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1 Summary

The main technical objective of the project wasto improve - he quality and reliability of
, surfaces of dies and moulds which are used in the forming a nd shaping of materials
such as powder metals, casting or forged metals, plastics an 3 glass.

In the manufacture of these dies and moulds a variety of ma chining techniques may be .
employed to produce the often complex shapes required. With few exceptions, the

surfaces produced by these techniques demand additional tr 2atment to bring them to

the specified surface finish and integrity. The most common solution involves hand

held tools, although there have been indications more recenily of attempts to automate
the treatment using robots or a modified form of copy millir:ig. Current techniques

remain slow and are very often of sub-standard quality.

It was anticipated that the use of the project technology in t he form of an automated
finishing process may reduce die and mould polishing time by 30 to 70%. Since typica
finishing costs for complex dies and moulds represent 10 to 30% of total
manufacturing costs this may represent cost reductions of 3 to 20°/0.

The initial project concept was the development of a polishing process based on the
ultrasonic vibration of a polishing compound consisting oft mixture of asoft flexible
polymer and abrasive particles. The intended performance for the process when
developed was to polish surfaces with rugosities 1 um Rati» 4um Rato achieve target
finishes of 0.1 um Rato 0.4 um Ra. In addition, where surf aces had been generated by
thermal machining techniques (e.g. electric discharge machi ning) it was intended that
stock removal would be of the same order of magnitude as the depth of recast layer
resulting from the zonal heating and subsequent retooling ¢ f the work piece surface.
The achievement of this objective would ensure the remova | of micro-cracks and
return the surface to the origina material integrity.

The project was structured on a task by task basis. Tasks 1 and 2 involved the
investigation of the energy transfer and heat generation aspi:cts of the process in order
that the process may be well characterised and optimised. T ask 3 was focused
specifically on the development of the polishing process by the testing of experimental
machines. These three tasks were closely integrated and the information generated was
used to” specify and design a prototype polishing machine. This prototype machine was
designed and manufactured within Task 4. Following manu facture of the prototype
machine the process was evaluated within Task 5 of the project against the original
performance criteria. . \

All tasks were completed as specified within the workprogramme in a timely manner.
Minor workprogramme amendments were implemented where appropriate. The .
project was concluded with the demonstration of a prototyne polishing machine
capable of achieving the original project objectives. Partner | 1S actively co-ordinating
the further evaluation, development and marketing ‘of this process within aseries ¢ f

post project activities.’



2. Objectives of the project

In the manufacture of dies and moulds a variety of machining; techniques may be
employed to produce the often complex shapes required. Wi:h few exceptions, the
surfaces produced by these techniques demand additional treatment to bring them to
the specified surface finish and integrity.

The main technical objective of the project was to develop a1 automated process to
improve the quality and reliability y of surfaces which are usec in the forming and
shaping of materials such as powder metals, casting or forged metals, plastics and
glass. It was intended that this would involve polishing surfaces with rugosities 1 pm
Ra to 4um Ra to achieve target finishes of 0.1 ym Rato 0.4 ym Ra. Where surfaces
have been generated by therma machining techniques (e.g. electric discharge
machining) it was intended that stock removal would be oft he same order of
magnitude as the depth of recast layer resulting from the zomnat heating and subsequent
retooling of the work piece surface. The achievement of thi: objective would ensure
the removal of micro-cracks and return the surface to the original material integrity.

It was anticipated that the use of the project technology in t1e form of an automated

finishing process may reduce die and mould polishing time ty 30 to 70%. Since typica
finishing costs for complex. dies and moulds represent 10 to 30% of total -

manufacturing costs this may represent cost reductions of 3 to 20%. _~

As aresult of the grinding action of the process and the improvement in surface

integrity the effective life of the die cavities maybe increased. This would,& avery
direct cost saving to the component manufacturer.

3. The structure of the workprogramme

The project workprogramme was split into six main task headings. 1n the early part of
the project tasks 1,2 and 3 were structured to investigate the transducer design, heat
generation and the polishing process respectively.

