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Abstraet

On-line ultrasonic monitoring of injection molding ofpolyethylene and die casting of

aluminum is studied using pulse.echo techniques. The tlow front of molten materials

including the polymers and aluminum inside the mold bas been probed by a multiple

channel probing system with a lime resolution of about 1 ms. This information can be

used to control the plunger movements. The gap development which is important for the

understanding of the thermal contact between the mold and the part due to the sbrinkage

is aIso monitored. Gap formation tilDe periods versus different packing pressure and at

different part locations with different part thiclmess bave been investigated. The

ultrasonic velocity inside the part during the solidification bas been aIso measured for the

interpretation of the solidification process.

For monitoring the die casting of aIuminum with a melt temperature above 690°C,

novel high performance buffer rads together with coaling channels are integrated into the

die thus the ultrasonic measurement such as tlow front and gap formation can he carried

out with high signal-to-noise ratio signais for the first lime at such elevated temperature.
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Résumé

La caractérisation en-ligne du moulage par injection de polyéthylène et du moulage

sous pression d'aluminium a été étudiée grâce à des techniques ultrasonores de pulse

écho. Le front d'arrivée des matériaux fondus (polymère et aluminium) à l'intérieur du

moule a été sondé avec une résolution de 1 ms grâce un système d'inspection à canaux

multiples. Cette information peut être utilisée pour contrôler les mouvements du

plongeur. Le développement d'un interstice~dû à la contraction de la pièce dans le moule,

a également été observé. Cette information est importante pour la compréhension des

phénomènes reliés au contact thermique entre le moule et la pièce. Le temps de formation

de cet interstice a été évalué pour différentes pressions de remplissage et à différentes

positions sur le moule où la pièce est caractérisée par différentes épaisseurs. Dans le but

de pouvoir interpréter le processus de solidification des pièces, la vitesse des ondes

ultrasonores se propageant à travers les matériaux moulés a également été mesurée tout

au long du processus de solidification.

Pour inspecter le moulage sous pression de l'aluminium qui fond à des températures

supérieures à 690°C, une nouvelle tige d'isolation (buffer rod) à hautes performances a été

développée. Plusieurs de ces tiges, jumelées à des canaux de réfrigération, ont été

intégrées dans le moule permettant, ainsi, des mesures ultrasonores avec d'excellents

rapports signal-sur-bruit malgré les températures élevées.
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Chapter 1:

Introduction

1.1 Background

Increasing requirements for high quality products and efficient production are pushing

material process to undergo a fast evolution in the past decade [1-4]. Materia! processes

are usually dynamic and difficult to attain a steady state, thus complex control strategies

are needed to be applied to the process control [2-7]. For instance, intelligent control

systems which are centered on sophisticated and integrated decision-making computer

systems, base on mathematical models, may automatically select and adjust process

variables during the process [1]. Often, to perform such a control tas~ instruments are

required to provide precise feedback on process parameters and materials properties

during production, thus development of cost effective sensors as weIl as on-line

measurement technologies are important [2-,4,7,8]. At present, the lagged development of

material processing sensors hampers the advancement of the material processing control

[9]. Meanwhile, process modeling, analysis and operation parameter's optirnization have

been investigated intensively both from the theory and experiment [10-20]. Thus the

improvement of the basic physical understanding of the process is essential and requires

available sensors and measurement methods to perform such investigation. In addition.

numerical models are frequently used for computer simulation to economize the design

and optimize the process [11,18,20-30]. Even a virtual mold concept bas been mentioned

recently that the entire product process may be virtually simu1ated by computer without

going through any real process [31]. However, computer simulation models often

simplify the real but complicated situation in order to reduce e.g. computation time. The

experimental verification and evaluation of the computer simulation software are thus

becoming crucial [24,25,29,30,32] crearing demands for the development of available

measurement methods and advanced instrumentation.
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Injection molding and die casting bave been widely used in Many indusbies as mass
production methods. Improved quality control and efficient manufacnuing are critical

issues which enable the manufacturers to survive in a severely competitive markeL

Different advanced control strategies such as close loop, statistics, knowledge based

expert system ete., are now integrated ioto the production [2-7]. Computer simulation is

extensively used to optimj7e different production stages (filling, packing, etc.) [21-30].

Understanding the associated physical pbenomena sucb as Dow path, beat transfer, part

solidification, packing pressure effects, part cooling, etc. are essential for the
improvement of the process control parameters as well as the numerical simulation
[33,34]. Many measurement sensors such as traditional thennocouples and pressure

sensors that measure the parameters, i.e., temperature and pressure profiles bave aIso been

applied in the process [35-37]. Il is understood that tbere are Many limitations such as

slow response, UDSteady, nonrepeatability, ete., of these ttaditional sensors, thus mey

often do not fulfiIl Many requirements of the fast processing control. Due to these

shorteomings, new and advanced measurement sensors and methods are being continually

applied to the process monitoring and control. Severa! monitoring techniques such as
infrared [38-42], visible optics [43-46] and real lime radioscopy [47] were reported.

The ability of the ultrasound to interrogate noninvasively, nondestructivelyand rapidly

the surface and internal regions of material objects is clearly desirable for a modem

process control. Such a control should not disturb constant process conditions and

consistent product properties in a bateh or continuous process and al the same lime

acquires the desired information fast enough to prevent the errors [48]. Although
ultrasonic techniques have also been used for the improvement of material processes for a

long lime, recent advances in transducer materiaIs. microprocessors and measurement
techniques, alIowone to obtain data rapidly, reliablyand economically [48]. Thus high

speed data acquisition systems and complex signal processing techniques mate ultrasound

an attractive tool for on-line production monitoring. For example, ultrasonic pulse-echo

method was utilized to characterize polymers in both the solid and molten states [49-54].

The polymer mell temperature was measured during injection molding [34] and a simple

plate mold was used to study the mold cavity conditions [55,56]. The interface in multi

layer polymer flows was monitored in [57]. In addition, closed loop control of injection
molding hold lime using ullraSOnic sensor was reported in [55,58] and ultrasonic
measurements of material properties during injection molding were demonstrated in [59].

Ultrasound is also a useful method to cbaracterize the properties of metals, such as the
temperature, cracks and tlaws inside the metal pan and even the grain size.
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It is known tbat industrial processes are often performed at elevated temperatures

which are, for instances, belWeen 200 to 700°C for aluminum die casting, polymer

injection molding, polymer extnlSion, ete. Even with the cooling lines the temperature at

the external surface of the mold or die MaY he between 100 to 300°C. Noncontaet

ultrasonic metbods such as laser ulttasound [60-64] and electromagnetic acoustic
transducers (EMAT) [9] are attractive approacbes. Laser ultrasonic systems cao provide
advantages sucb as fast scanning and probing materials of complex sbapes but is generally

bulky and costly, and laser safety is also a concern. The signais produced by EMATs have

much poorer qualities in fœquency bandwidth and signal-to-noise ratio than tbose

generated by piezoeleclric u1ttasonic transducers (UTs). lbus tbere is a strong need to

find alternative uItrasonic methods to perfonn on-line ultrasonic monitoring

measurements.

1.2 Injection moldiDg and die casting proeess monitoring

The processes of injection molding and die casting are simïlar. Material is heated, melt

and then fed into the cavity of a mold (or a die) which bas a unique shape for a designed

production part. Then the part is cooled and solidified inside the mold until it is ejected out

at some stage and another run stans.

When the molten material is pusbed by the hydraulic cylinder (piston or plunger) ioto

the mold or die, the tlow advances witb certain paths inside the mold. Usually, a bigh

pressure is applied and the molten material fiUs the cavity al a high speed with a strong

force. When the cavity is filled, the filling pressure should he immediately switehed to a

much lower packing pressure for injection molding of POlymer and much higher

intensification pressure for die casting of metal alloys. With the monitoring of the

advancement of the Oow front a smooth ttansition from the filIing stage to packing or

intensification stage could he achieved. For injection molding this operation cao reduce the

part flashing and avoid the mold heing impacted on with such a high force that MaY

shorten the mold lüe. For die casting more materials are allowed to enter the cavity in

order to compensate for the volumebic shrinkage. Moreover, Oow front advancement

measurements can he used to verify the computer simulation. The study of Oow is aIso
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important for large single and multi-gated injection molding process in wbich a secondary

flow phenomenon exists [65].

In some cases, the partial shots melllod was used to analyze the OOW advancement

qualitatively [65] and pressure seosor array was insta1led inside the die to monitor the Oow

quantitatively [15,30]. For die casting, the pbysical understanding of the molten Metal is

very difficult due to Ille Iack of higb performance sensors operated at high temperature

and il bas been reported tbat water is used for the study of the flow [17]. A1though sorne

useful information have been obtained but other methods are funher needed to analyze the

tlow quantitatively and directly from the real process. Also Many manufacturers studied

the impact force control during the fiDing stage for the die casting machine. Their control

methods were based on mechanical controlled devices and MaY not he precise and fast

enough, thus more efficient and dynamic metbods are desirable [68-68].

The ultrasonic pulse-ecbo method to he presented in tbis thesis cao he used to monitor

the change of the retlection coefficient at the mold (or die)-part interface since the flow

front arrivaI changes the interface condition, benœ the retlection coefficient [55].

Therefore the tlow front advancement inside the cavity can be monitored.

After the filling stage, the part is subjected to a packing pressure for injection molding

and an intensification pressure for die casting through the gate as it is cooled and

soüdified. UsuaIly, for die casting, the gate is frozen soon after the filling and no more

intensification pressure is applied during the part solidification. But for injection molding,

since the gate is frozen at a much later lime after the filling, the packing pressure keeps

pushing the molten polymer ioto the cavity and the packing pressure forces the part to

contact with interior walls of the mold. Wben the soüdified material begins to shrink

through its thickness9 a gap is likely to he fonned between the mold (or die) wall and the

part [69-72]. Due to the fonnation of the gap, there might he a significant thermal contact

resistance (TeR) between the part and the cavity wall9 and it MaY reduce the heat transfer

efficiency which affects the production cycle. Effects of the gap fonnation on injection

molding of plastics have been mentioned by many researchers [70-72]9 but little effort bas

been devoted to its monitoring. At present. il seems that all cooling analysis software

neglect the effect of the gap thermal resistanee because of the little knowledge about the

air gap development Il was suggested tbat the omission of the gap thermal resistance

could he the main reason for the discrepancies belWeen the experiments and the simulation

[69,72]. Detection of the gap formation MaY provide more information about the heat

transfer inside the parts and improve the physical understanding of thermal contact

4



•

•

resistanee of the gap. In addition, for injection molding after the gap is developed, and

especially after the gale is frozen, the holding pressure will not funher affect the part [Il].

!bus keeping the holding pressure tbrough the gale is not neœssary. A dynamic control of

the hold lime of injection molding may he acbieved by monitoring the gap development at

the gare locaûon resulûng in energy savings.

Using pressure sensors wbich monitor the cavity pressure to detect the gap is one

approach [58,69]. The onset of gap corresponds to the instant wben the pressure drops to

zero. However, a precise deteetion cao bardly he acbieved because the pressure sensors

are made to measure the peak pressures and significant errors mayoccur, particularly in

the Iow pressure range wbicb conesponds to the criticaI period when the gap stans to he

formed. Also, the approacb requires direct contact of the sensor with the cavity hence

material (i.e. polymer or aluminum), so locations of measurement cao he limited since the

mold needs 10 he permanently modified to accommodate such measuremenL

Dy monitoring the retlection coefficient of the ultrasound signal from the mold-material

interface, it is expected to deteet the uluasonic gap within 1 micron. From the deteetion of

the ultrasonic gap, one may deduce some useful infonnation about the thermal gap

formation and contact resistanee of the gap.

Doring the part solidification, it is desirable to use the properties of the solidifying

material as input parameters to the process control system in order to acbieve the quality

control. Moreover, the basic understanding of the solidification is also bigbly needed. For

instance, the temperature and the pressure during the packing or intensification stage are

interesting in Many ways as tbey determine the pan quality characteristics sucb as part

weight, deosity distribution, shrinkage and warpage [52-54,73]. How does the part

undergo the solidification stage is essential to the mold and COOÜDg line design, ejeetion

time prediction, ete.

