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Abstract

In-line monitoring of die-casting of aluminum (A356, A357, 86S), magnesium
(AZ91) and a metal matrix composite (Gra-Ni® 6S:3G) will be monitored using the
reflection coefficient obtained by using an ultrasonic technique, the pulse/echo. For each
of the materials enumerated above, the average temperature of the mold through its
thickness, the end of filling of the part, the solidification of the part in the cavity of the
mold, the gap and/or the detachment of the part, the sound velocity and the attenuation of

the material will be measured by this ultrasonic technique during the process.

For the materials the melt temperature will not exceed 600°C because the casting
is made at the semi-solid state, between the solidus and liquidus, of the materials. A
novel high performance buffer rod with a cooling system is integrated into the die.
Therefore, ultrasonic measurements can be carried out with high signal-to-noise ratio at

elevated temperatures.
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Résumé

Nous avons étudié, au moyen du coefficient de réflexion obtenu par le mode réflexion, la
caractérisation en-ligne du moulage sous pression de I’aluminium (A356, A357, 86S), du
magnésium (AZ91) et du matériaux composite 3 matrice métallique (Gra-Ni® 6S:3G).
Pour chacun des matériaux énumérés ci-dessus nous avons mesuré, par cette technique
ultrasonore, la température moyenne du moule sur son épaisseur, la fin de I’arrivée du
métal fondu, la solidification de la piéce dans la cavité du moule, le développement de
I’interstice et/ou du décollement de la piéce, ainsi que la vélocité des ondes ultrasonores

et de son atténuation.

Pour ce qui est des matériaux fondus, la température ne dépasse pas les 600°C parce que
le moulage se fait a 1’état semi-solide, c’est-a-dire entre le point liquidus et solidus des
métaux. Nous avons inséré dans le moule une ligne a délai novatrice a haute
performance avec un systeme de refroidissement. Se faisant, nous obtenons les mesures
ultrasonores avec un excellent rapport signal-sur-bruit, et ce, malgré les températures

élevées.
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Chapter 1: Introduction

1.1 Background

Increasing industrial demand for high-quality products and production efficiencies
have resulted in the need for improved process monitoring and control [1-4]. Light
weight metal die-casting and injection molding have been commonly used as mass
production methods. So far, most industrial efforts have been oriented mainly towards
machine control and new processes; little attention has been paid to use the cast part
properties inside the cavity for process control. For example, it is common for metal die
casters and injection molders to use temperature, pressure and position sensors to control
piston injection without direct reference to the properties of the cast parts. The

evaluation of the part is usually performed after it has been ejected from the die or mold.

To improve the process, numerical models are used for computer simulations to
reduce the cost of the design of the part and to optimize the process [5,6]). Even a virtual
die concept has been mentioned recently. It could simulate the entire product process
virtually by computer without going through any real processing [7]. Although these
computer simulations are used extensively for analysis and optimization of process
parameters, input data are often derived from simplified assumptions in order to facilitate
problem solving and reduce computation time. Therefore, in situ monitoring with sensors
may provide a practical understanding of the process and a crucial validation of the
models derived [8-12]. These sensing [13,14] can also help to determine the source of

1



errors and to improve the mathematical models [8,9,15]. For example, the information
from the feedback of a cavity sensor may be used to control the system, allow direct
supervision of the process and ensure constant quality of the finished part [16,17].
Furthermore, different advanced control strategies such as close loop, statistics and

knowledge based expert system may now be integrated into the production [17-21].

Process control is also a desired tool to reduce production cost and improve
product quality. Since light weight metal die-casting and injection molding are difficult
to maintain in a steady state due to the fast metallic solidification process, complex
control strategies are needed [17-21]. In order to improve the quality of the cast or
molded part and to verify the assumptions, process parameters such as die or mold and
melt temperature, cavity and hydraulic pressure, shear stress and flow front advancement
have been monitored and used to control the casting and molding processes [22].
However, the available sensors used are limited to conventional pressure, temperature,
heat flux and flow detector measurements and have shortcomings such as slow response,
unsteadiness and non-repeatability. In addition, these sensors are used for machine
control only and not for process control which requires the information of the part
properties inside the cavity. As a result, there is a significant need for the development of
cost effective sensors for in-line measurements and for machine and process control

[19,21,23].

In this thesis, one of the objective is to use a new high performance clad buffer
rod consisting of a steel core and stainless steel cladding to perform in-line uitrasonic
monitoring. We hope that this new sensor will be able, in time, to solve some of the
problems mentioned above for conventional available sensors and increase the overall

knowledge of the process by performing process control.



1.2 Die-casting

The processes of metal die-casting and injection moiding are similar. Both of
them have feeding materials that are heated, melt and injected into a die or mold which
has the desired shape. Thereafter, the part is cooled and solidified inside the cavity of the

die or mold until it is ejected out and a new cycle begins.

One can consider the die-casting process as consisting of three stages: (1) the
filling stage during which the material is injected into the cavity of the die; (2) the
intensification stage where additional material is forced into the cavity under high
pressure. The pressure is applied until the gate is frozen to compensate the shrinkage due
to the continuous cooling of the process; and (3) the solidification stage during which the
part is cooled until the state of solidification is almost completed. Once these three stages
are completed, the part is ejected and the production cycle restarts.

At the filling stage, flow front advancement and flow front velocity are important
information. The flow front advancement indicates when the cavity of the die is
completely filled. The information retrieved on the position of the flow can be used to
control the plunger speed for a smooth transition between the filling and the
intensification stage. This smooth transition could reduce or avoid the flashing or die
damage due to high impact. Since the viscosity of the material depends on the local flow
rate, the measurement and control of the flow front velocity may give a consistent
material behavior throughout the filling phase. In addition, the flow front velocity which
can be related to cold shut or air entrapment (porosity) has an important effect on the
quality. The pressure and temperature sensors can detect the flow front arrival, but all
pressure sensors have a threshold value below which little readings can be obtained and
temperature sensors have a delayed response. Therefore, the measured flow front arrival

may be overestimated. The advantages of in-line ultrasonic monitoring have been
3



demonstrated for the arrival and advancement of the molten metal flow front for a

conventional liquid metal die-casting process [24].

During the intensification stage, the gate freezing time is considered an important
element since no more material can be added into the cavity and further application of
holding pressure is a waste of energy from the apparatus. Upon further cooling during the
solidification phase, when the part begins to shrink from the wall, an air gap is formed
between the wall of the die and the part. This gap development produces a significant
change in the heat transfer behavior between the part and the die. The effects of this gap
formation on injection molding of polymers have been well documented [25,26]; the
same is true for die-casting [24,27,28]. However, up to now, little efforts have been
devoted to its monitoring during die-casting. This formation of air increases the thermal
contact resistance between the part and the cavity wall and reduces the heat transfer
efficiency resulting in a long process cycle. Furthermore, the time needed for the gap to
develop, as well as its location, can result in a difference in the temperature uniformity in
the thickness direction which induces residual stresses and warpage of the part.
Ultrasonic technique was used previously to monitor the gap development during
injection molding and die-casting [29]. Nishiwaki, and al. demonstrated the principle of
identifying both detachments from moving (referred to in this thesis as mobile) and
stationary ( referred to in this thesis as in-mobile) molds using ultrasonic techniques [30].

During the solidification part, it is desirable to use the part properties as input
parameters for process control in order to achieve a high control on the quality part [22].
Furthermore, the understanding of the solidification is crucial. For instance, the
temperature and pressure during the solidification stage must be investigated as they
determine part quality characteristics such as weight, density distribution, shrinkage and
warpage. How does the cast part undergo this stage is essential to the die and cooling

line design and ejection time prediction. Moreover, part properties such as density and



elastic constants change rapidly during solidification as the material transforms itself
from liquid to solid state.

The study in this thesis concentrates on a new die-casting process which becomes
more and more importaxit in the market today. Its potential was first recognized in the
early 1970’s but, today, its place in the market is beginning to grow [31,32]. This new
forming processing technique is called Semi-Solid (SS) forming. The main differences
between this technique and the die-casting process, at the machine level, are the

conception of the die and the feeding material.

The fabrication of a die is not simple. Engineers commonly use computer
simulations to answer their questions [5,6] and reduce the cost of its development. For
now, only the hands-on experience of conventional liquid metal die-casting mixed with
the knowledge of the properties and behaviors of SS materials are used for the die design.
It is generally accepted that SS needs larger volume for the sprue, the runner and the gate
compared to die-casting [33]. The rest of the die design relies on the same design rules as

those used in the conventional liquid metal die-casting.

The microstructure of the feed alloy for the SS die-casting is composed of
spheroidal particles of solid surrounded by a liquid phase of a lower melting point, rather
than the interlocking tree-like dendrites of conventional cast alloy. It is the
microstructure that gives the material its thixotropic properties; when sheared the
material flows, but when allowed to stand it does not move; we can say it is like butter. In
general, this thixotropic material gives a high integrity and low part porosity because that
material is injected into the die in a laminar flow during SS die-casting compared to a
turbulent flow for conventional case. This difference in the flow is due to the material
injected at a solid fraction of around 50 % during SS die-casting compared to 0 % for
conventional one. The 50 % of solid fraction implies another important fact, that is, the
feedstock of the SS processing is at a temperature between the liquidus and solidus [34].

5



Figure 1-1 shows the temperature range of thixoforming process for aluminum. In

conventional liquid metal die-casting, the material is cast at a temperature above the
liquidus.

Alloy [Atomic %]
Normal Die Casting Temperature > 700°C

700

650 30 40
- Typical Thixomolding
@) 600 Temperature Range
o 560 - 580°C
2 500
= .
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400 /
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Figure 1-1: Phase diagram of aluminum and temperature range of SS casting processes.

1.3 Semi-solid die-casting or Thixoforming

The Semi-Solid (SS) die-casting processes or thixoforming may be divided in

three categories: rheocasting (or rheomolding) [35], thixocasting [36,37] and
thixomolding [38].



Rheocasting is a process to produce a thixotropic material by electro-
mechanically or eletro-magnetically stirring during the solidification of the molten metal.
Thereafter, this new material is injected into the die-casting machine at the desired
temperature, between the liquidus and solidus. Typically the material is injected with
around 50 % or less of solid fraction. A near net shape part is then retrieved from the
process. This process is also called “slurry-on-demands”. It is coming from the fact that
the feedstock is created just before an injection into the die; and the quantity of materials
needed to make the piece can be changed easily if we do not take into account the limit of

the mold.

After the thixocast material is cooled down to the room temperature and then it is
cut at the desired length. Normally, the material is in the form of a cylinder and it is
called billet. Then, it is heated to its SS state (between liquidus and solidus) and injected
into the die cavity and produces a thixocast part [36,37]. This is called thixocasting

process which is used for the investigation of this entire thesis.

With respect to thixomolding [38), it begins with small pellets of the desired
thixotropic material, which are at the room temperature. These pellets are fed into a feed
hopper which is similar to the one used for polymer extrusion, heated and,
simultaneously, shear forces are applied by a single or twin screws. This provides the
thixotropic properties of the material. Then, like the other two methods, it is injected into
the die or mold in its SS state.

There are advantages to use thixoforming processes compared to conventional
liquid metal die-casting. Because the feedstock is only heated to a temperature between
the liquidus and solidus, it is an energy efficient process which can be easily automated
and controlled to achieve repeatable parts. The production rates are similar, or even
better, to conventional liquid metal high pressure die-casting. The smooth filling, which

7



implies a laminar flow, of the die with little air entrapment and low shrinkage porosity
produces the parts with a high integrity [34-46]. Furthermore, low processing
temperatures reduce the thermal shock of the die, extend the die life and allow the
processing of high melting point alloys (such as toll steels) that are difficult to form by
other means [44-46]. It may also allow the use of soft and economical die materials due
to reduced mechanical stresses acting on the die during filling and the use of low alloy
processing temperature. A fine and uniform microstructure provides enhanced
component properties. Weight savings may also be achieved through the optimization of

the part design.

However, at present, there are also drawbacks in SS processes such as the high
cost of raw material due to complex procedures, limited quantity of production and low
number of suppliers. Furthermore, because of the lack of available process experience
and design rules, considerable research effort and expenses are required to implement a
viable manufacturing process and die development compared to conventional liquid

metal forming technologies [34].

The relatively high price of suitable feedstock for thixoforming processes is
perceived as the major barrier to its commercial growth in production. As these
processes are related to volume of raw material production, the price will not fall until
demand increases significantly. This is the reason why researchers have increased their
efforts on the rheocasting process in the last few years with the hope to reduce the cost of

raw material and increase the number of thixocast produced [34].

Recently one method is used with the intention to reduce the price of feedstock. It
is the application of materials with dendritic microstructures as feedstock with the same
billet form of the thixocasting process. The material is heated in the same way as the
thixocast; but, at the end of the heating process, there is one more step: soaking. The
soaking allows the nucleation of small spheroidal microstructures that behave as

8



thixotropic material. This technique removes the need to produce the thixocast billet
which is difficult and expensive to make [37,39,40,42,47].

1.4 Sensors

As mentioned in the previous section, the development of process control requires
the development of cost effective sensors for the in-line measurements of metal die-

casting, injection molding and thixoforming processes.

