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Abstract

The Caribbean steelpan is a pitched percussiorumsnt that originated in Trinidad and Tobago
during the Second World War. Despite several rebemnitiatives to improve the making of this
relatively new instrument, several areas remairddressed. This thesis presents new approaches to
help improve the making of the instrument. Thespragaches are situated in the production,

vibration and material aspect of the steelpan.

A novel sheet forming technology termed Incremer8hket Forming (ISF) is applied to the

production of miniature steelpan dishes. The theslendistribution in the wall of the ISF dishes is
compared to the wall thickness distribution in aditionally formed steelpan dish and a wheeled
dish. Unlike traditional forming and wheeling, IpFoduces stretching in only a portion of the walls
of the formed dishes. Multi-pass ISF is used tcerdtthe stretched zone but this extension is
minimal. A break even analysis is also appliednteestigate the fiscal viability of ISF application

to the production of miniature and full size steglpdishes. The application of ISF to steelpan
making is found to be commercially profitable bould be jeopardised by the tuning stage of the

steelpan making process.

A preliminary study on the effect of impact on tastability is conducted on a pair of notes on & ful
size steelpan and detuning is found more likelgdour by repeated impact of the note at its centre.
Mode confinement in test-pans is also investigalt®H.is used to produce miniature test-pans with
test-notes that are geometrically identical to sa@e full size pans. It is possible to confine nede
by varying the curvature of the bowl surrounding thst-note. The number of localised modes in
the test-note increases as the radius of curvatutbe surrounding bowl increases. The natural
frequency of the first confined mode in the testesds sensitive to material springback in ISF and
the mechanism of confinement appears to be dugetoltange in geometry that occurs between the
flat test-note region and the bowl wall. This cohtof mode confinement may find use in future

efforts to completely or partially automate theefjjean making process.

Material damping and mechanical properties in l@anbon steel used to produce steelpans are
researched. Damping and mechanical properties siracted from low-carbon steel that is
subjected to identical stages to the steelpan [gtamiuprocess. Material damping trends suggest
that an annealing temperature between 300°C andCA@@uld be appropriate for the heat
treatment of steelpans. Air-cooled and water-queddbw-carbon specimens exhibit comparable
damping trends. Hardness increases in cold formaedchrbon specimens is attributed to strain
hardening and not strain ageing. Investigationashping trends and mechanical properties in ultra-
low bake-hardenable and interstitial-free steeleaés that a wider range of low-carbon steels may
be suitable for steelpan making.
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Chapter 1 Introduction

Chapter 1 Introduction
1.1 The Steelpan: An Introduction

Bans on the people of the islands of Trinidad antafo to express themselves musically lead to
the genesis of a new percussion instrument:Ghgbbean steel drumDrum refers to the oil
containers or barrels from which the instrumentabricated but the instrument is commonly
referred to as theteelpanor pan. Throughout this dissertation the name steel disteelpan or
pan will be used interchangeably when referringhte instrument. A brief introduction of the
instrument is necessary before delving into thédlerms to which this work is intended to provide

answers.

1.2 A concise history

There is a consensus that the steelpan first emhengeéhe musical scene towards the end of World

War II. One researcher said in 2000:
“Its life so far, a mere 60 years, is a dot in twerld of music.”[1]

This relatively new percussion instrument has asts in the drumming traditions of two major
ethnic groups in Trinidad and Tobago; West Africamsl East Indians [2]. A summary of the
history of the steelpan is given in Figure 1.1. Hw reader with more interest a comprehensive

history can be obtained in references [2-7].

1.3 The steelpan family and musical ranges

Each steelpan consists of two regions namely thging surface on which the note regions are
located and the side commonly referred to as tivé (skee Figure 1.2). In music, note refers to the
sign used in musical notation or to the pitch eband. In this work, the woreh6te with respect to

the steelpan will not only be used to denote saampitch but will also be used when referring to

the physical space or region associated with ocated to a note on the pan surface.

The present playing range of a steel band orchestends from G1 to G6 on the musical scale,
approximately five octaves, with overlaps betweachepan type as shown in Table 1.1 [8]. Table
1.1 also shows some steelpan types and the nurhdarms used to create each set.
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African skin drums: Banned in
1883 as this was considered aq a

tool to incite revo. Y F PR e
Tamboo Bamboo bands emerged to r

but were also eventually banned sometime between
1930 and1935 due to clashes among rival groups.

The expanding oil industry and the
American Naval bases in Trinidad during
WWII provided an abundance of used oil
drums which provided a new raw materia
for experimentin.

Between 1935 and 1938 new instruments took
the form of buckets, biscuit pans, paint tins,
grease barrels and wooden boxes.

1945 saw a new instrument in the form of the staelp
which today has grown into a family of instruments.

Figure 1.1: Evolution of the steelpan [4,9]



Table 1.1: Typical steelpan dimensions and assstiatusical range [8,10]

Number of Bowl Depth Skirt or Side . Frequency
Pan Type Drums (mm) Length (mm) Musical Range (H2)
Tenor (Soprano) 1 200 140 C4-F6 262 - 1397
Double Tenor (Alto) 2 180 - 195 240 F3-C6 17941
Double Second 2 160 - 165 215 "3k B5 185 - 988
Guitar Pan 2 140 460 D3-F4 147 - 349
Cello Pan 3or4 130 - 160 450 B2 4B 123 - 466
Quadrophonic Pan 4 150 280 B2 5B 123 -932
Bass Pan 4,60r9 90 - 100 620 G2 -D4 (4) 98 — 294

to entire drum side Al -D3 (6) 55 —147
Al - B3 (9) 55 - 247
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Maotez on

playing
surface

Skirt

Stand

Figure 1.2: Regions of a steelpan [11]

1.4 Traditional steelpan crafting

Steelpans are today still largely produced by trawdial handcrafting which begins by dishing the
top of a tight-head oil barrel. The following stagee described below (see asgure 1.3):

1. Sinking or dishing This involves stretching the drum head with algkehammer to create an
evenly dished surface. Instead of using an oil dremme pan makers use a metal disc or blank
which they form into the pan head (Figure 1.4).

2. Creation of note regionsThis is where the pan maker divides the dishethse into sections
that will be used for placement of the various sote

3. Grooving This is the process in which each note regioteiined by a boundary that consists
of a continuous line of punch marks on its perimete

4. Cutting the drum The side of the drum is cut to length in accomawith the steelpan type
under production. Bass pans usually retain theeesitle of the drum.

5. Firing: This is typically done by placing the drum upsatavn on a wooden or kerosene-fired
heat source for several minutes so as to remov@ainy or oil on the surface. The firing or heat
treatment of the drum is also believed to provitais relief in the drum head to facilitate
further cold-working during tuning.

6. Tuning: This is where a few modes in each note regiontamed (making adjustments to the
shape of the note region by hammer peening) uméldesired frequencies (fundamental and
harmonics) on the musical scale are achieved. [&teelare tuned to the Western twelve tone
equal temperament scale in which the referencéaodard pitch is 440Hz or A440.
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& 4. Cutting of drum side
iy

2. Note marking'and placement 28

»

3. Grooving around note re
. -w'e ~Pe - "

Figure 1.3: Traditional steelpan fabrication [10]
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(a) Par head with skil
Sinking or Cutting of \
dishing drum side
Tight head :> /
oil drum
Dish or bowl
also known
as pan head

(b) /Blank

Sinking
or .
dishing Dish or bowl
also known
as pan head
Pan head with skirt attached
Skirt or side

Figure 1.4: Pan dishing(a) using tight-head oil drum ar(®) using a sheet metal blank

1.5 Note placement and standardization

The note arrangement or note pattern refers tpldeEment of notes on the pan-dish surface. There
has been some movement to standardize [1,12] tbeeecland the placement of notes on pan
surfaces. This work is not concerned with the shaidation of note arrangement on pan surfaces.
Figure 1.5a, b and ¢ shows three note arrangentieatsare found on soprano pans. Figure 1.5a
shows an arrangement which is based on the cifciéhs and 5ths, hence the name 4ths and 5ths
tenor pan. In this arrangement adjacent notesdratti-clockwise direction have their fundamental
frequencies in the ratio of a musicil B:2) and adjacent notes in the clockwise direchiane their
fundamental frequencies in the ratio of a musi@$43). In this pan the notes are arranged in three
rings, referred to as the outer, middle and inngg.rThe fundamental frequencies of the notes on
the middle ring are the octave frequencies of thiesion the outer ring, and the same relationship

exists between the notes on the inner and middggsri
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The Ellie Manette or Invader soprano pan (Figurgb)l.is also arranged in a series of rings.
However, adjacent notes on each ring are eithematgne or whole tone apart, with some adjacent
notes having their fundamental frequencies in #i® rof a musical fourth or fifth. The Aubrapan
(Figure 1.5c) named after its inventor Aubrey Bry@as adjacent notes that have a whole tone
difference in tone. Several other layouts of therano pan are in circulation but the 4ths and 5ths
soprano pan continue to be the predominant anempeef note pattern. A 4ths and 5ths soprano pan
and an Aubrapan were used for some of the expetgmerhis work.

Figure 1.5: (a) 4ths and 5ths soprano pan; (b) Ellie Mannett@der or Desporadoes soprano pan;
(c) The Aubrapan

1.6 Motivation

The manufacture of the steelpan is summarizedgargil.6. From this it is apparent that the study

of the steelpan is multidisciplinary, bringing tolger the disciplines of manufacturing technology,
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materials science and vibration and acoustics. Wask will concentrate on problems that are

positioned in each of these respective disciplines.

Steelpan Production

Sinking/Dishing & Heat treatment

Note Grooving (Annealing) Mode Tuning

Figure 1.6: Summary of steelpan production

1.6.1 Steelpan dish production

As mentioned previously, steelpans are still largebduced in a traditional manner which entails
dishing the top of a tight-head oil barrel with e of heavy hammers. This process is highly skill
dependent, dexterous and does not allow for repiifitalt is considered a public nuisance and
there is a significant amount of material wastage tb drum splitting. The process subjects pan
builders to: (1) noise induced hearing loss duhéohigh noise levels (~100db) [13] generated and
(2) occupational diseases associated with prolongedosure to the hand-arm vibrations
experienced during sinking. For these reasons, palders have long called for a mechanized
alternative. Over the past four decades severa¢tsheetal forming technologies have been
employed for producing steelpan dishes and thededa conventional spinning, hydroforming,
and deep-drawing. Some of these technologies dtecstrently used while some have been
abandoned in preference for a currently popularupratic assisted sinking which employs a
hammer-head attached to the end of a reciprocgistgn. This process is identical to sinking by

hand and introduces the same problems previoushyiomed.

A novel sheet metal forming technology, termed lgingoint incremental forming (SPIF) was
applied to steelpan production in this work. Thieet metal forming technique was selected owing
to its relative quietness and its ease of conthobugh computer software which allows for
improved repeatability of products. Unlike spinnimydroforming and deep-drawing, incremental
sheet forming does not require dedicated toolingulas or dies) thereby making it highly flexible
and relatively cheaper. The study took the forna gfilot project which looks at the feasibility of
using SPIF for the manufacture of mini-pan dishésgctvare typically 300mm in diameter and 45-
50mm deep. A custom built incremental sheet formmgchine at the Cambridge University

Engineering Department was used to produce the painiheads.

8
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1.6.2 Mode confinement

Steelpan makers generally tune two or three madeach outer note of a tenor pan and one in the
middle and inner note regions. The fundamental modach note is: (1) tuned to a frequency on
the musical scale and (2) the frequencies of tlegtomes are coaxed into an approximate harmonic
relationship with the fundamental or into musicaias that are accepted as pleasing to the human
ear. In an effort to better understand the vibratidoehaviour of steelpan notes, several models
have been proposed by various researchers. Somelsrattempt to explain how manipulation of
structural geometry [14,15] can achieve modal tgmirile another model explains modal tuning
by manipulation of boundary condition paramete®].[However, neither of these models account
or explain the capability of some tuners who man@agine as many as four modes in the outer
notes of tenor pans. One such tuner in Germanydlaiths that he is able to tune four modes in the
outer modes and two modes in the middle notessofdmor pans. Therefore, another aspect of this

work will entail an investigation of mode confinemi¢phenomenon.

