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Abstract

In-line monitoring ofdie-casting ofaluminum (A356, A357, 868), magnesium

(AZ91) and a Metal matrix composite (Gra-Ni® 68:30) will he monitored using the

ret1ection coefficient obtained by using an ultrasonic technique, the pulse/echo. For each

ofthe materials enumerated above, the average temperature of the mold tbrough its

thickness, the end offtlling 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 he 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 he carried out with high signal-to-noise ratio al

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 l'aluminium (A356, A357, 86S), du

magnésium (AZ91) et du matériaux composite à 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 l'arrivée du

métal fondu, la solidification de la pièce dans la cavité du moule, le développement de

l'interstice et/ou du décollement de la pièce, 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 à l'état semi-solide, c'est-à-dire entre le point liquidus et solidus des

métaux. Nous avons inséré dans le moule une ligne à délai novatrice à haute

perfonnance avec un système 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 bave been commonly used as mass

production methods. So far, most industrial efforts bave been oriented mainly towards

machine control and new processes; little attention bas 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 perfonned after it bas been ejected from the die or mold.

Ta 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 bas 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 simplïfied 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 belp to determine the source of

1
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errors and to improve the mathematical models [8,9,15]. For example, the information

from the feedback of a cavity sensor May he used to control the system, allow direct

supervision of the process and ensure constant quality of the tinished part [16,17].

Furthermore, different advanced control strategies such as close loop, statistics and

knowledge based expert system may now he integrated into the production [1 7-21].

Process control is a1so a desired tool to reduce production cost and improve

product quality. Sînce light weight metal die-casting and injection molding are difficult

ta maintain in a steady state due to the fast metallic solidification process, complex

control strategies are needed [17-21]. In arder to improve the quality of the cast or

molded part and ta 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 ta conventional pressure, temperature,

heat flux and flow detector measurements and have shortcomings such as slow response,

unsteadiness and oon-repeatability. In addition, these sensors are used for machine

control only and oot for process control which requires the infonnation 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 perfonnance clad buffer

rod consisting of a steel core and stainless steel cladding to perform in-line ultrasonic

monitoring. We hope that this new sensor will he able, in time, to solve some of the

problems mentioned above for conventional available sensors and increase the overall

knowledge of the process by perfonning process control.

2
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1.2 Die-easting

The processes of metal die-casting and injection molding are similar. Both of

them have feeding materials that are heated, melt and injected into a die or mold which

bas the desired shape. Thereafter, the part is cooled and solidified inside the cavity of the

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

One can consider the die-casting process as consisting of three stages: (1) the

fiUing 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 fiUing stage, tlow front advancement and tlow front velocity are important

information. The tlow front advancement indicates when the cavity of the die is

completely filled. The information retrieved on the position of the flow can he 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 tlashing or die

damage due to high impact. Since the viscosity of the material depends on the local tlow

rate, the measurement and control of the flow front velocity May give a consistent

materia! hehavior throughout the filling phase. In addition, the flow front velocity which

can he 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 arrivai, but aU

pressure sensors have a threshold value below which little readings can be obtained and

temperature sensors have a delayed response. Tberefore, the measured flow front arrivai

may he overestimated. The advantages of in-line ultrasonic monitoring have been
3
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demonstrated for the arrivaI and advancement of the molten Metal flow front for a

conventionalliquid Metal die-casting process [24].

During the intensification stage, the gate freezing lime is considered an important

element since no more material can be added into the cavity and further application of

holding pressure is a waste ofenergy from the apparatus. Upon further cooling during the

solidification phase, when the part hegins to shrink from the wall, an air gap is fonned

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

fonnation on injection molding of polymers bave been weil documented [25,26]; the

same is true for die-casting [24,27,28]. However, up to DOW, tittle efforts have been

devoted to its monitoring during die-casting. This fonnation of air increases the thennal

contact resistance between the part and the cavity wall and reduces the heat transfer

efficiency resulting in a long process cycle. Furthennore, the time needed for the gap to

develop, as weIl as its location, can result in a difference in the temPerature unifonnity 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 quatity part [22].

Furthermore, the understanding of the solidification is crucial. For instance, the

temperature and pressure during the solidification stage must he investigated as they

detennine 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 densityand

4
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elastic constants change rapidly during solidification as the material transfonns itself

from liquid to solid state.

The study in this thesis concentrates on a new die-casting process which becomes

more and more important in the market today. Its pltential was tirst 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. Eogineers commonly use computer

simulations to answer their questions [5,6] and reduce the cost of its development. For

now, ooly 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 S8 needs larger volume for the sprue, the runner and the gate

compared ta die..casting [33]. The rest of the die design relies on the same design mies as

those used in the conventional liquid metal die-casting.

The microstructure of the feed alloy for the S8 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

matenal is injected into the die in a laminar flow during SS die-casting compared to a

turbulent flow for conventional case. This ditTerence in the flow is due to the material

injected at a solid fraction of around 50 % during S8 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].
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• Figure 1-1 shows the temperature range of thixoforming process for aluminum. In

conventional liquid Metal die-casting, the rnaterial is cast at a temperature above the

liquidus.
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Figure 1-1: Phase dlagram 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 thixofonning May he divided in

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

thixomolding [38].
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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 ioto the die-casting machine at the desired

temperature, between the liquidus and solidus.. Typically the material is injected with

around SO % 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 hefore an injection ioto the die; and the quantity of materials

needed to make the piece can he changed easily ifwe do not take ioto account the limit of

the mold.

After the thixocast material is cooled down to the room temperature and then it is

eut at the desired length.. Normally, the material is in the form of a cylinder and it is

called billet. Theo, 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 ioto a feed

hopPer which is sunilar 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 ioto

the die or mold in its SS state.

There are advantages to use thixofonning 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
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impües a Jaminar 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 ecoDomicai die rnaterials due

to reduced mechanical stresses acting on the die during filling and the use of low alloy

processing temperature. A fine and uniform microstmcture provides enhanced

component properties. Weight savings mayalso he achieved through the optimization of

the part design.

However, at present, there are a1so drawbacks in 5S processes such as the high

cast of raw materia! due to complex procedures, limited quantity of production and low

number of suppliers. Furthermore, because of the lack of available process experience

and design mies, considerable research effort and expenses are required to implement a

viable manufacturing process and die development compared ta conventional liquid

Metal fonning technologies [34].

The relatively high price of suitable feedstock for thixofonning processes is

perceived as the major barrier to its commercial growth in production. As these

processes are related to volume of raw materia! production, the price will not fall until

demand increases significantly. This is the reason why researchers bave 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 ofthixocast produced [34].

Recentlyone method is used with the intention to reduce the price of feedstock. Il

is the application of rnaterials 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
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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 ofprocess control requires

the development of cost effective sensors for the in-line measurements of Metal die­

casting, injection molding and thixofonning processes.

One of the most important parameters throughout the process is the temperature

since it detennines 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 he done like in polymers

[48,49] to give the temperature profile of the pieces because of the corrosive nature of

molteo 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 he effective

which is difficult in casting metals because of the reflective nature of the surface of the

part. Errors can also he 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 he

transParent and the approach is not applicable for metals. Even the mold wall must he

modified to accommodate a transparent sapphire window for the transmission of light

into the transparent po1ymer.
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The pressure is anotber important parameter. ft can help ta determine the flow

front arrivai and the internaI pressure of the cavity. The flow front is determined with the

variation of the pressure at the location of the sensor. For the internai pressure, it gives

valuable information on the internai forces acting on the die. This infonnation can Iead

ta improvements in the die design, but there is a limit to the pressure sensor; it bas a

threshold value below which no reHable reading can he obtained. Therefore, the

measured flow front arrivai is overestimated. Furthermore, the pressure sensor measures

the force acting on the sensor's membrane which includes the viscous forces but not the

bulle pressure in the material. Ta protect the pressure sensor from high temperature in

Metal die-casting, injection molding and SS fonning processes, the sensors can he

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 fuI fiIl

the requirements of fast process and repeatable monitoring.