One of the most important parameters throughout the process is the temperature
since it determines the final properties of the product such as residual stresses and
warpage. Its measurement is difficult, especially in the thickness direction. The insertion
of thermocouples into the metal at different depths cannot be done like in polymers
[48,49] to give the temperature profile of the pieces because of the corrosive nature of
molten metals. This invasive nature of the thermocouples in the die also introduces
problems such as heat conduction through thermocouples and melt flow alteration
[50,51]. Infrared (IR) temperature sensors provide a fast response (10 ms) and is a non-
invasive measurement {52,53]; but this technique must have a direct vision to the part.
Furthermore, its calibration is difficult [54] and needs a black corpse to be effective
which is difficult in casting metals because of the reflective nature of the surface of the
part. Errors can also be induced in the IR signatures from the surroundings such as the
mold walls. In addition, Bur and al. have demonstrated the capacity of determining mold
filling, the start of solidification, crystallinity, part detachment and part shrinkage using
the optical technique [55,56]. However, the polymer or the material need to be
transparent and the approach is not applicable for metals. Even the mold wall must be
modified to accommodate a transparent sapphire window for the transmission of light

into the transparent polymer.



The pressure is another important parameter. It can help to determine the flow
front arrival and the internal pressure of the cavity. The flow front is determined with the
variation of the pressure at the location of the sensor. For the internal pressure, it gives
valuable information on the internal forces acting on the die. This information can lead
to improvements in the die design, but there is a limit to the pressure sensor; it has a
threshold value below which no reliable reading can be obtained. Therefore, the
measured flow front arrival is overestimated. Furthermore, the pressure sensor measures
the force acting on the sensor’s membrane which includes the viscous forces but not the
bulk pressure in the material. To protect the pressure sensor from high temperature in
metal die-casting, injection molding and SS forming processes, the sensors can be
installed behind an ejector pin; but it puts another limit on the sensor’s capacities.
Because of the non-steady contact and the non-straightness of the ejection pins, the
reading of the pressure sensor is not steady and repeatable. Thus, often they do not fulfill

the requirements of fast process and repeatable monitoring.

Altogether, many essential process parameters can be monitored throughout the
metal die-casting, injection molding and thixoforming processes such as the flow front
advancement, the velocity, the gap development caused by shrinkage of the part, the
pressure and temperature. However, there is no single sensor that can provide all the
above information. In previous works, it has been shown qualitatively that ultrasonic
sensors can be used to obtain more information than any single sensor mentioned above.
Furthermore, the ultrasonic sensors are non-invasive and non-destructive [10]. In
addition, in-line ultrasonic monitoring measurements of industrial processes are often
performed at high temperatures which are about 250 to 350 °C for aluminum die-casting
and thixocasting. Non-contact ultrasonic methods such as laser ultrasound [57,58] and
electromagnetic acoustic transducers (EMATS) [59,60] are possible approaches. Laser
ultrasonic systems can provide advantages such as fast scanning and probing materials of
complex shapes but are generally bulky and have a high cost. Laser safety is also a
concern. The signals produced by EMATSs have much poorer qualities in frequency
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bandwidth and signal-to-noise-ratio (SNR) than those generated by piezoelectric
ultrasonic transducers (UTs). There is a strong need to find a broadband ultrasonic
transducers of high efficiency for measurements at high temperatures.

The desired broadband piezoelectric contacts UTs together with a coupling
medium and should work well at high temperature. The operating range in frequencies of
the UT can vary from 1 to 10 MHz. Such high temperature UTs are commercially
supplied by several companies: Etalon (Lizton, Indiana), Ultran (Boalsburg, PA),
Ishikawajima Inspection and Instrumentation Co. LTD (IIICL, Tokyo, Japan), RTD
(German), etc... . However, the price of these UTs is expensive and there is no tolerable
solution for choosing the ultrasonic couplant used with the steel walls of the die at high
temperature and for a long period of time. In general, the ultrasonic couplant is a type of
grease for which the ultrasonic coupling coefficient changes significantly as the
temperature varies. Furthermore, except for the IIICL UTs for which the details of the
UT designs were given [61], the broad bandwidth is provided by a method using an
epoxy backing [58] that is not adapted for thermal cycling. Since there is a difference
between the thermal expansion coefficient of the electrode material for the piezoelectric
crystal of the UT and the epoxy, a major problem can occur. The epoxy and the electrode
can disband during repeated thermal cycling. When this occurs the bandwidth is no
longer sufficient for ultrasonic monitoring of our processing. Furthermore, the UTs from

HICL also require a high temperature couplant.

1.4.1 Buffer Rod and Ultrasonic Sensor

The ability of the ultrasound to interrogate non-invasively, non-destructively and
rapidly the regions of the mold and cast part is desirable for a modern molding process
control. Such a control should not disturb normal processing conditions, although

ultrasonic techniques have been used for the improvement of material processes for some
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time due to recent advances in transducer materials, sensing techniques, microprocessors
and digital signal processing. It allows the data to be obtained and analyzed rapidly,
reliably and economically [62-67]. These progresses make ultrasound an attractive tool

for in-line process monitoring,.

One way to bypass the problems enumerated above for the monitoring processes
at high temperature is to insert a metallic ultrasonic waveguide (buffer rod) between the
UT and the part to be monitored. One end of the buffer rod is water cooled down to 50
°C or lower and the other end is touching the material in the cavity of the die. This
method allows the use of commercially high performance UTs and couplants. The
ultrasonic waves are generated by the UT, transmitted through the buffer rod and then
into the processing part. The reflected ultrasonic waves return to the same UT through
the same but reversed path. The application and properties of the buffer rod for
ultrasonic monitoring of conventional liquid metal die-casting and metal injection
molding have been reported [62-67]. It is the objective of this study to use a new and
high performance clad buffer rod consisting of a steel core and stainless steel cladding to
perform in-line ultrasonic monitoring of thixocast processes. The energy of the
ultrasonic waves are guided in the core of this clad buffer rod. Such high performance
clad metallic buffer rod has the following advantages: high signal to spurious ultrasonic
noise ratio due to the significant reduction of the trailing echoes, high signal amplitude
due to proper wave guidance, suitability for reflection and transmission measurement
geometries, high temperatures, no cross talk between adjacent buffer rods since the

ultrasonic energy is concentrated in the core and no loss during immersion in molten

metals [68,69].
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1.4.2 Laser-Ultrasonic Technique

In the die cavity the cast part undergoes a high pressure and a high temperature
which affect the ultrasonic properties such as the velocity and attenuation in the part. In
order to compare these ultrasonic properties in materials with different microstructures
such as thixotropic, dendritic or other different compositions, a non-contact non-
destructive non-invasive laser ultrasonic technique [66] with a Gleeble thermal simulator
is used. In previous works [70,71], it was used to measure the ultrasonic longitudinal and
shear wave velocities (or Young’s and shear moduli) of ceramic samples up to 1800 °C.
In this method, a high power pulsed laser is used to generate ultrasound on one side of the
heated sample and another laser coupled to an optical interferometer is used to detect the
ultrasonic wave at the opposite side. Samples are taken from billets of different

microstructures and compositions.

1.5 Thesis Content

The focus of this thesis is to use the high performance clad steel buffer rod
sensors to perform in-line ultrasonic monitoring of thixocasting process only and to
obtain an improved understanding of this process, such as the part microstructures,
pressure release, temperature, end of filling, etc... . Although, this sensor can be used to
monitor the rheocasting and thixomolding processes mentioned before. Chapter 2
describes the clad steel buffer rod sensor developed for the purpose of in-line ultrasonic
monitoring of thixocasting (SS die-casting). The shape and the differences between this
new sensor and the old design will be the main study of this chapter. The position of the
sensor in the die and its ultrasonic properties such as signal-to-noise-ratio (SNR) will be

illustrated.
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In chapter 3, the ultrasonic techniques used to obtain the results of the in-line
ultrasonic monitoring of thixocasting will be presented. First, the reflection mode will be
introduced. It is important to indicate at this stage of the thesis that all the ultrasonic
experiments performed have been done using the reflection mode except when mentioned
otherwise. Its propagation in two media will be presented. Then the reflection (or
transmission) coefficient variation will be used to monitor the flow front arrival and the
gap development during the die-casting process. It will be demonstrated how the signals
are selected for the calculation of the velocity and the total loss in the cast part.
Thereafter, the solidification will be explained by using the time delays of the ultrasonic
echoes traveling in the cast parts. Finally, the results of the ultrasonic pulse-echo

measurements to derive the average temperature of the die will be explained.

In chapter 4, the ultrasonic velocity and attenuation in the aluminum alloys A356,
A357, 86S purchase from Ormet (Hannibal, OH), Gra-Ni® 6S:3G made by INCO
Limited (Ontario, Canada) and magnesium alloy AZ91 made by Performag (Montreal,
Canada) will be evaluated using a laser ultrasonic technique together with a Gleeble
thermal simulator. Samples are taken from the billet form of the above mentioned
aluminum and magnesium alloys. These measurements provide the ultrasonic velocity
and attenuation data at the elevated temperature but at the atmosphere pressure. The data
obtained may be used as a basis for the comparison with those obtained for the cast part
inside the cavity under high pressure. However, the Gleeble thermal simulator and the
SS casting are different in a way that the thixocasting is a procedure of solidification
(liquid to solid) while the Gleeble thermal simulator is a procedure of “liquefaction”
(solid to liquid). In previous works [72-74], it has been demonstrated that the difference
of procedure can be important in polymers and metals.
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Investigations of in-line ultrasonic monitoring of the SS casting will be presented
in chapter 5. The flow front, the gap development and the solidification will be
monitored by using longitudinal ultrasonic wave in the parts described in the preceding
chapter. For each monitoring, all the parameters of the machine will be indicated: this
includes the hydraulic pressure and injection velocity, the cavity pressure, the
temperature of the mold, the time of the cycle and the temperature of the mold at
different locations near the cavity. Then, with digital signal processing, the ultrasonic
velocity and attenuation of the material and the temperature will be shown. All these
results will be repeated for four different kinds of semi-solid materials: the aluminum
alloy A356 and A357, the Gra-Ni® 6S:3G and magnesium alloy AZ91 made by
Performag and CANMET (Ottawa, Canada).

The summary of the thesis and the conclusions from all the experiments done in
this work will be in the final chapter of the text. Furthermore, potential improvements
and future work to be undertaken will be presented at the same time.

15



Chapter 2: The Clad Buffer Rod Probe and the Data

Acquisition System

For in-line monitoring of thixocast process clad buffer rods (CBRs) probe with a
high signal-to-noise ratio (SNR) can be inserted into the die made for the thixocast
process. As mentioned in the introduction they can be operated in the pulse/echo
reflection mode and only one side access of the die is required. In [24], three zirconium
(Zr) CBRs consisting of a Zr core and a stainless steel cladding to monitor liquid
aluminum (Al) alloy high pressure die-casting. The molien Al alloy is directly poured
into the shot sleeve, followed by metal injection into the gate and the die cavity (by
means of the plunger (piston)). The flow front, gap formation due to part shrinkage,
contact time of the part with the die wall, temperature variations in the die and the time
delay variations in the solidifying Al alloy part were observed.

In the present investigation, a steel CBR probe, which consists of a steel core and
a stainless steel cladding, is used. The clad steel rod not only has thermal characteristics
closer to those of the steel die compared to what was reported for the clad Zr rod in [24],
but it also has higher ultrasonic performance which will be demonstrated later on in the
text and figures. Because the steel CBR provides ultrasonic signals with a high signal-to-
noise ratio, data on velocity and attenuation in the part, which could not be obtained in
[24], can be used to build up an improved understanding of the die-casting process. For
instance, the variation of the ultrasonic velocity in the cast part can be related to its

change of the average temperature while the attenuation in the cast part may also reveal
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its microstructure. Furthermore, in this investigation, pressure and temperature sensors

throughout the die were installed and in [24] none of them were inserted.

2.1 Ultrasonic wave propagation path

In all experiments uitrasound is generated by the longitudinal wave UT,
propagated through the core of the CBR probe and reaches its probing end. Ultrasound is
then transmitted into the viscous semi-solid melt being injected in the die cavity and is
reflected by the other side of the cavity surface and returned back to the UT via the same
path. The clad buffer rod ensures good ultrasonic guidance {24,63,75,69]. All ultrasonic
signals were acquired with a PC based data acquisition system. The A/D board was a
GAGE CS12100 card (Gage Applied Science Inc., Montreal) with 8 Mega-bytes on
board memory. Figure 2-1 represents a typical signal and nomenclature acquired from
experiments. The first echo represents the longitudinal ultrasonic wave reflected from
the probing end of the CBR and it is denoted as L'. We can see that L' has a time delay
of about 35 ps; and the echoes L2, L?, L%, etc... having time delays of multiples of about
35 ps represent the 2nd, 3", 4™, etc... round trip ones as seen in Figure 2-1. The echoes
between those of L' and L? or L? and L? are the signals in the cast part that are reflected
back from the back wall of the die. They are called L's, L'y, L%, L%, L%, etc... The
subscript is a multiple of two because the echoes traveling in the cast part traverse the
thickness twice before they reach the UT. Figure 2-2 is a brief representation of the

reflected and transmitted wave.
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Figure 2-1: Echoes reflected from the probing end of the CBR (a) without and (b) with cast part.