1.6.3 Steelpan detuning

Part of this work involves a preliminary investigat of detuning of steelpan notes subject to
impact forces comparable to that of normal steelgaging. Like any other musical instrument, a
steelpan is expected to need retuning at seveagiestduring its lifetime. The aim in this

preliminary work is not to eliminate detuning but et out recommendations for further
investigations which may assist in revealing sohsi towards enhancing the stability of the tuned

frequencies of steelpan notes.

1.6.4 The effect of manufacturing regime on vibration danping

The manufacture of steelpans involves several statpech include cold forming during the dishing

of the pan head followed by heat treatment (anngpland surface peening during tuning (see
Figure 1.6) and surface coating (either paintinglmome plating). Previous studies [18,19] have
concentrated on the effect of the manufacturingmmegon the surface hardness of the pan head in
an effort to establish the optimum parameters athvkhe steelpan must be heated in order to
achieve an appropriate level of surface hardneas\ifil facilitate effective tuning. Although a

previous study by Ferreyra [20] also acknowledgezhange in material damping properties after

heat treatment there was no effort to correlateerrtdamping and hardness properties.

Part of this work will focus on the effect of theanufacturing regime on material damping in
steelpans in an attempt to identify damping medmsi along with the optimum conditions
required for achieving the appropriate level of enal damping necessary for the production of

superior quality steelpans.
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1.7 Dissertation Outline

A background of the relevant literature in the exdjwe engineering disciplines in combination
with a review on previous work on the steelpanasalin Chapter 2 to emphasize the main gaps in
the present knowledge and to outline the scopehefdurrent work. Chapter 3 involved the
production of miniature steelpan dishes using imemetal sheet forming (ISF) and a financial
analysis was conducted to determine the feasitwlitysing ISF for the production of full size pan
dishes. Chapters 4 and 5 were vibration studiefsilbsize and test steelpans respectively. Chapter
4 involved the study of modes of vibration and detg of steelpan notes while Chapter 5 focused
on mode confinement in test pans. The effect ofsteelpan manufacturing regime on material
damping is investigated in Chapter 6, leading ® shmmary and recommendations for further

research in Chapter 7.

10
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Chapter 2 Background

2.1 Steelpan dish production

2.1.1 Traditional crafting

The traditional crafting of steelpans is still lalga hand made process which begins by dishing the
top of a tight-head steel drum with a sledgehamonea heavy metal ball (see Figure 2.1). This
process is still largely used internationally anany pan makers still believe that pan dishes formed
in any other manner would be inferior to pans ehtimade by hand. In spite of this, several
problems associated with the traditional approackirtking have lead pan builders to search for a
mechanised approach to dishing. Some of these ggreblange from high noise intensity levels
[13] associated with manual drum sinking which stmes proves to be a public nuisance, material
wastage due to splitting of the drums during thkisig process and problems experienced by pan
builders which include noise induced hearing losd exposure to hand-arm vibrations (HAV).
Some pan builders take many months or years toemtms art of sinking without tearing the drum
surface and the problems of noise induced heaosg &nd HAV present a direct threat to the

already depleting population of skilled pan makers.

Figure 2.1: Traditional sinking of steelpan dishgft: dishing a tight-head drum with a
sledgehammer [21Middle: dishing a blank which is held in a jiight: dishing with a
heavy steel ball [22]

An important characteristic of dishing a tight-helxdm is the resulting thickness distribution ie th
dish. Since the drum head is fixed at the endsdtble is formed by stretching which creates a

thickness distribution that varies roughly from 1@8duction close to the rim to as much as 50% in
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the dish base [19]. This distribution of thickn@say or may not be crucial to the acoustics of the
instrument.

To address the problems associated with traditisin&ing several mechanised sheet metal forming
alternatives have been attempted. Some are cuwriientise while some have been abandoned (see
Figure 2.2). These processes include pneumatic feaimgy spinning, hydroforming and deep-
drawing. The benefits and drawbacks of each ofett@ecesses will be discussed. A relatively
novel technology, incremental sheet forming (ISH) &lso be presented as a promising alternative

for the mechanisation of the steelpan dishing mece

Steelpan Sinking by hand Manual Widely used
Production but highly
( Partiall \| skill dependent
Pneumatic sinking artially Health issues
o mechanised
S but can be
Dishing full
Spinning or i u yt d
ﬂ Spin Forming automate
Y
Heat
Treatment Deep Drawing
JLl
_ Hydroforming
Pre -Tuning Fully
|——————————— 1 Mechanised
JL | Incremental Novel technology ||
I Sheet Forming (ISF) that is not yet used |
Surface Coating p N
Stretch Forming Other potential |l
B ~ sheet forming I
_ _ ; technologies that I
Fine -Tuning W_heellng Manual can be exploited
| (English Wheel) |

Figure 2.2: Steelpan dishing operations

2.1.2 Pneumatic and Robotic assisted dishing

Todaypneumatic dishingor pneumatic hammeringhas become popular among pan builders and it
is considered the de facto method for sinking thdargely replacing hammering by hand. The
hammering force required for dishing is providedageciprocating piston in a chamber (see Figure
2.3). This method has become very attractive owings relatively low cost and relatively high

speed. A soprano pan with an average depth of 21@armmbe sunk in 20-30 minutes once the
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process is mastered [23]. Some pan builders apeusisag this process to shape the note regions on
the pan dish. Pneumatic hammering is less energyadding when compared with traditional
handcrafting but the use of this technology requjust as much skill on the part of the pan maker
as careful control of the hammer movement and imfmace are required in order to achieve the
appropriate depth without splitting the dish suefa@neumatic hammering, like traditional sinking
also exposes the pan builder to noise inducedrgpéoss (Noise levels ~100dB) [13] and problems
connected with hand-arm vibrations (HAV). HAV walbon be discussed.

Pneumatic

/Hamme
Reciprocating L |-

Tool™~__ I I ,

Steel Drum

Figure 2.3: Schematic of pneumatic hammering

Like hammering by hand, high material wastage dueaterial splitting usually occurs before the
operator is able to become comfortable and mabk&mptocess. The final pan dish should also
appear axisymmetric to be aesthetically pleasirtyaaieving this is also skill dependent. Neither
traditional handcrafting nor pneumatic sinking pdes means of ensuring dimensional
repeatability. One possible way of improving shegygeatability would be to form the blank into a

die cavity but several cavities would be needeplaass vary in depth (see Table 1.1).

There is also a movement to use a hammering ttenthad to a CNC controlled industrial robotic
arm. This would eliminate the skill dependency asded with hand and pneumatic hammering in
addition to significantly reducing exposure to hawitirations. However, this option is very

expensive and would still be noisy. Neverthelessgarchers in Finland [24] and Germany [25]
have explored the use of sheet forming with a hanmgeool held by a robotic arm but accurate
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forming was difficult owing to insufficient rigidyt of the robotic arms [26]. Figure 2.4 shows sheet

forming using an industrial robot.

P industrial robot
/ -
hammering tool
sheet metal

%// ///////

Figure 2.4:Incremental hammering using an industrial roboti 5]

2.1.3 Conventional spinning

Spinning or conventionalspin forming has also been successfully used to manufactureiphes.
Spinning involves the progressive shaping of atimmgametal blank over a rotating mandrel which
is in the shape of the part to be formed (FiguB.Rarts to be formed are typically axisymmetric
[27]. Steelpans vary in depth and it is obvioud tanaandrel will have to be created for each pan
type. Spinning also allows pan builders to expenivath pans of various sizes in contrast to using
standard drums with fixed diameters. The processmapmble of forming diameters ranging from
3mm to 10m and thicknesses from 0.4mm to 25mm [RB]additional step is also introduced for
the production of the completed instrument wherdéiiy dish is attached to a skirt. A major
advantage of spinning is that it uses simple arekpensive tooling and the process involves
localised deformation as the tool is applied loc#édl the workpiece [29]. This means that larger
forming limits can be achieved with considerablyés forming forces and machine power as

compared to conventional press forming.

Spinning unlike traditional handcrafting and pnetimhammering makes it possible to produce
pans with a relatively good degree of consisterstyage repeatability) since the same mandrel is
used repeatedly. However, manual spinning can hksophysically challenging and requires
dexterity as control of the process is highly dejgem on the competence of the operator [29,30].

The spinning technology was initially exploited ByG. Major, a metal spinning company in
Croydon, England. A.G. Major began by spinning @inre pans in 1973 [31]. Almost one decade
later spinning was also used by the Metal Indust@®mpany Limited (MIC) in Trinidad to
produce full size soprano pan dishes [32]. A tyjpscgorano pan dish was spun in approximately 15

minutes [32]. These spin formed dishes were soldaio tuners. MIC had a large cadre of highly
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skilled machinists and was able to produce higHityuspin formed pan dishes for almost a decade
before the technology was sold to a steelpan fackanland Ltd formerly known as Trinidad and
Tobago Instruments Ltd (TTIL) [32]. In spite of shactivity, there is no technical publication oe th
use of spinning for the dishing of steelpans. Haavethere is a brief account on spin formed dishes

at MIC in a pan tuning manual by Kronman [10].

Panland was also able to successfully manufactare dishes using spinning but the company
recently abandoned this technology in favour ofysnatic hammering [33]. Panland reported that
on some occasions spinning produced high qualgiyedi with uniform thickness distribution while

on other occasions the process produced pan dighies were either too thick in the middle or too

thick at the base. In some instances the dishetufead during the spinning operation. Rohner and
Schérer [34] also applied conventional spinningda production but abandoned the technology in
preference for deep drawing after experiencingtidehproblems as Panland. It is also likely that
A.G. Miller spinners discontinued the productionspin formed mini-pans due to similar problems

experienced by Panland.

Spinning is defined as a rotational forming prodesshe creation of axisymmetric shapes in which
there is no change in the wall thickness [19,2072% problem of uneven thickness distribution
experienced by Panland may be a consequence ofpiraring or under-spinning [28]. These are
conditions in which too great or too small toolrfong forces result in an uneven distribution of
thickness in the finished shape. The problems tedanay be attributed to poor technique rather
than process. Observation of the operator's spgni@chnique could have provided some useful

information which may have helped to unearth thelmental reasons for these problems.

Up until the abandonment of the spinning technolbgyPanland, all spinning of pan dishes was
done manually and it is also likely that no studiese conducted in an attempt to capture the best
practices which resulted in high quality pans. @menner in which this could have been done is
with the use of programmable numerical control (PM@ich uses playback technology [28]. Here,
the pan dish is spun manually by an experiencedatgewhile his motion/tool path is recorded and
played back to form subsequent pan dishes. Playteatinology capitalises on both the operator
skill and the repeatability given by the computer faster and improved quality production.
Spinning can also be automated with the use of ceanmpumerical control (CNC) and numerical

control (NC) programs.
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Figure 2.5: Schematic of conventional spinning of a steelpah dising;Top: a convex
mandrel [35] andottom: concave mandrel [10]

2.1.4 Problems associated with the use of vibrating hantbols

Manual sinking and pneumatic hammering are equpilyplematic as they each expose the
craftsman to the risk of developing problems asgedi with hand-arm vibrations. Hand-arm
vibration (HAV) is vibration transmitted from wonlrocesses into the hands and arms of workers
[36,37]. Frequent and long-continued exposure todkerm vibration can lead to the development
of a constellation of conditions known as hand-aiomation syndrome (HAVS) [26,28-31]. HAVS
affects the vascular, nervous and musculoskelg&iesis and some of the signs and symptoms
associated with HAVS include Raynaud’'s diseaseher ghenomenon also known as vibration
induced white fingers (VWF) or dead hand wherefthger tips blanch intermittently particularly

in cold and wet conditions. In extreme cases peemadamage or gangrene is the end result;
tingling and numbness in the fingers; cold intol@@and loss of muscle control and grip strength.
These signs and symptoms typically occur with jiobshich there is frequent use of vibrating tools
and equipment [36,37]. While some of the symptoars lwe the result of other medical conditions,
Raynaud’s phenomenon is generally considered todoepational and it is common among air

hammer users [38,39].
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Many pan builders employ workers who are solelyickdd to dishing the pan surface. Some of
these workers can spend up to 8 hours a day or arodeshing. The latency interval for the onset
of HAVS symptoms can vary but most symptoms careapithin one or two years and most of
the effects are exacerbated with continued exposui¢AV [38,40]. The effects of HAVS after
prolonged exposure to hand-arm vibrations are émsgfle and in the majority of cases cannot be
dispelled by medication or surgery [40]. Permargisability is usually an end result. Raynaud’s
phenomenon will inevitably result in loss of workné during blanching attacks and an employer
may eventually incur employee litigation for diddliclaims if the employer is deemed to be
negligent in his duty of care towards his employdany workers who operate vibrating tools are
most times ignorant of the risks involved and iaitegal requirement and the responsibility of the
employer to protect employees by assessing andatiomg the risks from vibrating equipment. Self
employed pan builders should also be made awateeaisks involved in the use of vibrating tools.
There is a large body of guidance which is avadldblassist employers and users of vibrating tools
in this regard [36,37].