Because it is preferred tbat the monitoring does not perturb the process, noo

destructive evaluaûoo (NOE) methods such as ultrasound are attractive. Different

ultrasonic wave velocities and attenuation inside material may relate to a range of the

material properties such as density, temperature, grain sïze, residual stress and elastic

constants. direcdy or indirecdy [48]. The gap development itself is also part of the

information about the solidification. "lbus ultrasonic techniques indeed may characterize

the material evolution from Iiquid to solid state [52,53]. For anotber example, the velocity
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of the ulttasonic wave inside the materlal is tnown to be sttongly influenced by

temperature of most materials. As one can measure Ille average velocity inside tbe material

using ultrasoun~ the internal tempera~re. distribution may he obtain based on certain

reconstruction theory [9].

Overall, there are severa! essential tasks during the process sucb as (a) tlow front
monitoring during the filling stage, (b) monitoring of the gap development whicb is caused

by the sbrinkage of the pan during the cooling and (c) monitoring of the material

solidification whicb significandy affec~ the quality of the pan. Perfonning ail these

monitoring can lead to an improved on-Iine quaIity control system and improve the basic

understanding of the process.

Ultrasonic monitoring of polymer injection molding process [54-56,58,59] bave been

recently reported. In their studies ultrasonic pulse ecbo methods were used to monitor

severa! aspects of the processing conceming mold filling, flash. and shrinkage in the mold

and the ultrasonic velocity of the pan during solidification was found to he sensitive to the

temperature and pressure. The objective of this study is to improve the above monitoring

tasks by using better ultrasonic measurement systems and techniques such as ecbo

selection, two-channel acquisition system, advanœd digital signal processing, etc., and

perfonning additional tasks such as flow front advancement and gap developmenL

It appears that there bas been 00 report conceming the ultrasonic monitoring of the die

casting of aluminum because of the elevated temperatures. In tbis investigation, the Dow

front advancement of the molten aIuminum and gap foonation during a1uminum
solidification inside the cavity of a die will he monitored using a novel approach.

1.2 Thesis content

The ultrasonic puise-echo method using longitudinal wave will he employed for the

thesis study. The tlow front and gap development monitoring will he mainly performed by

observing the changes of the ultrasonic retlection or transmission coefficients al interface

between the mold (or die) wall and processed pan. The ultrasonic velocity measurement

will he perfonned to coolinuously monitor the part onder solidification. A two-cbannel PC
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based acquisition system will he developed in order to acquire the data at a high speed. AIl

monitoring will he canied out on the industrial macbine and a special design of buffer rod

will he installed for aluminum die casting to perfonn the monitoring at the high

temperatures. Intensive investigation will he perfonned on the polymer injection molding

machine al diffeœnt operation conditions for the monitoring of Oow front, gap

development and solidification. The investigation of the monitoring of Dow and gap

development ofdie casting ofaluminum will aIso he implemented in this work.

In Chapter 2, the Methodologies of the on-Iine u1trasonic monitoring of injection

molding and die casting will he presented. Fust, retlection and transmission modes will he

introduced and how the ultrasonic wave propagates at a boundary of two media will he

studied theoretically. Then the reOection (or ttansmission) coefficient variation used to

monitor the Dow front advancement or gap development during the material process will

he demonstrated experimentally. The tbeoretical calculation of the effects of the gap

thickness on ultrasound reDection and transmission coefficients will aIso he presented in

order to show the sensitivity of the technique. FinaIly, the results of the ultrasonic pulse

echo measurements operated in both transmission and refiection modes measuring the

ultrasonic velocity of the processed part during solidification will he discussed.

Ultrasonic system designs and signal processing methods will he shown in Chapter 3. A

PC based plug in two-channel data acquisition and data processing system will be

developed for both the injection molding and die casting monitoring. High speed data

acquisition will he implemented and evaluated to bandle the fast signal acquisition

especially for the die casting. Then, we will discuss severa! digital ultrasonic signal

processing a1gorithms and processing routines used in our study. In the end, the

acquisition system control and digital processing programs will he developed using

Labview, a graphic programming software.

Investigations of on-line ultrasonic monitoring of the injection molding process will he

presented in Chapter 4. The fiow front advancement, gap development and solidification

will he monitored by using longitudinal ultrasonic wave on a box shape mold. The

installation of the ultrasonic sensors to the mold, choice of the couplant and injection

molding operation conditions will he illustrated. In order to optimize the monitoring

operation, severa! practicaI factors i.e., uluasonic echo selections and temperature effects

will be discussed. We will monitor the Dow front at different locations using a two-channel

acquisition system with different injection speed thus the tlow front speed and the flow

front advancement path inside the cavity cao he deduced. Ultrasonic monitoring of gap
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development will he implemented and compaœd to the corresponding measurements

carried out by the pressure sensor. Different packing pressures. melt temperatures and

locations will he lried. In addition, the dependence of contact lime on packing pressure

and the gap effects on part COOÜDg will he demonstrated by relating the contact lime

detected by ultrasound to the part temperature evaluated by infrared camera. FinaIIy. the

ultI'aSOnic monitoring of solidification will he iIlustrated. For the solidification monitoring.

we will measure the uIttasonic wave travel âme inside the part first in transmission mode

50 that the velocity changes during the process cao he obtained. The velocity measurement

will aIso be performed in reOection mode in wbich the desired signal could he weak and

signal enbancement proces-mng will he introduced

In Chapter S. similar monitoring will he canied out on die casting of aIuminum. The

main differences of the implementalion will he the considerations of the operation onder

high temperature and much faster casting speed. We will employ the latest buffer rod

technology which can acbieve the high temperature test and improve the ultrasonic SNR in

our study. The design concept of such device and the integration with the die will he

presented. The monitoring of the Oow hebavior during the fiIling stage will he performed

using a high speed acquisition system with the time resolution of 1 IDS. The gap

development during the aIuminum part solidification will also he investigated at different

locations of different thickness. The gap development from the amplitude profile of the

reflected signal at the die-part interface will he compared to the signal transit lime shift

during the process wbich MaY indicate the change of the die temperature thus the gap

effects on the thennal contact resistance (TCR).

The summary and future plan will he presented in the ïmal Chapter 6.
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mtrasoDic Teclmiques

Ultrasonic techniques bave been extensively applied to the industty for a long tïme.

Because of the non-destructive nature, bigb accuracy, fast response and low cost, they

play an important cole in nondestruetive testing, material evaluation and process control.

mtrasonic measurements are usually carried out by emitting an ultrasonic wave ioto the

media and capturing the waves that propagate inside the material carrying the infonnation

corresponding to the properties, state or quaHty of the media. The results can be analyzed

in tenns of observations related to transit lime or wave amplitude propagating inside the

media The measured u1trasonic velocity and attenuation coefficient cao he correlated to

material properties such as Young's and shear moduli, Poisson ratio, density, viscosity,

grain size, temperature, pressure, ete., [48].

2.1 ReOection and transmission

As shown in Figure 2.1, when ultrasonic waves impinge on a boundary of two different

media from the tirst medium, some of the energy will he traDsmitted through the boundary

into the second medium and the rest of the energy will he reflected back.

It is understood that the reflection and transmission coefficients as R and T,

respectively, cao he given as

Reflection coefficient: (2.1)

•
Transmission coefficient: T = 2 ~ 1- R

Zl+~

9
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Fig.2.1: Reflection and transmission ofultrasonic waves at the interface oftwo media.

The reflected power PR and transmitted power PT over the incident power P[ depend

on the acoustic impedance ofthe two media, Zh

(2.3)

(2.4)

•

Zi is the product of the density Pi and wave velocity Vi of the materials, Le., Zi=PiVi,

Ci = 1,2)

Pulse-echo ultrasonic measurements can be operated in reflection and transmission

modes. In the retlection mode, the signal is transmitted and received by the same

ultrasonic transducer (UT) while in transmission mode, signal is transmitted by a UT and

received by another one separately. For example, in figure 2.1, UT A emits an ultrasonic

wave and the wave impinges on the interface between two media. Partial energy is

reflected back and received by the UT A and other part of the energy goes through the

interface and received by the UT B.
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2.2 On-Une u1trasonic monitoring

In-situ ultrasonic monitoring during the process bas been reported [34,49-59]. The fast

response and non destnictive nature are the advantages over many other alternatives.

Usually the operation principles are simple and electronics systems are required to

perform the measurements.

The principle in probing the flow front and gap development is to monitor the mold

(or die)-part interface condition through the ultrasonic wave ret1ection and transmission

coefficients. Ultrasonic wave propagation velocity measureD1ents cao. be related 10 the

properties of the processed materials such as the solidification. AIl these measurements

may be carried out by analyzing the ret1ection or transmission coefficients that can be

obtained from the signal amplitudes or time delays between echoes.

2.2.1 Flow front monitoring

As shown in Figure 2.2, the UT is operated in reflection mode. Before the injection of

molteo materiaIs into the mold or die, the cavity is empty. The UT that is mounted on the

mold extemal surface emits the signal and the signal aImost totally reflected back at the

steel (mold or die)-air (cavity) interface due to the small acoustic impedance of the air

comparing to that of steel, thereby the retlection coefficient is aImost 1. During the

filling, the flow front advances inside the cavity. As soon as the molten materials wet the

mold inner surface where the ultrasonic waves impinge, a part of the ultrasonic wave

energy will penetrate ioto the molten material thus the retlected ultrasonic wave energy

decreases indicating the arrivai of the tlow front at that particular location. Comparing

polymer injection molding with die casting of aluminum (Al), the retlection coefficient

will decrease more for die casting as Al bas a closer acoustic impedance value than

polymers to that of the steel mold. Therefore more ultrasonic energy can go into the

molteo AI. Also the flow front speed is much faster for die casting case (total filling time

is less than 30 ms in our case) thus a high speed acquisition system is needed to perfonn

such measurements. Using an array ofUTs at different locations, tlow front advancement

inside the cavity can he obtained.
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(a)

Pressure

(c)

Fig.2.2: Ultrasonic monitoring of flow front and gap development in reflection mode.

(a) Empty cavity before injection (b) Good contact after injection and (c) Loss of

contact after gap formation.
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• 2.2.2 Gap development monitoring

Figures 2.2(a)-(c) show the schematic to detect the gap development in retlection

mode. As mentioned in 2.2.1 before the filling, the ultrasonic signal is totally reflected

back at the steel-air interface (Fig2.2 (a». As soon as the tlow front arrives (Fig2.2(b»,

the amplitude suddenly drops as the interface changes to steel-material interface. After

the filling, the part cools down and then becomes solidified. In the beginning, the

ultrasonic signal amplitude changes slightly due to minor change of the elastic properties

of the part. As the solidification progresses, the part begins to shrink through its thickness

and a gap is likely to he fonned- After a sizable (>lJ.1D1 thick) gap is developed, the

interface retum to the steel-air condition , therefore, the amplitude returns to the high

level (Fig. 2.2 (C».

Similar monitoring can be canied out in transmission mode in which another UT is

instaUed on the other side ofthe cavity. In that case, the receiving UT can only receive the

signal when the molten material contacts with both sides of the cavity and lose the signal

when there is a gap formed on either side.

It is understood that the gap detected by ultrasound represents a physical gap that

prevents the transfer of energy in terms of stress waves. ft is of interest to examine the

sensitivity of the technique for detecting the range of gaps that MaY present resistance to

heat transfer because in injection molding and die casting processes the transfer of

thermal energy is mainly in the fonn of conduction. In other words, the gap makes the

cooling inefficient.

Next, we will explain how the thickness of the gap affects the reflection or

transmission coefficient. Figure 2.3 presents a three-Iayer model in which they are infinite

in other two dimensions. Z" Zl and Zj are the acoustic impedance values of steel, air gap

and molten material, respectively. v is the velocity inside air gap, f is the ultrasonic

operating ftequencyand dis the thickness of the gap.

•
(2.5)
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The retlection coefficient at the boundary between steel wall and the gap is:• Z1- Z .r = ln

z. +Zl
ln

(2.6)

The transmission coefficient at that boundary is:

2Z1
T=--~-

z. +ZI
ln

(2.7)

•

To calculate the reflection and transmission coefficients as a function of the gap

thickness, we choose Z[=4.6x l07 kglm2·s for the steel, Z]=4.27x102 kglm2·s for the air

and Z3=2.4xl06 kglm2·s for lucite in case of polymer injection molding and Z3=1.7xl07

kg/m2·s for Al in case ofdie casting ofAl, respectively. Figure 2.4(a) shows the result for

the steel-air-Iucite case and Figure 2.4(b) for the steel-aïr-Al case. The operating

frequency is f= 5 MHz. From these two figures, a gap over 0.1 J.Ull prevents most of the

ultrasound energy transmitting through the gap for both cases. The Al case, the ret1ection

coefficient changes even more dramatically.