Figure 2-2: Representation of the transmitted and reflected echoes in the CBR and cast part.
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2.2 Steel Clad Buffer Rod

As mentioned above, a steel CBR consisting of a steel core and a stainless steel
cladding fabricated by a thermal spray technique is used in all experiments. The core of
this steel CBR has a tapered cylindrical shape,y as we can see in Appendix A. The use of
a taper has been demonstrated to be effective to reduce unwanted spurious echoes [75].
For the current CBR, the tapering angle, 6, is about 2° (see Figure 2-3). Our
measurement results show that this CBR has always a SNR of more than 30 dB [69] even
at 250 °C. By comparison, using the same UT and pulser/receiver, the Zr CBR exhibited
about 20 dB at room temperature because of the large trailing echo right after L'. In
Figure 2-4, we can see the improvement in the signal of the steel CBR as compared with
the old Zr CBR at room temperature. In addition, liquid Al alloy in the die cavity “wets”
the steel CBR better than the Zr CBR and thus more ultrasonic energy is transmitted into
the Al alloy when the steel CBR is used. The increase of the SNR can improve the
analysis of the signals. It also implies that, if one can see the signal better (better SNR
i.e. smaller trailing echoes) near L', one can impose a shorter acquisition time per frame

(explained in later sections).
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Figure 2-3: Schematic of the steel CBR double taper shape.
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Figure 2-4: Signal of (a) the Zr CBR at room temperature and (b) the new steel CBR at 250°C.

A schematic of the steel CBR is presented in Figure 2-3 and the dimensions are as
follows: the biggest diameter (d.) is 11.684 mm (0.46”), the smallest one (ds) is 7.518mm
(0.296™) and the length (21) is 103.68 mm (4.082”"). By comparison, the Zr CBR had a
uniform diameter of 6.35 mm and a length of 699 mm. We can see an actual
representation of the new and old design in Figure 2-5 (a) and (b), respectively. This
steel CBR consists of a fine grain steel core with a 1.016 mm (0.04”) thick thermal
sprayed stainless steel cladding. However, since the rod geometry and thermal sprayed
cladding described above are complex, the exact theoretical investigation of the
ultrasonic wave propagation characteristics has not yet been carried out. Furhtermore, no
investigation was perfomed to identify the relevant modes. The approximated analysis
using a finite difference method was demonstrated in [76].
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Figure 2-5: Picture of (a) the steel CBR and (b) the Zr CBR.

The new steel CBR has a shape and dimensions which are different from those of
Zr CBRs as shown in Figure 2-6 and reported in [24]. But, this new CBR design is based
on the same design of those presented in [62-67]; the only change in the new CBR is the
stainless steel cladding which has been ameliorated due to improvement in the thermal
spraying technique. The Appendix A provides all the drawings and all the steps required
to produce the new CBR. First, Appendix A presents the three steps required for
producing a CBR. Firstly, one needs to machine, in this case the steel core into its
tapered shape. Secondly, the stainless steel cladding needs to be fabricated onto the
tapered core by the arc spray. Finally, two tubes of stainless steel are added by press
fitting and weld together over the arc sprayed rod. Those two tubes are an added layer to
protect the cladding and they also permit the machining of the CBR into the desired
shapes such as thread. Appendix A also shows the details of the machining of the two
stainless steel tubes. Then the cooling element is added by silver brazing on the
machined two tubes of stainless steel. Furthermore, we can see the holder of the
transducer, which has the attachment for the quick connection for the cooling system (air
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or water pipes), and the holder of the CBR in the die. Finally, an overview of the final
assembly is shown. Furthermore, a picture of all components, except the holder of the
die-casting machine, of the CBR is shown in Figure 2-7.
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Figure 2-6;: Dimensions of the Zr CBR used in previous works [24].

Figure 2-7: All the components needed to assemble a CBR.
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As with the old Zr CBR, a commercially available broadband and high
performance UT is attached to the cooling end of each buffer rod with the use of a
viscous couplant and pressure. The UT end is cooled below 50 °C by water during the
casting. To prevent thermal damage to the UT, the new design of the CBR must be
verified. To undertake this verification, we did experiments that put a blank transducer
rather than a real one in the CBR setup. In the middle of the blank, a hole was drilled for
the installation of a thermocouple of 1.6 mm (1/16”) as seen in Figure 2-8. Then the
CBR was inserted into the die. Thereafter, it was heated up to 250°C and maintained at
that level for two hours. The reading of the thermocouple never surpassed 30°C, which is
well below the maximum of 50°C that a commercial UT can sustain. It is expected that
during a casting of a piece, the temperature does not increase significantly. It is noted
that the die is kept open for a few minutes after the casting that helps to dissipate the heat;
but the die is closed a few minutes before the casting to let the surfaces of the die take
back its initial value (250°C). In addition, the flow rate of the water cooling system is
equal to 350 ml/min and the increase in the temperature of the water during the test is 1.5
°C, going from 20 to 21.5 °C. This small increase of temperature provides no threat to
damage the UT thermally. In the same experiment, the CBR was tested for leaking and
some was found at the connection of the cooling body and the general purpose cap (see
Figure 2-7). The design was improved, based on this experiment, by adding a cork ring

at connection of the two elements and some silicon grease at the connection of the UT.
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Figure 2-8: Steel CBR together with a thermocouple inserted at the UT's place.

Another important consideration in the installation of the CBR is its position in
the die because a proper location can help to focus on certain phenomena such as the
solidification or the end of filling. There are in total six positions for us to install the
CBR as shown in Figure 2-9. Each of them is for the monitoring of certain
characteristics of the die-casting process. For example, those at position 3 and 4 can help
determine the beginning of the solidification of the metal. For the thesis, we have
decided that the main focus would be on the completion of the filling and the
solidification of the part; therefore, the CBR was installed at the present position
(position 2, shown in Figure 2-9). In addition, this position of the CBR allows a contact
with the molten metal at a lower temperature than the one near the gate; this further
protects the UT. At this point, it is important to mention that numerous discussion have
been made concerning the installation and the position of the CBRs into the brand new
die with dimensions (40 cm by 50 cm by 60 cm). These CBRs should not disturb the
desired thermal distribution and cooling channels of the die.
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Figure 2-9: Representation of the six positions where the CBR can be inserted.

2.3 Acquisition System: electrical and software

There are two data acquisition techniques developed and used in this research.
The first has a slow acquisition speed but lasts for a long period of time and its repetition
rate depends on the computer speed. The second one is a fast acquisition method, at high
repetition rate, but lasts for a small period of time due to the limitation of the on board
memory (8 Mega-bytes in our case). Each system uses the software LabView®, a
Graphic programming software. All programs made are called Virtual Instruments (VIs).
Those VIs are simple, easy to be implemented and uses a friendly graphic interface. In
this section, the two methods will be explained in details, including their advantages and
disadvantages. We will call the fast acquisition, multiple recording because it is the
approach used in the description of the Gage card, our acquisition board. For the slow

acquisition method, we will call it serial recording.
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The hardware of the data acquisition system is composed of a digitizer
CompuScope 12100 (Gage Applied Science Inc., Montreal, Canada), a 12 bits card. The
sampling rate is up to 100 Mega-Point per Second (MPS) for one channel mode and up to
50 MPS for a two channel mode. Furthermore, two pulsers/receivers were used: model
S072PR (Panametric) or PR35 (JSR). Low pass filters are used to filter out the DC
components. A 7856 oscilloscope (Tektronix) was used to monitor, in real time, the
signals because, when the acquisition starts, the VI program freezes the first signal and
the evolution of the echoes can not be seen from computer monitor. The computer is a
Pentium IIT with a CPU of 550 MHz and with 384 MB of RAM. In addition, when we
were in a multiple recording mode, we used a digital delay/pulse generator, model DG
535 (Stanford Research Systems Inc., Sunnyvale, California, USA), which provides a
precise repetition rate and delay. Figure 2-10 (a) and (b) represents the schematic
representation (block diagram) of the set-up used, respectively, of the serial acquisition
and the mulitiple recording which has the time delay generator as an addition to the

system.
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Figure 2-10: Schematic representation of the two approach used: (a) the serial recording, (b) the
multiple recording.
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The software used are divided for two acquisition approaches as well: the multiple
and serial recording. Basically, they have the same interface for the selection of the
trigger level, sensibility level, channel used, delay, width, etc... . The main difference is
in the way they acquire the data. Their similitude makes the distinction between them
difficult. This is the reason why the emphasis for their description is based on their
differences. Both software use the same format for the acquired file; to recognize this
format the extension file name “*.ser” is used. It consists of a multitude of shots taken
from the real time ultrasonic signal, at different moments in time, in a single file. As an
example, for a repetition rate of 400 Hz and for a sinusoidal wave that we acquired for 60
seconds. Then the file consists of 24 000 frames following each other of a sine wave.
This format has the advantages that it can be easily visualized using the VIs that have

been developed for this purpose.

2.3.1 Serial recording

For the serial recording VI, the signal is acquired directly from the Gage card to
the computer. A representation of the front panel of the VI is shown in Figure 2-11.
Depending on the computer speed, the time for the data file taken from the Gage card and
then transferred to the computer can vary. For each frame, in repetition rates, the data
transfer speed is between 65 and 5 Hz; this means that it is not constant for each frame.
Figure 2-12 shows an example of this variation of time for one casting piece. This lack
of stability in this acquisition will only have one repercussion, that is, the number of
points in the resulting data. Furthermore, some phenomena such as the fast solidification
from liquid to solid state, which takes a time less than several ms, and the filling, which
takes about 40 ms, will be difficult to monitor due to the slow acquisition rate (<65 Hz)
in the serial acquisition mode.
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Figure 2-11: Front panel of the VI doing the serial recording.
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Figure 2-12: Repetition rate for each frame taken during the serial recording.
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However, one of the advantages of the serial acquisition is that the acquisition
time can be infinite. The limit of total recording time dcpends on the memory available
in the hard disk drive of the computer where this VI is installed. As an example, for 100
seconds of acquisition, which is enormous considering that the full cycle of SS process is
about 20 to 30 seconds in our case, the data file occupies about 100 MB of disk space. In
addition, this recording is fast enough to see the different stages of solidification, flow
front, filling completion, temperature change, etc..., that will be explained in the
following chapter. This approach also allows the user to start the acquisition before the
die-casting process begins because of the large computer memory. This is useful in our

case because there is no need to synchronize our acquisition system with the die-casting

machine.

At this moment there is no synchronization between the ultrasonic and die-casting
control systems because of the safety and IMI’s insurance policy that does not permit us,
at present time, to install a switch which can trigger the machine and the ultrasonic
system simultaneously. Therefore, this VI can bypass this problem by manually starting

the data acquisition just before the injection of the material starts.

2.3.2 Muitiple recording

The multiple recording was developed to acquire as fast as possible many signals
in a short period of time. As mentioned before, the time frame is limited by our current
on board 8 Mega-bytes. However, the on board memory can be increased up to 1 Giga-
bytes (told by Gage specification booklet). A representation of the front panel of this
approach is shown in Figure 2-13. It uses a function integrated in the Gage card that is
called multiple recording. With this function the card can store the signals in the on
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board memory. When the memory is full, the acquisition is stopped and the transfer of
the signals begins from the on board memory to the hard drive of the computer. After the
on board memory has been cleaned, the system is ready to acquire more data. But for
now, the data transfer takes 26 seconds and the die-casting cycle is about 20-30 seconds.
Therefore, it does not permit us to make another recording during the same cast cycle.
The mulitiple recording VI allows high repetition rates. With the help of the digital
delay/pulse generator mentioned above, our system can reach a repetition rate as high as
3000 Hz. The fastest recording time for a data set of 7500 bytes can be 3 ms. Therefore,
this software allows us to see the details of certain phenomena such as the initial

solidification that could not be seen with the serial recording.

Figure 2-13: Front panel of the VI doing the multiple recording.
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Again, the limitation of the multiple recording method is the maximum time
duration of acquisition. We can only acquire for a short period of time with this system
as shown on Table 2-1. This is a disadvantage because we can not monitor the entire cast
cycle. With this system, only a part of the process may be focused. An ideal system
would include the synchronization switch mentioned above, that synchronizes the
ultrasonic and die-casting systems and where we could adjust the delay between the start
of the injection of the machine and the acquiring system or, simply, add more on board

memory to the card.

Table 2-1: Time of acquisition for specific repetition rates in function of acquisition time per frame
for a 8 Mega-bytes in board memory at a sampling rate of 100 MPS.

Repetition Acquisition time per frame
Rates(Hz) | 7us (second) | 42us (second) | 120us (second)
30 - -— 234
100 - 204 6.9
150 - 13.6 4.6
300 36 6.8 23
500 21.6 — —
1000 10.8 — -
2000 54 — —
4000 2.7 — -
5000 2.1 -— -

Now, with the new Gage driver, we can achieve faster acquisition time than the
ones described in Table 2-1. The new driver permits to flush the memory (save to the
hard disk drive) at the same time that the on board memory of the Gage card is saving

information coming from the acquisition.
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2.4 Summary

In this chapter, the new design of the steel Clad Buffer Rod (CBR) which can
sustain high temperature was introduced. This new steel CBR have a SNR more than 30
dB at 250°C compared to 20 dB at room temperature for the Zirconium (Zr) CBR. The
new design has a double tapered cylindrical shape of 2° and the maximum diameter is of
11.684 mm and its length is 103.68 mm. The old Zr CBR as uniform diameter of 6.35
mm and a length of 69.9 mm. This steel CBR is composed of fine grain steel for the core
and a steel cladding made by plasma spray. Furthermore, a water cooling system is
added to the CBR to be able to use commercially available ultrasonic transducer (UT)
which cannot sustain temperature higher than 50 °C. In fact, the cooling system keeps
the UT at a temperature lower than 22 °C during the semi-solid die-casting simulation of
the process. The CBR is used in conjunction with an acquisition system recording the
signals. The acquisition board is GAGE CS12100 with 8 Mega-bytes on board memory.
The system can have a repetition rate of up to 3000 Hz at a sampling rate of 100 MHz. It
has a limited acquisition time because the data need to be stored in the on board memory
which is 8 Mega-bytes. But, a repetition rate, around 50 Hz is used, we can acquire for
hundreds of seconds, which is much longer than the die cast cycle time of about 20
seconds, due to the fact that the signal is stored directly to the hard disk drive of the

computer.
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Chapter 3: Ultrasonic Techniques and Theories

3.1 Introduction

Ultrasound has been and is still used in the industry due to its non-destructive
nature, high accuracy, fast response and low cost. It plays an important role in the
characterization of material and in-line process monitoring. The ultrasonic measurements
make use of ultrasonic waves generated by ultrasonic transducer (UT), transmitted into a
certain medium, traversed inside the material and received by the same or another UT.
The received ultrasonic waves carry the information of the properties of the material.
The ultrasonic results of properties can be obtained using the wave amplitude or the
transit time of the ultrasonic waves propagating inside the medium. The measured
ultrasonic velocity and attenuation in the medium can be correlated to material properties
such as Poisson ratio, density, viscosity, grain size, temperature, pressure, Young’s and

shear moduli, etc... [77].