Following these initia investigations it was intended that al 1 the data generated in tasks
1, 2 and 3 would be brought together to be used to design :1 prototype machine that
would polish on an industrial scale a wide “variety of closed cavities in components
made from avariety of materials. Attention would be given to the polishing of complex
shapes in aluminium and a variety of steels The criteria of interest would be specific
levels of improvement in the degree of roughness at all poiits on the surface of the die
and a limitation on the temperature rise at any point within the polymer.

Selected industrial dies in aluminium and steel would be tested on the prototype
machine constructed within Task 4. 1t was intended that the changes in Ra, asa rcsu h
or polishing, the variation in this parameter around the polished surface, the extentof
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micro-cracking, and the nature of the residual stress at the su rface of the die cavities
would pe compared with that achieved by hand polishing operations. These

comparisons would be used in the evaluation of t he prototype machine. Any
improvements necessary to the prototype design would be completed.

3. Technical review of the work completed

Task 1- Method of high frequency energisation of the
media

The primary objective of this task was to develop a model o f the pressure and energy
distribution in the polishing compound in order to be able to optimise the acoustic
system to give the best polishing performance. In order to d :velop such a model it
was necessary to identify the energy transfer mechanisms wi thin the total ultrasonic
system (Figure 1). The complete ultrasonic System consists »»f an ultrasonic generator
and transducer which transmits vibration through a mechani al booster and sonotrode
into the abrasive polishing compound. The first transfer of e nergy in the system occurs
in the ultrasonic generator, the transducer, the booster and 1he sonotrode, when the
electrical energy input is converted to mechanical energy. T ais transfer results in the
generation of heat and sound with a corresponding efficiency reduction. The efficiency

‘of the transfer was quantified by measuring the electrical inj>ut to the ultrasonic . .

generator and the vibration amplitude at the tip of the sonot rode.

Energy transfer also occurs across the interface between the: end of the sonotrode and
the abrasive polishing media. It order to determine the interface impedance losses, it
was first necessary to determine the acoustic impedance of the materialsinvolved. The
acoustic impedance of a material is the product of its density and the velocity of
ultrasonic compression waves within it. The velocity of ultrasonic compression waves
within a wide range of abrasive polishing media was measu :ed. The viscosity, abrasive
size and abrasive concentration were the three variables inv estigated. The velocity of
the acoustic compression waves was measured at a source o detector spacing of 25,

50 and 75mm. From the velocity of acoustic compression\ vave measurements, and the
calculated densities, the impedances of the abrasive mixturt:s were calculated.

Having determined the acoustic impedance of the various 1aedia mixes, it was possible
to combine them with those of steel and aluminium and herice calculate atransmission
coefficient for the different interfaces.

The energy distribution within the abrasive polishing medi:. was investigated. Initial
attenuation measurements within the abrasive polishing media were completed using
1 MHz broad bar-d piezoelectric transducers. It was found “hat within this range the
attenuation of the acoustic energy gradually increased wit}! frequency.

Having established these general trends across abroad frequency range it was
concluded that increased transter efficiency could be achie ved by eperating at lower
frequencies. Further attenuation measurements were there fore completed using lower
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frequency 150kHz transducers. The attenuation data was:ised to develop
mathematical models to predict the pressure and energy distributions within the
ultrasonically agitated abrasive mixtures.

The variation in attenuation with distance from the transducer for medium viscosity
polishing media can be seen in Figure 2. It was found that the attenuation increased
with increasing distance from the transducer. This data fu: ther reinforces the proposal
that lower frequency ultrasonic systems will give the optir um energy transfer.

In order to develop an empiricaly based predictive model of the pressure distribution
within the polishing media, a large number of pressure me isurements was taken within
the media at arange of axial and radial distances from the sonotrode working end.