Meanwhile, if a polyethylene part is 2 mm thick and the shrinkage is 3% of the

volume, there exists a gap of 10 fJ1ll formed at both sides of the part at the end of the

process. Thus the ultrasonic detection of the gap fonnation is a very sensitive and reliable

approach.

Air Gap

/
ZI Z2 Z3

,--+

Fig.2.3: A three layer-model for retlection coefficient calculatioDS.
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•

Fig.l.S: Schematic ofsolidification monitoring in (a) transmission and (b) ret1ection

mode.

2.2.3 Solidificadon monitoring

As soon as the molten material is injected into the cavity, it comes into contact with

the mold or die which is cold, solidification starts. During solidification, part properties

such as density and moduli together with temperature and pressure change continuously.

The ultrasonic signaIs that travel inside the part thus carry the information related to these

properties and their variations.

Figure 2.5(a) shows a schematic ofthe solidification monitoring in transmission mode.

After the filling stage and before the gap formation, the ultrasonic waves can be

transmitted ioto the rnaterial and received by the receiving UT. The amplitude and the

transit time of the received signal MaY reveal the velocities of the ultrasonic waves in the

part. The velocity and attenuation of the part during material process may reveal some

significant information. Sïnce in transmission mode the ultrasonic wave also travels

through the steel mold or die wall, the influences such as temperature variation of steel

wall during the process should be considered.
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The transmission method is often limited for practical use because it is not feasible to

install the two UTs at desired locations which demand two-side access in a real industrial

material processing machine, i.e., injection mold or die. The reflection mode is preferred

because ooly one side access is required. Figure 2.S(b) shows a schematic of the

solidification monitoring in reflection mode. The reflected signal from the further part

mold interface can he used for the evaluation of the part solidification because it travels

through the entire part in the thickness direction. However, this method suffers a high loss

leading to a poor signal to noise ratio (SNR). Because the wave travels a round trip inside

the part, it has twice the signal loss than that experienced in transmission mode. Proper

signal processing algori~UT and couplin& etc., may overcome the difticulties.

2.3 Summary

The principles of ultrasonic monitoring of the flow front adv~cement, gap

development and solidification of the injection molding and die casting processes are

introduced. The ret1ection and transmission coefficients of the longitudinal wave at the

interface between mold or die and part cao he used to monitor the flow front arrivai time

and the gap formation. Effects ofair gap on the retlection or transmission coefficient are

theoretically investigated and results show that the gap of 0.1 J.UD can he detected. Both

reflection and transmission configurations may he used to obtain the ultrasonic signais

that propagate inside the part. Reflection mode is preferred over the transmission mode

but signal enhancement May be required due to the low SNR.
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Chapter 3:

Data Acquisition System and Signal Processing

The advantages that ultrasonic waves have the capability to probe interior part of the

material have been mentioned severa! decades ago. However, the application of

ultrasound for process control could not he achieved due to the limitation to acquire, store

and analyze the ultrasonic signal continuously and efficiently. With the significant

development of the digital technology and the improvement of computers, even very

complex signais may be acquired, recorded and processed in a short rime duration to

achieve on-lïne monitoring. In this chapter an on-lïne ultrasonic system for the

monitoring of injection molding and die casting processes will he presented and several

signal processing procedures will be introduced.

3.1 Data acquisition system

For our studies, 5 MHz and 10 MHz ultrasonic longitudinal transducers were chosen

because of their efficiency, compact size and acceptable loss in the probed parts. In order

to meet the Nyquist sampling theory to process the digital signal without aliasing high

sampling rates were used. In sorne cases, a very high acquisition repetition rate (e.g. 1000

Hz) was required in order to monitor very short duration processes. For example, during

the filling stage in die casting ofaluminum (Al), the molten Al may be filled into the die

in a duration less than 40 ms and the acquired data interval should cover 1 ms in which

enough information may be obtained. A PC based plug-in acquisition system. was chosen

in our study.
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Fig.J.!: Schematic ofa two-channel on-line ultrasonic monitoring system.

Fig.3.2: A twO-channel on-Iine ultrasonic monitoring system setup.
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Fig.3.3: Panel ofthe virtual scope ofthe two channel system.

•
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Fig.3.4: Black diagram programming in Labview.
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3.1.1 Hardware specifications

• Digitizer:CompuScope 250, ftom Gage Applied Science, Inc.

Sampling rate: up to 100 MPS for one-channel mode and 50 MPS for

two-channel mode.

On-board memory depth: 32K upgradable to 8M

AID resolution: 8 bits

• Pulser and receiver: MP 203 Pulser and MR. 101 Receiver ftom MetroTek, Inc.

Frequency range from 0.5 MHz to 20 MHz.

• Frequency Generator: HP 81lA

• Oscilloscope: Tektronix 7854

• Computer: Pentium 90

Figures 3.1 and 32 show the data acquisition system setup. A frequency generator is

used to generate a synchronization signal with the desired frequency to synchronize aU
the devices including the two pulsers and digitizer cards, thus to control the acquisition

rate. A detailed description will he given in 3.1.3 acquisition rate control. The pulser and

receiver cao be operated at different configurations; namely ret1ection and transmission.

An oscilloscope is used to monitor the signal in real time. The digitizer CS250 can he

used in one-channel or two-channel mode, and bas a direct access to the computer RAM

address for performing the acquisition and transferring the data. Two high pass filters are

also used here to elirninate OC components of the signais trom the outputs of the

receivers before the signais are fed to the digitizer, thus full range DIA conversion may he

achieved without the interference of the OC component.

3.1.2 Virtual instrument

The entire acquisition system was designed as a virtual instrument on Window

environment using Labview software. Labview, introduced ten years ago by National

Instruments Inc., allows the user to build the instrumentation systems with standard

computers and cost-effective hardware. These software-centered systems leverage off the

computation, display, and connectivity capabilities of computers to provide the strength

and flexibility for building up the instrumentation functioDS.

Figures 3.3 and 3.4 show the panel and block diagram of the virtual scope of the two

channel acquisition system used for the experiments. Acquisition configurations, such as
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operation mode, triggering and data recording requests cao. he easily set up as a

conventional instrument with user ftiendly interfaces. Integrating with the CS250

Compuscope card at the maximum 100 MPS sampling rate, the system works well as a

wide bandwidth oscilloscope up to 50 MHz. With the high throughput from the

acquisition card to the computer, burst signal can be recorded, and then post signal

processing software are performed under the Labview prograrnrning with its POwerful

analysis function library. The functions of the system. can be modified easily to meet

different situations with the graphical programming method. Such a tleXlbility reduces

the programming rime and enhances the performance ofthe system especially for research

under different requirements.

3.1.3 Acquisition rate control

At present, Labview only bas the time resolution of 55 msec onder Windows 3.1. It

means that the acquisition rate can he ooly controlled by the software no more than 20

times/sec. In our case, especially for die casting of Al, the tlow front monitoring requires

a much higher time resolution which is better than 2 ms. The solution to this problem is

the hardware, either to choose an acquisition card that is program controUable or to use a

signal generator to trigger the whole system with the needed acquisition lime interval.

In our system, we chose the latter method which uses a function generator with a

desired operating frequency range ta realize the acquisition rate control. The same trigger

source from the frequency generator triggered the whole system. The two ultrasonic

signal generators and the acquisition card were operated in the external trigger mode and

to achieve the synchronization. The function generator could produce a high ftequency

signal up to 20 MHz and the maximum repetition rate could be lOOK for the MP 203

pulser. Usually the limitation for acquisition repetition rate comes from the digitizer card

throughput to the computer that depends on the card, computer bus as well as the

acquired signal size.

3.2 Design of a PC based plug-In hlgh speed acquisition system

3.2.1 Hlgb speed acquisition rate design

PC-based plug in card can access the computer bus direcdy during the acquisition.

During an acquisition, firsdy, the computer sends an initial message to the card and the
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card initiates the parameters such as trigger setup, sampling rate, voltage range, memory

depth, etc. Theo the computer sends a signal to tell the card that the computer is ready to

capture the data. As soon as it detects the trigger signal, the card samples the analog

signal at the given sampling rate for a given time depth and saves it to the card memory.

Finally, the computer can retrieve the data from the card memory to display, record or

process.

In addition, during the acquisition, there are many 1/0 interrupts, data transfers and

system operation tasks that may limit the card acquisition data throughput. Below are

severa! important factors which may affect the acquisition system performance:

1. Performance of the data acquisition card: That is the most important issue. If it needs to

transfer the acquired data to the computer during a continuous acquisition, the

throughputs of the card to the computer memory determine the system acquisition rate.

If the card saves the data directly into its memory, the card memory sae and the

acquisition throughput will affect the acquisition rate.

2. Performance of the computer: The type of the CPU chip, bus speed, cache and RAM

sizes are all of concems. A high speed CPU, bus, large cache and RAM size will

improve the througbputs ofthe system.

3. The operation environment of the card driver software: The card driver needs an

efficient operation system to operate the card driver and optimize the 1/0 operation to

improve the card performance. For a complex operation system such as multitask

operation system, there are lots of unexpected events during the acquisition and they

May affect the card operation.

Below are the additional considerations for our system to achieve a high speed

acquisition rate:

1. Use the black transfer routine in which the card transfers the data in blacks (up to 4k

bytes) to the computer instead of transfening one data point each time. It decreases the

1/0 operation and increases the througbputs.

2. Transfer the data from the card memory 10 the computer memory buffer instead of

saving to a disk file during the acquisition. Il always takes time to save the data
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directly to the file and the tbrougbputs are Iimited by the disk operation. The computer

memory is usua!ly big enough 10 handIe the data temporarily except the data occupy

too much RAM size and slow down the whole computer operation.

3. Simplify the card driver software function during the acquisition in order to give more

CPU time to the card operation. Some fimctions such as the display of the count

number during the acquisition cao occupy the CPU operation lime and decrease the

throughput significantly.

3.2.2 High acquisidoD rate simulation

In order to evaluate the perfonnance of the system under high speed acquisition,

simulations were performed at different acquisition rates to evaluate the stability and the

maximum acquisition rate ofthe system.

Two signal generators were used in the simulation. One generates a signal with the an

expected repetition rate as the card trigger signal. Another generates a square signal with

a known low frequency as the carel input signal. After the acquisition, we cao retrieve the

square signal by plotting the maximum value of each acquired frame. We know precisely

the input square signal frequency thus the time interval between two signais. So we cao

count the number of the acquired square signais thus derive the acquisition rate for the

system. For example, the input square signal is 1 Hz and the triggering signal is 500 Hz.
AlI the trigger signal should be detected by the system. if the maximum repetition rate of

the system is over 500 Hz. Therefore, we could obtain 500 acquisitions data between two

rising edges of the obtained square signal. If the maximum acquisition rate is less than the

trigger signal, ooly part of the trigger signaIs cao. he detected and the acquired data

between the two rising edges will be less than 500. In Figure 3.5, the counted points

between two rising edges of the obtained square signal is around 500 aod follows the

trigger signal of 500 Hz. It indicates tbat the maximum acquisition rate is higher than 500

Hz.

Below are the computer and acquisition card conditions:

• Computer: Pentium 90, RAM 16 Mbytes, Cache enable

• Card: Gage CS2S0, Carel memory 32 Kbytes, Multiple Record unable

• Card drivers: Labview for Windows
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• Table 3.1 shows the simulation results in the case ofa two-channel mode. The frame

sizes are 64 byte and 128 bytes, respectively. It shows that the system acquisition rate

follows the trigger frequency up to 800 times {sec. Below this rate, the acquired square

signal bas an evenly distributed shape (see Fig.3.S). When we increased the repetition rate

of the trigger signal further more, it was observed that the trigger rate is in excess of the

capacity of the card and some trigger signais were ignored as the card was still busy al the

moment of the trigger arrivai. A maximum acquisition rate can he achieved ifwe increase

the trigger frequency to a very high level, i.e., 100KHz, thus the card keeps working

nearly without any free time between acquisitions because there is always a trigger signal

arrived as saon as the card finishes one acquisition. From our simulation, the maximum

acquisition rate is 1100 times/sec for 64 bytes frame case and 920 times/sec for 128 bytes

frame case. For monitoring the die casting ofAl process 64 bytes frame size will he used

because ofthe speed. requirem.ent.

Similar simulations were also perfonned in single channel mode. The results are given

in Table 3.2. The maximum acquisition rate is around 1300 times/sec.