This section is divided in two parts. The first part is devoted to the techniques of

the reflection and transmission modes and the second one will be on the theories for the
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calculations of the reflection and transmission coefficients, temperature, velocity,

attenuation, solidification, flow front advance and gap development.

3.2 Ultrasonic Techniques- Reflection and transmission mode

There are many techniques used in ultrasonic measurements. The commonly used
techniques are the reflection and transmission modes. In the reflection mode, the signal
is transmitted and received by the same UT A, as shown in Figure 3-1 (a). For the
reflection mode, a part of the energy is reflected at the BR-cast part interface and
received by the same UT A; another part of the energy is transmitted into the cast part,
then reflected at the cast part-mobile die interface, goes through, once more, the cast part-
BR interface and is received by the UT A via the BR. In the transmission mode, the
signal is transmitted by UT A and received by UT B Figure 3-1 (b). In Figure 3-1 (b), the
ultrasonic waves generated by UT A propagate though the clad buffer rod (BR) and
impinge on the BR-cast part interface. A part of the energy is transmitted into the cast
part, reaches the cast part-mobile die interface and is received by the UT B.
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Figure 3-1: (a) Reflection and (b) transmission of ultrasonic waves at the interfaces.

For certain in-line ultrasonic monitoring of industrial material processes, it is not
practical to use the transmission method because it would require a two-side access for

two UTs at a specific location of the die or mold. The reflection mode is preferred in
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some situations because only one side access is required. However, one disadvantage in
this approach is that it suffers from a higher loss of energy. This is due to the fact that the
ultrasonic waves travel a round trip in the part instead of single trip as in the transmission
mode; therefore, it has twice the signal loss the transmission mode. Proper signal
processing algorithm, UT and coupling, etc..., may enhance the signal-to-noise ratio
(SNR) and the need to have high energy in the signal. The signal strength and SNR of
the clad buffer rod probe used in this research are sufficient to perform the monitoring
because of its properties described in the previous chapter and in references {75,69]. In

this thesis only the reflection mode is used for ultrasonic measurement.

Looking at different in-line or on-line monitoring possibilities in the market [78-
82], we have found that the ultrasonic approach may be ahead of other options because of
its capacity to provide a fast response as well as sub-surface information. In this
research, the reflection coefficient, the attenuation coefficient and the time delay in the
cast material are used for the process analysis. We can determine (1) the ultrasonic
velocity; (2) temperature; and (3) attenuation coefficient in the cast part; as well as (4) the
flow front; (5) gap development at the die-cast part interface (die-cast part and cast part-
die), and (6) solidification of the cast part.

3.3 Reflection and Transmission Coefficient

When ultrasonic waves impinge on the boundary of two different media, a part of
the energy is transmitted from the first medium into the second medium and the rest of
the energy will be reflected back by the boundary, as shown in Figure 3-2. The energy
reflected back is used for the calculation of the reflection coefficient and the transmitted

energy is used for the calculation of the transmission coefficient.
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Figure 3-2: Reflection of ultrasonic waves at the interface of two medium.

In the literature, it is well understood that, for plane waves at an interface between
two infinite media, the reflection and transmission coefficients, abbreviated as R and T

respectively are represented in their mathematical forms by the following equations [83]:

Reflection coefficient:

_Zl -Zz

= Equation 3-1
Z,+2Z,

Transmission coefficient:

I-R Equation 3-2

where the subscript represents the first and the second medium and Z the acoustical
impedance of the medium (Figure 3-2). The acoustic impedance, Z, is defined as the
product of the density, p, of the medium and by the sound velocity (wave velocity), v, of

the same medium.
37



These two equations are practical when evaluating the impedance matching of
two media and provide a simple way to determine the type of delay line (such as steel or
polymer) to be used for particular application. As an example, if an ultrasonic delay line
made of steel with a Zg=45.63 Kg/m’s*10° (1020 steel) is used to test a piece of
aluminum in water (Zyuo=1.48 Kg/m’s*10°%), a reflection coefficient of 0.94 is obtained
at the steel-water interface. It means that the most of the energy of the wave is reflected
back to the UT and little ultrasonic wave energy is transmitted into the water or,
consequently, to the piece of aluminum. Sometimes though, this small amount of energy
may be sufficient for certain measurements. As another example, if we use molten
aluminum (Zx=17.06 Kg/m?s*10°) to replace water, the reflection coefficient at the steel-
molten aluminum interface, reduces to 0.456. It means, that nearly 54% of the ultrasonic

wave energy is transmitted into the molten aluminum. Therefore, the choice of delay line

material is crucial.

3.4 Velocity

For in-line ultrasonic monitoring of die-casting processes, several parameters are

of interest. They are the velocity in the BR and the velocity in the cast part.

3.4.1 Velocity in the BR

This velocity can be derived from the 2;["” , where IgR is the length of the BR

td gp

and tdgg is the time delay between echoes L' and L2 or L? and L*.
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3.4.2 Velocity in the cast part

*

2*h
The velocity in the cast part, Upan, can be obtained from p £, where hy,y, is the
part

thickness of the cast part and tdpan is the time delay between echoes L' and L' or that

between L2 and Lzz.

3.5 Attenuation in the cast part

Let A,(f) be the Fourier transform (FT) of the incident ultrasonic wave
impinging on the BR-cast part interface (probe-cast part), S,(f) the FT of the echo
signal, L', reflected back to UT A from the BR-cast part, S,(f) and S,(f) the FT’s of
the echo signals, L, and L4, which have gone through respectively once and twice the
round trip between the BR-cast part and the cast part-mobile die interfaces before
returning back to the UT A. Assuming that probing end of the buffer rod is parallel to the
internal wall of the mold facing the probe and given that the diameter of the active area of
the probing end was about 12 mm (0.47""), which was much larger than the part thickness
of 4.7752 mm, we consider that it is quite reasonable to assume that the beam loss was
negligible. However, we did not check experimentally to which extent this assumption

holds. Under these conditions, we have:

So( ) =Ay(SIR(]) Equation 3-3
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So(S)= Ao £ )T o £ )Ros( £ DRor( [ )Rus( £ )Ty ( f Yo/ Equation 3.5
= Ao S - R £ P R 11001 )

Q=Ry(f)e =/ Equation 3-6

where 7,,(f) and R,(f) are respectively the transmission and reflection
coefficients of the BR-cast part interface when the ultrasonic wave impinges on the
interface from the probe (medium 1) to the cast part (medium 2), T,,(f) is the
transmission coefficient of the BR-cast part interface when the ultrasonic wave passes
through this interface from the cast part to the probe, R,;(f) is the reflection coefficient
of the interface between the cast part and the mobile die (medium 3) when the ultrasonic

wave impinges on the interface from the cast part side. In the above equations, of f)

represents the ultrasonic attenuation coefficient inside the cast part (molten metal), and
denotes the thickness of the cast part, i.e., the distance between the probe end of the

sensor and the internal wall of the mobile die facing the probe.

Let’s assume that the ultrasonic attenuation in the molten metal is small in such a
way that the reflection coefficients R,,(f) and R,;( f) can be regarded as real numbers.
Dividing Equation 3-4 by 3-3, taking the magnitudes of both sides of the resulting
equation, and taking into account that |R,,( f <1, we can solve the equation for |R,,( /)|

and obtain:

Equation 3-7

2 172
IRlz(f)|= 2
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Dividing Equation 3-5 by 3-4, taking the magnitudes of both sides of the resulting

equation, and solve the equation for Q , we obtain:

So(f)

=5 Rt

Equation 3-8

Solve Equations. 3-7 and 3-8 for |R,,( /)| and |Q|, we obtain:

S 2 =172
R f )= [l + 3 (}()g j(f) } Equation 3-9

172
_(Is0)f |, |Ss1)] Equation 3-10
a [lsz(f)l 5o -

From Equations 3-6 and 3-10, the ultrasonic attenuation coefficient can be

obtained as:

1 2 172
aff)= _Eln{“%%l + %%” /fR23 (f )I} Equation 3-11

In the current study, the buffer rod and the mold are both made of steel. As a

consequence, we assume:
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[Rus( S =|Ria( f ) Equation 3-12

Taking this into account, we can substitute Equation 3-9 for [R,;( /] in Equation

3-10 and obtain:

S0N° l
so(})S. 72 } Equation 3-13

1 s Imnlﬁ
a(f)= 4hln{[|sz(f)| +|som|:| +

Equation 3-13 is used for the calculations of the ultrasonic attenuation coefficient
in the cast part (molten metal). The results shown in the figures will be the attenuation

coefficient per centimeter obtained for the frequency at which S,( /) has the maximum

magnitude.

3.6 Temperature

The ultrasonic velocity (time delay) in a medium (such as cast part, die or CBR) is
a function of temperature. In general for a metal, the velocity decreases as temperature
increases. Therefore, the velocity (time delay) variation in the cast part can be used to
evaluate its temperature change. Similarly, we can use the velocity variation in the CBR
to access the variation of the average temperature in the die because the CBR is

embedded in the die and materials (steels) are similar.
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3.7 Monitoring of flow front and the end of filling

As shown in Figure 3-1, the UT A is operated in reflection mode. Before the
molten metal is injected into the mold or die, the cavity is empty and filled with air and
the ultrasonic reflection coefficient(R,2) at the BR-cast part (air) interface is almost one
(total reflection) due to the poor acoustic impedance matching between the BR steel
(Zeei=45.63 Kg/m?s*10°) and the air (Z,;=4.27 Kg/m’s*10%). At, the filling stage, the
flow front advances inside the cavity and the metal replaces the air. As soon as the
molten material wet the probing surface of the probe (BR), a part of ultrasonic wave
energy is transmitted into the molten metal. The reflection coefficient (R;2) at the probe-
cast part interface decreases. It means that the amplitude of the echo, L', reduces when

the flow front arrives, as shown in Figure 3-3, indicating the arrival of the flow front at

that particular location.
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Figure 3-3: Amplitude of echo L' as the flow front arrives.
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When we make a comparison between the polymer injection molding reported in
[82] and the die-casting of aluminum (Al), presented here, we note that the reduction of
the reflection coefficient as the flow front arrives is greater for Al alloy cast part because
of its closer acoustic impedance matching with the steel CBR. It means that more
ultrasonic energy can be transmitted into the cast part from the steel CBR. Another
difference is that the filling time is much faster for the die-casting case, about 40 ms
compared to a few seconds for the polymer injection molding; thus, a high speed
acquisition system (multiple recording system at 500 MHz) is needed to perform those

measurements to detect the filling process.

However, due to oxidation of the molten Al, an oxide layer exists between the
probing end surface and the cast part. The oxide layer prevents efficient ultrasonic
coupling from the CBR probe to the cast part and the reflection coefficient does not
decrease at this moment. Once the pressure in the cast part has increased significantly as
the part is filling the entire cavity, the high pressure will brake the oxide layer and then,
the cast part “wets” the CBR probe. It means that a much more efficient coupling exists
at the end of the filling and the reflection coefficient (R;;) reduces dramatically. Figures

of this monitoring will be given in chapter 5 and will be referred to as time A.

3.8 Gap Development

It is understood in the literature [24-30] that the gap formation between the cast
part and the die can be detected by ultrasound. It is important in die-casting to monitor
the gap formation because the transfer of thermal energy (cooling) is mainly in the form
of conduction and the gap prevents the transfer of energy in the die and makes the
cooling inefficient.
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As mentioned in the previous section, before the filling the ultrasonic signal is
almost totally reflected back at the steel CBR-air interface (see Figure 3-1). As soon as
the filling is completed, the amplitude drops as the interface changes to steel CBR-cast
part boundary. The cast part cools down after the filling and then it gradually solidifies.
At the beginning, the ultrasonic signal amplitude, L', changes slightly due to minor
changes in elastic properties of the part. As the solidification progresses, the part begins
to shrink in thickness and a gap is formed. After a sizable gap (>1 um thick) is
developed, the interface returns to the steel CBR-air condition and the amplitude of L'
returns to its previous level. For more information on the gap size please see the master

thesis of Mr. Cao [24].