Several measures have been taken to damp vibratiafisrating tools and these include the use of
gloves and rubber pads [41]. Some users of therpatci hammers complain that the use of gloves
makes use of the tool uncomfortable and interfeviéls accurate control. The Health and Safety
Executive (HSE) [37] has recommended that emploglmten the number of hours in which
employees are in contact with vibrating equipmeuit $ome argue that this only postpones the
onset of HAVS [41]. The best way to avoid the peois highlighted above is to completely
mechanise or automate the dishing process. Attentid now be given to technologies in which

the dishing process is completely mechanised.

2.1.5 Hydroforming and deep-drawing

Sheethydroforming and deep-drawingare other sheet metal forming technologies thatbaing
used for the production of pan dishes. Sheet hgdmifig is subdivided into sheet hydroforming
with a punch (SHF-P) [42] or sheet hydroforminghnat die (SHF-D) [43], depending on whether a
male or female tool is being used to form the gastming pressure in hydroforming is provided in
conjunction with a fluid medium. Unlike hydroforngndeep-drawing requires the manufacture of
both punch and die. While both technologies candsel to form the completed pan dish in a single
operation, the main drawback is the relatively hogists in comparison to pneumatic hammering

and spinning.

The time savings achieved by these processes armpienal as a pan dish can be formed in a few

seconds. However, a large volume of pans would teée created in order to recoup capital and
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tooling costs. The first record of the use of hydrming for steelpan dishes was in the mid 1970’s
in a collaborative project between the Caribbealustrial Research Institute (CARIRI) and SAAB
automakers in Sweden. Some 200 hydroformed tenordishes were produced and given to
professional tuners who reported on their expegsrin using these dishes. One of the problems
experienced by the team was poor thickness disitoibin the dish. It was not specified what poor
thickness distribution meant but it is likely thtdte thickness distribution obtained in these
hydroformed dishes was not comparable to the ties&mistribution in hammer formed pan dishes.

However, the project was eventually abandoned digck of funding [44].

Nevertheless, Withmyre and Price [45] and Schateal [46] have also recently successfully
manufactured pan dishes using hydroforming and -deswing respectively. Withmyre and Price
determined the average shape and dimensions abphef the playing surface of several-@nor
pans. The topographic information obtained frons ghirvey were compiled and used to generate a
CNC tool path which was used to machine a male lpwitdch was integrated into a hydroforming

press.

Unlike Withmyre and Price, Scharer and his teamgiesl a drawing punch which they claimed
was suitable for all pan types. Both groups prodysen dishes of similar dimensions with dishes
having an average diameter of 600mm and depth 6MA1 using low-carbon steel sheets of
various thicknesses. Both groups also claim to hatt@ned uniform thickness distribution in
formed dishes. This claim is reasonable as in Hgdming and deep drawing, stretching is reduced
which results in almost uniform wall thickness aethtively small material thin-out [47,48]. Murr
et al [49] were able to successfully tune uniform timeks stainless steel pans produced by the
hydroforming process patented by Withmyre and Pf[#®]. This means that the thickness
distribution obtained via stretching as in manual @neumatic hammering may not be crucial to

pan tuning.

Hydroforming and deep-drawing are completely med®hprocesses and the problems associated
with noise induced hearing loss and HAV are trenoesty reduced. These processes also deliver
superior geometrical accuracy, tolerance, and tap#dy, but poor flexibility as dedicated tools

will be required for each pan type. To make thesegsses viable, a large volume of pan dishes

need to be produced but the steelpan is still atlgr@ low-volume product.

! This is a pan in which the lowest frequency netB4.
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Figure 2.6: Hydroforming of steelpan dish
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Figure 2.7: Schematic of deep-drawing a pan dish

2.1.6 Incremental sheet forming

A novel technology which can be exploited for theduction of steelpan dishesirscremental
sheet forming(ISF). Incremental sheet forming refers to a celiedion of forming processes in
which sheet metal is formed by the computer coletiomovement of a small tool or punch which
causes localised plastic deformation when in cantgith the sheet [50,51]. The completed shape
depends on the programmed tool path and on anyostigppr tools which may be on the reverse
side of the sheet [52]. Figure 2.8 shows threecglpconfigurations which are commonly used in
incremental sheet forming. These figures illusttateversatility of ISF but most geometries can be

easily achieved with single point incremental fargn{SPIF).
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/CNC tool path (b)

Blank holder Workpiece

(d) Die
] ]
Finished part
\ Die

Figure 2.8: Three configurations of the incremental sheet fagrprocess[53];
(a) Single point incremental sheet formir{§) Incremental sheet forming with
negative die(c) Incremental sheet forming with positive die §dylCompleted
part using (a) and (b)

The benefits provided by this technology make ghly attractive for the production of steelpan
dishes. Firstly, the operation is very quiet [SA{lahe operator is not in contact with the equipimen
during forming so exposure to high noise levels hadd-arm vibrations is tremendously reduced.
Secondly, if SPIF is used for dishing, no dedicdteching dies would be required as in the case of
spinning, hydroforming and deep-drawing. Althouglkedidated machines [26] have been
manufactured only for ISF, some researchers hage &kle to retrofit three axis CNC machines for
ISF use [47,48]. These modified CNC machines atedfiwith an open top worktable which
enables access to the reverse side of the shaeg dorming and instead of using a cutting toog th
CNC machine incorporates a custom made non-cuttiegyispherical or ball tip tool whose tip is
usually designed to rotate freely. Figure 2.9 shawsshematic of a CNC machine system for single
point incremental forming. However, CNC machines aot designed to withstand high spindle
loads [26] and this is generally avoided by lingtiblank thickness to 1mm to avoid bearing
damage [50]. Custom made ISF machines will be gdlyedesigned to accommodate higher
bearing loads and can therefore accommodate bfrikgater thickness. However, a machine with
a 1mm blank range is sufficient for dish productasnmost steelpans are constructed from sheet of
thickness 1.0-1.2 mm.
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Figure 2.9: Schematic diagram of the CNC incremental sheetifagraystem [55]

Another attractive feature of CNC ISF is its hidéxfbility such that in order to manufacture or
modify a product all that is required is a modifioa of the part program on the computer
[50,51,54,56]. Different steelpan dishes would amdguire a simple change in the part program in
contrast with spinning, hydroforming and deep-dragwvhich require dedicated dies for each dish
type. While being highly flexible, one drawbackISF is that is a very slow process which is only
likely to be economical for batch sizes less thaaqual to 100 parts [52]. Although ISF presents a
trade-off between flexibility and high volume pration, its slowness may not be a drawback as
the steelpan is largely a low volume product.

Another drawback of incremental sheet forming isrpaccuracy [56-58] of the finished part such
that there are geometrical deviations between #mgded and manufactured product. This is
largely in part due to bending near the inner edfj¢he clamping plate (see Figure 2.10) and
material spring back [56,58,59] after the punchdl@aremoved from the blank. Poor accuracy is
also compounded by distortions in the geometry aiftelamping and trimming. In some instances
a “pillow” effect (Figure 2.10) [56,58] is observadthe base of some finished products. These are

some of the defects that will be inevitably enceved if ISF is to be used for steelpan dishing.
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Figure 2.10: Geometrical errors of the single point incremeshtaet forming process [56]
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Several techniques are being used to detect errt8F and some include the use of co-ordinate
measuring machine (CMM) systems and online contvith laser cameras or laser scanning
equipment [56]. There is also consistent effortsleyeral researchers to reduce or eliminate the
effects contributing to poor accuracy. In someanses a flexible support is placed on the reverse
side of the blank in an effort to reduce springbfxk60] or a counter pressure is provided by using
pressurised water (similar to hydroforming) in aaled system [56]. This helps to reduce
springback, is relatively cheap to implement butngy effective provided that the fluid pressure is
properly controlled. Tool path optimisation [56,68} multi-pass forming [51,59] and over bending
[56,58] where more deformation is applied during tbrming regime are other techniques that are
currently being explored as avenues to improve @#ocal accuracy in incremental sheet formed

objects.

The steelpan dish is a relatively simple geometiy small deviations in accuracy can be tolerated
as there are still final adjustments to be madeealish during tuning. Geometrical inaccuracy may
be more apparent in the production of dishes flirsime pans whose diameters are typically to the
order of 600mm. These larger dishes may experiangeeater degree of material springback and
elastic deflection since the working area is sigaritly larger and the stiffness at the centrehef t
blank will be lower than that of a blank that idgdo create a mini souvenir pan whose diameter is
usually less than 300mm. In this work ISF has obden used to produce mini-pan dishes.
Trimming of the clamping area will also result imstdrtion of the dish but the subsequent
attachment of the skirt (see Figure 1.4b) shoulovige sufficient stiffness to counteract this

problem.

Moreover, higher forming limits i.e. formability cabe achieved through ISF than conventional
pressing as the material is deformed locally bgnalktool [56]. This may provide an opportunity to

explore the idea of extending the current deptmost dish types thereby creating a larger dish
surface which can accommodate more notes or sialfdyv for more spacing between adjacent

notes.

Formability of the material in ISF is affected thetpunch diameter and the vertical step size i.e.
feed rate between contours. A larger diameter riedlices the formability as a much larger area is
in contact with the surface [56]. Several reseachecommend a 10mm ball head tool for forming
operations [60,62]. A slower feed rate or smalpsteetween contours improves formability and
surface finish but has the drawback of increasiragiypction time [19,43,50]. Formability is also
enhanced by using multiple passes or stages instieadsingle pass tool path. Cemb al. [51]

found that objects formed using multiple passesvess likely to fracture since the deformation in
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each stage is reduced thereby decreasing the baedening effects in the material. In most cases a
lubricant [19,43,48] in the form of grease is used good surface quality and it is also
recommended that the clamping frame be the sanpesimthe product [60]. This means that the

blank used for the steelpan dish should be hefdace by a circular clamp.

2.1.7 Stretch forming and Wheeling

Stretch formingandwheeling (English wheel) are other sheet metal forming netbgies that can

be exploited for pan dishing. Stretch forming, Begure 2.11, is the forming of a sheet blank with a
rigid punch whereby the blank is rigidly clampedvizeen a pair of hydraulically actuated gripping
jaws located on opposite ends [63]. Gripping jaas be stationary as in simple stretch forming

(Figure 2.11a) or moveable as in flexible stretmtmiing (Figure 2.11b).