The variation in dynamic pressure with distance from the working end of the sonotrode
for a variety of generator power settings can be seen in Figure 3. An exponential
reduction in dynamic pressure with distance from the sonctrode can be seen for all
power levels investigated. Mathematical analysis of these -esults gave a predictive
model of the form

1.476
J— g XPxet0064x o

equation 1

where p is the dynamic pressure in the media (MPa), P is 1he ultrasonic generator
power setting (' ?7?), and X is the axial distance (mm) from the working end of the
. sonotrode. The' predictive nature of this “model is represented graphicaly in Figure 4.

Having established this predictive model for the variation i dynamic pressure with
axial distance from the sonotrode working end a similar investigation was completed to
determine the variation in dynamic pressure with radial distance from the sonotrode
working end. It was found from these results’ that the dyn:imic pressure decreased with
radial offset until a minimum value was obtained. The decrease in dynamic pressure
with radial offset was found to be closely related to the diameter of the sonotrode.
Mathematical relationships were derived to express these results, and thege results
were tied to modify equation 1 (given above) to give a ccmmplete representation of the
dynamic pressure distribution within the polishing media. I'he equation derived was as
shown below:

1,476
p= 0.1 XPXR:[ xe(‘0.064x x )

R

equation 2

wherer istheradial offset from the centreline of the sono:rode (mm) and R is aradial
offset at which the dynamic pressure becomes constant (nim} (for a :0mm diameter
sonotrode R=10mm).

Thus a predictive model had been derived to predict the dynamic pressure distribution
within the polishing compound which could be used to optimise the polishing process.
A three dimensional graphical representation of the predic ted dynamic pressure

5



distribution for a 10mm sonotrode energised at40% of full power can be seen in
Figure 5.

Task 2- Measurement and modelling of process heat
generation

The objective of thistask was to determine the effect of hea: generation in the die
cavity on temperature distribution within the polyborostloxane energised with high
frequency acoustic waves. It was intended that the data obt: ined would be used to
produce a mathematical model to predict the temperature di stribution in a variety of
closed cavities in industrial dies subject to polishing with the abrasive polishing media
Thisinformation would be used, if necessary, to control the temperature distribution
within the polishing system by either controlling the heat generation of the process or
by introducing suitable cooling systems.

In order to develop athermal model of the polishing process it was necessary to,
determine a number of fundamental thermal properties. The thermal conductivity was
determined for low, medium and high viscosity polymer mixed in concentrations from

O to 75% by mass with silicon carbide abrasive. These experiments were repeated for

two abrasive particle sizes; 14 um and 142pum. In all casest he thermal conductivity of

the polishing compound was found to increase with increasing abrasive content. The
specific heat capacity of a range of polishing compounds was aso determined
experimentally. The specific heat capacity was found t6 be :easonably constant for
abrasive concentrations between O and 50°/0 by mass. The s»ecific heat capacity was -
found to decrease when the abrasive concentration was increased from 50 to 75% by
mass. The surface heat transfer coefficient between steel an 1 polishing media mixed
1:1,2:1, and 3:1 by mass with abrasive was determined experimentally for low,

medium and high viscosity polymer across the interface terr perature range of 30°C to
60°C. The surface heat transfer coefficients for polymers without abrasive were also
determined. In general it was found that the surface heat trensfer coefficient of the
polishing compound decreased with both increasing interface temperature and

increasing abrasive content .-

As part of the ultrasonic process the ultrasonic wave will at tenuate as it passes through
the polishing compound (see Task 1). A proportion of this attenuation will be
converted to heat within the polymer. It was necessary to guantify this heat generation
for arange of experimental conditions@ order to incorpor:ite this heat generation into
any thermal models of the polishing process to be developed. It was assumed that all
the energy attenuated by the sound wave was converted to heat. The heat generation
within the polymer could therefore be calculated by subtracting the energy used for the
polishing process at the die surface from the mechanical en =rgy generated at the
sonotrode tip. In order to calculate the mechanical energy: it the end of the sonotrode
an experimental programme was completed to determine bath the amplitude and the
force at the end of the sonotrode as described below.