In Figure 3-4, we can see the effect of the gap on the signals when it is created at
the interface of the cast part-mobile die or at steel CBR-cast part. In the case (a), when
there is no gap, the signal will be composed of the L', L% L? and the echoes which have
passed the material (L, L4, Lg). When a gap is forming on the side of the mobile die
(case (b)), we can still see the same echoes as in case (a), but the amplitude of the signals
(L2, L4, Lg) should be greater due to the fact that the energy is reflected back to the cast
part at the cast part-mobile die interface and not transmitted to the mobile die as in case
(a). When case (c) happens or when gaps are forming on both side of the die, we can
only see the reflection of the CBR (L') and we cannot say at 100% if the gap is formed
on the steel CBR-cast part or cast part-mobile or both interfaces. The only time that we
can be sure where the gap is formed is when the gap at the cast part-mobile interface is
formed before that at the steel CBR-cast part interface. If the situation is reversed, the

conclusion is that a gap exists, at the steel CBR-cast part interface.
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Figure 3-4: Gap formation. (a) before gap formation, (b) gap forming at the cast part-mobile die
interface and (c) gap formation at both sides of the cast part.
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3.9 Solidification

As soon as the molten metal is injected into the cavity, the part starts its
solidification because the die is cold compared to the injected metal. During the
solidification, the properties of the part change continuously and, as we know from the
previous sections, the ultrasonic velocity of a specific material changes as a function of
temperature. Because of this change, time delay between two echoes (L; and L;) varies

accordingly. This variation is the basis for the solidification detection.

3.10 Summary

In this chapter the basics of ultrasonic monitoring of the end of filling, gap
development, solidification of the cast part in the die-casting process, the average
temperature in the steel CBR and in the cast part, the ultrasonic velocity in the CBR and
in the cast part and, finally the attenuation coefficient in the cast part were introduced.
The monitoring of the end of filling and the gap development can be carried out by
studying the change of amplitudes of echoes L' and L? respectively, which are the first
and second round trip echoes reflected from the steel CBR-cast part interface. The
ultrasonic velocity can be calculated as twice the thickness of the cast part divided by the
time delay. As we know, the ultrasonic velocity is a function of temperature; thus, the
temperature can be correlated with the ultrasonic velocity. The solidification in the cast
part can be monitored by looking at the variation of the ultrasonic velocity in the cast part
(or the time delay between echoes L, and Ls); the ultrasonic speed increases with the
decrease of temperature of the cast part. The attenuation coefficient is the ultrasonic

wave energy dissipated in each centimeter traversed by the ultrasonic wave in the cast
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part. It determines the limit of allowable thickness for ultrasound monitoring.
Throughout this thesis the pulse-echo reflection mode is used. The reflection mode uses
a single ultrasonic transducer (UT) for the transmission of ultrasonic waves as well as the
reception of ultrasonic echoes bounced back from the interface of two different materials.
The reflection mode is sometimes preferred because of its simplicity to install. However,

particular attention must be paid to the SNR of the system.
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Chapter 4: Ultrasonic Characterization of Die Casting Billets

Using a Laser-Ultrasonic Technique

Laser-ultrasonic is a non-contact and non-destructive method that can be used to
measure the ultrasonic properties of materials at elevated temperatures. Laser-based
ultrasonic offers a great deal of advantages for material characterization over other
ultrasonic techniques. For example, its acquisition can be done without contact and far
from the measured target; thus, applicable in harsh industrial environments and moving
surfaces. Furthermore, the laser beam does not need to be perpendicular to the inspected
surface and making it possible to make accurate velocity and attenuation measurements
for tubes with curved surfaces in industrial conditions. Another advantage is the
possibility to have broadband generation and detection of ultrasonic waves, ease of

adjustment of detection and generation ultrasonic beam sizes.

The interest in this area of laser-ultrasonic has increased considerably over the
past twenty years. The most published works concern the characterization of material
properties, including ultrasonic velocity, attenuation, elastic constants, texture, grain size,
etc... [72]. Laser-ultrasonic, in its broad sense, involves the use of lasers for the
generation or the detection of ultrasounds or both simultaneously. By doing this, it is
possible to scrutinize the structures for defects and integrity as well as for characterizing

materials. This is done without contact and at an offset distance in the order of a meter.

In previous works concerning elevated temperature environment [70,71], laser-

ultrasonic was used to measure the uitrasonic longitudinal and shear wave velocities (or
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Young’s and shear moduli) of ceramic samples up to 1800 °C and to measure steel

seamless tubing at 1000 °C on the production line [57,84].

In this thesis, the laser-ultrasonic method uses a high power pulsed laser to
generate ultrasound on one side of the heated sample and another laser coupled to an
optical interferometer is used to detect the ultrasonic wave at the opposite side as shown
in Figure 4-1. In this work ultrasonic waves are generated by a pulsed Nd:YAG laser.
This laser emits light pulses (infrared) at 1.064 um with a total energy of 400 mJ and 12
ns fwhm duration and a repetition rate of about 10 Hz. Both spots for generation and
detection were about 5 mm in diameter. Note that the sample can be located far away
(one meter or so) from the laser source and optical components. The material properties
measured in this section of the thesis are taken without pressure and can be used as
references for comparison with those of the next chapter which consist of ultrasound
waves taken during a high pressure die-casting process. Furthermore, here, we used a

Gleeble thermal simulator to heat the samples which are made from the billets (feedstock

material) used for die-casting.

Generation

Thermo- Laser Beam

couple

o Window
: : Detection
Gleeble Thermal Simulator Laser Beam

Figure 4-1: Laser ultrasonic measurement setup in the chamber of a Gleeble thermal simulator.
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It is noted that during laser-ultrasonic measurements the Gleeble system provides
the heating for the melting (solid to liquid) process, but during the in-line ultrasonic
monitoring the thixocasting goes through a cooling and solidification (liquid to solid)
process. This means that the data obtained by laser-ultrasonic method may be somewhat
different from those obtained by in-line ultrasonic method given in Chapters 5.

In this chapter, six different kinds of billets were investigated: three thixotropic
aluminum (Al) alloys used for SS processing (the A356, A357 and 86S) which are
commercially available (ORMET, Hannibal, OH), a dendritic A356, a dendritic
magnesium (Mg) alloy AZ91 and a dendritic Metal Matrix Composite (MMC) Gra-Ni®
6S:3G. They were chosen because of their availability even though in limited quantity
for the Mg alloy and MMC. The Mg and the MMC billets were supplied from our
collaborators, Performag (Montreal, Canada) and INCO Limited (Ontario, Canada),
respectively. The Mg alloy was made by Performag and produced by solidifying
conventional molten AZ91 in the sleeve of a die-casting machine creating billets. They
have porosity and dendritic microstructure. Furthermore, for security reason (to prevent
fire), the Mg alloy was heated in the Gleeble system with SFs. The MMC was made by
INCO Limited at their Ontario facility and was produced by gravity casting with a
dendritic microstructure. To our knowledge, MMC billet is not commercially available at

this moment.

4.1 Aluminum Alloys

The Al alloy samples used in this research were taken from the thixotropic A356,
A357, 86S and the dendritic A356 billets. Table 4-1 shows the composition of each

sample. Each sample was heated in the Gleeble thermal simulator at a rate of 60°C per
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minute up to 480°C, then at a rate of 10°C per minute till 535°C and finally at a rate of
1.1°C per minute until 575°C. This heating procedure was arbitrary chosen, but based on
past experience with different types of samples. A thermocouple was spot welded to the
sample to measure the temperature. Since the sample thickness, h, is known and the
traveling time, t, of the ultrasonic wave into the sample can be measured, then the
velocity can be obtained as v=2h/t,, In those experiments, only the longitudinal wave

was used and the shear wave not considered.

Table 4-1: Aluminum alloys compasition.

Aluminum Elements (% wt)
Alloy Al Si Fe |[Cu|{Mn| Mg |Zn]| Ti |[Others
A356 | Balance | 6.5-7.5] 02 10.2]0.1 10.25-045{0.1] 0.2 0.15
A357 |Balance | 6.5-7.5| 02 |02]0.1]| 04-0.7 |0.1]0.2-04] 0.15
86S Balance | 5-7.2 |<I5|1-5] - <1 <3 -— <3

Figure 4-2 and Figure 4-3 show the measured ultrasonic velocity and total
attenuation, respectively for the above mentioned four different Al alloys. The frequency
chosen for the comparison is 10 MHz which is the centre frequency of the ultrasonic
transducer (UT) for in-line die-casting monitoring. The sample used was about 20 mm
by 25 mm and 1.3 mm thick. Ultrasonic velocity and attenuation were measured using
the first and second round trip echoes traveling through the sample thickness, if we refer
to the given nomenclature (L2, Ls echoes) mentioned in Chapter 2. It is found that the
velocities and attenuations of the billets A356 and A357 have an abrupt change at around

565°C whereas those of the 86S and the dendritic alloy have a smooth variation at about
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480°C and 500°C respectively. In Figure 4-2, we can also see that ultrasonic velocities in
the thixotropic billets A356 and A357 are about 180 m/s higher than that of the dendritic
sample, whereas the velocity in 86S is about 100 m/s higher. But for all those studied, up
to around 480°C, the beginning of the curve can be considered as linear which is helpful

in the interpolation of temperature.

The difference in the velocity and attenuation in different samples may be
attributed to three possible causes: (1) the composition of the alloy, (2) microstructure (in
our case dendritic or globular (thixocast)), and (3) porosity in the sample. If we examine
the results of the thixotropic A356 and A357 samples shown in Figure 4-2 and Figure
4-3, one can see that both have a similar velocity and attenuation. The reason must be
that these alloys have the same amount (7%) of silicon and their compositions are very
much alike, as their microstructure, as shown in Figure 4-4. The difference between
thixotropic A356 and 86S could very well be caused by the different amount of Si (1%)
and Cu (3%) contents. We can also see that ultrasonic velocities in the thixotropic A356
are at least 180 m/s higher than those of the dendritic A356. This difference increases
with the temperature except in the Al alloy softening range. Between 425 and 535 °C,
the difference may be even more than 2000 m/s. However, the velocity difference
between thixotropic 86S and dendritic A356 is less than the one between thixotropic
A356 and dendritic A356, but still significant.
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Figure 4-2: Velocity measurements of four samples of aluminum alloys at 10 MHz.
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Figure 4-3: Attenuation measurements of four samples of aluminum alloys at 10 MHz.
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Figure 4-4: Microstructure of semi-solid cast part of: (a) A356 at 10 X, (b) A357 at 100X compared
to (c) cast A356 dendritic.

Figure 4-2 shows an interesting behavior in the mushy zone, where both liquid
and solid coexist; the ultrasonic longitudinal wave velocity changes abruptly and falls
more than 1200 m/s within about 20 °C. This means that if one can measure the velocity
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accurately (21 m/s is typical), then the temperature and the associated solid-liquid
fraction information may be obtained with high precision. It is well known that the solid-
liquid fraction is an important parameter for SS processing. Furthermore, this abrupt
change in the velocity versus the temperature curve for thixotropic A356 and A357
implies that during the cooling stage of the SS process, the solidification front of the part
in the die may be monitored because when the velocity has an abrupt change the density
and, consequently, the acoustic impedance which is the product of the density and
velocity, have both an abrupt variation. Such an abrupt change causes an additional
reflected ultrasonic echo during the in-line ultrasonic monitoring. This phenomenon has
been observed during injection molding of semi-crystalline polymers in which the
velocity versus temperature curve has a similar abrupt change near the melting
temperature [62]. We do not expect that the solidification front for thixotropic 86S and
dendritic Al can be as easily monitored due to the smoother change near the melting point

in the velocity versus temperature curve.

Figure 4-3 indicates that ultrasonic attenuations in the thixotropic billets are about
0.8 dB/mm less than that in the dendritic alloy up to S00°C. We also carried out the same
laser-ultrasonic measurement for two SS cast parts; one was the A356 and the other one
was the 86S. The velocities and attenuations profiles versus temperature of these samples
are very similar to those of corresponding billets shown in Figure 4-2 and Figure 4-3.
Therefore, ultrasonics can provide us a mean to determine whether the processed part has

the desired thixotropic structure or not [66].

However, when the sample starts to soften, it is not possible with the
configuration used to measure the sample thickness accurately. Therefore, we did not
continue the velocity and attenuation measurements above the value of around 575°C as
shown in Figure 4-2 and Figure 4-3. Furthermore, the thermocouple, which is spot weld
to the sample, used to measure the temperature may detach itself when the material
begins to melt. This is another reason for the measurement limit of around 575°C. A
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new ultrasonic sensing geometry is being considered in order to remedy such a drawback
and allow us to obtain temperature readings higher than 575 °C.

4.2 Magnesium Alloy, AZ91

Tests were also made for the magnesium (Mg) alloy samples of a dendritic billet
of AZ91. There were no available thixtropic AZ91 billets for the laser-ultrasonic
measurement due to limited quantities although several were made by CANMET for in-
line ultrasonic monitoring of SS die-casting process. All results were similar; therefore,
only the result with the highest measured final temperature is shown. In this sample, the
thermocouple is not spot welded but, instead, small holes are made to accommodate the
Nickel-Chromium and Nickel-Aluminum wires of the K type thermocouple. The holes
were made to help the thermocouple withstand higher temperature because the spot welds
were melting at high temperature and no more reading could be made. The composition
of the dendritic AZ91 Mg alloy is given in Table 4-2. For the Mg, because of a better
understanding of the Gleeble system and its capacities with the analysis of samples (few
trials), the heating procedure can be modified and shortened. Therefore, the sample was
heated at a rate of 5°C per second till 400°C and, thereafter, at 1°C per second until the
ultrasonic signal from the laser could not be analyzed anymore because of the high
attenuation of the material at those high temperatures and/or the detachment of the

thermocouple. In this case, the maximum value has been reached at a temperature of 490

°C.
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Table 4-2: Compasition of the magnesium alloy AZ91.