Altogether, Many essential process parameters can he 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 ail the

above information. In previous works, it has been shown qualitatively that ultrasonic

sensors can he used ta obtain more infonnation than any single sensor mentioned above.

Furthermore, the ultrasonic sensors are non-invasive and non-destructive [10]. In

addition, in-Hne ultrasonic monitoring measurements of industrial processes are often

performed at high temperatures which are about 250 to 350 oC for aluminum die-casting

and thixocasting. Non-contact ultrasonic methods sucb 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

concem. The signaIs produced by EMATs 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 ofhigh efficiency for measurements at high temperatures.

The desired broadband piezoelectric contacts UTs together with a coupling

medium and sbould work weil 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. LID (llICL, Tokyo, Japan), RTD

(Gennan), etc.... However, the price ofthese 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 mCL 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 thennal cycling. Sïnce 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 cao occor. The epoxy and the electrode

can disband during repeated thennal cycling. When this occurs the bandwidth is no

longer sufficient for ultrasonic monitoring ofour processing. Furthennore, the UTs from

meL also require a high temperature couplant.

1.4.1 Buffer Rod and U1trasonic 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 modem molding process

control. Sucb a control sbould not disturb normal processing conditions, although

ultrasonic techniques bave been used for the improvement of material processes for sorne
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time due to recent advances in transducer materials, sensing techniques, microprocessors

and digital signal processing. It allows the data ta he obtained and analyzed rapidly,

reliably and economically [62-67]. These progresses make ultrasound an attractive tool

for in-Hne 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 he monitored. One end of the buffer rod is water cooled down to 50

oC or lower and the other end is touching the material in the cavity of the die. This

method aHows 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 retlected ultrasonic waves retum 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 perfonnance clad buffer rod consisting of a steel core and stainless steel cladding to

perfonn in-Hne 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-UItrasonie Technique

In the die cavity the cast part undergoes a high pressure and a high temperature

which atTect 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 ditTerent compositions, a non-contact noD­

destructive non-invasive laser ultrasonic technique [66] with a Gleeble thennal 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 oC.

In this method, a high power pulsed laser is used to generate ultrasound on one side ofthe

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.

I.S Thesis Content

The focus of this thesis is to use the high performance c1ad 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... . Althougb, this seosor 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 he 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 he

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 he presented. First, the reflection mode will he

introduced. Il is important to indicate at this stage of the thesis that all the ultrasonic

experiments perfonned have been done using the reflection mode except when mentioned

otherwise. Its propagation in two media will he presented. Then the reflection (or

transmission) coefficient variation will he used to monitor the flow front arrivai and the

gap development during the die-casting process. It will he demonstrated how the signaIs

are selected for the calculation of the velocity and the total loss in the cast part.

Thereafter, the solidification will he explained by using the rime 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 he explained.

In chapter 4, the ultrasonic velocity and attenuation in the aluminum alloys A356,

A357, 86S purchase from Onnet (Hannibal, OH), Gra-Ni® 6S:3G made by INCa

Limited (Ontario, Canada) and magnesium alloy AZ91 made by Performag (Montreal,

Canada) will he evaluated using a laser ultrasonic technique together with a Gleeble

the.rmal 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 he used as a basis for the comparison with those obtained for the cast part

inside the cavity onder 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 previons works [72-74], it bas heen demonstrated that the difference

ofprocedure can he important in polymers and metals.

14



•

•

Investigations of in-line ultrasonic monitoring of the 88 casting will be presented

in chapter 5. The tlow front, the gap development and the solidification will he

monitored by using longitudinal ultrasonic wave in the parts described in the preceding

chapter. For each monitoring, all the parameters of the machine will he indicated: this

includes the hydraulic pressure and injection velocity, the cavity pressure, the

temperature of the mold, the rime 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. AlI these

results will he repeated for four different kinds of semi-solid materials: the aluminum

alloy A356 and A357, the Gra-Ni® 6S:3G and magnesium aIloy AZ91 made by

Perfonnag and CANMET (Ottawa, Canada).

The summary of the thesis and the conclusions from ail the experiments done in

this work will be in the fmal chapter of the text. Furthennore, potential improvements

and future work to he undertaken will he presented at the same time.
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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 he inserted into the die made for the thixocast

process. As mentioned in the introduction they can he operated in the pulse/echo

retlection 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 molteo 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 fonnation 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 ooly bas thermal characteristics

closer to those of the steel die compared to what was reported for the clad Zr rod in [24],

but it also bas higher ultrasonic performance which will he demonstrated later on in the

text and figures. Because the steel CBR provides ultrasonic signais with a high signal-to­

noise ratio, data on velocity and attenuation in the part, which could not he obtained in

[24], can he 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 he 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 UItrasonie wave propagation path

In ail experiments ultrasound is generated by the longitudinal wave UT,

propagated through the core of the caR 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 retumed back to the UT via the same

path. The clad buffer rod ensures good ultrasonic guidance [24,63,75,69]. Ail ultrasonic

signaIs were acquired with a PC based data acquisition system. The AID board was a

GAGE CS12100 card (Gage Applied Science loc., Montreal) with 8 Mega-bytes on

board memory. Figure 2-1 represents a typical signal and nomenclature acquired from

experiments. The tirst echo represents the longitudinal ultrasonic wave reflected from

the probing end of the CaR and it is denoted as L I
. We can see that L I has a time delay

of about 3S J.lS; and the echoes L2
, L3

, L4
, etc... having time delays of multiples ofabout

3S J.lS represent the 2nd, 3rd
, 4th

, etc... round trip ones as seen in Figure 2-1. The echoes

between those of LI and L2 or L2 and L3 are the signais in the cast part that are reflected
• 1 1 2 ') 3

back from the back waIl of the die. They are called L 2, L 4, L 2, L"4, L 2, etc... The

subscript is a multiple of two because the echoes traveling in the cast part traverse the

thickness twice befOTe they reach the UT. Figure 2-2 is a brief representation of the

reflected and transmitted wave.
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Figure 2-2: Representadon of tbe traDsmitted and reflected echoes in the CaR 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 thennal spray technique is used in all experiments. The core of

this steel CBR bas a tapered cylindrical shape;y as we can see in Appendix A. The use of

a taper bas been demonstrated to he effective to reduce unwanted spurious echoes [75].

For the current CBR, the tapering angle, 9, is about 2° (see Figure 2-3). Our

measurement results show that this CBR bas a1ways a SNR of more than 30 dB [69] even

at 250 oC. By comparison, using the same UT and pulser/receiver, the Zr CBR exhibited

about 20 dB at room temPerature because of the large trailing ecbo right after L I
. 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 '~ets"

the steel CBR better than the Zr CBR and thus more ultrasonic energy is transmitted ioto

the Al a1loy wben the steel CBR is used. The increase of the SNR can improve the

analysis of the signaIs. It also implies that, if one can see the signal better (better SNR

i.e. smaller trailing ecboes) near L I
, one can impose a sborter acquisition time per frame

(explained in later sections).

• •f
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Figure 2-3: Scbemadc of the steel CBR double taper sbape.
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Figure 2-4: Signal of (a) the Zr CBR at room temperatare and (b) the new steel CBR at 258°C.

