919 0671
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Appendix E

Viscosity of Liquids (continued)

Muolecular
formula

Gy N
CH,;;
GH,;
CH;;
CH, 0
CH 0
CHi0
GH;0;
CH 0,
GH,,0,
CeHi 0,
CHi0,
CHN
CHy,
Gty
CHy,
CHLO
CH,0
GHiN
CHN
CHy N
GH | NO,
CHN
GHQ
Gl
GHO
CHy
CHO
GHO
CHO
CHyO
CHN
GHN
CHN
CHN

Name

Hexanenitri
Cyclobexane

Methylcyclopeatane

1-Hexeno
Cyclohexano]
2-Hexanone

4-Meahyl-2-peatanone

Butyl acetate
Isobutyl acetate
Ethy! butanoate
Dincatone aloobol
Prnaidehyde
Cyclohexylamine
Hexane
2-Methylpeatane
3-Methylpeatane
Dipropy! ether
1-Hexanol
Tristhylamine
Dipropylamine
Tristhanolamine
Beazonitrile
o-Chlorotoluene
m-Chiorotoluene
p-Chilorotoluane
Toluene
o-Cresol
m-Creeol

Beazy! alcohot
Anols
N-Meihylagitine
o-Mathyl anilice
m-Methy! anilios
Bearylamine

Methylcyctohexans

1-Heptena
2-Heptanone
Heptanoic acxd

Heptage
3-Methythexane
1-Heptano!
2-Heptanol
3-Hepianol
4-Heptanol
Heptylamise
Styrens
Acstopheacae
Methyl benzoate
Mehyl saficylate
Bttrylbaczene
o-Xyleae
m-Xyleos
p-Xylene
Pheaetole

N.N-Dimathylanilice

N-Ethylasitine

Viscosity in mPa s
=BT (1 of L 3 T T
0912 0.650 0483 0382
0.894 0.515 0.447
0927 0.653 0479 0.364
0.441 Q326 0.252 0.2
515 123 4274 1.982
1.300 Q840 0.583 042 0.329 0262
0.545 0.406
1.002 0.685 0.500 0.383 0305
0.676 0.493 0.370 (286
0.639 0.453
27 6.621 278 1820 1.648
1.079 0.5692 0.485 Q362
1944 1.169 0.782 0565
0405 0.300 0.240
Q372 0.286 0226
0395 0.306
0542 0.39 0.304 0.242
4578 221 1.270 78t
Q455 0.347 0273 .21
Q751 0.517 03m 0.288 0228
0.393 0.300 02%7
609 114 35 117
1.267 0.883 0.662 Q54
1.390 G.o64 0.710 0547 0.437
1.165 0823 0.616 0.482 G3gt
0.837 0.621 0.483 Q390
1.165 0778 0.560 0424 0.333 0270
3.035 158 0961
12.9 4417 2093 1.207
5474 2.760 1.618 1.055
1.056 0747 0.554 0.427
4120 2042 122 8% Q606
103 383 1936 1.198 0839
8.180 3.306 1.6 1.014 0.699
1.624 1.080 0.7% Qsn
0.991 0.67 0501 0.350 0316
0.441 0.340 0.273 0.2%
0714 0407 0.297
3840 2282 1.488 1041
0.757 Q523 0387 0301 0.243
0.350
5.810 2.603 138 0349
3955 179% 0.987 0615
1957 0.976 G584
4.X1 1.695 0.882 0539
1314 0.865 0.600 Q44
1.050 0.605 0507 0.39 Q310
1.681 0624
1.857
110 0815
aan 0.631 0482 0.380 Q34
1.084 0.760 0561 0.432 0345
Q0795 0.581 0.445 0353 0289
0.603 0457 0.3% 0290
1.197 0817 0.54 0453
1.996 1.300 0911 0.675 0523
3981 2047 1231 083 Q0596
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Appendix E

Viscosity of Liquids (continued)

Molecudar
formula

Cath;
GeHy50;
CeHyp
G0
CHuo
CiH,0
CeHis0
Gl 0
CGHN
GHN
GH;N
CHjo
GHy;
GH,0
GH,0
GH(0:
CHy
C,Hx,o
o0y
Ciy
Cigys
CicHy
CiHa0,
Hx