Magnesium Elements (%wt)
Alloy Mg [Si|]Fe|Cu|Mn| Al Zn | Ti | Others
AZ91 |Balance[03]|-—-]0.1]013]8193]04-1]—] 031

Figure 4-5 and Figure 4-6 show the measured ultrasonic, ultrasonic velocity and
total attenuation respectively for the dendritic AZ91 sample. The frequency chosen for
the comparison is also 10 MHz. The sample used had a rectangular shape with the
following dimensions: 31.3 mm by 105.4 mm and 6.64 mm thick. This new geometry
permits the abolition of the sample holder and allows a more uniform temperature
distribution and a better thickness control in the sample during the heating process.
Ultrasonic velocity and attenuation were measured using the first and second round trip
echoes traveling through the sample thickness, as it was done for the Al alloys samples.

It is found that the velocity and attenuation of the sample have a smooth variation from

380°C up to the final value of 490°C.

In Figure 4-5, we can also see that there is a change of slope at about 440-450°C.
To determine the meaning of the slope change at around 450°C, a phase diagram (DSC
curves) of the material at room temperature to evaluate the phases in the AZ91 sample is
needed. It allows us to establish with more precision the phases present in the sample
and their temperature range. Since Mg at high temperature would burn and cause fire,
the safety regulations are strict. At present, since at IMI there is no sufficient protection
environment for the DSC measurement of Mg or Mg alloys such as AZ91, DSC curves
were not obtained. Therefore, we decided to approximate the dendritic AZ91 as a binary
material made of Al-Mg for the explanation of the Figure 4-5. In Figure 4-7, for a Al
content of 9%, the liquid-solid phase of a binary Al-Mg material is between 370-500°C.
So, it could explain the smooth variation of the curve at around 370° and the sudden stop

of the curve at 500°C and the detachment of the thermocouple. But it cannot explain the

58



change of the slope at 450°C. Further investigation is needed with the help of the DSC

curves and micrographs to validate the velocity curve of Figure 4-5. Figure 4-5 shows
the same interesting behavior of a dendritic AZ91 as those of the Al alloys except that the

measured drop is about a 1000 m/s within 90 °C.
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Figure 4-5: Velocity measurements of magnesium AZ91 before casting.
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Figure 4-6: Attenuation measurements of magnesium AZ91 before casting.

. ¥ P

Figure 4-7: Al-Mg binary phase diagram from H. Okamoto, J. Phase Equilibria, Vol. 19, No. 6, pp.
598, 1998.
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Figure 4-6 indicates that the ultrasonic attenuation in the Mg alloy AZ91 is higher
than the Al alloys by almost 10 dB/mm up to 400°C; after this temperature, the
attenuation of the Mg quickly goes up to 20dB/mm and, at a certain point, it reaches the
50dB/mm. This explains the limit in the analysis of the signal (high attenuation at high
temperature). This high attenuation also reduces the ultrasonic monitoring sensitivity to
detect the filling and solidification because the signal in the acquisition system could be
small. This high attenuation is explainable when we look at how the samples were made.
The samples were made from a magnesium billet that was produced by solidifying
molten AZ91 in the sleeve of a die-casting machine. This method produces samples with
high porosity and it is confirmed by the above testing method which gives high

attenuation results.

At this moment, we have not been able to carry out the same measurement for a
cast part of AZ91 because of the lack of availability of the Gleeble system and laser-

ultrasonic system.

43 MMC, Gra-Ni® 6S:3G

For the dendritic MMC samples the same set-up and tests were made as those
undertaken for the Al and Mg AZ91 alloy. All results were similar; therefore, like for the
AZ91 magnesium alloy, only the results with the highest final temperature will be shown
in this thesis. The composition of the Gra-NI® 6S:3G can be seen in Table 4-3. The
sample was heated at a rate of 5°C per second till 400°C, thereafter at 2°C per second up
to 500°C and finally at 1°C per second until 550°C, the temperature at which the
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thermocouple died. This heating procedure was established after a few trial of MMC and

the thermocouples were placed in holes as mentioned in Section 4.2.

Table 4-3: Composition of the MMC Gra-Ni® 6S:3G

Aluminum Elements (%owt)
Alloy Al Si | Ni | Mg | Fe | SiC | graphite
Gra-Ni® 6S:3G | Balance [ 7.5|2 |03 ]05] 6 3

Figure 4-8 and Figure 4-9 show the measured ultrasonic velocity and total
attenuation respectively for the MMC sample. The frequency chosen for the comparison
is 10 MHz. The sample used was 15.57 mm by 117.45 mm and 2.05 mm thick. The
ultrasonic velocity and attenuation are also evaluated using the first and second round trip
echoes traveling through the sample thickness, as it was done for the Al and magnesium
alloys samples. It was found that the velocity and attenuation of the sample have a
variation different from those of the Al alloys listed in Table 4-1 and AZ91 samples. The
results are more scattered than the two other alloys; this could be explained by the
composition of the MMC. The presence of 6% of SiC and 3% graphite acts as scatterers
in the signal that makes large differences in the results. Therefore, the general tendency
of the curves should be considered and, if we do so, we can see the same general curve

for the velocity as for the Al and magnesium samples. At around 550°C we can see the

beginning of a drop in the velocity.
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Figure 4-9: Attenuation measurements of the MMC Gra-Ni® 6S:3G at 10 MHz.
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Figure 4-9 indicates that the ultrasonic attenuation in the MMC alloy is about the
same as in the Al, at the beginning; but it reaches the limit point that we can measure, at
about 550°C compared to the straight attenuation for the Al up to its own solidus point.
After this melting temperature, the attenuation of the MMC quickly goes up as for the Al

sample. As mentioned above, that could be caused by the scattering loss.

4.4 Summary

Laser-ultrasonic is a non-contact and non-destructive method that can be used to
measure the ultrasonic properties of materials at elevated temperatures. In this chapter,
the ultrasonic properties measured are the ultrasonic velocities and the attenuations for
the thixotropic A356, A357, 868, dendritic A356, dendritic AZ91 and the dendritic MMC
Gra-Ni® 6S:3G from room temperature up to temperatures of about 575 °C. The
samples were heated by a Gleeble thermal simulator. It was found that the ultrasonic
attenuation at 10 MHz in the A356 thixotropic billets is 0.8 dB/mm less than that
obtained with a dendritic one up to 500 °C. This difference increases above 500 °C. The
velocities and attenuations of the thixotropic billets A356 and A357 have an abrupt
change at around 565 °C whereas those of thixotropic 86S and dendritic alloy (A356)
have a gentle variation at around 480 and 500 °C, respectively. For the dendritic AZ91
alloy, it was found that the ultrasonic attenuation at 10 MHz can reach values up to 50
dB/mm at high temperature due to the high porosity level in the sample. The velocities
and attenuations of this dendritic Mg alloy sample have smooth changes at around 380 °C
and a variation in the slope curve at around 450°C which need DSC curves and

micrographs to explain. For the dendritic MMC, the ultrasonic attenuation starts at 3
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dB/mm less than the thixotropic A356 around room temperature and gradually increases
up to 550 °C and by the same time surpassing the A356. The velocity of the dendritic
MMC starts at about 100 m/s over the thixotropic A356 at room temperature and
gradually decreases up to 550°C, the limit of the measurement. Furthermore, the results
are more scattered than for the others Al and Mg alloys due to the presence of scattering
agents (6% SiC, 3% graphite).

It is concluded that velocity and the attenuation can vary for three different
conditions: the microstructure, the porosity level and the composition of the material.
We can see that the thixotropic (86S) samples have the same velocity and attenuation
values when they are cast or taken from the billet. Therefore, ultrasonics can provide us
with a mean to determine whether the processed part has the desired thixotropic structure
or not. Furthermore, with the help of ultrasonic velocity curve made by the Gleeble
heating system and laser-ultrasonic, the solid fraction, in thixotropic material, may
possibly be determined. These ultrasonic properties provide a mean to monitor the

evolution of the microstructure of the part during SS process.
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Chapter 5: Ultrasonic monitoring of Semi-solid die-casting

As mentioned in the first chapter, the quality of Semi-Solid (SS) cast parts is
dependent on the slurry rheology and die filling characteristics. Since this process
involves high pressure and high temperature as well as the corrosive nature of the molten
metals, there are practically no sensors available to perform in-line monitoring of the
properties of cast parts. The objective of this investigation is to introduce ultrasonic
sensors and techniques for monitoring such a semi-solid die-casting process. End of
filling of the die, average temperature variation in the thickness of the die and cast part,
part detachment or gap formation and solidification of the meilt will be studied. The
ultrasonic reflection coefficient at the interface between the clad buffer rod (CBR) and
the part, velocity and attenuation in the part and time delay in the CBR will be used for
this study. At present, all die cast processes use machine control. Furthermore, as
mentioned before, the die is filled-up with pressure and temperature sensors. It is our
other objective to monitor the ultrasonic properties such as velocity and attenuation of the

cast part for possible process control.

In this section of our research, different types of billet materials having different
microstructures were tested: aluminum (Al) alloys for SS processing (A356 and A357),
magnesium (Mg) alloys AZ91 and dendritic Metal Matrix Composite (MMC) Gra-Ni®
6S:3G. As far as the Mg AZ91 is concerned, three different microstructures were used:
(1) a dendritic AZ91 as mentioned in Chapter 4 produced by Performag; (2) a thixotropic
billet (primary phase is made up of rounded rosette particles) of Mg made by CANMET;
and (3) another Mg billet from CANMET but with a finer thixotropic microstructure
(smaller grain size).
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5.1 Experimental Set-up

Experiments were carried on with a 600-ton Buhler die-casting machine as shown
in Figure 5-1. The CBR sensor shown in Figure 5-2, and described in chapter 2 of this
thesis, was used to perform in-line ultrasonic monitoring. To sum up briefly what was
presented before, the CBR consisted of a steel core and a stainless steel cladding and was
inserted into the die wall as shown in Figure 5-2. The probing end of this sensor was
flushed with the cavity of the die (see Figure 5-3). It is flushed because the hole was
drilled at an angle of 2° which mould the cavity surface that is at an angle of 2° to
facilitate the retrieval of the cast part. The ultrasonic transducer (UT) side of the probe
was water cooled to less than S0°C. This UT served as transmitter as well as receiver
during the pulse-echo measurements. Furthermore, the commercial UT used in our
experiments was a 10 MHz broadband made by Panametric and it will always be the case

except when mentioned otherwise.

In the experiments, the billets which were used as feedstock for SS die-casting,
were cast after reaching a temperature of about 585°C inside an induction heater. The
billets were then injected into the die, of which the temperature was maintained as close
as possible to 250°C, by the plunger of the die-casting machine to produce a part. The
external and internal views of a cast part are shown in Figure 5-4 and Figure 5-5
respectively. The location of the ultrasonic probe, the location of conventional

temperature and pressure sensors, as well as the position of the biscuit are also indicated.
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Figure 5-1: Photo of the 600-ton Buhler die-casting machine.

Figure 5-2: Insertion of the CBR in the in-mobile mold.
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Figure 5-3: Sensor is flushed to the cavity when the insertion is completed.

Biscuit Cutting Position

Ultrasonic Probe Location

Figure 5-4: External view of the cast part with sensors.
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Internal View

Ultrasonic Probe Location

Figure 5-5: Internal view of the cast part with sensors.

The results presented here are typical information retrieved from the analysis of
more than 50 casting experiments over many days. In fact, no more than six experiments
a day could be achieved due to the difficulty of the induction heating of the billets, the
time required to heat the die and problems encountered during casting such as sticking
and frozen material in the gate. The majority of the experiments were performed with Al

A356 and A357, and a few with the MMC and the Mg.
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5.2 Aluminum alloys

In this section, we show the results of the aluminum alloy A356 and A357.
However, due to their similar composition and microstructure as shown in Table 4-1 and
Figure 4-4; there is no difference in the signals and analysis between these two alloys and
the results of our research are similar whether they come from the A356 or the A357
aluminum alloy. As a consequence, only the results of the A356 will be presented in the

following paragraphs.

Figure 5-6 and Figure 5-7 show the snap shots of recorded ultrasonic echoes in
the probe and cast part during the first second and the entire injection period of one cast
cycle respectively. In Figure 5-6 the recording was achieved at every 0.027 second.
However, for a time window of 8 ps in the desired ultrasonic signal, the fastest
acquisition speed that we could achieve was 0.003 second per trace at a sampling rate of
50 MHz and a for a recording time of 30 seconds. We clearly see in Figure 5-6 the
solidification of the cast part as the time delay between L' and L', decreases.