A schematic of the steel CBR is presented in Figure 2-3 and the dimensions are as

follows: the biggest diameter (dL) is 11.684 mm (0.46"), the smallest one (ds) is 7.5 18mm

(0.296") and the length (21) is 103.68 mm (4.082"). By comparison, the Zr CBR bad a

uniform diameter of 6.35 mm and a length of 69.9 mm. We can see an actual

representation of the new and old design in Figure 2-5 (a) and (h), respectively. This

steel CBR consists of a rme 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 bas not yet been carried out. Furhtennore, 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 COR and (b) the Zr COR.

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 ofthose presented in [62-67]; the ooly change in the new CBR is the

stainless steel cladding which has been ameliorated due to improvement in the thennal

spraying technique. The Appendix A provides all the drawings and aIl 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 ioto its

tapered shape. Secondly, the stainless steel cladding needs to he 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 aIso permit the machining of the CBR iota the desired

shapes such as thread. Appendix A aIso 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 bas the attachment for the quick connection for the cooliog 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 ail components, except the holder of the

die-casting machine, of the CBR is shown in Figure 2-7.

Figure 2-6: Dimensions orthe Zr CBR used in prevlous works (24).

Figure 2-7: AU the components needed to assemble a CBR.
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As with the old Zr CBR, a commercially available broadband and high

perfonnance UT is attached to the cooling end of each buffer rad with the use of a

viscous couplant and pressure. The UT end is cooled below 50 oC by water during the

casting. To prevent thermal damage to the UT, the new design of the CBR must he

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 thennocouple of 1.6 mm (1/16") as seen in Figure 2-8. Theo the

CBR was inserted into the die. Thereafier, 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 sooe 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

oC, going from 20 to 21.5 oC. This small increase of temperature provides no threat to

damage the UT thennally. In the same experiment, the CBR was tested for leaking and

sorne 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 sorne silicon grease at the connection of the UT.
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Figure 2-8: Steel CBR together "'th a thermocouple mlerted at the UT". 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 he 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 thennal distribution and cooling channels of the die.
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Figure 2·9: RepreseDtadoD of the sb posldoDs where the CHR caD be IDserted.

2.3 Acquisition System: electrical and software

There are two data acquisition techniques developed and used in this research.

The tirst bas a slow acquisition speed but las18 for a long period of rime and its repetition

rate depends on the computer speed. The second one is a fast acquisition method, at high

repetition rate, but las18 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. AlI programs made are called Virtual Instruments (VIs).

Those VIs are simple, easy to he implemented and uses a friendly graphic interface. In

this section, the two methods will he 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 calI it seriai 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 cardo 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

5072PR (panametric) or PR35 (JSR). Low pass filters are used to fllter out the DC

components. A 7856 oscilloscope (Tektronix) was used to monitor, in real time, the

signaIs because, when the acquisition starts, the VI program freezes the fmt signal and

the evolution of the echoes can not he seen from computer monitor. The computer is a

Pentium m 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, Califomia, USA), which provides a

precise repetition rate and delay. Figure 2-10 (a) and (h) represents the schematic

representation (block diagram) of the set-up used, respectively, of the seriai acquisition

and the multiple recording which bas the time delay generator as an addition to the

system.

Two Channels Two Channels

0sa1olcape

(a)

~&R8cIMr

UTA C8rdA&B
A-,,"

(h)

•
Figure 2-10: Scbemadc representadon of the two approacb used: (a) tbe seriai recordlng, (b) tbe

muldple recordlng.
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The software used are divided for two acquisition approaches as weil: the multiple

and seriai 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 fonnat for the acquired file; to recognize this

fonnat the extension file name u ••ser" is used. Il 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 of400 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 bas the advantages that it can he easily visualized using the VIs that have

been developed for this purpose.

2.3.1 SeriaI recording

For the seriai 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 sbows an example of this variation of time for one casting piece. This lack

of stability in this acquisition will ooly have one repercussion, that is, the number of

points in the resulting data. Furthermore, sorne phenomena sucb as the fast solidification

from liquid to solid state, which takes a time less than severai ms, and the filling, which

takes about 40 ms, will he difficult to monitor due to the slow acquisition rate «65 Hz)

in the seriai acquisition mode.
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Figure 2..11: FroDt paDel of the VI dolnl the seriai recordlDg.
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Figure 2..12: RepeddoD rate for eacb fnme takeD durlng the seriai recordlng.
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However, one of the advantages of the seriaI acquisition is that the acquisition

tinte can he infinite. The limit of total recording tinte dcpends on the memory available

in the bard disk drive of the computer where this VI is installed. As an example, for 100

seconds ofacquisition, which is enonnous considering that the full cycle of SS process is

about 20 to 30 seconds in our case, the data file occupies about 100MB 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 he explained in the

following chapter. This approach also aHows 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 pennit 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 Multiple reeording

The multiple recording was developed to acquire as fast as possible many signaIs

in a short period of time. As mentioned before, the time frame is lirnited by our current

on board 8 Mega-bytes. However, the on board memory can he 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 signais in the on
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board memory. When the memory is full, the acquisition is stopped and the transfer of

the signais hegins from the on board memory to the bard drive of the computer. After the

on board memory has been cleaned, the system is ready to acquire more data. But for

DOW, the data transfer takes 26 seconds and the die-casting cycle is about 20-30 seconds.

Therefore, it does not pennit us to make another recording during the same cast cycle.

The multiple recording VI allows high repetition rates. With the help of the digital

delay/pulse generator mentioned above, our system cao reach a repetition rate as high as

3000 Hz. The fastest recording lime for a data set of 7500 bytes can he 3 ms. Therefore,

this software allows us to see the details of certain phenomena such as the initial

solidification that could not he seen with the seriai recording.

Figure 2-13: Front panel of the VI dolng the multiple recording.
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Again, the limitation of the multiple recording method is the maximum tinte

duration of acquisition. We cao ooly acquire for a short period of time with this system

as shown on Table 2-1. This is a disadvantage because we cao not monitor the entire cast

cycle. With this system, ooly a part of the process may he focused. An ideal system

would include the syncbronization 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 10 the cardo

Table 2-1: Tlme ofacquisition for specifie repeddon ntes ln funcdon ofacquisition dme per frame
for a 8 Mega-bytes ln board lDemory al a sampUng nte of 100 MPS.

Repetition ACQuisition time per frame
Rates(Hz) 7J,lS (second) 42J,ls (second) 120J,lS (second)

30 - - 23.4
100 -- 20.4 6.9
150 - 13.6 4.6
300 36 6.8 2.3
500 21.6 - -
1000 10.8 - --
2000 5.4 - --
4000 2.7 - -
5000 2.1 -- --

Now, with the new Gage driver, we cao achieve faster acquisition time than the

ones described in Table 2-1. The new driver pennits to flush the memory (save to the

bard disk drive) at the same lime 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 Rad (CBR) which cao

sustain high temperature was introduced. This new steel CBR have a SNR more than 30

dB at 2S0°C compared to 20 dB at room temperature for the Zirconium (Zr) CBR. The

new design bas 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 CaR as uniform diameter of 6.35

mm and a length of69.9 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 caR to be able to use commercially available ultrasonic transducer (Un

which cannot sustain temperature higher than SO oc. In fact, the cooling system keeps

the UT at a temperature lower than 22 oC during the semi-solid die-casting simulation of

the process. The CBR is used in conjunction with an acquisition system recording the

signais. 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 SO Hz is used, we cao 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 bard disk drive of the

computer.
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Chapter 3: UItrasonic 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 ioto a

certain medium, traversed inside the matenal and received by the same or another UT.