CHz0

Name

Ethylcychohexane
Octancic acid
Qctane

1-Octonol
4-Mathyl-3-heptuant
5-Methy!-3-heptanot
2-Ethyl-1-baxancd
Dibutyl ether
Dibutylamine
Diisobutylamine
Quincline

Indane

Cumene

Isophorone
5-Nonapoae
Ncoancic aced
Noaape

1-Nonamo!
Drimetyt phthalate
Butyltenzene
cis-Decahydroaaphthalene
irens-Decahydronaphthalene
Decanoir acid
Decane

1-Decancd
Undecane

Diphony! ether
Dodecane
Dipheaylmethane
Tridecane
Totradocan
Dibutyl phthaiate
Hexadecane
Qctadecane

Viscosity in mPa s
B [ . ITC C s To0-C
1.139 0.784 037
5.020 2636 1634 1.147
(el 1} 0.58 0.385 0.3m 0243
7.288 RN 1.681 0,901
1.904 1.085 0.702 0407 0375
a2 1178 0762 0.53% 0.401
Ik 62 2631 1.360 081D
L417 2918 0.637 0.466 0.3% (281
1509 0918 0.619 0.449 0343
L1153 0723 0311 0.384 0303
3337 1.892 1.3 0833
2250 1.387 093} 0.692 0545
1.0AS 0.73? 0547
4201 R 1415 0.923 0638
1199 0.8 0.419 0484
7.011 3712 223 1475
o84 (1663 0.488 0.375 G300
9123 4032
632 144 3.300 2824 1.98)
Q950 0.683 0515
128 3645 3042 1875 1.1 0924
6.192 3.243 1.948 1.28% 0917 0,689
437 2631
2188 1277 0838 03598 0.433 0339
109 4359
[ReiAn 1.098 n.763 0.562 043
2190 1407 1.023
0nn 1.383 0930 0673 0544
1.265 0929
2o 1.724 L1% 0.796 0594
2128 1.376 (L.953 0.697
483 4 16.6 6470 149 2425
3032 1.8 1.260 0.899
2487 1.609 1.1532
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Appendix F
Viscosity of Liquid Metals

This tabla gives the viscosity of several liquid metals as o function of tempedture. Bxperimanta data from some of the refersaces was smoothed
to produce the table. Viscosity 1s givea in millipascal second (inPa s), which equals the c.g.s. unit centipoise (cP).

REFERENCES

1. Shpirein. E.E, Yakimovich, K A, Fomia, V. A.. Skovoradjko, S. N., ssd Mozgovol, A. G., in Handbook of Thesmodwamic and Transport
Properties of the Altali Mesals, Obse. R. H., Bd.. Blackwell Sciealific Publishers, Oxford, 1985, [Li, Nu, K. Rb, Cs}

Rothwell, B., J. ins. Mesals %, 389, 1961. [Al]

Culpin, M. F.. Proc. Phys. Soc. 70. 1079, 1957. [Ca]

Landokt-Borasein, Numerical Data and Fanctional Relationships i Science and Technology, Sexth Edition, 1/Sa, Transport Phesomena
(Viscasity and Diffusion) , Spoages-Verlag. Heideiberg, 1961 [Co. Au, Mg, Ni. Ag)

. Spells, K. B.. Proc. Phys. Soc. 48, 299, 1936, [Ga]

6. Walsdorfer, H.. Arpshofen. L. and Predel. B, Z Mer. 79. 503, 1988. [fa]

o

Lh

Visonaity inmPas

°C Lithium Sodlum Potasminm  Rubidium Cestum  Gallum

50 0.542 0.508 1921
100 0687 0441 0.435 0469 1.608
150 0542 0.358 0.365 0.38 1397
200 0.566 0451 0.303 0.316 0.334 1.245
250 0503 0387 0.263 0.280 0.2 1.130
300 0.453 Q341 0.234 0.2%2 0.264 1.040
350 0412 0306 0.211 0.3 0.240 0968
400 031 0278 0.193 0.212 o.21 0.909
450 0352 0255 0.178 0.197 0.206 03859
500 0328 0237 0.166 0.185 04 0.817
550 0.308 0224 0.155 0.174 0.181 a7t
600 0.260 0.208 D.146 0.165 0.1 Q750
650 0275 0.196 0.138 0.157 0.163 0722
700 0.261 0186 0.132 0.150 0.156 0698
750 0.249 o D.126 0.143 0.149 ae6?7
800 0.238 0170 0.120 0.138 0.143 0657
850 0228 Q163 0.115 0.133 0.138 0.640
0 0219 0.156 0111 0.128 0.134 0624
950 0211t Q15t 0.107 0.124 0.129 04610