(a) Form block™, Sheet blank
N /
Gripping jaw oR oP | &9 e Gripping jaw
(D Le
#“ / M - "‘h
| Tool table |
Sheet blank Gripping jaw

®) & (o

\ — - |

\ /
Form block Tool base plate

Figure 2.11: Stretch forming: (a) Simple stretch forming and (b)
Flexible stretch forming [64]

In stretch forming a single punch is used and veripan dishes may be created by simply varying
the depth of the draw of the punch into the blamifase. This makes the process highly flexible
thereby eliminating the need for several punchesefich pan type as in hydroforming, deep
drawing and spinning. It is apparent that stretwiming offers an alternative that is highly flexabl

skill independent, quiet but may be expensive tpl@ment.
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Wheeling unlike stretch forming is completely manaad the sheet metal is formed by repeated
passing between two rollers of different radii. 98 done on a machine referred to as the English
wheel (see Figure 2.12) which resembles the l&@ttand has rolling wheels situated at the ends of
the “C”. The distance between the center of thier®land the vertical arm of the “C”, known as the

throat is the depth that determines the size oflteet that can be formed in the machine [65].

Rolling wheel with
flat cross-section

Figure 2.12:The English wheel [66,67]

As the material thins during wheeling, the gap leetwthe rollers is adjusted so that the appropriate
contact pressure is maintained to allow formingrmgress smoothly. The lower or anvil wheels are

changed accordingly until the desired shape iseae€lai.

The English wheel is portable, the process is gthet surface finish obtained is much smoother as
compared to hand sinking and pneumatic hammerirdy the equipment is relatively cheap.

However, this process is tiring and highly skillpdedent and there is no guarantee of shape
repeatability. It would also be difficult to formarge size pan dishes on the English wheel but the
process may be better suited to forming mini-pashes which have small diameters and are

relatively shallow.

2.1.8 Summary of steelpan dish production

The technologies currently used for steelpan dgshiave been discussefiable 2.1 summarises
these technologies. Hand and pneumatic sinkingadgh very cheap exposes pan builders to huge
levels of noise and vibration which is a directetir to their health and longevity as steelpan
craftsmen. Hydroforming and deep-drawing, whileatigkly quiet, skill independent and fast are
inflexible, require significant capital outlay atatge volumes of dishes would be required to break

even on investment. The spinning technology is &y attractive provided that it can be fully
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automated. Further research on the application hig technology for steelpan dishing is

recommended.

A novel technology, ISF, contains attractive featurwhich makes it a good candidate for
mechanisation of steelpan dishing. ISF signifigangiduces exposure to high noise and vibration
levels, does not require dedicated tooling; isiiexand relatively cheap. Its slowness and poor
accuracy are not major drawbacks since the steedpstill largely a low volume product and the

dish would require further adjustment during theirtg process. In this work, the process of ISF

will therefore be applied to steelpan dishing.
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Table 2.1: Comparison of steelpan dishing technetog

FEATURE
_ Time to _ . .
TECHNOLOGY Capital Skill Health o Thickness  Material
make one . Flexibility ~Accuracy o Volume
Cost (£) Level Risks Distribution Wastage
pant
o _ ) Material is _
Hand Sinking 100-200 4 hours High High Good Poor High Low
stretched
Pneumatic 20 to 30 . _ Material is .
o 500 - 1500 _ High High Good Poor High Low
Sinking minutes stretched
. 15-20 | | |
Manual Spinning 1500 - 3000 _ High  Medium Poor Moderate Uniform High Low
minutes
. 1-15 _ .
Hydroforming 420 -35) k _ Low Low Poor Excellent Uniform Low High
minutes
_ b 10-30 _ _
Deep Drawing (20 - 35) k Low Low Poor Excellent Uniform Low High
seconds
Incremental
_ (10 -15) k _ Based on
Sheet Forming 5 hours Low Low High Poor _ Low Low
T sine law[54]
(ISF)
NOTES:
T Times based on sinking a soprano pan to a de@d@hm.
¥ Cost based on building a stand alone ISF mach#jebj& could be reduced if a CNC milling machinedsofitted.
a and b: These are costs for 250 ton pressesTB8]costs of the press tools are not included.
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2.2 Materials and vibration damping in steelpans

The standard governing the design and productioniladrums, specifies steel sheet with carbon
content which does not exceed 0.15%C [69-71]. Withe last decade, several studies have also
explored the feasibility of manufacturing pans frdifferent metals. These studies made use of the
metal alloys alpha brass (70%Cu/30%Zn) [72], 3@dhitss steel [49] and aluminum 6061 (TO and
T6 heat treatable grades) [73]. These metals weysen primarily because of their high formability
as they are among the most ductile in their respeeiloy classes (see Table 2.2). Unlike carbon
steels which require a surface coating to providgegtion against corrosion, these metal alloys
intrinsically offer exceptional corrosion resistandhe use of aluminum provides the opportunity
for light weight pans which can be hard coated antbured through the anodizing process.
However, the alternative of using these metal alify pan making required subtle changes to the

traditional pan production process (Jeble 2.3.

Research [18,19] on the pan was initially focusaddentifying the optimum process conditions

required to achieve appropriate levels of hardnesfcilitate tuning. This was done by measuring
the material hardness after cold deformation (sigkiishing) and heat treatment (stress relief
annealing). While the hardness of the pan headumat for tunability, another important property

that has not been considered is the effect of #mepgpoduction process on material damping. There
is no record in the literature of any study thaaldewith the effect of the production process on
material damping in steelpans. However, there akeral studies which consider each process
individually. This section of the review will draan these works in an effort to forecast the effect
of each production stage, including surface coatimg material damping in the steelpan. A

comparison will also be made with the use of lowboa steel and other metal alloys as raw

materials in the pan production process.

2.2.1 Vibration damping: material and non material damping

Damping is an important property in many musicatrimments, for instance in high quality bells
and wind chimes a low damping capacity is preferizamping is generally understood to be the
extraction or dissipation of energy from a vibrgtigystem, usually by sound radiation and the
conversion of this energy to heat [74,75]. There taro types of damping, namely: material and
non material damping or external (system or stmatfuwlamping. Material damping also referred to
as internal friction, has been attributed to sdverachanisms which are inherent to the material
[76-78]. Non-material or external damping usualynes from joints and attachments and includes
interfacial micro slipping, air pumping, rattling ose joints, acoustic radiation or deliberately

applied damping treatments [75,76,78]. The intenestin is primarily with material damping.
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2.2.2 Material damping mechanisms

The internal mechanisms which contribute to intefrietion in metals may be a consequence of
the creation of imperfections such as point defeatsmic diffusion, vacancy migration or the
interaction between impurity atoms or precipitatgth imperfections such as dislocations [79-83].
Since internal friction is sensitive to these meusias it is apparent that any process, be it eatern
or internal, that affects these mechanisms willehawdirect impact on material damping. Several
studies have shown that plastic deformation (cotdhing), heat treatment, grain size and chemical
composition affects the internal friction in met§f9,81,83-90]. Figure 2.13 shows a wide loss
factor range for steels, Cu and Al alloys, for vesyrow ranges of Young’s modulus. These ranges
are likely to be for these metals in their manufesd state, prior to any processing. If this is the
case, then it may be possible to expand or cortinase ranges by manipulating the internal friction
using various manufacturing regimes. The effectatl deformation, heat treatment and surface
coating on internal friction will be discussed ghor
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Table 2.2: Comparison of Low Carbon steel with othaterials used for steelpan manufactja®

62

Young'’s Densit sound Work/strain Vickers
Pan head g Y Ppoisson’s  Velocity N
material Modulus (») 5 ratio (v) () ms™ Elongation (%) Hardness price (£/kg)’
(E)GPa  kg/m (E/ )2 [49](VHN)*
(0.06% _
Carbon) — 200 7870 0.28 5040 Ié'; gg 118
SAE 1006 )
a-Brass (70% A—57
Cu/30% Zn) — 110 8530 0.30 3590 CW-_8 116
C26000 -
304 Stainless
Steel (0.08% C
max, 19% Cr 193 7900 0.30 4943 A-55 196
max) — AISI
304
316L Stainless
Steel (0.03%C A—55
max, 18% Cr 193 8000 0.30 4910 CD - 45 196
max) — AlSI )
316
6061 TO-25
Aluminiumt 69 2700 0.33 5055 <0.20 T6/T6511 T6/T6511 - 12 122
NOTES:

HR — Hot Rolled; CD — Cold Drawn; A — Annealed; G\WCold Worked

TO — Annealed to obtain lower strength temper
T6/T6511 — Solution heat treated and artificialyed

T Yield strength for 6061 Aluminium is taken at 0.2#0f stress

¢ — Longitudinal sound velocity
a — Micro indentation hardness prior to cold defation

b — Estimates obtained from Cambridge UniversitgiBeering Stores
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Table 2.3: Production process for pans manufadtinoen different materials

Team g;ﬁdrlrtllgl?iilg fe(mr:rr[%g? Murr et al.[41,64,65] Kronman [10]
Low carbon (CFarioglsteeoll b Aluminum 6061 Stainless steel
. e an a-brass uminum . ainless stee
Material sgegl6(0.03 0 Fe PO4 (70%Cu/30%2Zn) (TO and T6 grades) Stainless Steel (304) (grade not stated)
.06 wt%)
grades)
PRODUCTION STAGES
Step 1 | By hand or Deep drawing | Pneumatic hammer — pan head sunk to an| Hydroforming process by By hand — drum head surfk
(sinking | pneumatic — pan dish intermediate depth Withmyre and Price — | to final depth
or hammer — pary created to finall notes zones already
dishing) | head sunk to | depth incorporated into die.
final depth Pan dish created to finall
depth
Step 2 | Heat Skirt attached | Intermittent Intermittent annealing Vacuum annealed at | Cutting of drum side
treatment, to pan head annealing - 288°C | - 208°C for 45 1061°C for 1 hour befor¢
usually over a for 1 hour and air minutes and air rapid quenching in
bonfire or cooling cooling nitrogen gas
propane torch
Step 3 | Cutting of side] Gas nitriding | Pneumatic hammer — pan head sunk to fingISkirt attached to pan Heat treatment over
and marking | for 7 to 12 depth head bonfire
of note zones | hours at 500°C
Step 4 | Pre-tuning Marking of Skirt attached to pan head Tuning Cutting of drighe s
notes zones
Step 5 | Surface Tuning Marking of note zones Marking of note zones
coating (spray
or bake
painting/
chrome
plating)
Step 6 | Fine Tuning Tuning Tuning




Chapter 2 Background

2.2.3 Cold deformation and heat treatment effects on matgl damping

+ Cold deformation

It is well established that internal friction ispected to increase with cold forming and the same
outcome is expected for the pan material afteridgshThe primary reason for the increase in
material damping with plastic deformation has batributed to an increase in dislocation density
and the creation of point defects during deforrma{io4,75,79,86]. Zener [89] assumed that the
increase in internal friction was a consequenchefresidual stresses produced by inhomogeneous
cold working. Residual stress variation is brought in part by dislocation pile-ups at grain

boundaries and obstacles [48].

Additionally, plastic deformation at room temperatwalso brings about a decrease in the elastic
modulus of the material and this was shown by N&#3], Hikataet al. [94] and Granatet al.
[87]. However, the Young’s modulus and internakction were shown to relax (i.e. recover)
provided plastic strain is very small (0.4 — 4%3,/B7]. The increase in material damping and
decrease in elastic modulus resulting from roompemature deformation and subsequent rapid
recovery is known as the Koster effect [83]. Thehdig process for pans heads can result in
deformations which are to the order of 50 percénaiirs [19], much larger than the range in which
the Koster effect is observed. Since, the deforwnatiexperienced by the pan head material in this
case are extremely large, the relaxation as obdarvéhe Koster effect may not be significant to
enable a complete recovery of the internal frictamd Young's modulus. Hence, the pan head

material may display a permanently decreased Yeumgidulus after dishing.