Even if it is hard to see in Figure 5-6 and Figure 5-7 due to the size of the figures,
the following relationship can be derived; the attenuation is nearly proportional to the
square of the operating frequency. This is because of the natural ultrasonic attenuation in
the 103.66 mm long steel CBR and the 4.7752 mm thick cast part. We can see that the
number of cycles within a fixed time frame such as 1 ps is gradually decreasing in the
waveforms of L', L'; and L's. This means the center frequency of the waveform is
shifting to a frequency less than and away from 10 MHz, which is the center frequency of

the broadband generating and receiving UT.
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Figure 5-6: Recorded ultrasonic echoes in the probe and cast part during the first second of
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Figure 5-7: Recorded ultrasonic echoes in the probe and cast part during one injection cycle.
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The locations of the cavity pressure and temperature sensors in the die are shown
in Figure 54 and Figure 5-5 respectively. These conventional sensors were not used in
[24,62]. It has to be noted that die-casting process is under high pressure and the molten
aluminum is corrosive. The cavity pressure sensor was installed behind the ejection pin
of the die. Situations such as the bending of the ejection pin may often cause difficuities
in obtaining reliable pressure readings. Therefore, in Figure 5-8, the relative change of
the pressure rather than the absolute value is used. Since no rugged temperature sensor
was available, the sensor head of a K-type thermocouple (TC) was installed (embedded)
1.27 mm away from the cavity surface in order to avoid erosion and damage to the
temperature sensor. However, such a distance causes a slower temperature sensing
response. The measured result was recorded and is shown in Figure 5-9. In Figure 5-8
and Figure 5-9 the time A indicates the completion of the fast filling stage under high
pressure. At time C, the biscuit end, which contains oxides, was cut off as part of the
demolding process and the pressure was released as seen in Figure 5-8; however, the cast

part was still kept in the die. At time D, the die was opened and the part was ejected.
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Figure 5-8: Measured cavity pressure profile acquired with a serial recording set-up.
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Figure 5-9: Measured die temperature using a thermocouple. The ultrasonic time delay in the CBR
is between echoes L’ and L’ acquired with the serial recording set-up.

When at time A the cast part reaches the die region where was embedded the
conventional temperature sensor, the measured temperature first increases. After the part
ejection at time D, the temperature decreases because of the cooling of the die (see Figure
5-9). Similarly, when the alloy enters the cavity and reaches the ultrasonic probe, heat is
transferred into the probe made of steel. For solid steel the ultrasonic velocity is lower at
higher temperature, resulting in an increase in the time delay. The change of the time
delay in the buffer rod (i.e. between the echoes L? and L in Figures 2-1) is given in
Figure 5-9. In this case, L' was not chosen because it was saturated due to large signal
amplification at the receiver. We can see that the rise and decay time response of the
time delay variation measured by the CBR is faster than that of the temperature measured
by the embedded thermocouple which was at 1.27 mm beneath the cavity surface. This is
due to the fact that the probing end of the buffer rod was flushed with the cavity wall and
directly in contact with the hot viscous semi-solid part. This means that the CBR probe
can detect the variation of the temperature of the die with a faster response than that of a
conventional thermocouple. The correlation of the time delay in the buffer rod versus the
actual temperature of the die is being studied; however, because of the cooling system on

the CBR, the measured temperature will be underestimated.
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Figure 5-10 and Figure 5-11 show the amplitude variations of the echoes L? and
L2, . respectively, which relate to the reflection coefficient at the BR-cast part interface
and the transmitted energy into the cast part. L' was not chosen because it was saturated.
The general rule for the selection of these echoes such as L', L? or L? is discussed in [67).
As expected, at time A the amplitude of the echo L? decreases whereas that of L%
increases because the ultrasonic energy is transmitted into the cast part. It means that the
amplitude variation of the echoes L? and L? at the time A in the figures can be used to
detect the completion of the fast ﬁllihg stage under high pressure. As mentioned earlier,
at time C, since pressure was released and the part was kept in the die, the ultrasonic
coupling between the probing end and the cast part reduces; thus, the amplitude of 1>
(reflection coefficient) increases. At this moment, due to the detachment of the cast part
at the interface between the cast part and the mobile die shown in Figure 3-1, no energy
was transmitted from the cast part to the mobile die; thus, the amplitude of L2 increases
(more details in chapter 3). It is believed that at time C the ultrasonic probe which was

embedded in the in-mobile die and the cast part remained in contact.
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Figure 5-10: Amplitude of signal of L? measured with the serial system.
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Figure 5-11: Amplitude of signal of L?, measured with serial system.

As the die cast process time evolves from C to D, the uitrasonic coupling at the
BR-cast part interface deteriorates; the amplitude of Lzz also decreases. In the meantime,
the amplitude of L2 continues to increase. At time D, when the cast part is ejected, the
amplitude of L% decreases to zero and the amplitude of L? returns to the amplitude
reached before the injection of the viscous semi-solid alloy, but with a little variation due
to temperature effects on the rod and the ultrasonic couplant. This means that ultrasonic
probe can monitor the completion of the filling, opening for the biscuit cutting,

detachment from the die and ejection of the part.

The Figure 5-12 shows the amplitude of L? measured with the multiple recording
system. At time A, we can draw the same conclusion as for the serial recording (Figure
5-10). In fact, the only difference between the two measured amplitudes is the time span
of both recording system acquisitions. In Figure 5-12, we can only see the beginning of
the process. The advantages and disadvantages of both recording have been discussed in
Chapter 2. The multiple recording will not be shown furthermore because it represents
only a small picture of the process compared to the general picture that the serial
recording can provide. This decision has been taken to facilitate the reading of the thesis

and no important fact was left behind.
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Figure 5-12: Amplitude of signal L? measured using the multiple recording system.

At the ultrasonic probe position, the cavity gap or the part thickness, h, was
4.7752 mm. From Figure 5-6 and Figure 5-7 we can obtain the time delay, t, between
echoes L' and L', , that is, the first round trip time in the cast part. Thus, the ultrasonic
velocity in the cast part at the probe location can be calculated as in Chapter 3 and is
given in Figure 5-13. This velocity change may be related to the average temperature in
the cast part, which could be a crucial parameter for process optimization. In Chapter 4,
the variations of ultrasonic velocity and attenuation as a function of temperature in a
heating process were reported for the same SS A356 and other alloys as used here for
casting. Since at time C no pressure was applied to the part, the ultrasonic velocity of
5970 m/s shown in Figure 5-13 can be correlated with the data in Chapter 4 at about
500°C. It must be noted that here the part goes through a solidification process but not a

heating process as reported in the previous chapter.

77



ty
th
h
=
(—]
lll""l'l'l'

40 S50 60 70
Time (sec)

—]

Figure 5-13: Measured ultrasonic velocity of the cast part A356.

As mentioned in the previous chapter, the velocity and the attenuation can vary
for three different conditions: the microstructure, the porosity level and the composition

of the material. Some investigation needs to be done to confirm these assumptions.

The calculation of ultrasonic attenuation coefficient in the cast part is given in
Chapter 3 Section 3.5 and the results are shown in Figure 5-14. In this calculation, the
acoustic impedance matching condition at the interface between the probing end and the
cast part (steel CBR-cast part interface) was assumed to be identical to that at the
interface of the cast part-mobile die made of steel. Planar wave propagation in the cast

part was also assumed.
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Figure 5-14: Measured ultrasonic attenuation of cast part A356.

Figure 5-15 shows the external view and defects of a cast part in a cold shut
situation. Cold shuts are created when two flow fronts solidify before they could impinge
together, creating a hole or a surface crack. Even though at the ultrasonic probe location
the part was filled, because of the reduction of the pressure caused by the cold shut
defects, the measured amplitude variation of the reflected echo from the BR-cast part
interface, L2, shown in Figure 5-16, was quite different than that shown in Figure 5-10
and Figure 5-4, the L? and photo of a good part, respectively. This means that the
presented ultrasonic method has the ability to monitor the cold shut and incomplete
filling of the part (short shots). For the short shots, no signal was acquired because the

metal was not reaching the location of the probe (location of the probe is almost at the

end of filling of the part).
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Figure 5-15: External picture of the part with a cold shut defect.

TrrrrJrrr? Tr T 1T | vy vrr [ vrIr vy 117

ITSTLISTEIITITI TN Y

Amplitude (L1)

()
p—
()
(]
(—}
W
(—]
&
= -
h
(—]
-3
(—)
~
(—]

Time (sec)

Figure 5-16: Amplitude of the signal of the part with a cold shut.
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5.3 Magnesium Alloys

Magnesium alloys are one of the most desirable raw materials in die-casting
applications. There are several factors that make Mg alloys an excellent material for
manufacturing parts for the automotive, electronics, telecommunications and other
industries. Its lightness, about 30% lighter than aluminum, its good EMI shielding, its
high stiffness over weight, its abundant quantity and commercial availability and its
ability to produce thixotropic structures. One negative aspect of magnesium is the
security related to the casting. It is well known that Mg catches fire when air enters in

contact with it at elevated temperatures

In this section, we want to demonstrate the CBR’s capacity to monitor Mg alloy
AZ9] part during casting. The different billets, as mentioned earlier, are cast in the same
die with the same embedded ultrasonic probe. The sensing and data acquisition
techniques are the same as described previously. However, the billet was heated to
583°C and soaked for a few seconds at this temperature before injection in order to let the
entire billet reach a uniform temperature. This soaking is required because Mg has a
poorer thermal conductivity than Al. It permits 2 more uniform temperature throughout
the billet when it is injected into the die. In the heating process, some SFs gas was
distributed on the billet for security reasons. Furthermore, the conclusions are similar to
those related to Al alloys presented in the previous section. One can find, in the signals,
the same part detachment, die filling, release of pressure and solidification. The only
difference between Al and Mg alloys is the quality of the signal as shown in Figure 5-17.
The signals for Mg are more noisy than those for Al. This is due to the fact that the
condition of wetting, impedance matching, between the steel core of the CBR and the
cast part is poorer in magnesium case. The lack of matching created a jittering like
graphic as can be seen in Figure 5-18. This Figure is a representation of the amplitude of

the signal; but, as we can see, ultrasonic can still monitor the parameters mentioned
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above, but with reduced sensitivity. In this particular Figure, we can see a gap formation

. between the point A and C.
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Figure 5-17: Signal from (a) the magnesium part and (b) aluminum A356.
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Figure 5-18: Measured amplitude of the signal of L’ of the globular CANMET billet.

Figure 5-19 to Figure 5-21 show the measured ultrasonic velocities of the cast
part of the three kinds of microstructures found in the magnesium billets: dendritic from
Performag, globular from CANMET and the rosette from CANMET (smaller grain size).
One must note that the velocity profile of the solidifying SS A356 part in Figure 5-13 is
different from the velocity profile of the Performag part shown in Figure 5-19. During
the solidification process the initial change of velocity in the SS A356 part is an abrupt
change and, thereafter, it quickly reaches nearly a constant. However, in the case of the
Performag billet, the velocity change is gradual and no sharp change is displayed; but we
can see the same phenomenon with the CANMET billets as with the SS A356. This is
completely normal because the Performag billet has a dendritic microstructure compared
to a SS microstructure for the CANMET ones (thixotropic). Also at time C, where we
do not apply any pressure to the three different microstructures, the ultrasonic velocities
are 5518 m/s, 5646 m/s and 5708 m/s, as shown in Figure 5-19 to Figure 5-21. We can
see that finer are the rosettes the higher is the velocity. Therefore, when we look at the
microstructure of the three magnesium cast parts (Figure 5-22) we can say that the CBR
can determine the kind of microstructure cast. It can differentiate a dendritic
microstructure from a thixotropic one. Furthermore, the CBR can help determine the size
of the microstructure; but, for that, it would need good calibration curves of the ultrasonic

speed as a function of the temperature and the microstructure used.
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Figure 5-19: Measured ultrasonic velocity of the dendritic AZ91 billet made by Performag.
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Figure 5-20: Me#sured ultrasonic velocity of the globular AZ91 billet made by CANMET.

£ s000 | AV, ]A ;
£ 4500 :
= o
04000'4 P R L N L L
> 0 l,i! 20

ime (sec)

Figure 5-21: Measured ultrasonic velocity of the rosette AZ91 billet made by CANMET.
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Figure 5-22: Micrograph of the microstructures of (a) Performag, (b) CANMET and (c) finer
CANMET.

The measured attenuation coefficient in the cast AZ91 parts is given in Figure
5-23 to Figure 5-25 for different microstructures. It is observed that the attenuation
coefficient in this alloy cast part changes depending on the microstructure. As mentioned
in the previous section, the velocity and the attenuation can vary for three different
conditions: the microstructure, the porosity level and the composition of the material.
Since, the composition is the same for all three parts the differences in the curves can be
explained only by the microstructure and the porosity. Figure 5-23 to Figure 5-25 can be
explained by the high porosity of the parts. The Performag (dentritic) part has the least
porosity at the CBR position,; this is the reason why its attenuation is so low compared to

the two others. Furthermore, Figure 5-24 shows a drop in the attenuation, this is due to
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the gap formation during the cooling and not due to any other factors. So, only the
beginning of the curve should be considered for the comparison (up to about the 23 dB).
In Figure 5-25, the attenuation starts at about 60 dB compared to Figure 5-24 which
started at 47 dB. This is because the microstructure of Figure 5-25 is rosette form
compared to globular form for Figure 5-24.

£

g 0 — 1 r T r T T 7
S a0t h
Com = 3
g -40 ¢ E
S 3 E
o -60 F T
2 0 10 20 30

Time (sec)

Figure 5-23: Measured ultrasonic attenuation of the dendritic AZ91 billet made by Performag.
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Figure 5-24: Measured ultrasonic attenuation of the globular AZ91 billet made by CANMET.
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Figure 5-25: Measured ultrasonic attenuation of the rosette AZ91 billet made by CANMET.