The received ultrasonic waves carry the infonnation of the properties of the materiai.

The ultrasonic results of properties can he obtaioed 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 materia! 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 tirst part is devoted to the techniques of

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

attenuation, solidification, flow front advance and gap development.

3.2 Ultrasonie Techniques- Retlection and transmission mode

There are many techniques used in ultrasonic measurements. The commonly used

techniques are the retlection and transmission modes. In the retlection mode, the signal

is transmitted and received by the same UT A, as shawn 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 ioto 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 rad (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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(h)

Figure 3·1: (a) ReOecdon and (b) tnnsmlsslon ofultrasonlc ",aves at the Interfaces.

For eertain in-line ultrasonie monitoring of industrial material proeesses, it is not

praetieal to use the transmission method because it would require a two-side access for

two liTs at a specifie 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 ofenergy. This is due to the fact that the

u1trasonic waves travel a round trip in the part instead ofsingle trip as in the transmission

mode; therefore, it bas twice the signal loss the transmission mode. Proper signal

processing a1gorithm, UT and coupling, etc..., may enbance the signal-ta-noise ratio

(SNR) and the need to have high energy in the signal. The signal strength and SNR of

the clad buffer rad probe used in this research are sufficient to perform the monitoring

because of its properties described in the previous cbapter and in references [75,69]. In

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

Looking at different in-Iine or on-Hne monitoring possibilities in the market [78­

82], we have found that the ultrasonic approach May be abead ofother options because of

its capacity to provide a fast response as weil 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 anaIysis. 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 Retlection and Transmission Coefficient

When ultrasonic waves impinge on the boundary of two different media, a part of

the energy is transmitted from the tirst medium into the second medium and the rest of

the energy will he 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: Reftectfon oroltr.sonlc "aves at the interface ortwo 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

respectivelyare represented in their mathematical foons by the following equations [83]:

Reflection coefficient:

Equation 3-1

Transmission coefficient:

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), u, of

the same medium.
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These two equatioDS are practical when evaluating the impedance matching of

two media and provide a simple way to determine the type ofdelay line (such as steel or

polymer) to he used for particular application. As an example, if an ultrasonic delay line

made of steel with a ZsucI=45.63 Kglm2s*I06 (1020 steel) is used to test a piece of

aluminum in water (Zwater=1.48 Kglm2s*1O~, a retlection coefficient of 0.94 is obtained

al the steel-water interface. It means that the most of the energy of the wave is retlected

back to the UT and Little ultrasonic wave energy is transmitted into the water or,

consequently, to the piece ofaluminum. Sometimes though, this small amount ofenergy

MaY he sufficient for certain measurements. As another example, if we use molteo

aluminum (ZAI=17.06 Kglm2s*106
) to replace water, the retlection 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 ofdelay line

material is crucial.

3.4 Velocity

For in-line ultrasonic monitoring of die-casting processes, severai 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*[BR , where IOR is the length of the BR
tdBR

and tdOR is the time delay between echoes L l and L2 or L2 and L3
•
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• 3.4.2 Velocity in the cast part

The velocity in the cast part, Oparb can he obtained from 2·hpœ1 , where hpart is the
rdpart

thickness of the cast part and tdpan is the time delay between echoes LI and L12 or that

between L2 and L2
2•

3.S Attenuation in the cast part

Let An(f) he the Fourier transform (Fn of the incident ultrasonic wave

impinging on the BR-cast part interface (probe-cast part), Sorf) the FT of the echo

signal, LI, reflected back to UT A from the BR-cast part, S2{ f) and S4( f) the FT's of

the echo signaIs, L2 and ~, which have gone through respectively once and twice the

round trip between the BR-cast part and the cast part-mobile die interfaces before

retuming back to the UT A. Assuming that probing end of the buffer rod is parallel to the

internai 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

hoIds. Under these conditions, we have:

Equation 3-3
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• SZ(1}=Ao(I}~z(I}R23 ( 1 )Tzl ( I)e-Za(/)It

=Ao(f }~ - RI2 ( 1 )2b(1)

S4(J) = Ao(f }~2(1}R23 ( f )Rzl ( / }R2J(/ )1iI(/ )e-4a(/jft

=-Ao(1}~-RI2( f)2 }l12(J)Q(/)Z

Q=Rn ( f )e-2a(/ )ft

Equation J..4

Equation 3·S

Equation 3-6

where ~z( f) and R12 ( 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), T2I ( 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, Rn ( /) is the reflection coefficient

of the interface between the cast part and the mobile die (medium 3) when the uitrasonic

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

represents the ultrasonic attenuation coefficient inside the cast part (molten Metal), and h

denotes the thickness of the cast part, i.e., the distance between the probe end of the

sensor and the internaI 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 R12 ( f) and R2J{ f) cao be regarded as real numbers.

Dividing Equation 34 by 3-3, taking the magnitudes of bath sides of the resulting

equation, and taking into account that /R1Z { fA SI, we can solve the equation for /R12{ f)/

and obtain:

Equation 3-7
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• Dividing Equation 3...5 by 34, taking the magnitudes ofboth sides of the resulting

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

EquatioD 3-8

Solve Equations. 3-7 and 3-8 for IRI2 ( f Aand IQI ,we obtain:

EquatioD 3-'

EquadoD 3-10

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

obtained as:

of/)= __1 In{[IS.(!) 2 +ls.(/)JII2 AR (f)l}
2h S,J! ) sorf) / l' 23

EquadoD 3-11

•

ln the current study, the buffer rad and the mold are bath made of steel. As a

consequence, we assume:
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• Equation 3-12

Taking this into account, we can substitute Equation 3-9 for IR23 ( fA in Equation

3-10 and obtain:

Equation J..IJ

•

Equation 3-13 is used for the calculations of the ultrasonic attenuation coefficient

in the cast part (molteo Metal). The results shown in the figures will he the attenuation

coefficient per centimeter obtained for the frequency at which Sorf) bas 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 he 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 Oow 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(R1Û at the BR-cast part (air) interface is almost one

(total reflection) due to the poor acoustic impedance matching between the BR steel

(Zsteel=45.63 Kg!m2s*10~ and the air (Zair=4.27 Kglm2s*lol). At, the filling stage, the

flow front advances inside the cavity and the Metal replaces the air. As soon as the

molten materia! wet the probing surface of the probe (BR), a part of ultrasonic wave

energy is transmitted ioto the molten Metal. The retlection coefficient (R12) at the probe­

cast part interface decreases. It means that the amplitude of the echo, LI
, reduces when

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

that particular location.
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Figure 3-3: AmpUtude ofecho L i as the f10w 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 (AI), presented here, we note that the reduction of

the reflection coefficient as the flow front arrives is greater for AI aIloy cast part because

of its closer acoustic impedance matching with the steel CBR. It means that more

ultrasonic energy can he transmitted into the cast part from the steel CBR. Another

difference is that the filling rime 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 Soo 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 bas increased significantly as

the part is filling the entire cavity, the high pressure will brake the oxide layer and then,

the cast part '~ets" the CBR probe. It means that a much more efficient coupling exists

at the end of the filling and the reflection coefficient (R12) reduces dramatically. Figures

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

3.8 Gap Development

It is understood in the literature [24-30] that the gap fonnation between the cast

part and the die can be detected by ultrasound. It is important in die-castiog to monitor

the gap fonnation because the transfer of thennal 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.