The displacement at the free end of the sonotrode was mezsured by means of a

capacitive transducer. ‘1 *his device measured changes in capacit ance bet ween t wo

parallel faces. The change in capacitance was related to the change in distance which
O



occurred between the vibrating surface of the sonotrode an 1 the stationary transducer.
The equipment used is shown in Figure 6. The capacitive transducer employed was
calibrated with aknown displacement of low frequency. Tke measured amplitude of a
variety of sonotrode sizes (diameters) for arange of ultrasc nic generator power
(between 100 and 700 W) can be seen in Figure 7. ‘I-he meusured amplitude generaly
increased with increasing generator power and decreasing < onotrode diameter.

The force was measured at the free end of the sonotrode us ing aload cell. Thus the
energy generated at the tip of the sonotrode could be calcu :ated for a range of
operating conditions. The heat generation within the polish ing media was calculated by
combining the calculated energy input at the tip of the sonc trode with the attenuation
of the ultrasonic wave within the polishing media (Task 1).

It became apparent, through experimentation on the test equipment at Partner 2, that,
when the sonotrode was vibrated freely in air, heat was ger erated within the sonotrode
itself Thiswas an additional term to consider within the midelling of the heat
generation and transfer of the polishing process. Consequently it was necessary to
quantify the heat generation within the sonotrode for arange of operating conditions.
This was completed by measuring the temperature of the sonotrode during excitation
for a range of operating conditions.

A two dimensiond finite difference thermal model of the polishing process was
developed A series of heat transfer equations was derived to describe the heat transfer
between control volumes whilst maintaining an energy balance. It was assumed that -
heat transfer was by conduction in the polishing compound, in the work piece, and
within the sonotrode. Heat transfer by convection was asst med at the interface
between the polishing media and the sonotrode, work pieci: and containment device.
Natural convection was assumed at the” system boundaries, Heat generation terms were
included in the polishing compound and in the sonotrode.

The thermal model was modified as the polishing process was developed (Task 3). The
first of these modifications was the incorporation of the eflects of pressurizing the
polishing compound, and the flow of the polishing compound in the polishing chamber.
The model was used at this stage of its development to mcdel the heat generation and
transfer within hemispherical die cavities. Work was simulianeously completed to
optimise the polishing process for these die cavities (Task 3). A five section nodal
mesh was created for this investigation as can be seen in F: gure 8. The model was used
to predict temperature distributions within the system for « range of processing
conditions. A typical output of the thermal model can be seenin Figures 9 to 12. These
results show the temperature at four time intervals during «he polishing process. It was
noted that maximum temperatures were generated in the region directly below the
sonotrode. However, the flow of the polishing compound up the sonotrode resulted in
heat transfer from the ‘ region under the sonotrode to the centre of the sonotrode.

In order to validate the therma model alarge number of temperature measurements
was completed during operation of the polishing process. Subsequently, the heat
transfer model was' modified to take into account the reversal of the flow direction of -
the polishing media 11ow from up the sonotrode to down t ne sonotrode.
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1t was evident from these experiments that both the ultrasonics and the flow 0 f media
contributed heat to the system. it was proposed that flow of media contributed heat to
the system through shear heating. 1 n alicases the temperatu-es generated were well
below that considered acceptable for a polishing operation.

Task 3- The development and assessment of the polishing
process

The main objective of this task was to be the development c f a practical polishing
process by the development of the initial concept of ultrasonically agitating an abrasive
mixture in a die cavity. The polishing process developed was to be evauated for the
effectiveness of its polishing on the surface of die cavities. I: was intended that the
polishing parameters to be investigated would be frequency and amplitude of vibration,
power, static force and time. The material properties to be (considered would include
change in surface roughness, uniformit y of polish, and surface integrity.