1
-
-

-
o -

-
-

•

-

-1 ~

,I, ,I, 1 1 1 1 1 1 1 1 f' fil f 1

o 250 500 750 1000 1250 1500

Acquisition Bumber

Fig.3.5: Simulated 1 Hz square signal (Trigger signal frequency 500 Hz and frame size

128 bytes).
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Table.3.1: Simulated acquisition results for 64 bytes and 128 bytes frames in the two

channel mode

Trigger Signal 400 500 600 700 800 900 10k lOOk

Frequency (Hz)

Acquired Acquisition 393 502 597 691 773 864 1021 1099

Rate (Hz)

(Frame size 64 bytes)

Acquired Acquisition 408 502 597 691 785 838 890 916

Rate (Hz)

(Frame size 128 bytes)

Table.3.2: Simulated acquisition results for 64 bytes and 128 bytes frames in the single

channel mode

Trigger Signal 700 800 900 1000 1100 1200 10k lOOk
Frequency (Hz)

Acquired Acquisition 691 811 890 995 1099 1178 1309 1387
Rate (Hz)

(Frame size 64 bytes)

Acquired Acquisition 707 796 890 995 1073 D.a. 1204 1230

Rate (Hz)

(Frame size 128 bytes)
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3.2.3 Future improvement

Two aspects will be improved to the current system in the future. One is the multiple

channels capacity and another is the further improvement of the acquisition rate thus the

sub-millisecond time resolution cao be achieved.

A multiplexer card is suggested here to increase the acquisition channel numbers, e.g.,

48. efficient multiplexier cao offer the system with reasonable acquisition rates. Under

such situation only one pulser and receiver card is necessary.

In case of die casting, sub-millisecond resolution is preferred. The CS2S0 card bas a

solution called multiple recording mode. In this oPeration mode, the card can acquire the

data as long as there is a trigger signal and saves it to the card memory instead of

transferring to the computer memory or disk. But the card memory size needs to he

upgraded to, e.g., 4 Mbytes in order ta have a sufficient recording lengili.

3.3 Signal processing algoritbms

3.3.1 Digital signal interpolation

It is known that a digital signal obtained ftom sampling a continuous signal above the

Nyquist rate can be reconstructed back exactly to its original form by an ideallow pass

tilter. The value of the signal between two samples is interpolated by a lower pass tiller.

In practice, the analog signal is recovered by a DIA converter to achieve such

interpolation. In some applications, a signal is digitized, processed and some infonnation

can be derived directly from the digitized signal without going through the reconstructing.

In such cases, the interpolation between samples MaY require the digital processing

methods.

One approach is the classical polynomial interpolation method [80]. Linear

interpolation involves ooly two consecutive samples and it equals to a low pass tilter

which is appropriate ooly if the original sampling rate is many times of the Nyquist rate.

The inadequacies of linear interpolation lead to the use ofhigher order polynomials which

mean that several samples are needed to obtain one value. In addition, other numerical

methods such as cubic spline interpolation may be used.
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• Finite duration impulse responses (FIR.) and infinite duration impulse response (IIR)

digital filters as interpolation filters were a1so introduced. It was indicated that FIR filters

were generalIy preferred because ofits Iinear phase response [80]. Improved interpolation

can be achieved by inserting the zeros between two samples and then tilter the sequence

with an ideal digitallow-pass filter, and it is equivaient to increase the sampling rate [80

81]. In practice, tirst, the original digital signal is converted to frequency domain using

the digital Fast Fourier Transform (FFT), then zeros were padded with the number

according to the desired interpolation resolution and tinally, the interpolated signal can he

obtained by the inverse FFT.

3.3.2 Envelop of the analytic signal

Traditional ultrasonic signal processing often neglects the phase information and

rectifies the signal as the approximation to the envelope of the signal. Such

approximation may he satisfactory for the cases involving narrow band signais. In order

to increase the resolution of the amplitude and time delay measurements, wide band

signal is applied and the above rectification may affect the measurement accuracy

especially for the evaluation of closely spaced interfaces and accurate samples of small

velocity variations. These shortcomings of conventional ultrasonic signal processing are
particularly severe for automated decision-making process [82].

The true analytic signal envelope deduced by bath the real and ima8inary parts of the

ultrasonic signal can improve the measurement. Usually, the real part of the signal is

recorded and the ima8inary part is the Hilbert transfonn of the real part [81]. Digital

implementation was introduced in [82] to obtain the analytic signal and it is appropriate

for sampled data system.

In our program, the envelope of the analytic signal z(n) is defined as the inverse

Fourier transform ofZ(k) given by:

•
! S(k)for k= 0 )

Z(k)= 2S(k)for k =1to N/2

ofork= N/2 to N-l

where S(k) is the Fourier transform ofthe recorded signal s(n).

28

(3.1)



• 3.3.3 SeveraI process routines

In our study, the amplitude ofthe signal and the transit tinte inside the material will be

used for studies. Digitized ultrasonic signais were recorded as a finite length arrays.

Various windows and digital filters are applied to the digitized signaIs in arder to reduce

the leakage and filter the noise. The smoothing windows can rnjnimjze the transition

edges of truncated waveforms in order ta overcome the spectral information leakage

produced by the discontinuities of the tinite length waveform [81]. Two process routines

were developed to find the maximum amplitude value of a signal and to calculate the

time delay between two waveforms.

(a) Routine for finding maximum amplitude

Firstly, windowand tilter are applied to the digital sequence. The window can he

varied according to the recorded signal. In our program, cosine tapered window is used

which will not affect the maximum amplitude because we always record the minimum

length of the waveform in arder ta achieve the maximum higher acquisition rate. The

tilter can be IIR as the linear phase response is not demanded. Butterworth bandpass

tilters are used with the cutoff frequency selected according to the transducer main

operation frequency. Secondly, we obtain the analytical signal envelope using Hilbert

transform. FFT and inverse FFT are aIso used in the program. Finally, the maximum

magnitude on the analytical signal envelope is derived using interpolation which can be

either numerical or frequency zero padding as we introduced before. Schematic of this

routine is shown in Fig.3.6.

Wmdow Filter
Analyü·cal
Si~

Envelo

FindMax
with

Inte olation

•

Fig.3.6: Schematic of the routine ta find the maximum amplitude ofeach acquired

signal frame.

Ch) Time delay calculation routine

Time delay between two waveforms can be calculated by cross correlation. Correlation

detection probably provides one of the most reliable ways that disregard the random noise
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and increase the precision of the measurement It becomes a standard method for

ultrasonic signal processing. In our program, windows and filters are applied to the

waveforms first, and the calculation of the envelope of the analytical signal can be an

option depending on the needs. Cross correlation between two waveforms is carried out

together with an interpolation scheme thus the time delay measurement can be quite

accuracy. It is notOO that sorne process program examples are presented in the Appendix.

3.4 Summary

On-Hne ultrasonic monitoring data acquisition system was developed. The PC based

plug-in acquisition system. bas the advantage of the portable PC system and aIso achieved

the high speed acquisition rate by optirnizjng the data acquisition operation. Acquisition

speed of 1000 frames/sec was achieved from our simulation for a two channel system

with the frame size of 64 bytes. A higher speed was aIso obtained for a single channel

mode. The virtual instrument concept was applied here using the graphie programmjng

language Labview which offers flexible development method and user fiiendly interface.

The sampling rate bas been up to 100 MHz for single-chaDnel mode and 50 MHz for two

channel mode.

Severa! ultrasonic digital signal methods including the digital interpolation between

sampled values and the envelope of the analytical signal deduced by Hilbert transform

were aIso introduced. Two process routines to obtain the signal amplitude and signal

transit time were explained as weIl.
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Chapter4:

Ultrasonie monitoring of the injection molding process

4.1 Introduction

The principles for on-line ultrasonic monitoring of pllymer injection molding have

been introduced in Chapter 2. Although sorne aspects such as mold filling, flash,

shrinkage and solidification in the mold have been investigated [54-56,58,59], in this

chapter, the tlow front advancement, the gap development and the solidification

monitoring during injection molding will he investigated. Measurements of the retlection

or transmission coefficients at the steel mold-polymer interface and wave velocity inside

the polymer during the process will be perfonned to accomplish above monitoring tasks.

Along this chapter the improvements or different techniques adopted in our approach

over the reported methods will he given in due places.

The monitoring will be carried out on an Eagel injection molding machine. Practical

considerations involving the use of a box mold will he demonstrated in order to optimize

the u1trasonic signal and improve the precision. The box mold is chosen because it is

simple and satisfactory for the u1ttasonic slodies. The two-channel acquisition system

introduced in Chapter 3 will be used to acquire the flow front arrivai time at two different

locations and with different injection speeds. Gap detection using both pressure and

u1trasonic sensors will he evaluated and comPaI'ed. The time during which the part is in

contact with the mold wall will he measured by the ultrasonic sensor at different paclcing

pressures. Effects of the gap on cooling could he obtained by relating the u1trasonic

experimental results to those obtained by an infrared technique. Velocity measurements

of the part will he canied out in transmission as weil as reflection mode using the cross

correlation Methode
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Flg.4.1: Cut view and top view of the mold.

4.2 Experimental setop

4.2.1 Mold and sensor installation

Core Mold

Ultrasonic
Beam

'EIectrical
Cable

•

Small boxes, 122 x SO x 27 mm, were molded on a 70 ton Engel injection machine.

The mold consists of a cavity and a replaceable insert core, as shown in Fig.4.1. The insert

core used in the present study bas a 3° draft angle in the direction of the demolding; and it

produces boxes having a bottom of 4.76 mm tbick and four side walls of 3.85 mm thick.

In addition, the core is deliberately made hollow to permit the installation of ultrasonic

transducers (UTs) for deteeting the steel core-part interface condition in retlection mode

from the core side and perfonning the transmission mode measurements as welle

A transparent plastic plate was used on the outside of the mold as a fixture to hold the

UTs at desired locations with proper pressure provided by screws. The UTs inside the

insert core were fixed by springs instaIled witbin the hollow space. Viscous ultrasonic

couplant was used between the UT and the mold in order to extend the worldng lime of

the couplant ft was observed mat such a couplant can work well at least for one month.
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4.2.2 Injection machine operation conditions

For this study, the polymer boxes were molded with the following conditions:

• Injection speed: 1 inch/sec - 3 inch/sec

• Packing time: 30 sec

• Cooling time: S sec

• Melt temperature: 190°C and 230°C

• Mold temperature: 22°C

• Hydraulic packing pressure: 0-8000 psi

To study the tlow front the injection speed was varied; different packing pressures

were applied in order to study the effects on gap formation and part cooling. The main

polymer used in the test is a high density Polyethylene, HOPE 6706, manufactured by

Exxon. The boxes were molded with an addition of 4% by weight of the master batch

materia! (CE-80695) which makes the boxes black in color to facilitate the thermal study

using an infrared method.

4.3 Operation considerations

The detailed geometry inside the mold is very complex because of the cooling lines,

insert runners and ejector pins. These elements cause undesired multiple ultrasonic

reflections and interfere with the desired signais. In addition, during the process, the mold

temperature can vary and affect the performance of the UT and couplant. AlI these factors

should be considered for the optimization ofthe operation.

4.3.1 Echo selection

As shown in Fig.4.2, ultrasonic signais traverse back and forth inside the mold wall.

Properly choosing the ecbo may enbance the monitoring result 50ch as rime resolution

related to the amplitude variation rate of the retlection coefficient and noise caused by the

wave diffraction with the mold wall.
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Flg.4.2: Different echoes ttaversing inside the mold wall.

(a) Echo Sensitivity

First of aIl, let us analyze the sensitivity of the ampütude of different echoes to the

change of ret1ection coefficienl

The emitted signal, retlected signaIs, traDSmitted signaIs and received signais are shown

in Fig.4.2. Let's define:

r : reOection coefficient al polymer-steel boundary

1J : reflection coefficient al the steel-UT boundary

a : coefficient of attenuation inside the steel wall (for unit thicmess)

and the amplitude of AliJD=O=a ,

then, Alœfb=d=r(l-ad)a,

Alœœ=r(1-,,)(1-ad)2a,

A2iJD=O=r,,( l-ad)2a ,

A2œfb=d=rzt,(1-ad)3a ,

A2.:e=r'lq(1-,,)(I-ad)4a,

...•
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Because Anrece oc ru , the sensitivity of the received signal amplitude to the change of

the retlection coefficient r is thus dAnreceldf' oc nrn- 1• It shows that further round trip

echoes are more sensitive to the interface condition change.