44



•

•

As mentioned in the previous section, before the filling the ultrasonic signal is

aImost 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 I
, 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 J.lll1 thick) is

developed, the interface returns ta the steel CBR-air condition and the amplitude of LI

returns ta its previous leveI. For more infonnation on the gap size please see the master

thesis ofMe. Cao [24].

In Figure 3-4, we can see the effect of the gap on the signais 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 he composed of the Ll
, L2

, L3 and the echoes which have

passed the material (L2, ~,L6). When a gap is forming on the side of the mobile die

(case (h», we can still see the same echoes as in case (a), but the amplitude of the signais

(L2, ~, 4) should he greater due ta the fact that the energy is reflected back ta the cast

part at the cast part-mobile die interface and not transmitted ta the mobile die as in case

(a). When case (c) happens or when gaps are fonning on both side of the die, we can

ooly see the retlection of the CBR (LI) and we cannat sayat 100% if the gap is formed

on the steel CBR-cast part or cast part-mobile or both interfaces. The ooly time that we

can be sure where the gap is formed is when the gap al 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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(c)

Figure 3-4: Cap formadoD. (a) before gap formadoD, (b) gap formiDg at the cast part-mobUe die
(nterface and (c) gap formadoD at both sldes 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 continuouslyaod, as we know from the

previous sections, the ultrasonic velocity of a specifie matena! changes as a function of

temperature. Because of this change, time delay between two echoes (L2 and L4) 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 fil1ing, 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, fmally the attenuation coefficient in the cast part were introduced.

The monitoring of the end of filling and the gap development can he carried out by

studying the change of amplitudes of echoes L I and L2 respectively, which are the tirst

and second round trip echoes reflected from the steel CBR-cast part interface. The

ultrasonic velocity cao 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 cao he correlated with the ultrasonic velocity. The solidification in the cast

part cao he monitored by looking at the variation of the ultrasonic velocity in the cast part

(or the time delay between echoes L2 and L4); 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 ümit of allowable thickness for ultrasound monitoring.

Throughout this thesis the pulse-echo retlection mode is used. The ret1ection mode uses

a single ultrasonic transducer (UT) for the transmission ofultrasonic waves as weil as the

reception ofultrasonic echoes bounced back from the interface of two different materials.

The ret1ection mode is sometimes preferred because of its simplicity to install. However,

particular attention must he paid to the SNR of the system.
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Chapter 4: Ultrasonie Charaeterization of Die Casting Billets

Using a Laser-Ultrasonie 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 he done without contact and far

from the measured target; thus, applicable in harsh industrial environments and moving

surfaces. Furthennore, the laser beam does not need to he perpendicular to the inspected

surface and making it possible to malee 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 ofdetection 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 concem 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 bath simultaneously. By doing this, it is

possible to scrutinize the structures for defects and integrity as weIl as for characterizing

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

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

ultrasonic was used to measure the ultrasonic longitudinal and shear wave velocities (or

49



• y oung's and shear moduli) of ceramic samples up to 1800 oC and to measure steel

seamless tubing at 1000 oC 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 JJID with a total energy of400 ml and 12

os fwhm duration and a repetition rate of about 10Hz. Both spots for generation and

detection were about 5 mm in diameter. Note that the sample can he 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 he used as

references for comparison with those of the next chapter which consist of ultrasound

waves taken during a high pressure die-casting process. Furthennore, here, we used a

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

material) used for die-casting.

Gleeble Thermal Simulator

Thenn~

couple

\ Sampie

--~--~\."", WiDdow
Detection

LaserBeam

•

Figure 4-1: Laser ultrasonic measurement setup ln the chamber of a Gleeble thermal simufator.
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It is noted that during Iaser-ultrasonic measurements the OIeebIe 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 he somewhat

different from those obtained by in-line ultrasonic method given in Cbapters S.

In this chapter, six different kinds of billets were investigated: three thixotropic

aluminum (Al) alloys used for SS processing (the A356, A357 and 868) 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®

68:30. They were chosen because of their availability even though in limited quantity

for the Mg aIloyand MMC. The Mg and the MMC billets were supplied from our

cOllaborators, Perfonnag (Montreal, Canada) and INCO Limited (Ontario, Canada),

respectively. The Mg alloy was made by Perfonnag 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

tire), the Mg aIloy was heated in the Gleeble system with Sf6. 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 A1uminum AUoys

The Al alloy samples used in this research were taken from the thixotropic A356,

A35?, 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 al a rate of 10°C per minute till 535°C and finally at a rate of

l.l°C per minute unti1575°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. 8ince the sample thickness, h, is known and the

traveling time, td, of the ultrasonic wave into the sample can be measured, then the

velocity can be obtained as v=2h/td• In those experîments, ooly the longitudinal wave

was used and the shear wave oot considered.

Table 4-1: A1amlnum aIIoys composidoD.

AIuminum Elements (% wt)

AIloy Al Si Fe Cu Mn Mg Zo Ti Others

A356 Balance 6.5-7.5 0.2 0.2 0.1 0.25-0.45 0.1 0.2 0.15

A357 Balance 6.5-7.5 0.2 0.2 0.1 0.4-0.7 0.1 0.2-0.4 0.15

868 Balance 5-7.2 <1.5 1-5 -- <1 <3 -- <3

Figure 4-2 and Figure 4-3 show the measured ultrasonic velocity and total

attenuation, respectively for the above mentiooed 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 tirst and second round trip echoes traveling through the sample thickness, if we refer

to the given nomenclature (L2, L.. 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 868 and the dendritic alloy have a smooth variation at about

52



•

•

480°C and 500°C respectively. In Figure 4-2, we can a1so see that ultrasonic velocities in

the thixotropic billets A356 and A357 are about 180 mis higher than that of the dendritic

sample, whereas the velocity in 868 is about 100 mis higher. But for ail 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 he

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. Ifwe examine

the results of the thixotropic A356 and A357 samples shown in Figure 4-2 and Figure

4-3, one can see that bath have a similar velocity and attenuation. The reason must he

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 weil he 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 mis higher than those of the dendritic A356. This difference increases

with the temperature except in the Al alloy softening range. Between 425 and 535 oC,

the difference may he even more than 2000 mis. 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: Veloclty measurements of four samples of alumlnum aUoys at 10 MHz.
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Figure 4-3: Attenuation measurements of four samples ofaluminum aDoys at 10 MHz.
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(a)
(b)

Silicon Needles
(c)

Figure 4-4: Microstructure of semf-soUd cast part of: <a) A356 at 10 X, (b) A357 at looX compared
to (c) cast A356 dendrldc.

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 mis within about 20 oC. This means that ifone can measure the velocity
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accurately (±l mis is typical), then the temperature and the associated solid-liquid

fraction information may he obtained with high precision. It is weil known that the solid­

liquid fraction is an important parameter for SS processing. Furthennore, 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 he 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 bas

been observed during injection molding of semi-crystalline polymers in which the

velocity versus temperature curve bas a similar abrupt change near the melting

temperature [62]. We do not expect that the solidification front for thixotropic 86S and

dendritic Al can he 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 alloyup to SOO°C. We also carried out the same

Iaser-ultrasonic measurement for two SS cast parts; one was the A356 and the other one

was the 868. The velocities and attenuations profiles versus temperature of these samples

are very sunHar to those of corresponding billets shawn in Figure 4-2 and Figure 4-3.