1000 0204 0.146 Q104 0.120 0.125 0597
1050 0.197 0.141 0.101 017 0.122 0585
1100 0.101 137 0.008 0.114 0.119 0574
1150 0.185 0133 0.095 0.1t 0.116
1200 0.180 0129 0.092 0.108 0.113
1250 0.175 0126 0.050 0.105 0.110
1300 0.170 Q123 0.088 0.103 0.108
1350 0.166 0120 0.086 0.101 D.106
1400 0.162 0117 0.084 0.060 0.104
1450 0.158 Q115 0.082 0.097 0.102
1500 0.155 Q113 0.081 0.095 0.100
1550 0.151 0110 0.079 0.093 0.098
1600 0.148 0108 0.078 0.092 0.097
1650 0.145 106 0.076 0.060 0.095
1700 0.142 0105 0.075 0.094
1750 0.1% 0103 0.074 0.092
1800 0.137 G101 D.091
1850 0.135 0.100 0.090
1900 0.1 0098 0.089
1950 0.130 0.097 0.088
2000 0.128 0.096 0.086
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Appendix F
Viscosity of Liquid Metals (continued)

Visanity innd’a s

¢ Aluminom Calvium ( ohalt Gold Indium Magpesiom Nicket Silver

250 133

o 122

5 112

du 1vd

45u XS

T |28 1.10
750 NN [T
Y 1115 184
850 D L VT4
Al Ldsy VERT
LT 18
I 13
1w ARRIE 33
1150 4574 e,
ALY 46 252
1250 44u 261
1w 4 40 2
1350 22
JEQT I
1450 2
[RLY 415 435
1350 kR L
I Iad 38
1650 341 L
T Rl 34

1750 2ub 33

297













































- 0
20" - Hy)W,-C

R3= 29
W,-C

2

where

_ CentreFrequency
Bandwidth

Q

The value of the capacitors should ideally be as large as possible, to avoid the use of
very-large-value resistors. Thus, in this case for both the 40kHz and 200kHz modules,
the capacitors used would be of 0.027uF. Hj is the gain per stage, which is set at 3dB
(3dB gain threshold is the most commonly used value in most amplifiers in order to
prevent excessive loss of data).

The values of R1, R2 and R3 for the 40kHz module with a bandwidth of 20kHz are
therefore 100Q2, 60€2, and 590Q respectively.

The values of C, R1, R2 and R3 for the 200kHz module with a bandwidth of 40kHz
are therefore 0.027pF, 50Q, 32, and 295Q respectively.
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Appendix M

Malcom Rotational Viscometer — Specification (continued)

Model Number

PCU-201 PCU-203 PCU-205

Sample Size

100cc. 300cc containers (500g. 1500g solder paste)

Sensor

Malcom Spiral Pump Type

Measurement Range

5 Pa's - 1000 Pa's

Speed Range

1-50 RPM

Shear Rate

0.6 — 30 seconds-' (0.6 x speed)

Measurement Accuracy

5% of indicated value

Speed Accuracy

£2% of set point (encoder controlled)

Repeatability

£1.0%

Temp. Control Range

15 - 30°C (£5°C of room temperature)

Alarm Audio Output

Beep when viscosity set point is reached

Alarm Output Terminals

Switch rated 2.5A 120VAC

Recorder Output

Viscosity: 1mV/Pa-s, Temperature: 10mVv/°C

Printer Displays

Temp, Visc, S. Rate, RPM, Same as PCU-201, plus JIS
Date. Time standard

Interface

RS232C Interface

Sensor/ Cylinder Type Selection

Depending on the cylinder which you use. turn to the correct type of measurement range of viscosity.