Figures 4.3 (a)-(t), respectively, are the amplitude plots of the Ist, 2nd, 4th, 7th, 9th

and lOth ecboes recorded from the UTs installed extemal to the mold wall during the

process. One can see that the rate of the amplitude reduction increases for funher round

trip ecboes (Le., larger n).

For the detection of the polymer tlow front inside the cavity, the retlection coefficient

reduces about 10% from a steel-air interface before filling ta a steel-polymer interface

after the filling. Sïnce the reduction rate is sharp, the time resolution of the tlow front

detection is good. When the steel-polymer interface changes to a steel-gap due to the

shrinkage, this process usually takes tilDe and the interface conditions are complex thus it

is difficult to determine the gap formation time in high precision.

(b) Diffraction and multiple retlection noises

Figures 4.4 (a)-(d) show that more noises originated from diffraction and multiple

reflections for further round trip signaIs. For instance, in Fig.4.4.(d), the II th echo is even

larger than the lOth echo because the signal is super-imposed with the noise. We aIso

notice that in Fig.4.3 the smoothness of the curves for the 9th and IOth echoes is not

much better than that of the 4th ecbo, but a round curve appears for the 9th and IOth echo

after the reflection coefficient retuming to -1. Such phenomenon ÏDdicates the

interference ofnoises coming from diffraction and multiple retlections..

With the consideration of bath amplitude sensitivity ta the interface condition and the

noise factor, the fourth cebo was chosen for the monitoring of flow front and gap

development using the UTs installed at the extemal mold wall. In previous worlcs [54

56,58,59] such consideration was not taken and the Ist echo was used for monitoring,

therefore poor sensitivity Was observed (e.g. see Fig.3.3-3 and 4 in [55]).

As mentioned before, the insert core used in the present study bas a 30 draft angle

(Le., non-parallel surface) in the direction ofthe demolding and the signal will not receive

after several round trips. Thus using the similar criteria, we choose the second echo for

the detection of tlow front and gap development from the intemal core. For different

molds, the ecbo selection will he varied depending on the SNR ofthe signal.
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Fig.4.5: Temperature effects on the transducer and couplant from core side. (a) Mold

was kept open after part ejection and (b) Record of three consecutive cycles.
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4.3.2 Temperature effeets

Sïnce the temperature varies over a large range during injection molding, its effects on

the performance of UT and couplant and thus signal can not be ignored. Figure 4.5 (a) is

the amplitude plot curve obtained from the UT installed inside the insert core when the

mold is kept open after the part ejection. As the mold is kept open, the core temPerature

decreases as it is exposed to the cool air. In this situation the amplitude of the retlected

signal increased. It is noted that this particular insert core is not efticiently cooled because

of the lack of cooling lines within the core. In addition, Fig.4.5 (b) was the measurement

record for three consecutive nms and it clearly shows the temperature etTects again. The

smooth slope of the changing amplitude after the increase of the amplitude of the

reflection coefficient results in bigh uncertainty in determining the gap development tinte

to be explained below. However, temperature effects do not affect the tlow front

monitoring because the signal amplitude decreases significantly as the interface condition

change suddenly in comparison with that induced by the temperature effects.

Sïnce the external mold wall is thick and also cooled etliciently by the cooling lines,

the change of the temperature at the extemal mold surface is very small. Thus

temperature effects on the UT and couplant were negligible. This is another major reason

why we prefer to install UTs externally to the mold in addition to the simplicity for

installation and non-invasive nature. However, the temperature may still have minor

effects on the velocity thus the time delay of the signal traveling inside the mold wall.

This time delay variation of the signal could provide information on temperature change

during the process.

For solidification monitoring, as the ultrasonic wave travels through both the polymer

part and the mold wall, the variations of the amplitude and rime delay combine factors

from both media thus the temperature effect is an important issue. However, it is

observed that the temperature effects on the transit time inside the steel mold wall is

small compared to that in the polymer part.
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Fig.4.8: Amplitude plot of tlow front monitoring using a two-channel system.

4.4 Flow front monitoring

As mentioned in 2.2.1, the sudden decrease of the retlection coefficient indicates the

arrivaI of the flow front. Using a multiple-channel acquisition system, one cao. monitor the

arrivai times at different locations simuitaneously and obtain the flow front advancement

inside the cavity. In this study, a two-channel system was used to detect the difference of

the arrivai rimes at two different locations for each molding cycle. From different

combinations of the monitoring locations, the advancement of the molten polymer tlow

front path could he sampled. Different injection speeds were applied in order to see the

variation of the flow front advancement inside the cavity. This two channel system is

appreciated hecause it is much more effective to monitor the flow front advancement than

a single channel system used in [55].

In these experiments, three UTs were installed extemaI to the steel mold and two UTs

inside the core facing the bottom part of the box. Figure 4.6 shows the UTs' locations and
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the corresponding positions in the part. The internaI two UTs a' and c' were at the same

position levels as those ofa and c. One actual molded box is given in Fig.4.7.

The acquisition rate was set to 500 Hz, which means that the time resolution was 2 ms.

That was precise enough comparing to the filling time of severaI seconds. For the data

processing, "Find maximum value routine" was used to find the peak value of each

acquired signal and the peak amplitude change along the process time was plotted. Then

the flow front arrivai times and the arrivai rime difference at two locations were

determined. Figure 4.8 represents a typical result of the flow front monitoring using the

two-cbannel acquisition system. In this case the injection speed was 2 inch per second.

The location at which the amplitude suddenly decreases indicates the arrivai tinte of the

flow front.

4.4.1 Flow front speed

By using the given distance d between two UTs and by measuring the arrivai time

delay t, the flow front speed v is derived as v=d/t. Figure 4.9 shows the flow front speeds

measured at different injection speeds. It is obvious that tlow front advances faster inside

the cavity when the injection speed is higher.

As shown in Fig.4.6 position a, b and c correspond to the top, middle and bottom

positions at the side wall, respectively. The average tlow front speed is slightly higher

from a to b than that from b to c. Il indicates tbat the flow front speed slows down as it

advances along the side waiL Furthermore, for the box part in which the bottom is thicker

than that the side wall, the tlow front advances slower a10ng the bottom than that along

the side wall.

4.4.2 Flow front advancement

In order to obtain the profile of the flow front advancement inside the mold, anays of

transducers with a multiple-channel acquisition system are needed. In our study, using a

two-channel system, the flow front arrivai time differences at different combinations of

two positions were measured. Thus relative arrivai lime differences at any two positions

in the mold cavities could be deduced provided that the ultrasonic traDsducers cao he

installed.
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Figure 4.10 shows the arrivai times at different locations at the bottom and side ofthe

box. Since the gate is located at the top of the box bottom wall as shown in Fig.4.6, the

flow front paths to the locations at the bottom wall are shorter than the locations at the

side wall with the same height, i.e., the tlow patbs 10 a' and c' are shorter than those to a

and c, respectively. Here, the tlow front arrivaI time to a' is chosen as the reference. It

shows that the flow front arrives at a' first and then at a and there is about 0.4 sec

difference in the case of injection speed at 1 inch/sec. The similar difference bas also

been observed between positions C' and c. In addition, the arrivaI time difference between

c'and c is shorter than that between a' and a. For example, at injection speed 1 inch/sec

ag~ the arrivai time difference between c' and c is about 0.17 sec which is shorter tban

0.4 sec between a' and a. It is understood as the flow front advances along the thicker

bottom wall with a lower advancing speed as shown in Fig.4.9.

4.5 Gap development monitoring and contact tilDe measurements

As mentioned before, gap can be detected because it prevents the ultrasonic energy

from penetrating into the pllymer and changes the retlection and transmission

coefficients at the steel-polymer interface. During the gap development the amplitude of

the reflection coefficient will rise. As one can detect both the tlow front arrivai time and

the gap time, the part contact rime can be deduced.

Usually, pressure sensoes are used to detect the cavity conditions [55,58]. In our

experiments both pressure and ultrasonic sensoes were used and their performances were

compared. Different packing pressures were applied in order to study the relationship

between the packing pressure and the contact time. Resu1ts were further compared to the

related IR temperature experiments to evaluate the packing pressure effects on part

cooling. The majority of the experiments was performed by monitoring at the external

surface of the mold in reflection mode. Monitorings from the internai core side in

reflection mode as weil as transmission mode were also carried out 10 obtain additional

process information. In transmission mode, one UT was installed al the external surface

of the mold and another al the internai core side. These two UTs should be aligned.

4.5.1 Pressure and ultrasonie ampUtude promes

The cavity pressure profile measured under the condition of 190 oC mell lemperature

and 7525 psi packing pressure is shawn in Fig.4.11. The pressure sensor Hunkar-91017
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was installed behind the ejector pin. It is seen that the load cell bas a sharp response to the

arrival of flow front, but the portion conceming the gap formation during which the

pressure dropped to zero is not weil defined. This prevents a precise detection of the gap

development at the interface. It is also notOO that the pressure gives no reading before the

end of30 sec packing phase because the gate had become ftozen.

Figure 4.12 represents a typica1 measured ultrasound amplitude variation at the mold

part interface (external side) for the same experiment carried out in Fig.4.11. Point A

corresponds to the start of the injection and the arrivai of the flow front. Then the signal

stays at the reduced level but having minor variations. From point B, the signal starts to

increase rapidly indicating the gap formation. A -1 J1IIl gap is formed between the mold

wall and the polymer at point C. By monitoring these three changing points, we MaY

probe the development of the gap. Let us define the lime ftom A to B as the good-contact

tinte because the part always bas a good contact with the mold from the applied packing

pressure. The tinte from B to C is the partial-contact duration in which the part bas partial

contact with the mold as the polymer shrinks due to the solidification. After the point C,

the signal level retums to that prior to injection and we believe that there exists a gap of

more than 1~ thickness. We also define the time from A to C as the total contact time.

A comparison between the signais detected by the pressure sensor and by the UT can

be made from Fig.4.11 and Fig.4.12. Although the pressure sensor can detect the injection

or the flow fron~ it MaY not be practical to insert many load cells inside the mold. The

UTs can be installed extemal to the mold and thus do not disturb the injection molding

process. In Fig.4.12, although the point B at which the partial contact starts is not so

sharply defined, it is still observable in the retlectOO ultrasonic signal. But this point is not

clear at aIl in the measured pressure profile. Thus the ultrasonic probing is superior to that

carried out by the pressure sensocs.

4.5.2 Gap detection at different locations

Different ultrasonic monitoring locations were chosen to see whether the variation of

gap development exists. The results recorded by the two-channel acquisition system

indicate that there is no significant difference along the wall side of the box as shown in

Fig.4.13. Although a slight difference ofthe tlow front arrivai time (the flow front arrivai

time is small comparing to the whole contact time) can he observed, a gap was developed

nearly at the same lime. For this case, the point C defined in Fig.4.13 is not so distinct

and will be studied in the future.
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Fig 4.13: Gap development monitoring using two transducers installed at the top (upper
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Figure 4.14 shows the amplitude plots for both developed and undeveloped gap cases.

The upper curve was probed by a UT inside the core which monitored the bottom of the

box at the location a' in Fig.4.6. The lower curve was obtained by the UT installed at the

position a at the outside of the mold. The lower curve is noisy because of the limitations

of our current two-channel system, thus the tirst ecbo ftom the steel-polymer interface

had to be used for monitoring in order to achieve simultaneously monitoring at two

different locations in the same cycle. The detailed explanation was given in section 4.3.1.

A gap is formed at the side wall. The difference may he because of the larger thickness

of the bottom which requires a longer time to he solidified. Another reason could he that

the residual stress in the box structure during the injection molding may force the bottom

to contact the mold, thus the gap is not developed. From the observation, there is an

amplitude oscillation at the bottom wall curve tight after the gap is formed at the side

walL This is caused by an oscillation induced by the detaching of the side wall, the

structure force from the wall side detaching from the mold after the gap developed. From

our calculation shown in Fig.2.4(a), this oscillation displacement alang the thickness

direction May be within a few tenths ofone micron.

4.5.3 Packïng pressure effects on the contact time

Figure 4.15 shows the results obtained again at the position a by the UT mounted at

the external mold wall and operated in ret1ection mode. The melt temperature was 190°C.

The good, partial and total contact times are defined in Fig.4.ll. The partial-contact time

is almost constant, but the good-contact time bas a strong dependence on the packing

pressure. As one increases the pressure from very low pressure, 1075 psi, the good

contact time increases very sharply at the beginning and then with a slower rate as the

packing pressure is continuously increased. The results indicate that increasing the

pressure improves the duration of good-contact, while the partial-contact time remains

approximately unchanged.