* Heat treatment

Heat treatment (annealing) is expected to haveeerse effect on internal friction in cold formed
pan heads. For instance, Zener [89,95] discussedatiation of internal friction with the annealing
temperature of cold worked metal specimens (sear€&ig@.14). Zener [89] attributed the initial
decrease in internal friction which occurred belbw recrystallisation temperature to the relaxation
of internal stresses, while the rise in internaition beyond the recrystallisation temperature was
attributed to an increase in grain size. No nobteachange in hardness was detected but the
Young’'s moduli increased by approximately 5 percéitte decrease in Young’'s modulus as a
consequence of the Kdster effect in cold forming to@ offset by the increase in Young’s modulus
that will be brought on by annealing, so there rhaya very small or no apparent change in the
elastic modulus after the annealing of previouslidaolled pan heads. This decrease in internal
friction with annealing has also been explainederms of dislocation/point defect (vacancies and
interstitials) interactions. Nowick [83] attributéde recovery of internal friction to a rearrangeine
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Chapter 2 Background
of dislocations to more stable positions while Gitaet al[87] and Cottrell and Bilby [96] credited

the recovery to the migration of solute atoms ®&laiations and the subsequent anchoring of these
dislocations by strain ageing.
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Figure 2.14: Effect of annealing temperature on cold worked spens [89] withQ on the
y-axis refers to the inverse of Quality factor ie #uthor’s notation

Strain ageing results in the pinning of dislocasiamhich would have the effect of decreasing
internal friction as pinning impedes dislocatioanslation and vibration. However, the dislocation
density is also decreased during heat treatmenthwheans that dislocation-dislocation interaction
is also decreased. This will have the effect ofel@sing internal friction. It is possible that tager
effect will outweigh the former thereby resultingan overall decrease in internal friction. It isoa
important to note that there may be other mechanidmt may contribute to the recovery of
internal friction.
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2.2.4 Carbon content on damping

Baik et al.[85] and Potekhin and Potekhin [88] studied tfieot of varying carbon content on the

damping properties in carbon steels. Baikal. [85] investigated damping in solution treated and
guenched Fe-17%Mn alloy in which carbon content vaaged from 0.02wt% and 0.28wt%. while

Potekhin and Potekhin [88] considered damping ineafed ferritic steels having 0.002%C and
0.06% carbon. In both studies, damping was founddaeease with increasing carbon content. Baik
et al. attributed this increase to the increased pinmhgustenite-martensite grain boundaries by
interstitial carbon atoms while Potekhin and Poiekdttributed the increase in damping to the

increased levels of iron carbide as carbon contentased.

2.2.5 Surface coating on damping

Steelpans are chrome plated, spray painted or jpaikéed to provide protection against corrosion.
Gas nitriding which has been applied by Schéarer Rotiner [93], mainly to improve surface
hardness, also improves corrosion resistance. Thet#ce layers can also be considered as surface
damping treatments which will inevitably resultan increase in the system damping [78]. There
are two categories of surface damping treatmerts. first is referred to as unconstrained, free-
layer or extensional damping and the second is knasvconstrained-layer or shear damping. This
work mainly involves free-layer damping since thenps mainly coated with a layer of Nickel.
Since chrome-plating is commonly used on steelpaasipulation of the system loss factor would
be mainly through the manipulation of the thickneggo.

2.2.6 Pan material: low carbon steel vs. metal alloys

Plain carbon steels are usually classified inta fmain groups namely [97,98]: 1) ‘dead-milor

low-carbon steels containing up to 0.15%C, 2) nsldel which usually contain between 0.10-
0.30%C, 3) medium-carbon steel (0.30-0.60%C) anugt) carbon and tool steels containing 0.60-
1.5%C. This work is primarily concerned with grooe since this is the material specified [70,71]
for use in the manufacture of steel barrels/druihsvitich steelpans are predominantly crafted.
Before considering the use of metal alloys, theaof@cwhich influence the formability and heat

treatment of low-carbon steels will be discussed.
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2.2.7 Mechanical properties and formability of low-carbon steels
» Carbon content on formability

It is well established that carbon content affébes mechanical properties of plain carbon steels.
For instance, consider Figure 2.15a. As carbonertncreases; tensile strength, yield strength and
hardness increases, whereas percentage elongagimm@ntage reduction in area and lzod energy
decreases as carbon content increases(see Figbt®.2The increase in strength at the expense of
ductility is mainly due to the formation of carbigarticles in the ferrite matrix as carbon conisnt
increased [99]. Although having low tensile stréngt 350MPa (see Figure 2.15a), the high
percentage elongation (good stretch formability)l gnod impact resistance of low-carbon steels
indicate why this group of plain carbon steels alagys been well suited for steelpan production.
Practice has shown that severe springback is likelypccur for low-carbon steels with yield
strengths above 240MPa, while low-carbon steeltsh&ath yield strengths below 140MPa [99],

are less likely to develop sufficient strength &addness after deformation.
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Figure 2.15: (a)Yield strength, tensile strength and Brinell hasmesersus carbon
concentration for plain carbon steels having micum$ures consisting of fine pearlite.
(b) Ductility (%EL and %RA) and Izod impact energy s&s carbon concentration for
plain carbon steels having microstructures comgjsif fine pearlite. [100]

There are other parameters which are used as todscaf forming behaviour. These include the
strain hardening exponent or work hardening caeffiic‘n’, the strain rate sensitivityn’, the
plastic strain ratior®, the normal plastic anisotropy, and the planar anisotropyl?’ [48]. The
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strain hardening exponent or work hardening caeffic'n’ represents the gradient of the log-log
plot of true stress versus true strain for a tensist. Good stretch formability or stretch-abikiyd
work hardening ability is indicated by high valuafsn [101]. Although most cold formable steel
grades haven values between 0.20 and 0.25 [99,101], the sthairdening exponent is also
influenced by carbon content [102]. Figure 2.16vehthe progressive decrease and plateauing of
then value as carbon content is increased for stapkstrhich were continuously annealed.

The other parameters which are defined as follows:

dino
= —; 2.1
dlné
&
gt
r _To+ 25+ T 2.3
m 4
and
Ar = lo +Tg0 _2r45 2.4

2
wherec and ¢ are the flow stress and strain rate respectivelyand &, are the strains in the width

and thickness directions respectively apdroo andrys are the plane strain ratios measured in the
directions parallel, transverse and at 45° to mgllrespectively [48]. Since is sensitive to
crystallographic orientations,, is conventionally used as a measure of plastiscaimmpy. The
strain rate sensitivity and plastic anisotropy al® used as measures of the resistance of low-

carbon steel to thinning [99,103] during forminueaations .
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=
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Figure 2.16: Variation of strain hardening exponent with
carbon content for aluminum Kkilled steel, continsigu
annealed at 700 and 850°C [102].
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* Residual elements and inclusions on formability

Residual elements and intentionally added elemehish together usually total <1% [99] in low-
carbon steel also affect the formability of low{mam steels. Most elements in large amounts will
affect the formability of low-carbon steels by actias solid solution strengtheners or obstacles to
dislocation movement. This increases the matetiahgth at the expense of its ductility. Elements
such as P and S, if present in large concentrattansdecrease ductility and toughness. These
elements are known to embrittle steels by theiresgggion to grain boundaries [99,104]. This
condition is avoided by usually having no more tBa085 and 0.040% of P and S [99] respectively
in low-carbon steels. Ni and Ti which are strongidé and carbide formers reduce the levels of
interstitial C and N in steel so that the yieldmaeffect and discontinuous yielding are mitigated.
Al [48,99] is also a strong nitride former and likeand Ni [99,101,105] , it is known to aid the
development of crystallographic orientations [9Bhtt improves resistance to thinning in low-

carbon steel sheets.

Iron carbides and other non-metallic inclusionshsas sulphides, silicates and nitrides affect
formability [99]. These increase the strength af thaterial by impeding dislocation movement.
The presence of large amounts of inclusions alsowages crack formation and growth, making

the likelihood of failure imminent during formingperations [99].

« Steelmaking process on formability

The steelmaking process also influences the forimabf low-carbon steels. Low-carbon steels are
either rimmed or aluminium-killed. The main difface between these steels is that in Al-killed
steels, Al, and sometimes small amounts of Siadted to the ingot to suppress the out-gassing or
bubbling action that is associated with non-de@edior rimmed steels. The effervescing action
associated with rimmed steels produces an ingatishach in iron on the outer layer and rich in
carbon and other residual elements at the core 1064 This surface-to-center segregation is not
found in aluminium killed steels. In contrast, #és a uniform composition of elements across Al-
killed ingots. Unlike rimmed steels which have agauter iron layer, Al-killed steels tend to have

a greater degree of surface imperfections whiclo@age crack growth during forming [99,104] .

Besides being used as an oxidizing agent, Al is alsstrong nitride former. It combines with
nitrogen to form aluminium nitride thereby improgirthe strain ageing resistance of the sheet.
Research has shown that the addition of Al alsonptes the formation of crystallographic textures
that allow Al-killed steels to be better suiteddigep drawing in which a high-resistance to thinning
is crucial [99]. Rimmed steels are found to be dyettpplied to stretch forming operations [99].
Rimmed steels which are highly susceptible to istagjeing are usually temper rolled by straining ~
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1% to suppress the yield point effect and Luderdsaisee Figure 6.29) formation during forming
[106]. However, there is a latency period befoeerturn of strain ageing in storage. Nowadays the
continuous casting process is largely replacingriget casting process and as a consequence most
low-carbon steels are aluminium-killed [104,105Hdkionally, low-carbon steel sheets are being
produced with even lower concentrations of partinldusions and residual elements through the
process of vacuum degassing, in which elements asitfi and Ti are added to suppress interstitial
C and N to concentrations <0.005% [99,104,105]. Tdsultant sheet product is referred to as
interstitial free (IF) since very low amounts ofa@d N are left in solid solution. Interstitial free
steels are therefore highly resistant to strainrageand perform exceptionally in deep drawing

applications.

* Microstructure on formability

The grain size of steel sheets will inevitably afflormability characteristics. The well known Hall
Petch equation shows the dependency of yield dtremg grain size [27,48]. Small or fine grain
steels are usually stronger and less formable. iBhés consequence of the large number of grain
boundaries encountered by dislocations during dedtion.

* Embrittlement of low-carbon steels

There are several forms of embrittlement whichuoct low-carbon steels namely: blue
brittleness, quench embrittlement (quench ageirdd)7] and strain-age embrittlement (strain
ageing) [98,107,108]. All of these forms of emleittent result in an increase in strength and
hardness and a decrease in toughness and formaBiliie-brittleness acquires its name from the
bluish colour that steels adopt when heated invitiaity of 300°C [107]. This is not observed for
Al-killed and IF steels and it is believed that délorittleness is due to the diffusion of interstiti
atoms. Quench aging occurs when steels are heatdglitly below the lower critical temperature
(A1 or 723°C) and subsequently quenched. Howevelsdteated below 560°C are not susceptible

to quench ageing [107].

Strain ageing generally occurs in steels that ave Al-killed or interstitial free. Strain age
embrittlement refers to the return of the yieldmaffect after cold deformation. This can occur at
room temperature after an extended period but eaacbelerated by elevated temperatures i.e. on
heat treatment. Strain ageing is also dependenh®mlegree of prior deformation and interstitial
atom concentration [98,108]. Strain ageing impdosnability as it results in discontinuous

yielding which is manifested by the appearance ofldr’'s bands on the sheet surface during
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forming. The phenomenon of strain ageing is expldiby the affinity of interstitial atoms, such as
C and N, for dislocations in low-carbon steels 148].

* Heat treatment and hardenability of low-carbon steks

Carbon content also affects the hardenability @irplcarbon steels [27,98]. Hardenability is
referred to as the ability of steel to form martengan extremely hard crystal structure) when
guenched from its austenitic range. Plain carbeelstcontaining < 0.30%C [98] do not harden
appreciably when heat treated. This can be illtextravith the comparison of the time-temperature-
transformation or TTT diagrams for a steel havingeetoid composition (0.8%C) and a hypo-
eutectoid steel (<0.8%C). TTT diagrams indicate riflationship between the rate of cooling and

the structure that will be produced when austersiteooled to any intermediate transformation
temperature.
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Figure 2.17: TTT curves for (a) [100] eutectoid steel (0.8%Cy gh) [109] hypoeutectoid steel
(<0.8%C); Superimposed lines 1, 2 and 3 representimuous cooling rates, where line 3-
normalized or air cooling, 2-oil quenching and ltevaquenching; In (a) A represents austenite, B
represents bainite, F represents ferrite, M repteseartensite and P represents pearlite. Note: TTT
diagrams are used herein, however it is more ateudcause continuous cooling transformation
(CCT) phase diagrams in the heat treatment of ateggr these circumstances.