Ex.  Cylinder Type “A™. 10 - 1000« x10* mPa-s)

Cylinder Type “B™. 20 - 1999 (x10 mPas)
Cylinder Type “C™. 20 -1999 ( x 1 mPars)
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Appendix P1

Flux Induced Corrosion IPC-TM-650: 2.3.32

The institute for interconnecting and Packaging Electronic Circuits
2215 Sanders Road * Northbrook, I 600626135

GPC

IPC-TM-650
TEST METHODS MANUAL

1.0 Scope This tast mathod is desgned to datermine the
removal effact the flux has (if any) on the baght copper miror
film which nas been vacuum depositea on clear glass.

2.0 Applicabie Documents

ASTM E104 Maintaining Constant Relative Humidity by
maans of Aqueous Solubons

LLL-R-626 Reain, Gum, Rosin Wood and Rosin Tall Oit
3.0 Test Specimen A mirimum of 100 ml of kouid fux, a
reprasentative container of solder paste, refiowea solder-

paste flux, extracted solder preform fiux or extractod flux-
cored wire,

4.0 Apparatus and Reagonts

4.1 0.5L of control standard rosin flux, class A, type i, grade
WW, of LLL-R-626.

4.2 0.5L of reagent grade {99% pure} 2-propanol.

4.3 A vacuum daposition system of the maans 10 focure
glass test panels having a copper mirror coating as described
in paragragh 5 below.

4.4 0.5L of reagent grade 0.5% soiution of ethylene damine
tetra acatic aca EDTA).

4.5 0.5L of reagant grade ethanoi or methanol.
4.6 100 mi medicne bottie with dropper.

4.7 Tost cabinet capable of achieving 23 + 2°C and 50 + 5%
relative humedity.

4.8 Giass slides

4.9 A relatve humidity gauge having a ~ 2% accuracy, or
better, shad ba used to continuously monitor the test environ-
ment. The gauge shoud ba calibrated perioxcally.

3.0 Procedures

5.1 Preparation

Maters' 1 W3 TSt METNOCE \WINURI A3 LIRSy ectaivisned Dy Techned! Commtiees oF e AP0, This mateny i aovisory ony
8 COORY OF By AT 22 10 e LSe, BEPRCINON, O STIXBON of th's

Number
2.3.32

subpct
Fiux induced Corrosion (Copper Mirror Mothod)

Date Revision
1708 c

Onginating Tack Group
Flux Specifications Task Group (5-24a)

5.1.1 Proparation of Control Standard Fux Dissoive 35
g of Federal Specification LLL-R-626 rosn into 100 mi of
reagert grade 99% 2-propanol and stir thoroughly.

5.1.2 Preparation of Temperature/Humidity Chamber
When aca or sait sokstions, such as reported n ASTM E104,
are used the environment shall bo mongored for a minimum of
48 nours pnor to exposing the copper mimor samples, 1o
assure complhance with the 50% + 5% retatve humidity
requirement.

8.1.3 Preparation of Copper Mimor Test Panels.

5.1.3.1 Apply by vacuum deposition. a fim of copper metal
on one surtace of a fiat sheet or claar, polished glass.

5.1.3.2 Apply a uniform thickness of approximatety 50 nm
and assure that the finished maror permits 10 + 5% transmis-
son of nomal incident light of nominal wave length of 500
nm. This may be determined using a sutable photoaloctric
spectrophotometar. Commercially available copper mirors
meating the above specifications are acceptable. (See 6.2)

5.1.3.3 Prevent owadation of the copper mwTor by storing in
a closed container which has been flushed with nitrogen,

8.1.3.4 immediately bafore tasting, immerse the copper mr-
ror a5 g/ solution of EDTA for coppor oxide remaval. Mir-
rors stored in a non-oxdzing enveonment, do not require
cleaning wth tha EDTA solution prior to testing. The cleaning
step must be usad if test results are in dispute.