Therefore, ultrasonics can provide us a Mean to detennine whether the processed part bas

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 sampIe thickness accurately. Therefore, we did not

continue the velocity and attenuation measurements above the value of around S7SoC as

shown in Figure 4-2 and Figure 4-3. Furthennore, the thennocoupIe, which is spot weld

to the sample, used to measure the temperature May detacb itself when the materia!

begins to melt. This is another reason for the measurement limit of around S7SoC. A
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new ultrasonic sensing geometry is being considered in order ta remedy such a drawback

and allow us to obtain temperature readings higher than 575 oC.

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 a1though severa! were made by CANMET for m­
line ultrasonic monitoring of SS die-casting process. AlI results were similar; therefore,

onIy the result with the highest measured final temperature is shown. In this sample, the

thennocouple is not spot welded but, instead, small holes are made to accommodate the

Nickel-Chromium and Nickel-Aluminum wires of the K type thennocouple. The holes

were made to help the thennocouple withstand higher temperature because the spot welds

were melting at high temperature and no more reading could he made. The composition

of the dendritic AZ9l 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 he modified and shortened. Therefore, the sample was

heated at a rate of SoC per second till 400°C and, thereafter, at 1°C per second until the

ultrasonic signal from the laser could not he analyzed anymore because of the high

attenuation of the material at those high temperatures and/or the detachment of the

thennocouple. In this case, the maximum value has been reached at a temperature of490

oC.
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Table 4-2: CemposidoD of the mapesium aUey AZ91•

Magnesium Elements (%wt)

Alloy Mg Si Fe Cu Mn Al Zn Ti Others

AZ91 Balance 0.3 - 0.1 0.13 8.1-9.3 0.4-1 - 0.31

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

pennits 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 tirst 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 of490°C.

ln 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 (OSC

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. Sïnce Mg at high temperature would bum and cause fue,

the safety regulations are strict. At present, since at IMI there is no sufficient protection

environment for the Dse measurement of Mg or Mg alloys such as AZ91, DSe 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 soooe and the detachment of the thermocouple. But it cannat explain the
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change of the slope at 4S0°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 ofa dendritic AZ91 as those of the Al alloys except that the

measured drop is about a 1000 mis witbin 90 oc.
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Figure 4-5: Veloclty measuremenu of magneslum AZ91 before casdng.
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Figure 4-6: Attenuadon measurements of magnesium AZ91 before casting•
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Figure 4-7: AI-Mg binary phase dlagram from H. Okamoto, J. Phtlse Eqllilibritl, Vol. 19, No. 6, pp.

598,1998.
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Figure 4-6 indicates that the uItrasonic 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

SOdB/mm. This explains the limit in the analysis of the signal (high attenuation at high

temperature). This high attenuation aIso reduces the uItrasonic monitoring sensitivity to

detect the filling and solidification because the signal in the acquisition system could he

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 confmned by the above testing method which gives high

attenuation results.

At this moment, we bave 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.

4.3 MMe, 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. AlI results were similar; therefore, like for the

AZ91 Magnesium alloy, ooly the results with the highest final temperature will he shown

in this thesis. The composition of the Gra-NI® 6S:3G can he seen in Table 4-3. The

sample was heated at a rate of SoC 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: ComposJdoD oftlle MMC Gra-NllI6S:3G

Aluminum Elements (%wt)

Alloy Al Si Ni Mg Fe SiC graphite

Gra-Ni® 68:3G Balance 7.5 2 0.3 0.5 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 aIso evaluated using the fust 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 he 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 corves should he considered and, if we do so, we cao see the same general curve

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

beginning ofa 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 tbat the ultrasonic attenuation in the MMe alloy is about the

same as in the Al, at the beginning; but it reaches the limit point that we cao 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 cao 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, 86S, dendritic A356, dendritic AZ91 and the dendritic MMC

Gra-Ni® 6S:3G from room temPerature up to temPeratures of about 575 oC. The

samples were heated by a Gleeble thennal 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 oC. This ditTerence increases above 500 oC. The

velocities and attenuations of the thixotropic billets A356 and A357 have an abrupt

change at around 565 oC whereas those of thixotropic 86S and dendritic alloy (A356)

have a gentle variation at around 480 and 500 oC, 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 ofthis dendritic Mg alloy sample have smooth changes at around 380 oc

and a variation in the slope curve at around 450°C which need DSC curves and

micrographs to explain. For the dendritic MMe, 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 oC and by the same time surpassing the A356. The velocity of the dendritic

MMC starts at about 100 mis over the thixotropic A356 at room temPerature and

gradually decreases up to 550°C, the limit of the measurement Furthennore, the results

are more scattered tban 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 microstnlcture, the porosity level and the composition of the materia!.

We cao 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 QOt. 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 he 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: UItrasonic 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 cbaracteristics. Since this process

involves high pressure and high temperature as weil as the corrosive nature of the molten

metals, there are practically no sensors available to perform in-Hne monitoring of the

properties of cast parts. The objective of tbis 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 melt will he 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 he used for

this study. At present, ail 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 concemed, three different microstructures were used:

(1) a dendritic AZ91 as mentioned in Chapter 4 produced by Perfonnag; (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 flner thixotropic microstructure

(smaller grain size).
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5.1 Experimental Set-up

Experiments were carried on with a 6oo-ton Bubler die-casting machine as shown

in Figure 5-1. The CaR sensor shown in Figure 5-2, and described in chapter 2 of this

thesis, was used to perform in-line u1trasonic monitoring. To som up briefly what was

presented before, the caR consisted ofa 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

flusbed with the cavity of the die (see Figure 5-3). It is flushed because the bole 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 50°C. This UT served as transmitter as weIl as receiver

during the pulse-ecbo measurements. Furthennore, the commercial UT used in our

experiments was a 10 MHz broadband made by Panametric and it will always he the case

except when mentioned otherwise.

In the experiments, the billets whicb 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 plonger of the die-casting machine to produce a part. The

extemal and internai 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 weIl as the position of the biscuit are a1so indicated.

67



•

•

Figure 5-1: Photo of the 600-toa Buhler dle-castlag machine.

Figure 5-2: Insertion of the COR ia the In-DlobDe mold.
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Figure 5-3: SenIOr iJ ftusbed to the cavlty l'hen the insertion iJ completed.

Biscuit Cutting Position

Ultrasonie Probe Location

Figure 5-4: ExtemaI viel' of tbe cast part with senson.
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Vltrasonie Probe Location

Figure 5-5: Internai vfew of the cast part with senson.

The results presented bere 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 he achieved due to the difficulty of the induction heating of the billets, the

tinte required to heat the die and problems encountered during casting sucb as sticking

and frozen materia! in the gate. The majority of the experiments were performed with Al

A356 and A357, and a few with the MMe and the Mg.
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5.2 Aluminum aOoys

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 signais and analysis between these two a1loys and

the results of our research are sunilar whether they come from the A356 or the A357

aluminum alloy. As a consequence, ooly the results of the A356 will he presented in the

following pamgraphs.

Figure 5-6 and Figure 5-7 show the snap shots of recorded ultrasonic echoes in

the probe and cast part during the fust 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 ilS in the desired ultrasonic signal, the fastest

acquisition speed tbat 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 (2 decreases.

Even if it is bard to see in Figure 5-6 and Figure 5-7 due to the size of the figures,

the following relationship can he derived; the attenuation is nearly proponional to the

square of the 0Perating frequency. This is because of the natura! 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 witbin a fixed rime frame such as 1 J.lS is gradually decreasing in the

waveforms of LI
, L(2 and L14• This means the center frequency of the waveform is

sbifting 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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• The locations of the cavity pressure and temPerature sensors in the die are shown

in Figure 5-4 and Figure 5-5 respectively. These conventional sensors were not used in

[24,62]. It bas to be noted that die.casting process is under high pressure and the molten

a1uminum 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 difficulties

in obtaining reliable pressure readings. Tberefore, in Figure 5-8, the relative change of

the pressure rather tban the absolute value is used. Sînce no rugged temperature sensor

was available, the sensor head of a K-type thennocouple (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 onder 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.