In order to produce an entirely martensitic strestahe steel must be quenched at a rate such that
the line or curve representing its cooling rate impass clear of théknee or nose’of the

transformation-begin curve in the vicinity of 550{§ze Figure 2.17a and b). The line representing
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the rate of water quenching (Line 1) in Figure A.Hbes not cut into the ‘knee or nose’ and the
steel is transformed into martensite embedded steaite [109]. Slower rates of cooling as
represented by lines 2 (Oil quenching) and 3 (Aifusnace cooling) will result in final structures
which will be combinations of martensite with p&arbr bainite [98]. For steels containing less or
more than the eutectoid composition, the ‘nosethef TTT curve is shifted to the left (see Figure
2.17b). Therefore, the fastest rate of cooling wd#vitably intercept the ‘nose’ of the TTT curve
making it impossible to achieve a completely masitgmmicrostructure. The final structure will be
a combination of martensite together with softifer(Figure 2.17b). This is why low-carbon steels
do not harden sufficiently on heat treatment. FegArl8 shows the effect of carbon content on

hardness of plain carbon martensitic steels.
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One way in which the hardenability of steels canimeroved is by the addition of alloying
elements such as manganese, chromium or molybdeAlloying has the effect of shifting the
nose of the TTT diagram further right, thereforekmg it easier to attain wholly martensitic steels
on water quenching [98]. However, the use of lonboa alloy steels may be an alternative that

most pan makers would be unable to afford.

The ability to form martensite in steels is als@el®dent on section thickness. To ensure that
guenched sections of carbon steel produce a urifommartensitic structure throughout, ‘ruling
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sections’ or maximum section thicknesses have bgwecified for a wide range of steel
compositions and quench treatments [98]. In ang,ci®e section thickness of cold formed pan
heads is usually in the range of 0.45 to 1.20mmarsp quenching treatment should result in a

material that has the same surface and interiamess.

* Implications of low-carbon steel usage on pan makn

The above discussion highlights the importancehef history i.e. the steelmaking process, the
effect of micro-constituents, inclusions and mitrnosture on the formability of low-carbon steels.
However, obtaining some of this information maydbi&cult, particularly the steelmaking history.

It becomes increasingly difficult if the steel dreimsed are not produced locally or if the steel
drums and the steel sheets are produced in diffecamtries.

The history of the material may help to unearth sawh the problems pan makers experience,
particularly during the forming of the pan headr Festance, some drums may be produced from
steel sheet in which there is a high inclusion enofjtmaking them highly susceptible to fracture
during forming. In addition, some drums may be pictl from steels that are either Al-killed or
interstitial free. Such steels are resistant tairstageing. Since most low-carbon steels do naoh for
sufficient martensite for hardenability, most loargon steels usually benefit from the ability to

achieve an increase in strength through straimaggei

A measure of control over the material history nb@yachieved if pan-makers (1) purchase steel
sheet directly from mills or (2) order virgin steebntainers/drums directly from drum
manufacturers. There is currently one such arraegéim operation in Trinidad, but it is uncertain
whether the history of each batch of steel shesd @i producing these drums are known since the
raw material is imported. The next section will quare the use of metal alloys with low carbon

steels for pan production.

2.2.8 Cold deformation effects on formability in pans: lav carbon steel vs. metal

alloys
Sinking/dishing which involves cold deformation tise initial step of the pan making process.
Several cold forming technologies applied to pakingawere discussed in the section on steelpan
dish productionTable 2.3summarises some of these techniques as applsatrious studies. The
study of cold deformation with regards to steelperduction was pioneered by a research group at
the University of Texas at El Paso, United Stai&sJ0,110]. The main initiative of their study was
to identify the optimum conditions that producegan dish that was sufficiently hard to enable
effective tuning. Cold deformed samples havingkh&ss reduction from 10% to 50% were taken

from steels having carbon content ranging betwe@h @nd 0.1 wt% carbon [13,106-108]. These
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samples were extracted from cold-rolled sheetsa&ert from sunken steel drum lids. These
specimens were heated at temperatures ranging ¥7aitC to 1000°C for times ranging from 1 to
10 minutes and were either cooled in air or queddhevater.

As expected, cold deformation resulted in an inseem hardness. This can be attributed to the
work hardening of the material as dislocation dgnsicreased during the cold forming process.
The EI Paso group observed that drum heads withooacontents beyond 0.06 wt% C usually
failed during the dishing operation while drum headth less than 0.02 wt% C could not achieve
appropriate hardness levels for tuning even aféat treatment. The El Paso team also identified
that the requisite hardness increase in the calehdd drum heads was also due in part to the

phenomenon of strain ageing.

Since strain ageing was identified as the causenddrittiement in these steels, it is possible that
sheet material was produced from steel that wasegptible to strain ageing i.e. a rimmed steel.
Strain ageing may also explain why steels with @arlbontents beyond 0.06%C failed during
sinking, primarily due to the Luder’'s band formatiavhich comes with discontinuous yielding.
Substantial strain ageing is observable in stedéls @arbon levels as low as 0.002 wt% C and at
temperatures between 20°C and 150°C [108]. The wbrthe ElI Paso group does not state the
concentrations of N present in the steels usedhofijh the results of the El Paso group imply that
the effects of nitrogen are minor since the comedion of N is unlisted, it is well known that
nitrogen levels as low as 0.001wt% can have sestfeets on strain ageing [108]. Failure of pan
dishes during hand sinking can also be due to fooning technique. Failure may also be
attributed to the presence of small cracks on thendhead which may be introduced during

stamping of labels or due to high inclusion content

The ability of the 0.02wt%C steel to harden suéfitly was due to its inability to produce suffidien
martensite on quenching. Although, this might hia@en a rimmed steel, the effects of strain ageing

was probably also insufficient to achieve any ukstitength.

It is obvious that the sinking stage of metal alfmns would require a different approach to the
traditional manufacture of pans and this is showmable 2.3which compares the pan production
stages for pans constructed from different materidMurr et al. [41,64,65] and Kronman [10]
pioneered the use of metal alloys for pan productiile Scharer and Rohner [93] turned to gas
nitriding of steel as an alternative way of achigvihe requisite hardness in steelpan heads that
enable effective tuning. Unlike low-carbon stedle hardness of the metal alloys used by Marr

al. [41,64,65] and Kronman [10] are generally collebby plastic deformation and heat treatment

for the exception of aluminum 6061 which is agedeaable.
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Dishing of low-carbon steelpans is performed wighative ease owing to a strain hardening
exponent which is almost half that of alpha bré&®4 and 316L stainless steels. These high
strain/work hardening coefficients exhibiteddprass and 304 stainless steel (see Table 2.2)tmean
that these materials work hardened rapidly andireduntermittent annealing in order to complete
the dishing process.

* Heat treatment effects on formability in pans

The intermittent annealing of alpha-brass, stamlsteel and aluminium would most likely be
necessary in the formation of pan heads to be fwedigh frequency pans (soprano pans) which
have the deepest dishes. In the case of the 30dlest steel, annealing treatment was applied
subsequent to hydroforming in order to facilitateihg whereas for the aluminium pan head, heat
treatment was applied as 6061 Al in the T6 conditsoembrittled by cold working. This high strain
hardening exponent of stainless steel in conjunctiith high material springback also explains

why Kronman [10] experienced great difficulty irsding a stainless steel drum head.

In an effort to control the formability and hardeed the metal alloys during the sinking operation,
there is the risk of over annealing i.e. heatinthatannealing temperature for too long. Alpha-ras
and 304 and 316L stainless steels are softenedrmaiing and quenching/cooling treatment. If the
pan head material is over annealed, the remainiastip deformation required to complete the
sinking process may not be sufficient to achievehhrdness required to allow effective tuning of
the pan surface. The 304 stainless steel pan h@adsiced by the El Paso group were annealed
after dishing. This may be a better approach tdrobaurface hardness before tuning provided that
pan heads can be dished without any intermittenealmg. In this way completed dishes can be
heated at the recommended annealing temperaturedifferent times to ascertain the optimum
temperature/time combination that would produce dppropriate range of surface hardness for
tuning. Pans may be distributed to different turersthat a temperature/time/tuning map can be
established. This approach was not taken by theaBb group when considering the metal alloys

and it is therefore suggested for further study.

Kronman [10], unlike Murret al [49] created his drum head by traditional sinkwigh a sledge
hammer. The pan head was subsequently heated dvenfie which clearly demonstrates that
Kronman was probably unaware of the implicationshefting stainless steel in this manner.
Although the grade of stainless steel is not statelis work, it may be assumed that the drum was
made from an austenitic stainless steel such as3®and 316L grades. These grades are non-
hardenable by heat treatment. They are usuallya@méy heating to 1010°C -1120°C followed by
rapid quenching. A bonfire will not attain such higmperatures, thus heating in this way would be

ineffective. This may also explain the difficultyperienced by Kronman in tuning this pan.
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» Surface treatment effects on formability and hardnss in pans

Another method used to manipulate the surface leaslaf pan heads is gas nitriding. This process
was used by Scharer and Rohner [93] to harderuiti@ce of deep drawn pan heads prior to tuning.
Gas nitriding is a case hardening thermo-chemioatgss in which nitrogen is introduced into the
surface of steel. The steel is kept in contact w&ithitrogenous gas, usually ammonia and held at an
appropriate temperature, typically in the rangeb@d°C to 575°C for several hours [111]. Other
benefits of nitriding include improved corrosiorsistance, increased wear resistance and prolonged
fatigue life [111]. Very high surface hardness [[L&dn be achieved through gas nitriding and the
yield strength of the steel is also increased assalt of strain aging due to the introduction and
diffusion of interstitial nitrogen [102,108]. Howenthe application of this process is expensive and
control of surface hardness may be difficult.

2.2.9 Material influence on steelpan design

Another implication of using metal alloys for paroguction is the effect of the material properties
on the acoustics of the note. For instance, ifte mere to be modelled as a circular clamped plate,
its fundamental frequency can be expressed as:[112]
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wheret is the thickness of the note metals the radius of the note up to the clamping baumgh
is the density of the note metdd, is its Young’s modulus and is Poisson’s ratio. The above

formulae can be reduced to:
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wherec, represents the longitudinal sound velocity whilgiven by the expressiquE/pil—u2 )

Consider Table 2.2 which compares the valuas &r different pan materials. The valuescoffor
low-carbon steel, the stainless steels and 606tiaium are identical which implies that the
geometry note areas in pans of these materialsbeacomparable, provided uniform thickness.
However, in the case ofbrass for whiclc, is lower, note sizes may need to be approxima@dp
smaller. However, this is an oversimplificationredes are generally slightly arched. Adjusting the
note height by arching as discussed in the sediorthe vibration and acoustics of the pan is

another way of manipulating the normal mode fregie=nof notes. Therefore, notes in metal alloys
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pans can probably be of comparable area as otlmnejacal parameters may be used, during

tuning, to compensate for differences in matenapprties.

2.2.10Drawbacks in the use of metal alloys

In spite of the attractive benefits of using metkbys for pans, there are a number of drawbacks
which will for a considerable period continue topiede their large scale application. Unlike low-
carbon steel, tight-head, oil drums which usualiyne cheap and in some instances free, the
venture of using metal alloys as an alternativeenmatfor pan production will not come cheap. The
high cost of these metal alloys in comparison te-tarbon steel (see Table 2.2) is enough to deter
pan builders from using metal alloys. The use ofamalloys will also require changes to the
traditional forming and tuning techniques. Thisalso costly and will take considerable time and

effort to master.

Another drawback, particularly with stainless stdsl the problem of sensitisation. This is a
phenomenon which usually occurs during the soluti@atment of stainless steels (Heating to
1010-1120°C and cooling rapidly). If the stainleg=el is not cooled rapidly, particularly between
500°C and 850°C, there is the risk of sensitisatibich refers to the precipitation of chromium

carbides. This depletes the steel of chromium therendermining its corrosion protection

capability [102,108].