Figure 4.16 shows the good-contact time curves obtained al different positions along

the box side wall again by the UTs mOUDted at the external wall and operated in retlection

mode. The melt temperature was 190°C. The monitoring results obtained &om the UT

installed inside the insert core using refiection mode and those obtained ftom the
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transmission mode are also presented in Fig.4.17 with a same melt temperature of 190°C.

In Fig.4.18, the resu1ts were obtained using the same experimental arrangements in

Fig.4.16 except the polymer melt temperature was 230°C. It is seen that aIl these results

obtained at different positions, using different methods and at different melt temperature

conditions show the same trend of the part contact time dependence on the packing

pressure.

4.5.4 Gap effects OD the cooUng

Effects of the gap on part cooling were evaluated using the infrared radiometry

technique. Fig.4.19 shows an infrared image of a box rigbt after ejection (within 4

seconds). The average temperature of a 2 cm by 2 cm region, which corresponds to the

area probed by the ultrasonic waves in Fig.4.15 for melt temperature of 190°C, is plotted

in Fig.4.20 versus the packing pressure. It is seen that, for the packing pressures less than

3225 psi the part surface temperature was constant at about 82°C; but as the pressure was

increased to 7525 psi the recorded temperature dropped by 15% to about 70°C. This

decreased temperature may he due to the enhanced contact time and the shorter gap

duration.

It is thought that a larger contact lime will lead to a lower part temperature right after

ejection. However, in Fig.4.15 the shapes of the part-mold contact time curve measured

by u1trasound and part surface temperature curve in Fig.4.20 measured by thermograph do

not follow this trend. The differences may be explained as follows. From 1075 to 3225

psi the contact time changes from 7 to 19 sec but the part was not ejected unill it

remained in the mold for a total of 35 sec. During this time diffusion of heat reduced

thermal gradients in the part and wanned the part surface. Between 3225 and 7525 psi the

contact time increased gradually to a maximum of 25 sec and as expected under these

conditions there is a large reduction in the observed surface temperature. The small

increment in the contact time is significant in that after the part pulls away from the wall

there is less lime for heat at the center of the part to diffiJse to the surface and warm it

before ejection. Therefore, trends in the part temperature depend on where it is measured

in the molding cycle.
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Fig.4.19: Infrared image taken right after ejection afa box. Temperature is in oC.
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Fig.4.20: Part surface temperature vs packing pressure.
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Another difference between the ultrasonic and thermal curves can be attributed to the

differences between ultrasonic and thermal waves. As illustrated in Fig.2.4(a), ultrasound

at 5 MHz is an effective probe for detecting gaps of 1J.UIl size or below. By decreasing the

ultrasonic frequency the range of probing may he increased slighdy, but nevertheless,

linear ultrasound can resolve ooly gap variations less than IIJII1. In contrast, air gaps of

less than O.SJ.llD. provide little resistance to heat transfer and the effect of the TeR

becomes important when the gap reaches a thickness of microns. To this end ultrasound

will detect the onset ofgap formation, but the TCR value can not be directly inferred.

4.6 Solidifieation monitoring

Gap development is caused by the shrinkage of the part that provides some

information of the part solidification. However, ultrasonic velocity and attenuation inside

the part are aIso strongly related to physical properties of the molded part. Thus the

ultrasonic wave velocity and attenuation measurements cao be related to more part

solidification parameters. But injection molding is not ideaI for accurate attenuation

measurements which require at least two echoes with high SNR (e.g. > 30 dB) because

the complicated components ofthe mold such as coaling line, ejector pin and non-parallel

mold surface may generate noises which interfere with the desired signais. However,

velocity measurements cao still be carried out with a considerable accuracy using two

echoes with low SNR (e.g. 10 dB).

For solidification monitoring, ultrasonic measurements using both transmission and

reflection modes were performed.

4.6.1 Transmission mode

In the measurements of solidification, the schematic of the UTs setup is shown in

Fig.4.21(a). The UT A installed on the outside ofthe mold served as the signal transmitter

and the UT B installed inside the insert core as the receiver. Using the two-channel

acquisition system, the transmitted signal from A to B and the reflected signal from UT A

~mold-part interface~UT A were recorded simultaneously. In reflection mode, UT A

aIso acts as a receiver.

The ultrasonic signal in transmission mode travels through the extemal mold wall, the

part and the core mold wall and then is detected by the UT B. The reflected signais at the
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external mold-part interface are received by the UT A. The total ultrasound travel time

inside the extemal mold, polymer part and internai core mold can he given as t I +t+t2,

where tb t and t2 represent the ultrasound travel time inside the extemal mold wail, the

part and the internai core wall, respectivelyas shown in Fig.4.21(a). In this case because

the thickness of the mold internaI core wall is thinner than that of the extemal mold wall,

t2 is smaller than II as shown in Fig.4.21(b). In Figure 4.21(b), the upper signal is the

recorded round trip signaIs inside the external mold wall and the lower one is the signaIs

received by the UT B. One can measure II and ' 2 directIy by correlating the echoes SaIt Sa2

and Sbl' Sb2. Using the cross correlation between the echoes SaI and Sbl' t) as shown in

Fig.4.20(b) can also be obtaine(t Since t)=2trtrt-t2=trt-t~the ultrasoUDd transit lime

inside the part t can he obtained as t=tr'rt).

The reason we choose the above method which uses the high precision cross

correlation method to deduce the travel lime inside the polymer instead of detennining

the total travel lime 11+t+t2 directIy from the transmitted uItrasonic signal is that the wave

fonn of the signal is not weIl defined and it is difficult to extract the precise arrivai lime.

Our approach takes the advantage of the two-channel acquisition system and can

dynamically measure the t1 and 12• Since the temperature effects on the travel times, t1 and

t2' inside the extemal and internai steel mold were very small comparing to the change of

the travel time, t, inside the polymer, t I and t2 were treated as the constant during the

injection molding cycle.

Since the insert core bas a 3° draft angle, the average thickness of the part was used for

the calculation at the location of the UT. Figure 4.22 show the velocity and the amplitude

of the transmitted uItrasonic wave inside the polymer. Although this amplitude curve also

includes the attenuation factor of the mold, it may still be used to show the attenuation

inside the part qualitatively. The Packing pressure in the experiment was 5375 psi and the

melt temperature was 190°C. It is seen that the ultrasonic velocity inside the polymer

varies from 1000 mis to 1900 mis and this indicates a transformation from the molten

state to solid state. The velocity increases sharply just after the injection and bas a

decrease at the end of the solidification. Such variations are related to crystallization and

will be studied in the future. From the amplitude curve, it is noticed that the amplitude

decreases to zero when the gap is formed. Sïnce the gap prevents the ultrasonic energy

from going through and reaching the polymer part, this is a disadvantage of the ultrasonic

monitoring Methode It means that the solidification can ooly he monitored when the part

has a good contact with the mold.
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Fig.4.22: Velocity and amplitude change inside the part.

4.6.2 Retlection mode using the transducers instaUed at the external
mold wall

The schematic for monitoring the solidification in ret1ection mode is shown in

Fig.2.5(b). This approacb is attractive since the configuration in whicb the UTs are

installed at the extemal mold wall is simple and non-invasive, but a large ultrasonic loss

after the round trip inside the part MaY impose some difficulties.

Prelirninary results are shown in Fig.4.23(a). ft is seen that the desired echo containing

elastic infonnation of the polymer part is 20 dB smaller comparing to the large noise

caused by mainly the grain structures of the steel mold wall and multiple retlections from

mold components such as cooling lines and ejector pins.

In order to enhance the SNR of the desired signal tbat was moving because ofvelocity

changes during the solidification, signal processing techniques are used. The principle of

one processing technique is to use the subtraction method 10 reduce the noise. We fust

recorded the base signal when the machine was warm and no polymer was inside the
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cavity. This base signal is then subtracted from each acquired signal. In addition to this

subtraction, frequency domain zero padding was applied to increase the sampling rate and

interpret the value inside the sampled data in order to rnioimize the digitizer error.

Furthennore, a cross correlation hetween the base signal and the acquired signal was used

to find the maximum similarity and then properly adjust the rime sequence of these two

signais before the subtraction.

Figures 4.23(a) and (h) show the moving echo before and after the signal processing. It

is seen that the SNR ofthe moving echo is significantly enhanced and the variation of the

travel tinte inside the polymer is clearly demonstrated.

4.6.3 Retlection mode osing the transducer instaUed at the internai
mold waU

The solidification monitoring performed by the UTs installed inside the insert core in
the reflection mode was also carried out because the core geometry which does not have

the cooling lines and ejector pins, was much simpler and its thickness is much thinner

than that of the extemal mold wall. This results in a better SNR of the desired signal.

Since the side wall bas a 3° draft angle, we perform the monitoring facing the flat bottom

side inside the core. Figures 4.24 (a)-(d) show the acquired signais. The round trip echoes

traversing back and forth inside the polymer part enable us to directly deduce the travel

time inside the polymer using correlation method and thus obtain the wave propagation

velocity. Although the echoes from the mold-polymer interface MaY overlap with the

desired signal, it can he overcome by signal processing. The results presented here are not

to suggest the future monitoring to he carried out from the insert core because it bas the

same inconvenience as the transmission mode as the UTs must be installed inside the

core. The purpose here is to show that on-line monitoring of material solidification in

reflection mode is feasible but demands high SNR.

In previous worles [55] velocity of the polymer during solidification bas heen

monitored at difference pressures, melt temperatures and hold rimes but only in

transmission mode. Here we have demonstrated that the more practical and convenient

reflection mode may be used to perform the similar monitoring.
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Fig.4.23: Solidification monitoring by the transducers installed at the extemal mold

in ref1ection mode. (a) Moving echo before processing and (b) Moving

echo after processing.
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4.7 Summary

•
On-line ultrasonic monitoring of injection molding was intensively investigated on a

small box mold. The material employed was polyethylene. The molten polymer tlow

front arrivai during the tilling stage was detected by monitoring the change of the

ultrasonic wave retlection coefficient at the steel mold-polymer interface. Using a two

channel acquisition syst~ the tlow front speed and the advancement inside the c&vity
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were obtained. The onset of the gap between the mold and the polymer caused by the

shrinkage through the part thiclmess during the post-filling stage was a1so successfully

detected by the change of the ultrasonic reflection and transmission coefficients at the

mold-polymer interface. Meanwhile, the contact time between the part and the mold wall

was measured. The contact was defined as good-contact and partial-contact stage

according to the amplitude of the signal level. The comparison between the traditional

pressure and the ultrasonic sensors detecting the gap development was investigated. It

was found that ultrasonic sensor had a superior performance. Furthermore, the contact

time dependency on the packing pressure was studied and the gap fonnation effeet on the

part cooling was analyzed by relating the experiment results to those obtained by infrared

temperature measurements.

Solidification monitoring of the part during the packing stage was carried out using

ultrasonic velocity measurement which may he related to the part elastic properties. Cross

correlation method was applied to precisely obtain the ultrasonic velocity inside the

polymer with the help of the two-channel acquisition system. In transmission mode the

emitter was mouoted on the extemal mold and the receiver was installed inside the insert

core. The ultrasonic velocity variation inside the part during the process was obtained.

Feasible study of the velocity measurement in reflection mode in which the UTs are only

mouoted on one side of the mold surface was investigated. The monitoring from the

extemal mold wall was carried out and the signal having a poor SNR was extracted by

signal processing methods. Meanwhile, the monitoring from the internaI mold wall

obtained a relatively higher SNR for the desired signal. Thus, on-line monitoring of the

solidification in reflcction mode was feasible provided that a signal ofhigh SNR could he

obtained.
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Chapter 5:

mtrasonie monitoring of the die casting proeess

S.1 Introduction

The process of die casting is very similar to tbat of injection molding. However, since

the cast materials are molten metals such as aluminum (Al) in our case, process

temperature in die casting is higher tban tbat in injection molding. On-line ultrasonic

monitoring measurements may be performed at elevated temperature around 300°C,

which is the external surface temperature of the die (mold) onder cooling. One intuitive

approach is to employ broad band piezoelectric contact ultrasonic transducers (UTs)

together with a couplant, both should worlc weIl at such temperature. Because there is no

reliable broad band and high performance commercial UTs which can operate at the

above temperature, new probing methods or sensors with high SNR performance are

needed.