During the first six months of the project an experimental polishing machine was
designed and constructed at Partner 4 as shown in Figure 1 3. The test piece to be
polished was clamped into position opposite the acoustics} stem as shown. The system
was filled with a mixture of soft polymer, flo wable a room temperature and a silicon
carbide abrasive.” The machine was fitted with a pressure and displacement transducer-
Commissioning trias on the machine included the measurer nent of the pressure on the
surface of test samples during the operation of the acoustic system. It was found that

the application of a static pressure greatly increased the effixctive transmission of the
ultrasonic dynamic pressure to the work piece surface. The: pressurisation of the
system was achieved by the use of a hydraulically driven piston as shown in Figure 13. .

During the second six months of the project, experiments vsere completed to
investigate the effectiveness of the experimental polishing 1aachine described above.
Initial trials involved investigating the effects of media viscosity, abrasive particle size
and sonotrode design on the polishing action produced. In addition the repeatability of
the polishing action produced was also investigated.

Surface roughness improvements achieved in these early trials were at best around
19% (Rabefore 3. 1 pm to Ra after of 2.5 pum). However, :;onsiderable damage
occurred to the work piece surface in some cases (deep cevities).

Despite these limitations the results of these first tests wer e very encouraging as they
demonstrated that the ultrasonic vibrations could be transmitted from the acoustic
system through the abrasive medium to the work piece su rface, and effect a surface
roughness improvement by agitation of the abrasive partic es.

I n order to improve the polishing process the sonotrode was drilled axialy down its
centre to obtain acirculation oft he abrasive mixture and t:» allow the transverse
motion of the abrasive particles relative to the work piece surface. The configuration
of this experimental set-up canbe seenin Figure 14. A series of experiments was
completed in order to investigate the effect of sonotrode 1> work piece spacing.
processing time, polymer viscosiiy, abrasive size and concentration, and ultrasonic .
amplitude. Results of these expefiments were wry much improved onthe previous
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non- flow trials described above. Surface damage was mirimal and Ra improvements
of up to 76% were achieved (0.5 pm to 0.12 pum).

Despite the promising Ra improvement, some erosion oft he work piece surtace at the
centre and periphery of the polishing zone occurred and a central non-polished zone
was evident.

In order to reduce this effect an eccentric work piece, holder was used to rotate a flat
disk sample relative to the sonotrode. This experiment produced an excellent surface
finish result (Ra before 4.3 nm, Raafter 1.5 pm) and the central dead zone was
virtualy eliminated.

Polishing of both steel hemisphere and aluminium slot san ples was completed on the
modified polishing machine. The most promising result fo: hemispheres was 45°/0 Ra
improvement (4. 12 um before, 2.26 um after) and for slofs was 70°/0 (1.34 um before,
0.39 pm tier). In addition, no damage of the die surface * ~as evident (due to
sonotrode to die contact or other mechanisms). However, many of the trials did not
produce such large surface roughness improvements and f he polishing produced was
not homogeneous over the entire work piece surface.

Following discussions it was decided to modify the experi mental polishing machine
such that the flow of abrasive media was down the sonotrade and exhausting to
atmosphere between-the die and the sonotrode tip as oppased to the previous
arrangement whereby the die was in -a pressurised containar and abrasive media was
forced between the die and the sonotrode, up the sonotroile and -out to atmosphere: It
was thought that this method would stitl produce a polish'ng effect as polishing
medium-would still be directed under pressure between the soriotrode and the die. This
modification eliminated the need for a pressurised contain er which offered considerable
advantages if future process devel opment required relative sonotrode to die cavity
movement. Relative movement between the sonotrode ani the die cavity has
subseguently been shown to be advantageous to achieving; a homogeneous polishing
effect. -

Initially ten hemisphere samples were processed. Good polishing results were achieved
athough longer processing times than had been previous] ¢ used were found to be
necessary. Despite the extended processing times (up to €0 minutes), Ra improvements
of up to 50°A were achieved.