Unlike the production of low-carbon steelpans wharevood fuelled or propane gas fire is
sufficient for providing heat, the temperature rafgr the solution annealing of stainless steel wil
require the use of a large (big enough to contaénpan head) specialised furnace and appropriate
cooling equipment to facilitate effective heat treant and rapid cooling to prevent sensitisation.
The resulting higher energy consumption and soighistd furnace and cooling equipment equate
to higher costs which again discourages pan buildern the metal alloy alternative. This is
likewise for the process of nitriding which willsal require the procurement of sophisticated,
computer controlled batch furnaces, which are dapab controlling the process parameters to
avoid nitrided surfaces from becoming oversaturatét nitrogen. Oversaturation leads to brittle

patches on the surface of nitrided products. Latgeks of ammonia gas will also be required.

2.2.11Summary

Although a review of the use of metal alloys asralative materials for pan production was made,
the material of choice continues to be low-carbi@els Although its poor corrosion properties and
heavy weight are significant disadvantages to gage, its low cost, high availability, ease of

forming and ease of recycling, continue to see ¢tanbon steel as the de-facto material for pan

44



Chapter 2 Background

making. Although alpha-brass, stainless steel ahdffer attractive benefits, pan makers would
remain hesitant to change as the current produethoituning techniques have also evolved around
the several decades of using of low-carbon steel.

In spite there being no single study that considleeseffects of the manufacturing regime on the
material damping properties in pans, the relevardias consulted were able to provide a forecast
of what is expected in practice. It is expectedt thmaterial damping would increase on cold

deformation, followed by a decrease on heat treattraad another increase which accompanies
surface coating. This work will investigate thes@rs with the use of a low-carbon steel that is

specified for the manufacture of tight-head oilrdeu

2.3 Acoustics and Vibrations in Steelpans

2.3.1 Steelpan Note Models

The steelpan like the timpani or kettledrum [118Hian drums (thabla and mrdanga) [114-116],
orchestral crotales [117], xylophone [118-123], imdia [120,121,123-125], Western church bells
[126-130] and the hang [131,132] is a pitched p&simn instrument in which there are two
distinctive features. Firstly, the first mode inckasteelpan note is tuned to have a dominant
fundamental tone and secondly, some of the nafxggliencies of the higher modes are coaxed or
tuned into a harmonic relationship with the fundatak For instance in a soprano pan the first two
or three modes of each outer note are tuned irttaraonic relationship while only one or two
modes are tuned in the middle and inner notes. fdssbeen clearly demonstrated by the numerous
mode studies conducted on steelpans [15,123,13Bvi43 two of the earliest mode studies by
Dennis [144] and Barlowet al. [143] using Chladni analysis and holographic ieemetry

respectively.

However, several researchers have moved a stelpefubly attempting to develop models that
characterize the modal tuning of steelpan notestbadapproach followed by researchers in this
regard can be divided into two categories. Thet fioeks at the use of structural geometry
manipulation to achieve modal tuning while the otlbeks at boundary conditioning as a technique
for mode tuning in steelpans. Before considerireyimus proposed models, a brief consideration of
basic vibrations of plates and shells may providmes insight into mode tuning of pans. Some
steelpan notes resemble rectangular or elliptitatep while others resemble circular plates. If a
note were to be modelled as a clamped circularepdaid using equation 2.5 the fundamental

frequency could be expressed as [145]:
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pEnRE

wheret is the note thickness,is the note radius up to the clamping boundaig,the density of the
material,v is the Poisson’s ratio, andl = 0.47(Ep(1-v%)? (a constant for an isotropic material).
The equation above can be further manipulated ghatls = zAt/f. This shows that the fundamental
frequency can be altered by manipulating the nota,& However, the other partials do not
naturally assume a harmonic relationship and aafjeist of other parameters are needed to achieve
modal tuning. In the case of the rectangular ahgtiebl plate, another parameter ategree of
freedom’becomes available for the manipulation of modguesncies. If the note is modelled as a

clamped elliptical plate the fundamental frequeisagiven by [112]:

T

where,B = 0.291(Ep(1-v%)*?, t is the thickness anal/b is the aspect ratio of the ellipse, whare

andb are the major and minor axes lengths of the @lip®r a fixed area, the modes of the plate
could be altered by manipulation of the aspecbratnother degree of freedom that is available to
the tuner to enable the coaxing of the mode fregasrinto an approximate harmonic relationship
is that of arching. According to Soedel [146], thatural frequencies of any cap shell can be

computed by:

E

fshell = fplate +W 2.9

whereR is the radius of curvature. Soedel has demonstiaiat this formula applies to spherical
caps of any shape of boundary and not only to l@rghapes. Therefore, the area of the note could
be used to allow the tuner to approximate the formetgal mode frequency of the plate to a
frequency on the musical scale while the aspe eatd arching are used to achieve mode tuning

between the first and second mode frequencies.

* Mode tuning by structural geometry manipulation

Prominent to the effort of modelling the vibratibehaviour of pans are the primarily analytical

works of Achong [147-153] which models the steelgm a system of interacting and non-

interacting mode-localised vibrators through the a$ complex mathematical expressions that
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describe their vibration behaviour. In Achong [1#i¢ steelpan note is modelled as a spherical cap
shell in which the effects of compressive and trarstresses (introduced during the deformation
and heat treatment stages), material and geomgprigperties are considered. Ferregtaal. [20]
recommended that the model given by Achong [151]rdd@sed to account for the effects of

metallurgical alterations produced during seveferdeation and annealing.

Rossinget al. [15]; Rossing and Hansen [138]; and Dennis [144ddusither analytical or a
combination of analytical and experimental appreactowards modelling steelpan notes. Rossing
et al. [15] in an effort to determine if there is a seglurface topography for which the normal
mode frequencies of a steelpan note fall into anbaic relationship modelled steelpan notes as
shallow rectangular shells and used physical measemts taken from steel drums to execute a
computer program of their model. They discovered there was no single surface topography that
satisfied a harmonic relationship among the fiest imodes. Rossing and Hansen [138] examined
the relationship between the longest dimensidrf notes and their fundamental frequentyand
took measurements from various pans ranging fronortdo bass. They concluded that the
relationship between the longest dimension andithédamental frequency can be represented by a

scaling law:L=Kf 32

whereK is a constant. The constdfitmay depend on the specific conditions
of the pans measured and is not necessarily repgegse of all pans. Dennis [144] simply
compared the measured fundamental frequencieshof f&an notes to the theoretical fundamental

frequencies of simply supported and clamped rectangnd circular plates.

The relationship provided by Rossing and Hanse8][liiplies that each frequency on steelpans is
associated with a particular length. However, aswmeration of basic plate and shell vibration
indicates that mode tuning cannot be achieved gtromnanipulation of a single geometrical
parameter. Although the material properties ofsfeelpans used by Rossing and Hansen [138] may
not have varied, the scaling law would have falipart when considering pans made from different
metals. The modal frequencies of plates and shedlslso dependent on the speed of sound which
is a function of the material’'s physical properti{@23,145,154,155]. The discrepancy between
measured and calculated frequencies in the Derdi] [investigation may be attributed to two
reasons: Firstly, steelpan notes are slightly atcired boundary conditions may not be entirely

simply supported or clamped.

Gay [156] and Bridge [14] have applied the finiteneent method to examine the vibration
behaviour of bass and tenor pans respectively.eXagnined the effects of skirt lengths and rolling

47



Chapter 2 Background

hoop$ on the frequencies and mode shapes of tenor aasswhile Bridge focused on the effect of
geometrical parameters (aspect ratio, thicknessaartung) on the modal frequencies of tenor pan
notes modelled as elliptical shells. Gay discovetet the skirt vibrations overlapped with the
musical range of the notes on the bass pan heathandas generally responsible for skirt-note
mode coupling. Gay also found the degree of slatertoupling was dependent on the skirt length
and hoop location. The findings of this could befukin pan design particularly in determining the
optimum skirt length for each pan type. However #kirt-note mode coupling may also be
affected by the stiffness of the connection betwten skirt and the pan dish. The findings of
Bridge [14] agreed closely with basic plate andldheory and her findings showed that the first
two modes of elliptically shaped notes could bestumto a harmonic relationship by manipulation
of the aspect ratio and arching.

This harmonic tuning between the first two modespah notes is shown in Figure 2.19a. The
higher modes are not integer multiples of the funelatal but are sometimes multiples of consonant
frequency intervals. For instance, tH&a&hd 4" mode frequencies of thesBote in Figure 2.19a are
approximately multiples of a major third i.e. 2(b&ihd 3(5/4) respectively. In this regard, mode
tuning could also mean the tuning of mode frequeshto have frequency ratios that are multiples of
consonant musical intervals. In the models disalssenstant thickness throughout the note and
symmetry of the note are assumed whereas pan disaggedominantly formed by stretching and
notes are not symmetrical. Departure from symmetight be another degree of freedom that is
used to achieve mode tuning. Barl@t al. [143] recommended that finite elements be used to
determine how the first few modes are affected layipulating the shape of the note in a selected
small region. The effect of both departure from syetry and varying thickness in the notes may

add further insight into mode tuning in pans.

* Mode tuning by boundary conditioning

In order to investigate the effects of boundary ditons on the modal tuning of steelpans
Muthukumararet al. [16] developed an analytical model to investigadendary conditioning as a
technique for structural tuning in rectangular @&atThey were able to demonstrate that the natural
frequencies of the plate can be altered by manipuleof rotational and translational stiffness
coefficients at the boundaries. However, Muthukwanand his team also recognised that structural
tuning of modes by boundary conditioning was bglitsnsufficient to achieve overtone tuning in
steelpans and that other parameters such as thexiahairoperties and structural geometry are
necessary in order to better describe the vibrdieraviour of the steelpan.

2 Rolling hoops are created on oil drums/barrelsravide improved stiffness. Most barrels contaio tw three hoops
along their sides.
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It is useful to mention that Dennis [144] obsertiedt the vibration in steelpan notes were mainly

confined to the slightly raised portions and atitéddl this confinement to manipulation of the edge
condition during tuning. This observation was proveue by the holographic images of modes
obtained from the works of Barloet al.[143]; Rossing and Hansen [139] and Rossingl.[140].
Figure 2.19b illustrates mode confinement in a aopman. Note that the vibrational motion of the
note is confined or localised to its designatedaoreg

(0,0) (0,1) (1,0) (1,1)

NITY

287 578 977 1350

(a) 1.00 2.01 3.40 4.70

(0,0) (0,1) (1,0) (1,1) (0,2)

XITE

587 1169 1498 2223 2332

1.00 .99 2,55 3.79 3.97
(0,0) (1,0) (0,1)

" @ % @‘?
1196 2341 2618

1.00 1.96 2.19

[ A7

Figure 2.19: (a)Holographic interferograms of several modes inDAe D5 and D6 note
areas of a soprano pan [14(}) First three modes for C4# in a tenor pan. Note mode
confinement to individual region

A similar phenomenon is seen in an instrument knawrthe musical saw. Mode confinement or
localisation may be explained by an analogy with mhusical saw pictured in Figure 2.20a. The
musical saw resembles a typical carpenter’'s saw made-for-music saw which is usually longer
and without teeth and no handle. The player sitgclting the handle of the broad part of the saw
between his legs and holds the far end with onel lis@e Figure 2.20a). The blade is flexed into a
shallow S-shaped curve and played by bowing oritgpiine edge of the blade.
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A study of the musical saw by Scott and Woodhou&&] was particularly concerned with the
mechanism of the confinement and the nature ofctmdined mode or modes of vibration in the
musical saw. Their analysis considered two scesarioa one-dimensional, rectangular strip of
uniform thickness. The first objective was to loakthe vibration-transmission properties of the
strip with constant curvature, which they modeledtl@e section of a cylindrical shell, and the
second objective was to investigate the effectloly varying curvature on the confinement
phenomenon. Their findings revealed that: 1) ppassible to confine modes to the vicinity of the
inflection by a process of total internal reflectifvom points of critical curvature; 2) these coefil

modes are unaffected by the boundary conditionBeaend of the strip which meant that damping
would be governed solely by internal dissipationtive material and radiation damping; 3)

increasing curvature leads to the confinement giiési modes.