8.1.3.5 Rinsa thoroughly :n running water, immersa in clean
athanol or methanot and dry with ciean, ot free ar.

5.1.3.6 Carefully axamine the murror before testing. There
must be no oxde.

5.2 Test

8.2.1 Piace the copper miror test panel on a fiat surface,
mirror side up, and protect from dust and din at all times.

5.2.2 Place one drop of lest flux or extract to be tested
{approxamately 0.05 mil) on each copper maror 1est panat. Do
not aliow the dropper to touch the 1est panet

Page 1 of 2

o ke o5 o 15 entvely ry. ¢
MENS. Lsers Ire 350 whoy L4 ) 2PBNST & CONME OF WaIDES Ry paterit PANGEment
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Appendix P2

Presence of Halides in Flux IPC-TM-650: 2.3.33

GPc

ASSOCIA TION CONNEC 1INC
[ (LECTRONICS INDUSTRIES ®

F75 Sansers Road
Narhivoo Il GOOE-6Y 3%

IPC-TM-650
TEST METHODS MANUAL

1 Scope This quaitalive test method is designed to detes
mine the presence of chiorides and bromides i soldering flux
by visual exarmination afies placemem ot te paprr.

2 Applicable Documents

PC JSTD-004 Requirernents for Soldering | uxes

3 Test Specimen A mmimum of 10 mi of fiquid lux. a rep
resentative container of solder paste, reflowed solder paste
flux. extracted scider preform Bux or extracied cored wire fux.

The reflowsextraction process shouk] be camed o in accor-
dance with 1-STD-004.

4 Apparatus and Reagents

4.1 Six pieces of silver chromate test paper 51 mm x
51 men.

4.2 250 mi of reagem grade 2-propanol.

4.3 Six glass mcroscope sides.

4.4 Spawla.

S Procedures

$.1 Preparation

£.1.1 The shwer chiomate paper is extrerngly light sessitive
and must be stored in a closed comainge! away from fight untd

used for tesking.

§.1.2 To avoid contamitation, the paper must be handed
with forceps ang must never be woched with bare hands.

5.2 Test for Liquid Flux or Flux Extract Solution

5.21 HMace ona drop of test Aux or flux extract {appeoxi-
mately 0.04 mi} on each place of sher chromate test paper.
Adow the dioplet to remain on each lest papes for a minimum
of 15 seconds.

§.2.2 After the 15 seconas, smmediately immerse gach test
paper in clea~ 2 -propanal 10 remove the residual organc
maenais.

Malava' vi B lwe? Malhad M’ wer vohunbiviy
ol e 19 > w ety
miaca’ Lisew ae amy Wik | for

Wunbig
23.313

Subwec:
Presence of Halides in Flux, Silver Chromate
Method

Nate Ravisio
06/04 D

Orgpinatrg Task Sroup
Flux Specifications Task Group (5-24a)

§.23 Ailow each test paper o dry and examine lor color
change.

§.3 Test for Paste Fhux or Solder Paste Flux as Obtained
from the Supplier

§.3.1 Clean six glass microscope slides with 2-propanol and
ar dry.

§.3.2 Moisten each piece of silver crwomate reagent paper
with decnized wates.

§.3.3 Apply a wat papsy to each glass sice and remave the
excess water wih biotting paper

§.3.4 Using a spatula. apply a thin coating of the paste flux
ar sokler paste ditectly omo each moist reagent paper

§.3.5 Allow the paste fx or solder paste to resnain in con

L1act with the paper for 15 seconds. then remove the flux with
J propanol of other appropriate solvent without disturbing the
paper

5.3.6 Alow sach test paper wo dry and examine for color
change.

5.4 Evahation Carefully examine each test sheel for pos
sible coky change. A change to off-while or yellow- white indi-
cates the presence of chiorides or bromides (see Figure 1)

5.4.1 Interferences A number of chemicals besides frae
halkdes may cause w05 faires. (Represemtative examples are,
but are not limted to. amnes, cyanides. and izocyanates.)

§.4.2 Cenan acidic solutions may react with the reagem
papes to produce a color crange similar to that oblained with
chiorices and brormdes. When a color change is observed, &
is advisable to check the acidily of the aflected area by means
of a pH ndicating papes. | pH values of less than 3 are
obtaned. the presence of chiorides and bromides shoud be
verified by oty analytical means.

§.4.3 1 is possible that the metal presen: i a solder pasle
sample may leave a white residue that is difficull W distinguish

iy Tw LUaecoryBnm of T Vo vminria’ m advwwoly ooy
v L dmanTe of Lediile of eny AVId A s e applicndon, OF suaededon uf ey

A 2% a9 af cheetm o singien By gt SOV
Equapmient saferervad @ S Bw cvrmvmnm of 18 uaer a1y doss nol sl ankesenat by L
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