As detailed above, a number of developments to the polishing process was identified
including;

. The reversal of the flow direction of the abrasive media
Movement of the sonotrode relative to the die improy es the polishing effect and
enables larger areas to be polished

. Multi-axis movement of the sonotrode relative to the work piece to enable the
polishing of side walls as well asthe base of the die ciivities
Control of the axes movement to achieve an eftective polishing action and to
eliminate any surface damage of the dic.
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To satisfy these requirements new test equipment was desigred and built and mounted
onanumerically controlled 3-axistable which was formerly -art of a milling machine.
An overall view of thistest set-up is shown in Figure 15. The: transducer, booster and
sonotrode assembly were- mounted on the decommissioned v ertical spindle assembly of
the machine. The table could be numerically contro tied in three axes and the machine
head could be manually rotated about a horizontal axis.

Figure 16 shows, in detail, the transducer, booster and sonot rode along with the new
media pressurisation/feed arrangement. The media was contiiined within an easily
refilled reservoir (shown on theleft) which was pressurised ! »y means of a 150mm
stroke hydraulic pump. The reservoir fed the sonotrode through nylon hoses and a
manifold (hidden behind the transducer). The manifold had f our delivery ports but only
two were used since it was necessary to strike a compromist: between media delivery
and sonotrode cross-section in the region of the feed ports.

Task 4- Specification and design of prototype equipment

The objective of thistask was to specify and design a prototype polishing machine
based on the results and conclusions of tasks 1, 2 and 3. Ba sed on these designs a
prototype machine was to be constructed to allow the evaluation of the process on
industrial dies (Task 5).

The polishing action is achieved by pumping a viscous abra sive polymer mixture axially
down the centre of a metal tool whilst subjecting the tool tc: an ultrasonic vibration.
The main components of the polishing tool are shown in Figure 17. The tool is
traversed over the die surface to achieve a uniform polish.

It was intended that the prototype polishing machine woulc. be capable of polishing a
minimum die size of 150 x 300 x 450 mm by pumping a viscous abrasive polymer
mixture axially down the centre of a metal tool whilst subjecting the tool to ultrasonic -
vibration. T he prototype was to be capable of traversing the tool over the die surface

to achieve a uniform polish. A typical cavity shape to be pc lished would be abottle
cavity.

In order to design the machine frame and base it was necessary to specify the axis
movements required. After considering various concepts it was decided to use a linear
X, y table combined with alinear (z) and two rotary (aand c) axes on the ultrasonic
head.

For the prototype polishing machine it was necessary to motorise and control the x, y
and z axes. AC brushless motors/encoders were selected t:» the following specification.

Constant stall torque 1.6Nm
Peak torque 6.0Nm



It was intended that these motors would be used in combination'with digital amplifiers
to give closed loop velocity andtorquecontrolonthex,yand. axes via rotary
encoders on the motor shafts. The digital amplifiers would be supplied by a 25 KVA
transformer. The transformer has sufficient capacity to pow :r two additional amplifiers
forthea and c axes at a future date. The z-axis would also be fitted with a brake to
ensure that the ultrasonic head maintains position when the power is disconnected. .

A CNC controller would be required to control the axis mo vement in order to polish
complex die cavities automatically. A Heidenhain TNC 415 CNC controller was
selected on the basis of technical features, technical support, compatibility with motor
amplifiers, motors and encoders, price and delivery. Import.int features of this unit to
the prototype design were 5 axes of cent rol, excellent grapt lies, atilt the working plane
feature (essential for the tilting ultrasonic head), | SO softw:ire compatibility and a
digitizing capability for co-ordinate measuring. The unit is zlso capable of controlling
other machine functions as well as axis movement including the media flow and the
ultrasonics.