Another difference between the Al die casting and polymer injection molding is that

the molten Al must he fed inta the cavity at high speed. Furthermore, the solidification

rate of Al is also much faster than that of the polymer. In general the filling stage is

completed within a short time, e.g., less than 40 ms and the solidification takes less than 5

seconds. Therefore, high speed acquisition system is required to fulfill the monitoring

task, in particular, for the tlow front advancement inside the cavity.

In our study, an experimental die is designed and fabricated for the on-lîne u1trasonic

monitoring. A clad buffer rod with high SNR will be inserted in the die wall for the

probing. Again by using the two..channel high speed acquisition system described before,

the tlow front ofthe molten Al and gap development will be monitored simultaneously.
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S.2 Butler rod

Due to the unavailability of high performance high temperature UTs and couplants,

one classic approach for the process monitoring al high temperature is to insert a metallic

ultrasonic waveguide (buffer rod) between the UT and the materials to he monitored. One

end of the buffer rod is water cooled down to 60°C or helow thus the commercial high

performance UTs and couplants can he used. The ultrasonic waves are generated by the

UT, transmitted through the buffer rod and then into the processing material. The

reflected wave is back to the UT through the reversing path [48]. The application of

buffer rads for ultrasonic monitoring in polymer extrusion was reported in [52]. Usually

for on-line material process monitoring, certain signal to noise ratio is required to achieve

the monitoring task. Due to wave diffraction effects and the finite diameter of the buffer

rad, spurious ultrasonic echoes, also termed trailing echoes, may be present in the midst

of the signais containing the desired sample information. These trailing echoes will

always arrive later than the direcdy transmitted or retlected longitudinal echoes and often

interfere with the desired signais [48,74-78].

In order to reduce the trailing echoes thus increase the SNR, threading at the periphery

of the buffer rad is the most commonly used technique for buffer rads to disturb the rod

air boundaries. But often the result is not satisfactory, in particular, if the diameter for the

buffer rod is required to be small [48,78]. A buffer rad ofa smaller diameter requires less

cooling to reach the desired low temperature than that ofa larger diameter. In our study a

novel and high performance clad butTer rod with a solid core and a solid cladding is used.

The ultrasonic waves are guided in these clad buffer rads in a very sunilar way as that of

the optical waves guided in a clad optical fiber. It means that the energy is concentrated

and weIl guided in the core. In brie~ these high performance clad metallic buffer rads

have the following merits: (l) high signal to spurlous u1trasonic noise ratio due to the

significant reduction of the trailing echoes, (2) high signal amplitude due to proper wave

guidance, (3) suitable for reflection and transmission measurement geometries, (4)

suitable for bath longitudinal and shear waves, (5) low 105s, (6) machinable, (7) usable at

elevated temperatures, (8) no cross talk between adjacent buffer rads since the u1trasonic

energy is concentrated in the core, (9) no loss during immersion in molten metaIs and

(10) simple and easy fabrication [74,78,79].

For monitoring the die casting ofAI, tbree buffer rads with a zirconium (Zr) core and a

stainless steel (SS) clad fabricated by a thermal spray technique were installed inside the
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die. Figure 5.1 is the eut view of the zirconium. rads with and without the cladding. The

detailed dimensions in which the core is of6.35 mm diameter, the length of the buffer rod

is 69.9 mm and the actual fabricated buffer rod are given in Figs.5.2 (a) and (b)

respectively. The Zr core is a low ultrasonic loss materiaI and the SS cladding steel is

easy to he machined. A commercial available broadband and high performance UT is

attached to the cooling end of each buffer rad with the use of a viscous couplant and

under pressure. The UT end is cooled below 60°C by water during the casting. Again, as

for injection molding, the viscous couplant is used in order to have a long and stable

operation.

The entire buffer rad is inserted into the wall of the die and proper cooling is aIso

provided as shown in Fig.S.3. The other end of the buffer rod directly contacts the die

cavity. Figure 5.4(a) shows the retlected 5 MHz longitudinal wave signal from the end of

the buffer rod after machining. Figure S.4(b), shown here for comparison purposes, is the

signal for a 6.35 mm diameter 70 mm long bare zirconium rod without c1adding. Our

measurement results indicated that the signal strength in Fig.5.4(a) is 15 dB stronger than

the corresponding one in (h). From Fig.S.4 it is seen that the trailing echoes are reduced

significantly. For this clad Zr rod, the signal to noise ratio is more than 45 dB except

about 20 dB around the tirst trailing ecbo. It is noted that improved clad buffer rods

having the sunilar dimensions and SNR above 45 dB for aIl time are aIso developed very

recently [76].

Fig.S.I: Cut view ofthe zirconium buffer rad with and without steel cladding.
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(a) (h)

Fig.S.S: The die with the installed buffer rads. (a) The external surface of the die

and (b) The internai surface of the die.
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Fig.S.7: Reflected signal before and after filling.

5.3 Die design

Figure 5.5 shows the actual experimental die including the three inserted buffer rods.

Both ends of the buffer rods can he seen from both sides of the die. The top and side

views of the cast Al part and associated dimensions are given in Figs.5.6 (a) and (b)

respectively. The ultrasonic monitoring locations A, B and C where the three buffer rad

are inserted are aIso indicated. The locations are chosen for the convenience to monitor

the flow front advancement and different gap development time al different thicknesscs.

5.4 Results and discussion

Monitoring of the die casting of Al was perfonned at different plunger speeds. The

two-channel acquisition system was used to perform the data acquisition al two locations

simultaneously, i.e., A and C, or A and B. The acquisition rate was operated around 1000
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Hz leading to an arrivai time measurement resolution of around 1 ms. As mentioned in

2.2.2, since the molten Al impedance is close to that of the buffer rad, when the molten

Al contacts the buffer rod and the die wall, a significant ultrasonic energy can he

transmitted mto the Al thus the ret1ection coefficient at the butTer rod end-Al part

interface decreases significandy, -70%. Therefore, even the tirst echo of the retlected

signal would have a sufficient sensitivity to the change of the interface condition. It is

noted that in polymer injection molding experiments the fourth echo was used to increase

the sensitivity for monitoring.

Figure 5.7 shows the received echoes reflected from the internai die surface before and

after the tilling. The amplitude which decreases after the filling cao be clearly observed.

There exists a time delay after tilling for the received signal because the temperature of

the die thus the buffer rod increases after the molten Al is injected inta the cavity. Like

many other metals the ultrasonic velocity ofZr decreases as the temperature arises. Later

we will use this pbenomenon to investigate the die temperature during the process. The

observed ultrasonic signal also indicated that the buffer rod together with the coaling

system, UT and ultrasonic couplant worked weil at such a high temperature condition.

Other noises such as coming ftom the coaling lines and ejector pins have been eliminated

because the desired uItrasonic signais were guided along the core ofthe buffer rod and the

noises are significantly attenuated at the cladding-die interface and in the cladding region.

5.4.1 Flow front monitoring

Figure 5.8 sbows the tlow front monitoring using the buffer rods at locations A and C.

The plunger speed was 0.37m1s and the estimated tlow velocity at the gate was 3.5m/sec

which is a very low speed. Each dot in the curve was the resuIt ofone acquisition and the

time resolution was 1.06 ms. The tlow front arrivai time difference for this case is around

10 ms. Monitorings of die casting under faster plunge advance speeds were also

perfonned. However, since the part length was 200 mm and the distance from location A

to C was 150 mm, the rime for a complete filling exceeded the time resolution of our

current acquisition system.
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Due to the high filling rate ofthe molten Al tlow could be in astate so-called jetting. It

means that the molten Al may be filled in a form of a liquid jet which leads to an early

complete filling at the rear end of the part rather than the front end. In addition, the

wettability and wetting speed of the moiten Al to the mold surface (in this case, to the

zirconium core surface) is unknown. This may he a concern because the wetting speed

must be faster than the time resolution of the tlow front monitoring. Further studying on

the reaction between the mold and the tlow after the tlow arrivai is needed and an

upgraded acquisition system with a sub-millisecond time resolution is requïred.

5.4.2 Gap developmeDt monitoring

A typicaI amplitude plot of the retlected signal ftom the clad Zr buffer md-Al interface

is shown in Fig.5.9. The decrease of the amplitude indicates the arrivai of flow and the

molten Al attached to the Zr. The increase of the amplitude shows that the gap caused by

the part shrinkage is developing and prevents ultrasonic energy from penetrating into the

Al part. The amplitude after the gap was slightly different from that before the filling

since the temperature was high at that time and could affect the UT, couplant and thus

signaL

Figure 5.9 indicates that the gap is developed earlier at location C than that at A. It is

understandable because the part thickness at the location A is larger than that at C and a

thicker part needs a longer lime to be solidified. The contact lime which is evaluated

starting frOID the flow arrivai until the formation of the gap can he also obtained. It is also

observed that the part contact time varied with the part thickness and a thicker part had a

longer contact time.

As mentioned in Chapter 4 on injection molding process, the ultrasonic gap is an

indication of the onset of the thermal gap. For die casting, the gap detected by the

ultrasound is in the order of 0.1 J.1Ill. The investigation of the die temperature near the

monitoring location may he used to study the effects of the detected ultrasonic gap on the

thennal contact resistance (TeR). Since the change in the average temperature inside the

buffer rod will cause the variations of the guided ultrasonic wave velocity, the lime shift

of the received ultrasonic signais cao he used for monitoring such temperature change. In

fact, a higher temperature in clad Zr rods leads to a lower ultrasonic propagation velocity

thus a longer lime delay.
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Figures 5.10 and 5.11 show the monitoring results of the amplitude and time delay

shift variation of the reflected echo at the clad Zr buffer rod-Al interface during die

casting of Al at two different tilling speeds. In Fig.S.IO measurements at locations Â and

C were recorded simultaneously and presented in (a) and (h) respectively. Figures 5.10

illustrates the resu1ts of a run with a plunger speed of O.37m1s and an estimated flow

velocity of 3.57m1s at the gate. Monitoring with the plunger speed at 2.29m1s was aIso

carried out and the results are given in Fig.5.11. In Figs.S.ll (a) and (h) measurements

were performed at locations Â and B respectively. The estimated flow velocity at the gate

was 25m/s for this case.

The signal rime shifts in Figs.5.10 and 5.11 were measured by the cross correlation

method and error bar was around 0.02 J,ls. In the figures the average values obtained by

the "median filter" in which the values of twenty nearby points are averaged are aIso

plotted. From the above two figures, the time shifts at locations Â, B and C were around

O.17J,1s, 0.13J,1s and 0.09J!s which were about 0.3%, 0.23% and 0.16% change,

respectively, of the velocity of clad Zr buffer rod. These results indicate that the die

temperature around a thicker part increases more since more heat would transfer to the

die wall and buffer rode It is understood that along the buffer rod direction a temperature

gradient, thus a velocity gradien4 would exist during the part solidification.

It is also observed that the change in the time shift which Îndicates the change in the

average die wall temperature at the monitoring locations are consistent with the amplitude

plots indicating the Al tlow arrivai and gap development. The sudden rise of the time

delay hence the temperature corresponds to the tlow front arrival which means the heat

starts to conduct and warm the die wall and clad Zr buffer rod when the molten Al wets

the die wall. When the molten Al contacts weU with the die wall, the temperature

increases sharply. This indicates that the heat transfer is efficient due to the good heat

conduction. After an ultrasonic gap is detected and the amplitude recovers to the high

level, the rate of increase for the temperature of the buffer rad drops significantly. This

may reveal that a severe TeR exists and the part is no longer cooled efficiently inside the

cavity.
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5.4 Summary

The ultrasonic monitoring of the tlow front during tilling and the gap development

during the part solidification in die casting of Al part was carried out. Tbree buffer rods

with a zirconium core and a stainless steel cladding fabricated by a thermal spray

technique were integrated into the die. The transducer end of each buffer rod was water

cooled down to 60°C or below during the monitoring. Commercial high performance 5

MHz UTs and couplants were then used for the measurements. SignaIs with good SNR

were achieved onder such high tem.perature operation conditions, i.e., around 300°C at

the extemal surface ofthe die.