10 20 30 40

Time (sec)
50 60 70

•

Figure 5-8: Measured cavlty pressure proftle acquired wltb a serfal recording set-up.
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When at time A the cast part reaches the die region where was embedded the

conventional temperature sensor, the measured temperature tirst 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 ioto 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 lime

delay in the buffer rod (i.e. between the echoes L2 and L3 in Figures 2-1) is given in

Figure 5-9. In this case, L I 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 CaR is faster than that of the temperature measured

by the embedded thennocouple which was at 1.27 mm beneath the cavity surface. This is

due to the fact that the probiog end of the buffer rod was tlushed with the cavity wall and

directly in contact with the hot viscous semi-solid part. This means that the CaR 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 lime 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 he underestimated.
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• Figure 5-10 and Figure 5-11 show the amplitude variations of the echoes L2 and

L22, respectively, which relate to the ref1ection coefficient at the BR-cast part interface

and the transmitted energy into the cast part. LI was not chosen because it was saturated.

The general rule for the selection of these echoes such as LI, L2 or L3 is discussed in [67].

As expected, at time A the amplitude of the echo L
2 decreases whereas that of L2

2

increases because the ultrasonic energy is transmitted into the cast part. It means that the

amplitude variation of the echoes L2 and L22 at the rime A in the figures can he used to

detect the completion of the fast filling 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 L2

(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 trom the cast part to the mobile die; thus, the amplitude of L2 increases

(more details in chapter 3). It is believed that at lime 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: AmpUtude ofsignal ofL2 measured wfth the seriai system.

• 75



• ~

et .
~D~ A\i1/

" V""...." -....

= ct....- - .-c.
E
-< 0 10 20 30 40 50 60 70

Time (sec)

Figure S.11: AmpUtude orsignai orLz
z measured wtth seriai system.

As the die cast process time evolves from C to D, the ultrasonic coupling at the

BR-cast part interface deteriorates; the amplitude ofL2
2 also decreases. In the meantime,

the amplitude of L2 continues to increase. At tinte D, when the cast part is ejected, the

amplitude of L2
2 decreases to zero and the amplitude of L2 retums to the amplitude

reached before the injection of the viscous semi-solid alloy, but with a liule variation due

to temperature effects on the rod and the ultrasonic couplant. This means that ultrasonic

probe can monitor the completioo of the filling, oPenïng for the biscuit cutting,

detachment from the die and ejection of the part.

•

The Figure 5-12 shows the amplitude of L2 measured with the multiple recording

system. At time A, we can draw the same conclusion as for the seriaI recording (Figure

5-10). In fact, the only difference between the two measured amplitudes is the time span

of bath recording system acquisitions. In Figure 5-12, we can only see the beginning of

the process. The advantages and disadvantages of bath recording have beeo discussed in

Chapter 2. The multiple recording will oot he shown furthermore because it represents

only a small picture of the process compared to the general picture that the seriai

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: AmpUtude ofsignai L2 meuured USiDg tbe muldple recordlDg 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 LI and L12 , that is, the OOt round trip time in the cast part. Thus, the ultrasonic

velocity in the cast part at the probe location can he calculated as in Chapter 3 and is

given in Figure 5-13. This velocity change May he related to the average temperature in

the cast part, which could he a crucial parameter for process optimization. In Chapter 4,

the variations of ultrasonic velocity and attenuation as a fonction 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 mis shown in Figure 5-13 can he correlated with the data in Chapter 4 at about

500°C. It must he noted that here the part goes through a solidification process but not a

heating process as reported in the previous chapter.
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Figure 5-13: Measured ultruonie veloeityofthe east part A356.

As mentioned in the previous coopter, 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 he done to confinn 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 calculatioD, the

acoustic impedance matching condition at the interface between the probing end and the

cast part (steel CBR-cast part interface) was assumed to he 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 ultruonfc atteDuatioD ofeut part AJ56.

Figure 5-15 shows the external view and defects of a cast part in a cold shut

situation. Cold shuts are created when two tlow 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 L2 and photo of a good part, respectively. This means that the

presented ultrasonic method bas the ability to monitor the cold sbut 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 offilling of the part).

•
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Figure 5-15: Esteraat p'Clare of the part wlth a cold shut defect..
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Figure 5-16: AmpUtude of the signal orthe part with a cold shut..
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5.3 Magnesium AUoys

Magnesium aIloys are one of the most desirable raw materials in die-casting

applications. There are severa! factors that malee Mg alloys an excellent material for

manufacturing Parts for the automotive, electronics, telecommunications and other

industries. Its lightness, about 3()O,Ic, 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 tire 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

AZ91 part during casting. The different billets, as mentioned earlier, are cast io 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 rcach a uniform temperature. This soaking is required because Mg bas a

poorer thermal conductivity than Al. It pennits a more unifonn temperature throughout

the billet when it is iojected ioto the die. In the heating process, sorne SF6 gag 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 fmd, in the signais,

the same part detachment, die filling, release of pressure and solidification. The only

difference between Al and Mg aIloys is the quality of the signal as shown in Figure 5... 17.

The signais 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 cao be seen in Figure 5.. 18. This Figure is a representation of the amplitude of

the signal; but, as we cao see, ultrasonic cao 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 magnesfum part and (h) alumfnum A356.
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Figure 5-18: Measured ampUtude of the signai of LZ of the globular CANMET billet.

Figure 5-19 to Figure 5-21 show the measured ultrasonic velocities of the cast

part of the tbree kinds of microstructures found in the magnesium billets: dendritic from

Perfonnag, 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 Perfonnag 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 quicldy reaches nearlya constant. However, in the case of the

Performag billet, the velocity change is graduai 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 mis, 5646 mis and 5708 mis, as shown in Figure 5-19 to Figure 5..21. We can

see tbat 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 detennine the kind of microstructure cast. It can differentiate a dendritic

microstructure from a tbixotropic one. Furthennore, the CBR can help detennine 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 ultrasonie velocity of the dendridc AZ91 billet made by Performag.

10 20
Time (sec)

~
!, 5000

è.- 4500CI

=->. 4000
o

c~

30

•

Figure 5-20: MeIl.5ured ultrasonic velocity of the globuJar AZ91 billet made by CANMET•
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Figure 5-21: Measured ultrasonic velocity of the rosette AZ91 billet made by CANMET.
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Figure 5-22: Mlcrograph of the microstructures of (a) Performag, (b) CANMETand (c) liner
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 ail three parts the differences in the curves can he

explained only by the microstructure and the porosity. Figure 5-23 to Figure 5-25 can he

explained by the high porosity of the parts. The Perfonnag (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. Furthennore, Figure 5-24 shows a drop in the attenuation; this is due to
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• the gap formation during the cooling and Dot due to any other factors. So, only the

beginning of the curve should be considered for the comparisoD (up to about the 23 dB).

In Figure 5-25, the attenuation starts al 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 fonn for Figure 5-24.
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Figure 5-23: Measured ultrasonie attenuadon of the dendritfe AZ91 billet made by Performag.
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Figure 5-24: Measured ultrasonie attenuadon of the globular AZ91 billet made by CANMET.
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Figure 5-25: Measured ultruonic attenuadon of the rosette AZ9. blUet made by CANMET.