Whilst the electric motors are fitted with integral encoders: or closed loop torque and
velocity control with the drive amplifiers, it was intended tf at positional location
signals would be generated by glass scale linear encoders. 7These encoders would be
connected directly to the CNC unit.” Linear encoders offer the advantage that they offer
accurate positional control, asthey are not sensitive to lead screw pitch errors,
backlash, torsional wind-up, thermal expansion or end float errors. “
The ultrasonic system was designed to incorporate a sonot: ode, booster, transducer,
amplitude measurement device, ultrasonic generator, variac (power control) and a
computer. A mediafeed system was required to pump abrasive media to the ultrasonic
sonotrode. The mediafeed reservoir consisted of a piston znd cylinder complete with
abrasive resistant piston seals. The media piston was driver. pneumatically. Two -
solenoid pneumatic valves control the media feed system (one to advance the feed
cylinder, one to retract it). These control valves are contro’ led automatically through
the CNC unit. -

Task 5 - Evaluation of the prototype equipment

The primary objective of this task was to complete a full evaluation of the prototype
machine constructed within Task 4. The performance of the prototype was to be
compared with the initial project objectives and with the requirements of the project
partners. It was intended that any modifications necessary:0 enhance the performance
of the prototype would be implemented within this task..

Within Task 5 the prototype machine software was completed. This included setting
up the machine parameters in’ the CNC unit (to define sucl parameters as number of
axis movements, traverse lengths etc. ) and writing the PL.CC program which interprets
the CNC program commands and coverts them into appro oriate output signals (move
X axis etc. ).



Figure 1 8 shows the finished prototype ultrasonic flow polishing machine installed at
Partner t's development facility.

During commissioning trials the prototype was found to exceed al the design

specifications of Task 4. The axis traverse lengths and weight bearing capabilities of
the machine were more than adequate for evaluat ing the coinplex die cavities designed
within Task 3. The traverse speed and control was tested, the media feed system

functioned well and the ultrasonic system functioned as specified.

In order to assess the performance of the prototype machinc a number’ of CNC
software programs was formulated. These prograrms definec 1 the traverse pattern of the
sonotrode, the traverse speed of the sonotrode and turned t ae abrasive mediaflow on
and off. The programs were written in both 1S0 language aad in Heidenhain
conversational language. As well as writing programs direcily for the prototype,
Partners 5 and 6 processed a number of CNC milling programs into polishing programs
for the prototype machine. This was achieved by putting a t ool offset into the milling
program. These programs were written in 1S0 CNC language and were loaded directly
into the prototype controller via floppy disk. This method cf programming will be very
important for the future development of the process.

In the evaluation of the polishing performance of the prototype machineaCNC
program using an x axis linear traverse with a y axis increment after each x axis
traverse was used. Initially the y axis increment was fixed at 0.1 mm, the traverse
speed at 180 mm/min and the ultrasonic power at 300/0.” These parameters were .
selected from the optimum parameters determined within Task 3.

For the final project meeting a milled aluminium sample measuring 40mm x 40rnrn was
polished from an initial roughness of 2 um Ra to afinal rot ghness of 0.2 um Ra.
!

This demonstration showed the prototype to be' capable ot achieving the original
project objectives of polishing to achieve a 10 to 1 mmprovi:ment in surface roughness.

Post project evaluations completed during the production of this report indicate that
modifications to the process parameters may significantly iacrease the polishing speed
of the prototype machine.

4. Comparison of the work planned with that
accomplished

Throughout the project the workprogramme was co-ordinated centrally by Partner 1to
ensure effective communication and maximum productivity y. Regular review and
planning meetings were organised to ensure good project yrogress With respect to the
workprogramme.



The work completed has followed very closely that whichwas originally outlined inthe
workprogramme. “l-asks 1 and 2 were completed in order to quantify the acoustic and
thermal properties of the system. Additional work to that p anned within these tasks
included the determination of’ the heat capacity of the polishing media and the
modification of the predictive mathematical models totake :nto account moditications
to the polishing process implemented within Task 3. ,

A prototype polishing machine was designed and construct d within the project. This
design and construction was delayed by 3 months because tie process was not fully
developed at the time when the prototype design was sched iled to commence.
However, additional resources were applied to the construe :ion of the prototype to
ensure that it was completed and demonstrated at the final | reject meeting.