5.4 Metal Matrix Composite Alloy

As mentioned earlier, in order to demonstrate that the ultrasound can probe
different material properties, dendritic Gra-Ni® 6S:3G MMC billets were cast in the
same die in which the same ultrasonic probe was embedded. The sensing and data
acquisition techniques and the casting were the same as previously described. However,
the billet was heated to 590°C and soaked for a couple minutes at this temperature before
injection. The purpose of soaking is to create nucleation sites and the growth of those
sites. Depending on the soaking time this procedure creates a microstructure that is less
dendritic and more globular, a desired feature for SS die-casting processes. The
examination of micrographs (see Figure 5-26) shows that the cast part was mainly
dendritic, but contained regions with pockets of spheroidal particles. This indicates that
the soaking process used was not able to produce a fully globular thixotropic
microstructure as shown in previous Figures (for example Figure 5-22 c¢). To avoid
repetitions, only the different conclusions obtained with this MMC will be covered in the
following. It is noted that for the casting of the MMC, the part detachment, completion
of the die filling, the release of the metal pressure and the solidification of the part can be
in-line monitored as having been demonstrated for the A356, A357 and AZ91 materials.
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The quality of the signal obtained, can be assessed in Figure 5-27 in which the time
delay between L? and L? is displayed. This figure shows that the signal received is of
good quality and that the wetting between the steel CBR and the cast part is good because
there is no jittering as in Figure 5-18.

Figure 5-26: Micrograph of the microstructure of the MMC Gra-Ni® 6S:3G.
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Figure 5-27: Measured time delay of the MMC between L* and L’
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The cycle time in casting was arbitrarily chosen to be shorter than that used in the
casting of the thixotropic A356 billets. Figure 5-28 shows the measured ultrasonic
velocity in the cast part. It is seen that the velocity profile of the solidifying SS A356
part in Figure 5-13 is different from the Gra-Ni® 6S:3G part shown in Figure 5-28.
During the solidification process the initial change of velocity in the SS A356 part is an
abrupt change and, then, it quickly reaches nearly a constant. However, in the case of
Gra-Ni® 6S:3G, the velocity change is gradual and no sharp change is displayed. A
similar difference in the velocity profile as a function of temperature was observed during
the heating of a SS A356 and a dendritic A356 sample in chapter 4. Also at time C, no
pressure was applied to the Gra-Ni® 6S:3G part, the ultrasonic velocity of 5890 m/s
shown in Figure 5-28 can be correlated with the laser-ultrasonic results presented in

Figure 4-8 at about 500°C.
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Figure 5-28: Measured ultrasonic velocity of the MMC Gra-Ni® 6S:3G.

The measured ultrasonic attenuation coefficient in the cast Gra-Ni® 6S:3G part is
given in Figure 5-29. We can see that the ultrasonic attenuation coefficient in this alloy
cast partis 11 dB/cm, which is higher than the 6 dB/cm exhibited in the thixotropic A356
material as shown in Figure 5-14. There are a several reasons that could explain this
phenomenon. Firstly, this increased loss could be due to the presence of 6% of silicon
carbide and 3% nickel-coated graphite particles which act as ultrasonic scatterers in the
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Gra-Ni® alloy. Secondly, dendrites might scatter more ultrasound than globular particles
in the thixotropic A356 alloy [66]. And, thirdly, it might be the low level of porosity
present in the Gra-Ni® alloy part. As mentioned in Chapter 4 and the previous section,
the impact and importance of each of these three reasons need to be further investigated.
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Figure 5-29: Measured ultrasonic attenuation of the MMC Gra-Ni® 6S:3G.

5.5 Summary

In-line uitrasonic monitoring of the die-casting process using billets of different
materials such as A356, A357, AZ91 Mg alloys and MMC Gra-Ni® 6S:3G, with
thixotropic (globular) and dendritic microstructures for different materials has been
presented. Measurements were made by means of a clad steel buffer rod (CBR) sensor
embedded in the die and operated in the pulse-echo mode. This single ultrasonic probe
monitored the completion of the die filling, the release of the metal pressure, the
solidification of the part, the detachment of the metal alloy from the wall cavity and the
opening of the die. The variations of average temperatures in the die and part were also

monitored through the analysis of the ultrasonic time delay information in the buffer rod
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and part respectively. The ultrasonic sensor has shown a response time faster than the one
displayed by the K-type conventional thermocouple. The measured amplitude profile of
the reflected echo at the steel CBR-cast part interface can be used to monitor cold shut
defects and incomplete filling. The variations of the attenuation coefficient and the
ultrasonic velocity in the cast part may be used to relate to changes in alloy composition,
microstructure and porosity. Because ultrasonic sensors can measure in-line the above
parameters simultaneously, it may be a good sensor candidate for process control of the

die-casting process.
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Chapter 6: Conclusion

6.1 Review of the Thesis

In recent years, significant progresses have been made in metal die-casting and
metal injection molding processes. The evaluation of part properties inside the die or
mold during the production cycle is usually performed onto the part after it has been
ejected from the die or mold because of the lack of a proper sensor. But the research has
been oriented mainly towards machine control and new processes which are essential to
improve the quality and efficiency of the process; little attention has been paid to the part
quality inside the cavity for process control. At the present time, sensors limit the
advancement of machine and process control. The sensors on the market are limited to
conventional pressure, temperature, heat flux and flow detector measurements and have
some shortcomings such as slow response, unsteadiness and non-repeatability. These
sensors are used for machine control only. As a result, there is a significant demand for
the development of cost effective sensors for in-line measurements and for machine and
process control. The ability of the ultrasound to interrogate non-invasively, non-
destructively and rapidly the regions of the die and cast part is desirable for a modemn
molding process control and for the development of a new sensor. Ultrasound can be a

good sensor candidate for process control of the die-casting process.

The research undertaken for this thesis concentrates its effort on the in-line
monitoring, by ultrasound, of a new process which becomes more and more important in
the market today. Its potential was first recognized in the early 1970’s; but, its growth
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has just recently begun. This new forming processing technique is called Semi-Solid
(SS) forming. This technique uses feeding materials composed of spheroidal particles of
solid surrounded by a liquid phase of a lower melting point, rather than the interlocking
tree-like dendrites existing in the conventional cast alloy. Furthermore, in this research
we used the thixocasting as the forming process, which consists of using conventional

die-casting machine with the spheroidal particles as its feedstock material.

In chapter 2, a new design of the Clad Buffer Rod (CBR) was introduced and
compared with an old design made up of a Zirconium (Zr) core. The new CBR consists
of a double tapered cylindrical shape. The tapered core has a tapered angle of 2°. The
maximum diameter (d;) of the CBR is 11.684 mm and its length (2/) is 103.68 mm. The
CBR is composed of fine grain steel as the core and a stainless steel cladding made by
thermal spray, which is covered with two stainless steel tubes that can be machined. The
machined tubes serve to provide the CBR the desired dimensions for the installation into

the die and to protect the sprayed coating if it is inmersed in liquid metals.

This new CBR has a signal-to-noise ratio (SNR) of more than 30 dB at 250°C, an
improvement from the old design that has a SNR of about 20 dB at room temperature.
This increase of more than 10 dB near the trailing echo is a significant improvement
because it permits us to monitor the signals in the sample such as L, and L,. We also
developed an acquisition system, which can achieve a repetition rate up to 3000 Hz with
a sampling frequency of 100 MHz. However, high repetition rates cause an important
limitation. One can only record for a small period of time at those rates due to limited
on-board memory. When high repetition rates are not necessary, serial acquisition with a
reduced repetition rate is used. It can achieve hundreds of seconds for the acquisition

time but its repetition rate is limited to a maximum of 65 Hz.

In chapter 3, the reflection and transmission coefficient were explained in details.

Two equations were used to evaluate the ultrasonic impedance matching between
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different media. This allows us to calculate the amount of energy that will be transmitted
or reflected from the interface between two media. It is demonstrated that it can be used
to monitor the end of filling, gap development and solidification during die-casting. The
reflection mode was preferred and used because of its simplicity compared to the
transmission mode which requires two side access to a specific location in the die.
Particular attention was paid to the SNR of the system when using the reflection mode
because the ultrasonic signal is traveling twice in the material compared to once for the
transmission mode. This double distance is crucial for the SNR because the signal is

attenuated twice due to the material attenuation.

In chapter 4, ultrasonic wave velocities and attenuations of the thixotropic A356,
A357, and 868, dendritic A356, AZ91 and MMC Gra-Ni® 6S:3G were obtained by using
a laser-ultrasonic method combined with a Gleeble thermal simulation system. The laser-
ultrasonic system uses a high power pulsed laser that generates ultrasound on one side of
a heated sample and another laser coupled with an optical interferometer to detect
ultrasound on the opposite side. The Gleeble thermal system is heating the sample during
the acquisition of laser-ultrasonic signals. With this system, we can measure the velocity
and/or attenuation in the sample as a function of temperature. The velocity and
attenuation can vary due to three different causes: the microstructure, porosity level and
composition of the material. It has been demonstrated, by experiments, that the
ultrasonic properties of a sample taken from a billet that has not been heated are similar
to those of a sample taken from a SS die cast part. Therefore, the ultrasonic monitoring
in die-casting can provide us with a mean to determine whether the processed part has the
desired thixotropic microstructure or not and the specific microstructure by comparing
the results obtained by the laser-ultrasonic method together with the Gleeble thermal
simulator system. Furthermore, the ultrasonic method may be used to determine the solid

fraction of the material if good calibration curves could be obtained.
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In chapter S, in-line ultrasonic monitoring of the die-casting process using billets
such as thixotropic A356 and A357, dendritic Mg alloys AZ91 and dendritic MMC Gra-
Ni® 6S:3G was presented. Measurements were made with the CBR sensor embedded in
the die operating in the pulse-echo mode. This single ultrasonic probe monitored the
completion of the die end of filling, release of the metal pressure, solidification of the
part, detachment of the metal alloy from the wall cavity and opening of the die. The
variations of average temperatures in the die and part were also monitored through the
analysis of the ultrasonic time delay information in the CBR and cast part respectively.
The ultrasonic sensor has shown a response time faster than that displayed by the K-type
conventional thermocouple. The measured amplitude profile of the reflected echo at the
steel CBR-cast part interface can be used to monitor cold shut defects and incomplete
filling. The variations of ultrasonic attenuation coefficient and ultrasonic velocity in the
cast part may be related to changes in alloy composition, microstructure and porosity.
Because ultrasonic sensors can measure in-line the above parameters simultaneously, it
may be a good sensor candidate for process control of the die-casting process.
Furthermore, it has been proven, by experiments, that the sensors can differentiate
different microstructures for magnesium alloy AZ91 by using the ultrasonic velocity in

the sample as a parameter

6.2 Originality

The purpose of this research was to improve the understanding of the die-casting
process by using the steel CBR as the sensor for in-line ultrasonic monitoring. The laser
ultrasonic method is used to obtain the ultrasonic velocity and attenuation of samples as a
function of temperature but with no pressure as the reference. This research has brought

several major original contributions that are summarized below:
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(1) We have designed, fabricated and successfully installed a steel CBR sensor
into the die of a semi-solid die caster [27,85]). It has been proven that this sensor can
perform in-line monitoring of the die-casting of various aluminum and magnesium alloys

mentioned in Chapter 5.

(2) This investigation is the first report concerning in-line ultrasonic monitoring
of semi-solid die-casting [27,85]. We used the reflection coefficient, for example, at the
probe-part interface, obtained by a simple ultrasonic pulse/echo method, to monitor in-
line the die-casting process features such as the end and completion of the filling, part
detachment, average temperature of the die and part and the ultrasonic velocity and
attenuation of the part. It is observed that the ultrasonic velocity and attenuation in the

part can be used to differentiate the thixotropic and dendritic microstructures of the part.

(3) This thesis is also the first study concerning the ultrasonic velocity and
attenuation measurement of Mg alloy AZ91 as a function of temperature. We installed
the SFs supplying system around the sample during laser ultrasonic measurements and
the heating process of billets before pouring them into the shot sleeve for injection in
order to avoid the burning of the sample. The measurement result shows that the
ultrasonic velocity and attenuation as a function of temperature can reveal the

microstructure of the billet and the part.

6.3 Future Work

Looking at the purpose of this research, one can say that we improved the
understanding of the process; but the research could still be improved. The CBR could

be used as a pressure sensor; however, it requires to be calibrated as mentioned by
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Nishiwaki and al. [86]. To be able to use the probe for pressure sensing, calibration
curves need to be established under high pressure circumstances because the ultrasonic
wave velocity depends on both the temperature and the pressure. Another investigation,
which could be undertaken in the future, would be to increase the number of CBRs in the
die. Sensor array could provide more details throughout the process. This would allow
us to retrace, more accurately, the end of filling of the cast part, the solidification and the

average temperature in the molten metal and use the results as validation for computer

simulations.

Additionaly, the complete theoritical investigation of the CBR, including the
relevant modes conversion, could help to grasp the behavior of the CBR in more details.
This analysis can provide information helpful in signal processing (noise reduction) and

calculation (attenuation in the cast part).

Furthermore, in order to improve accuracy, not only time domain information
about reflection coefficients should be considered, as indicated by Drinkwater [87], but
also frequency domain information should be included in interpreting reflection

coefficients under conditions such as non-uniformly or partially contacted interfaces.

If one wants to understand the solid fraction of semi-solid processes in details,
more accurate ultrasonic velocity curves, consisting of the temperature in function of
sound velocity, need to be achieved. One way to obtain this result would be to use the
Gleeble system by solidifying the sample and not by melting it as we do now.
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Appendix A:
2-D Drawings of the Clad Buffer Rod
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