The tlow front was detected at a low plunger speed ofaround 0.37m1s. Gap formation

due to the part shrinkage was monitored and the Al part contact tinte with the die wall

was also measured. It was found that a thicker part had a longer contact time. By

measuring the signal lime delay shift along the buffer rod caused by the die temperature

increase, the die temperature changing trend during the process was measured. A

temperature gradient along the die surface where the temperature is higher at the location

of thicker part was observed. The observed die wall temperature variation derived from

the signal time shift measurements also indicated that there existed a significant thermal

contact resistance right after the detection ofthe ultrasonic gap which was detected by the

monitoring ofthe amplitude variation.
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Chapter 6:

Conclusion

6.1 Thesis summary

On-lïne ultrasonic monitoring of polymer injection molding and die casting of

aluminum (Al) was carried out. PuIse-echo method using 5 MHz longitudinal wave was

employed in our study. The molten matenal tlow front arrival and the gap development

change the interface condition between the mold and part thus cause the changes of the

ultrasonic signal retlection and transmission coefficient at this interface. Thereby~ the

tlow front and the gap formation were monitored from the amplitude variations of the

acquired ultrasonic signal. It is noted that before the polymer injection the retlection

coefficient is 1 due to the large ultrasonic impedance mismatch between the steel mold

wall and air in the cavity. After the filling the steel (mold)-air interface changes to the

steel-POlymer interface, the reflection coefficient decreases because a part of the

ultrasonic energy is transmitted into the part inside the cavity. The transit rime and the

amplitude of the ultrasound inside the part during the process were also measured, thus

the ultrasonic velocity and attenuation which are related to the part solidification could be

obtained. After about -1 JlIll gap is developed between the mold and the part, the

interface changes back to steel-air case, the reflection coefficient returns to 1 and the

monitoring for the above three tasks ceases.

In order to perform the monitoring tasks~ a PC-based plug-in data acquisition system

was developed. A two-channel acquisition card with the maximum sampling rate up to

100 MHz was plugged into a Pentium. PC computer and can directly access the computer

bus. The acquisition control was wrinen in Labview software with user friendly interface.

High acquisition repetition rate up to 1000 frames/sec per channel was achieved for a

two-channel acquisition and the time resolution can be up to 1 ms. This two channel

system was appreciated because the tlow front monitoring would not he effective if a

single channel system. reported in [55] was us~ in particular, for a very short time
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duration as existed in die casting ofaluminum. Post signal processing softwares were also

performed under the Labview programming in this study.

Severa! essential monitoring tasks such as flow front, gap development and

solidification were performed on polymer injection molding. A simple box mold was

studied. The material was a high density polyethylene. In most cases, ultrasonic

transducers (UTs) were installed at extemal mold wall and at desired locations to perfonn

monitoring in reflection mode. Meanwhile, an insert hollow core was designed for the

preliminary Iaboratory investigation purposes. Using this type of core UTs could he

installed inside the core, then both transmission mode and reflection mode inside the core

were carried out. A viscous ultrasonic couplant was used and it worked well without

refreshing for weeks. Severa! practical considerations such as signal echo selection and

temperature effects were aIso discussed. Proper echo selection cao enhance the sensitivity

for monitoring the flow front arrivai and the gap development. Such selection was not

used in [55] for the monitoring of the polymer injection molding, thus poor sensitivity

was observed.

With the two-channel acquisition system, the flow arrivai rimes at two locations were

recorded simultaneously thus the time delay of the arrivai times between two locations

was measured. Then the flow front speed inside the cavity between these two locations

was obtained. By using the different combinations of two positions, we may know the

advancement of the flow front inside the whole cavity. Different injection speeds were

applied, and the monitoring results showed that the flow front speed increased with the

increase of the injection speed, the polymer flow front speed slowed down slightly along

the flow path and the flow front at a thicker part had a lower advancement speed.

Gap development was successfully monitored at the box side walls. A total contact

rime was defined from the reflected signal amplitude plot. It starts from the tilDe when the

front flow arrived UDtil the a -1 J.Ull gap is devel0Ped. After the fiUing, the amplitude of

the reflected signal stayed at the low level for a while because part of the ultrasonic

energy is transmitted into the filled part then it starts to cise due ta the gap formation. We

defined the rime from the filling to that when the amplitude starts to rise as the good

contact lime which means that the part had a good contact during this lime period. Partial

contact time was defined from the rime when the amplitude starts to rise until a -1 J.1I1l

gap is developed. During this time period the part partially contacted the mold. After the

-1 J.1lll gap is formed, the amplitude ofthe retlection coefficient is recovered to 1 which is
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the same as that before the polymer injection. The advantages ofultrasonic monitoring of

the cavity conditions over the pressure sensors were the high sensitivity to the gap

formation, fast response, simple installation and the clear identification of the above

mentioned contact stages.

Different packing pressures were applied in the injection molding. The experimental

results obtained from the monitoring of reflected signaIs which were received by the UTs

installed at the external mold showed that a higher pressure led to a longer contact time, a

shorter gap time thus a better part cooling. This result was aIso confirmed by the part

surface temperature after ejection measured by an infrared technique [83]. Sîmilar results

were also obtained from the measurements at different locations, those performed in

transmission mode and at different melt temperatures. No gap was detected at the bottom

of the box while a gap was monitored at the side wall. The bottom was thicker than the

side wall indicating that the thicker part needed more cooling time. An oscillation of the

reflected signal amplitude from the monitoring of the bottom wall was observed after the

gap formed at the side wall and could he caused by the structure force induced by the

transient detaching of the part at the side wall.

Measurements of the ultrasonic velocity of the part during injection molding were

carried out using the transmission mode in which the signal was emitted from the

transmitting UT mounted at the extemaI mold wall and received by the UT installed

inside the hollow core. The two-channel acquisition system recorded both the ret1ected

signal obtained by the UT at the extemaI mold wall and the transmitted signal. These two

signais enable us to achieve a high precision measurement which uses the cross

correlation method to obtain the time delay between the echoes and then the ultrasonic

velocity of the part. Further studies could relate the measured velocity to the part

properties during the solidification.

In general, the solidification monitoring in ret1ection mode is preferred. Process

monitoring using UT mounted at the external mold wall was firstly performed. A small

signai which had a round trip inside the part was obtained. Its signal strength was around

50 dB less tban that directly retlected at the mold-part surface. The SNR ofthis echo was

small because noises coming trom the multiple ultrasonic reflections al the cooling lines,

ejector pins and large grain size of the steel mold appeared. Using the digital signal

processing method, the desired signal was extracted though still with a low SNR.

Nevertheless the results showed that monitoring of the solidification in reflection mode
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was feasible. In [55] the solidification of the polymer was monitored in the transmission

mode which is not practical and convenient.

Secondly, the monitoring usÏDg the UT installed inside the core facing the box bottom

wall was aIso operated in reflection mode. Multiple round trip signais inside part wall

were obtained with reasonable SNR because the core mold wall was thin and no

disturbance came ftom the cooling lines and ejector pins existed in the above case. Such

reflected signaIs could he used 10 measure the velocity with an improved precision.

Although installation of the UTs in the insert core may not he practical~ the results

indicate that by careful selection ofthe monitoring locations high. precision measurements

of the ultrasonic velocity ofthe part related to its solidification could he carried out in the

reflection mode.

Sînce the die casting ofAl was performed under high temperature conditions and there

is no high performance high temperature UTs and couplant available, novel clad metallic

buffer rods were employed. These buffer rads were used as ultrasonic waveguide between

the UT and cast Al part with high temperature dming the process. Three clad buffer rads

consisting ofa zirconium core and a stainless steel cladding fabricated by a thermal spray

technique were integrated into the die wall. Each UT end of the buffer rad was water

cooled down to 60°C or below. Then the commercial high performance ambient

temperature UTs and couplants were applied. Ultrasonic monitoring of die casting of Al

was successfully camed out under such measurement configuration.

Flow front monitoring of die casting of Al using a experimental die was performed

using the same two-channel acquisition system but operated around 1000 frames/sec with

the time resolution around 1 IDS. The arrivai time difference of molten aluminum flow at

three different positions was observed onder very low plunger speed. The arrival lime

differences at high plunger filling speed were not identified because the filling speed is

very fast and the part in the generic die was very short, the required time resolution

should be sub-milliseconds which is beyond of our hardware capacity. The wettability of

the molten aluminum to the die wall surface was also a concem because the wetting speed

should be faster than the time resolution ofthe monitoring.

Gap development monitoring of the Al part during the solidification was aIso

perfonned. The results showed that a tbicker part needed more time to he solidifi~had a

longer contact time with the die wall thus the gap was developed later. The amplitude plot
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shift inside the buffer rod due to increasing temperature during the process. The

comparison clearly showed that deteeted ultrasonic gap indicated the onset of the

significant thermal contact resïstance (TCR) wbich was the barrier 10 the part cooling. The

comparisons aIso showed that the die wall surface temperature was non-unifonn during

part solidification, i.e.9 the die wall surface near the tbicker part had much higber

temperanue. Il is noted that the largest gap wbich cao cause total retlection in the case of

die cast of Al is ooly -o.ltJ.D1 wbich is different from -lJ1Ol in the polymer injection case.

The perfonned on-lîne ultrasonic monitoring of the injection molding and die casting

process showed tbat the ultrasonic sensor is an excellent candidate to perform many 00

line monitoring tasks. MoIten material tlow during the fiIIing. the cavity condition

including the gap development and temperature infonnation both for the part and the mold

surface. and the part solidification could he monitored using ultrasound. Multiple

monitoring tasks may he canied out using the same setuP9 thus convenien~economic. fast

response and multiple fonction can he achieved As an example. Bubler (Uzwil.

Switzerland) bas used an electrical device to monitor the Oow front in their die casting

machines and cIaim much improved operation and products [84]. Our purposed ultrasonic

method is believed to he able to perfoon multi-task: monitoring and more robusL

6.2 Future work

For the monitoring of polymer injection molding. different materials and different

operation conditions can he tested. A multipIe-channel up to tens of channel acquisition

system cao he setup and more detail investigation can he implemented. Clad buffer rods

may be installed inside the mold wall thus solidification monitoring using reOection mode

could he carried out with a mucb enhanced SNR. The part surface temperature and the

temperature profile aIong the mold wall couId aIso he measured using the well-designed

clad buffer rod fabricated with the thennal spray technique [76]. Combining the

temperature measurements with the uItra50nic velocity measurement of the part which is

related to the part average lemperature. the investigation of the temperature profile imide

the part along the thickness direction could he obtained using an inverse method.

The acquisition system cao he furtber improved and sub-milIisecond lime resolution

should be acbieved to monitor the die casting of aluminum operated at high plunger filling

speed. The casting process may he monitored al different operation conditions and

phenomena sucb as the behavior of the mollen alwninum tlow and dynamic plunger speed
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control by the monitoring of the Dow could be investigated. The aemperature of the pan

surface along wim the ultrasonic velocity measurement of the part may aIso he evaluated

with the use of clad buffer rods thus soüdification monitoring of the aluminum could he

achieved even in retlection mode.

The ultrasonic techniques tbat were developed in Ibis study could he applied to otber

industrial material processes. i.e.• gas assisted injection molding, co-injection molding and

co-extruded polymer blow molding. For example. co-injection molding, in wbich one pan

could he composed of diffeœnt layered maaerials with diffeœnt tbicknesses" the

advancement and direction of the Dow front as weil as the thicknesses of different material

layers could he monitored on-line by ultrasound.
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• Appendix: Proc:essing Programs

AlI the uItrasonic signal processing programs are written in Labview software, a graphie

programming language. Beloware the two main programs used in our study ta obtain the

amplitude profile and time delay between ecboes.

(a) 2-channel amplitude plot

This program is used to obtain the maximum value of the aequired uItrasonic signal

which is the reflection or transmission coefficient in each frame and plot the amplitude

profile. The main subprogram is the routine for finding the maximum amplitude introduced

in 3.3.3. Window, bandpass filter and signal interpolation are introduced in tbis program. The

flow front arrivai time difference between two locations and the contact rime at each location

can be derived ftom the plots. The panel ofthis program is shawn in FigA.I. Figures A.2(a)

and (b) show respectively the panel and diagram of the routine for finding the maximum

amplitude.

(b) Time delay processor

This program is to calcuIate the lime delay between uItrasonic echoes. The lime delay

between two echoes inside same graph or different graphs can he derived using the cross

correlation method. Window and tilters are introduced in the program. The method to

calculate the travel time inside the part which was introduced in 4.6.1 can he implemented by

this program. The panel is shown in Fig.A.3.
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Fig.A.l: Panel of the 2-channel amplitude plot program.
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(a)

(h)
Fig.A.2: Routine for finding the maximum amplitude. (a) Panel ofthe program and

(b) Diagram ofthe program.
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Fig.A.J: Panel of the time delay processor program.
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