5. Conclusions

The main project objective was achieved by the developer t of an ultrasonic flow
polishing process for polishing blind cavities. The thermal a::d acoustic properties of
the system have been quantified. A prototype polishing mac hine has been designed,
constructed and demonstrated.

The processis capable of polishing to the quality specified i 1the project objectives
(typically 10:1 improvement in Ra).

The technology has been patented and is currently undergoi ng industrial evaluat ion
with- a number of interested parties.

From atechnical viewpoint the project has been very succe: sful with all partners
performing well as aco-ordinated unit. In addition to the te :hnical achievements a
number of non-technical achievements were experienced during the project term:

e aconsiderable amount of ‘networking’ has occurred. Partners and individuals have
made contacts with third parties leading to further exchiinges of information,
meetings, new project ideas, etc.

« cultura exchanges have been significant through the technical and steering
commit tee meetings which have occurred at the various partners organisations

+ theacademic/industrial interface has been beneficia to <1l partners. As each
meeting was hosted the activities and capabilities of eac h ingtitute or company were
demonstrated to the other partners

« the development of personal skills and acceptance of personal challenges was
noticeable, particularly with personnel being exposed tc working and
communicating on aninternationallevelfor the first time.
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Figure 3: The measured experiment variation in dynamic pressure with axial distance
from-the working end of the sonotrode for a range of ultrasonic :zenerator power
settings wo of full power). '
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FFigure 4: The calculated (from equation | ) variation in dynamic p-essure with axial
distance from the working end of the sonotrode for a range of ultiasonic generator
power settings (% of full power). |
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Figure 5: A three dimensional graphical representation of the dynamic pressure
distribution within the polishing ‘media under a 10mm diameter sonotrode energised at -
40% of full power as calculated by the predictive model described within Task 1.
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Figure 6: The equipment used to measure the amplitude of ultrasonic vibration at the
tip of the sonotrode.
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Figure 7: The variation in sonotrode amplitude with ultrasonic generator power for a

range of sonotrode sizes.
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Figure S The three dunensional nodal mesh used to model the heat generation during
the ultrasonic polishing ofa hemispherical steel die sample
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Figure 9: The predicted temperature distribution within the ultrasonic polishing system

calculated from the finite element thermal model. The simulation i s for 14pm silicon
carbide abrasive mixed with medium viscosity polymer and shows the temperature
distribution in the die, the polishing media and the sonotrode after 120 seconds of
polishing.
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Figure10: The predicted temperature distribution within the ultrasonic polishing
system calculated from the finite element therma model. The simu fationis for 1 4pum
silicon carbide abrasive mixed with medium viscosity polymer and shows the
‘ temperature distribution in the die. the polishing media and the sorotrode afier 360
seconds of polishing.
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Figure 11: The predicted temperature distribution within the ultr::sonic polishing
system calculated, from the finite element thermal model. The simulation is for 14pm
silicon carbide abrasive mixed with medium viscosity polymer ani shows the
temperature distribution in the die, the polishing medla and the sc:notrode after 960
seconds of polishing.
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Figure12: The predicted temperature dlstrlbutlon within the ultrasonic polishing
system calculated from the finite element thermal model. The sir ulation is for 14pm
silicon carbide abrasive mixed with medium viscosity polymer an 4 shows the
temperature distribution in the die, the polishing media and the sonotrode after 1080
seconds of polishing.
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Figure 13: The initial experimental ultrasonic polishing machine developed at Partner
4,
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Figure 14: The modification to the experimental polishing machine to introduce the
flow of polishing media up a flow channel in the sonotrode. “'
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Ficure 150 The numerically controlled experimental ultrasonic hw polishing nuchine
developed at Parter 3.
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Figure 16: The acoustic system and abrasive media feed system used on the
numerically controtled ultrasonic polishing machine at Partner 3.
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Figure' 17: The ultrasonic flow polishing action showing the flov- of viscous abrasive

mixture and the ultrasonic vibration.
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Figure 18: The completed prototype ultrasonic flow polishing machine currently
installed at Partner I's development facility.
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