5.4 Metal Matrix Composite AUoy

•

As mentioned earHer, in order to demonstrate that the ultrasound can probe

different material properties, dendritic Gra-Ni® 68:30 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, ooly 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 detacbment, completion

of the die filling, the release of the Metal pressure and the solidification of the part can he

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 he assessed in Figure 5-27 in which the time

delay between L2 and L3 is displayed. This figure shows that the signal received is of

good quality and that the wetting hetween the steel CBR and the cast part is good because

there is no jittering as in Figure 5-18.

Figure 5-26: Mfcrograph of the microstructure of the MMC Gra-NI@ 6S:3G.
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Figure 5-27: Measured Ume delay of the MMC betweeD L1 and LJ.
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• The cycle time in casting was arbitrarily chosen to he shorter than that used in the

casting of the thixotropic A356 billets. Figure 5-28 shows the measured ultrasonic

velocity in the cast part. ft 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 quicldy reaches nearly a constant. However, in the case of

Gra-Ni® 6S:3G, the velocity change is graduaI and no sharp change is displayed. A

similar difference in the velocity profile as a fonction of temperature was observed during

the heating of a S8 A356 and a dendritic A356 sample in chapter 4. Also at time C, no

pressure was applied to the Gra-Ni® 6S:30 part, the ultrasonic velocity of 5890 mis

shown in Figure 5-28 can he correlated with the laser-ultrasonic results presented in

Figure 4-8 at about 500°C.
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Figure 5-28: Measured ultruonic velocity of the MMe Gra-Ni@ 6S:3G.

The measured ultrasonic attenuation coefficient in the cast Gm-Ni® 6S:3G part is

given in Figure 5-29. We can see that the ultrasonic attenuation coefficient in this alloy

cast part is Il 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 ta 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 g10bular particles

in the thixotropic A356 alloy [66]. And, thirdly, it might he 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 ofeach of these three reasons need to he further investigated.
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Figure 5-29: Measured ultrasonle attenuadon of the MMe Gra-NI® 6S:3G.

5.5 Summary

In-line ultrasonic monitoring of the die-casting process using billets of different

materials such as A356, A357, AZ91 Mg alloys and MMe Gra-Ni® 68:30, with

thixotropic (globular) and dendritic microstructures for different materials bas 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 a1so

monitored through the analysis of the ultrasonic lime delay information in the buffer rod
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and part respectively. The ultrasonic sensor bas 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 Ca!! he used to monitor cold shut

defects and incomplete filling. The variations of the attenuation coefficient and the

ultrasonic velocity in the cast part MaY he used to relate to changes in alloy composition,

microstructure and porosity. Because ultrasonic sensors can measure in-line the above

parameters simultaneously, it may he 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 bas been

ejected from the die or mold because of the lack ofa 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; tittle 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

sorne sbortcomings such as slow resPOose, 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-Hne measurements and for machine and

process control. The ability of the ultrasound to interrogate non-invasively, non­

destnlctivelyand rapidly the regions of the die and cast part is desirable for a modem

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 tirst recognized in the early 1970's; but, its growth
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bas just recendy begun. This new fonning processing technique is called Semi...Solid

(S8) forming. This technique uses feeding materials composed of spheroidal particles of

solid surrounded by a liquid phase of a lower metting point, rather than the interlocking

tree...like dendrites existing in the conventional cast alloy. Furthennore, in this research

we used the thixocasting as the fonning process, which consists of using conventional

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

In ebapter 2, a new design of the Clad Buffer Rad (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 (dL) of the CBR is 11.684 mm and its length (2l) is 103.68 mm. The

CBR is composed of fine grain steel as the core and a stainless steel cladding made by

thennal 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 immersed in liquid metals.

This new CBR has a signal-to...noise ratio (SNR) ofmore than 30 dB at 250°C, an

improvement from the old design that bas a SNR of about 20 dB at room temperature.

This increase of more than 10 dB near the trailing eeho is a significant improvement

because it permits us to monitor the signaIs in the sample such as L2 and L4• We aIso

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 cao ooly record for a small period of time at those rates due to limited

on...board memory. When high repetition rates are not necessary, seriai acquisition with a

reduced repetition rate is used. It can acbieve bundreds of seconds for the acquisition

tinte but its repetition rate is limited to a maximum of65 Hz.

In chapter 3, the ret1ection 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 ofenergy that will be transmitted

or reflected from the interface between two media. It is demonstrated that it cao he used

to monitor the end of tilling, 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 uItrasonic 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 86S, dendritic A356, AZ91 and MMe Gra-Ni® 6S:3G were obtained byusing

a laser-ultrasonic method combined with a Gleeble thermal simulation system. The laser­

ultrasonic system uses a high power pulsed laser that generates ulttasound 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 signais. With this system, we can measure the velocity

and/or attenuation in the sample as a fonction of temPerature. The velocity and

attenuation cao vary due to three different causes: the microstructure, POrosity level and

composition of the materia!. It bas been demonstrated, by eXPeriments, that the

uItrasonic proPerties of a sample taken from a billet that bas not been heated are similar

to those of a sample taken from a SS die cast part. Therefore, the ultrasonic monitoring

in die-casting cao provide us with a mean to determine whether the processed part has the

desired thixotropic microstructure or not and the SPecifie microstructure by comparing

the results obtained by the laser-uItrasonic method together with the Gleeble thermal

simulator system. Furthennore, the ultrasonic method May he used to determine the solid

fraction of the materia! if good calibration curves could be obtained.
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In chapter 5, 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 tilling, 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

aoalysis of the ultrasonic time delay information in the caR and cast part respectively.

The ultrasonic sensor bas shown a response time faster than that displayed by the K-type

conventional thermocouple. The measured amplitude profile of the retlected echo at the

steel CBR-cast part interface cao be used to monitor cold shut defects and incomplete

filling. The variations of ultrasonic attenuation coefficient and ultrasonic velocity in the

cast part May he related to changes in alloy composition, microstructure aod porosity.

Because ultrasonic sensors cao measure in-line the above parameters simultaneously, it

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

Furthennore, it bas 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 atteouation of samples as a

fonction of temperature but with 00 pressure as the reference. This research has brought

severai major original contributions that are summarized below:
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(1) We have designe~ fabricated and successfully installed a steel CBR sensor

into the die of a semi-solid die caster [27,85]. It bas 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 tirst report concerning in-line ultrasonic monitoring

of semi-solid die-casting [27,85]. We used the ret1ection coefficient, for example, at the

probe-part interface, obtained by a simple ultrasonic pulse/echo method, to monitor m­
line the die-casting process features sucb as the end and completion of the fiUing, 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 tirst study conceming the ultrasonic velocity and

attenuation measurement of Mg alloy AZ91 as a function of temperature. We installed

the SF6 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 buming 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 researcb could still he improved. The CBR could

he used as a pressure sensor; however, it requires to he calibrated as mentioned by
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Nishiwaki and al. [86]. Ta be able ta use the probe for pressure sensing, calibration

curves need to be established onder 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 he to increase the number ofCBRs 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 CB~ including the

relevant modes conversion, could help to grasp the behavior of the CBR in more details.

This analysis cao provide infonnation helpful in signal processing (noise reduction) and

calculation (attenuation in the cast part).

Furthennore, in arder to improve accuracy, not only time domain information

about reflection coefficients should he considered, as indicated by Drinkwater [87], but

also frequency domain infonnation should be included in interpreting reflection

coefficients onder 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 he achieved. One way to obtain this result would he to use the

Gleeble system by solidifying the sarnple and not by melting it as we do now.
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AppendixA:

2-D Drawings of the Clad Buffer Rod
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