.

Change_of
curvatur

e

Note

(b)

Pandist

Figure 2.20: (a) The Musical SawA standard playing position with an arrow indicgtin
the bowing point at which there is zero curvatusetlee curve reverses direction [158]
and(b) Typical profile of pan note showing curvature apamt note boundary

Examination of the cross-sectional profiles of ktae notes bears resemblance to that of the

musical saw (see Figure 2.20b). Although boundamydiioning alone may be insufficient to

achieve mode tuning it may give some insight intoywome tuners claim to be able to tune more

than the average number of modes [17] while sonoallystune no more than three in the outer
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notes or two in the inner notes of tenor pans. Bfathis work will look at mode confinement in

steelpans in an effort to explain why some tunegsable to tune more than the average number of
modes.
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Chapter 3 Production studies: Forming of mini-pan
dishes

3.1 Introduction

This chapter presents the findings of the applecatf single point incremental sheet forming (ISF)
to the production of miniature pans. The productidrmini-pans was pursued for four reasons:
Firstly, to demonstrate by means of a pilot stuthg, feasibility of applying ISF to steelpan dish
forming; secondly, the current forming methods eitber very expensive or pose several health
hazards to the limited pool of pan makers and khilbetcause the ISF machine at the CUED is
designed to form sheet metal with a maximum dinemsif 360mm x 360mfh Fourthly: with
several annual carnivals [159] worldwide featurthg steelpan in locations such as Trinidad and
Tobago, Brazil, London, Miami, New York and Toror@aribana, the use of ISF for the creation of
mini-pans presents a strong entrepreneurial oppibytuA section of this chapter is therefore
dedicated to a break-even analysis of the appbicadf ISF to mini-pan production, to determine
the profitability. This pilot study also provides &conomic basis for applying incremental sheet

forming to the production of full size steelpans.

In the work ISF was identified as an attractive elotechnology for the production of steelpan
dishes when compared to other sheet metal forneiciyiblogies that are currently used for steelpan

dishing. The major benefits of using ISF for staelplishing were identified in Chapter 2.

While the slow speed [51] of the ISF process islgnted as a drawback, this is offset by the fact
that steelpans are a low volume product. The foctisis work was primarily on the areas in which
ISF could be better adapted to steelpan dishingreshaded:

1. Geometrical deviation obtained between the degweduct and the manufactured
product as a consequence of material springbadk. groblem was addressed with
the incorporation of a backing plate in the formgsg-up. The use of a backing plate
was identified as a means of controlling geometdexiations in incremental sheet
formed products [52,60].

2. A thickness distribution in which a small regiontbé material is stretched and other
regions remain at almost the original thickness thé blank [55]. This

3 Full size pans are typically 570mm and above amditer
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inhomogeneous thickness distribution was found &tiqularly occur in ISF
products which were formed using a single tool d&8&4. Multiple pass forming
[55,160,161] method was identified as a possiblg wlimproving the thickness
distribution in the walls of ISF products. The #ness distribution in traditionally
formed steelpan dishes is one in which the matésiadtretched and reduces in
thickness from the rim to the base. In a typicgrano pan dish, there is a thickness
reduction which varies from 10% near the rim to 5[1%)] at the base of the dish.
Although there is no evidence to support whetheradrsuch a reduction in thickness
is better suited for tuning, steel pan tuning appéa be conducive to drums which

are stretched from the rim to the base.
Another initiative that was considered in this wslas follows:

3. The use of ISF for the production of dishes frord adstenitic grade stainless steel
sheet. The high work hardening characteristic afingtss steel makes it very
difficult to form by using conventional sheet fomgi methods. Hence, this work
took advantage of the local-forming [56] charasttes of ISF in the forming of

stainless steel.

This chapter begins by outlining the mini-pan pratthn process followed by the introduction of
incremental sheet forming and its usage in the4mam production process. The findings of the use
of ISF for mini-pan dish production is presentedtfee following investigations: (1) production of
mild steel mini-pan dishes with and without a bagkplate; (2) production of mini-pans using 304
stainless steel sheet; (3) comparison of thickdestsibution in dishes formed conventionally with
ISF and by wheeling (see Chapter 2); (4) multi-4&85s160,161] forming for thickness distribution
improvement in the dish wall and (5) a break evaalysis on the potential profitability of applying
ISF to mini-pan and full size pan production.

3.2 Mini-pans: An overview of the production process

Figure 3.1 and Figure 3.2 gives an overview of skeges involved in the mini-pan production
process. This process is identical to the tradationanufacturing of steelpans but in this case the
only difference is that ISF was used to form mianrmlishes.
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[ Mini-pan Production Process

@-
=
[ e |

Figure 3.1: Overview of mini-pan production process with ISedi$or dishing

The production of a mini-pan began by cutting thenk to the required size (360mm x 360mm)

with the use of a guillotine. The sheet was subsetiy clamped securely in the ISF machine and
lubricated with bearing grease (Figure 3.2b) beforening. There was a tendency of the sheet to
bulge upwards after clamping in the frame of themre. In addition to material springback, this

bulging may contribute to deviations from the dedigeometry. To eliminate this effect, clamping

bolts were fastened by moving from bolt to bolt aigtitening each by a small amount until all the

bolts were tightened sufficiently to secure theesliemly.

Upon removal from the machine, the dish was cled®fdre being extracted from the blank using
a water-jet cutting machine. The extracted dish t&®n TIG (Tungsten Inert Gas) welded to a
rolled strip which formed the skirt or side (Figl8&g). The surface of the mini-pan dish was then
annealed with an oxy-acetylene flame (Figure 3hprovide some stress-relief before being
tuned. The mini-pans created in this work wereauatted.
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(b) Lubricated sheet-blank clamped in ISF
machine

(e) Extracted mini-pan dish (f) Rolled strip forrmpan side

i

(g) Joining of mini-pan dish to side (h) Annealmigmini-pan dish surface

Figure 3.2: Mini-pan production process
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The sequence of the mini-pan production steps shawkigure 3.2 may vary depending on the
material being used to form the mini-pan dish. Wik become more apparent later on when the
use of 304 stainless steel sheet was considerdtbuh complete mini-pans were produced in this

work, the emphasis herein was placed on the formirilge mini-pan dish.

3.3 Incremental sheet forming: The process

Incremental sheet forming was used to produce pani-dishes and other structures that were used
in other sections of this dissertation. The todhpased to create the minipan dishes in this work
was adapted from a tool path written by Dr. Kathdatkson. The tool path was written to allow
forming to occur in one direction using incremergdps. Forming began with the tool moving
downwards and making contact with the sheet irktii@lane. The tool then moved to complete an
entire circular contour in 8 segments. On the cetph of each segment the tool stopped and
moved downwards. Subsequent contours were form#dteisame manner with the tool completing

successive contours in 8 segments and so on.

Figure 3.2a shows the CUED custom built ISF machised in this work. A highly polished
spherical tool of radius 7.5mm was used to constliche structures used in these investigations.
The design of the CUED ISF machine requires theen@tto be cut into sheets of dimensions
360mm x 360mm or 150mm x 150mm. In this work thigda size sheet was used.

The sheet to be formed was held in place by claghpaiween a pair of blank holders. On clamping
the effective forming area of the sheet is reduoe8DOmm x 300mm. All structures were produced
from sheet that was less than 1mm thick. Althougith&r research is being conducted to increase
the initial wall angle of incremental sheet formmwducts, ISF on the machine in Figure 3.2a is
currently limited to forming conic shapes with aximaum wall angle of 67.5° [26]. For the dishes
formed, the radius of the vertical circ® was manipulated by varying the initial wall angle
(Figure 3.3). The relationship between the verti@alius, the initial horizontal diameter of the

bowl, D and the wall angle is given by the equation:

_(B72) 3.1
sina
Using the geometry in Figure 3.3 the bowl depttan be written as:
h=R (@-cosa) 3.2
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Figure 3.3:1SF of mini-pan: initial wall angle (alpha) is lited to 67.5°

Using equations 3.1 and 3.2, the relationship betvibe initial diametdd, and the bowl depthis
given by:

He D(1—_cosa) 2
2sina

Since, one of the interests of this work is in agiag ISF to the production of full size pans it
would be useful to produce a chart which displayes ttelationship between the bowl geometry

parameters. From the relationship above the drajlea could be expressed as:

D? —4h?
a =arccos———— 3.4

D? +4h?
This relationship can be used to calculate theiredqudraw angle to produce drums with a desired
diameter and depth. It could also be used to disfila limitations of the machine and the ISF
process. Figure 3.4 shows a chart that can be tasgdide the incremental sheet forming of full

size steelpan dishes.
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ISF parameter chart for full size pan dish
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Figure 3.4:1SF design chart for full size pan dishes

3.4 Mini-pan dish production with mild steel sheet

A pair of dishes was created to investigate thecefof forming with and without the incorporation
of a back-plate into the forming rig. These disthwese produced from 0.86mm mild steel plate of
grade BS 1449-1.8:1991. The initial diameter ofth# dishes formed was 244mm. The forming
tool feed rates on the, y axes were set to 40mm/s and axis acceleration of 20mni/as tool
moves between contours. A dish was formed in 37utes1 The dishes had initial wall angles of
50° and were formed in a single pass. One bowhe fgair was formed with the backing plate
incorporated on the underside of the sheet (Fi§¥ while the other was formed without the use
of the backing plate. The backing plate was desigitemake allowance for the tool radius of
7.5mm, hence the diameter of 260mm (Figure 3.5¢ d¥erage profile of each dish was measured
using an OMICRON CMM (Coordinate Measuring Machin€hree profiles were measured for
each dish and an average taken. With the centidfredfowl! set as the origin, a profile was taken to
be a measurement from the center of the dish taitheTwo profiles were measured along the
positive and negative axes and one along the positivaxis (taking the axes to be parallel to the

plane of the page).
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@ 15mm

a 15mm

O29a6mm

Mini-pan back plate
Tolerance: +1mm

\ / Material: plywood

* * Thickness: 15mm

Figure 3.5: Backing-plate

3.5 Mini-pan production with 304 stainless steel sheet

One pair of mini-pan dishes was produced from 3@hkess steel sheet. One dish was formed with
the backing plate incorporated on the undersidéhefsheet and the other was formed without a
backing plate. Initially 0.90mm sheet was used fimching was found to be difficult. During the
forming of the dish, without the backing plate, tiachine began to vibrate excessively. This
excessive vibration resulted in tool slippage oe $ihheet surface which resulted in a shape that
deviated significantly from the programmed shaperder to complete the forming of this dish and
to reduce the unwanted vibrations, the forming feell rates on each axis were reduced to quarter
(i.e. x andy axis feed rates = 10mm/g;axis acceleration rate = 5mrfy/of those used in the
forming of the mild steel mini-pan dishes. Thisulésd in a fourfold increase (148 minutes) in
production time. This dish was not used in this kvdrhe subsequent pair of stainless steel mini-
pan dishes was formed from 0.70mm thick 304 stamiteel sheet with initial wall angles of 50°.
When forming the 0.70mm stainless steel dishespiedle speeds were set to half of those used
for the forming of the mild steel dishes (ixeandy axis feed rates = 20mm/saxis acceleration =
10mm/$). This resulted in a two fold (74 minutes) increds the production time. The dishes were
produced using the same backing plate used fomptbduction of the mild steel dishes in the
previous section and the profile of each staintgssl dish was also measured in the same manner.

These dishes were also created by forming witimgleitool pass.

3.6 Mini-pan dish production on the English Wheel

The English wheel was used to produce a mini-pah tliom 0.86mm thick mild steel sheet of

dimensions 360mm x 360mm. This dish was formedhieyrepeated passing of the sheet between
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different pairs of wheels on the English wheel. ufgg 3.6 illustrates the manner in which the
material is moved between the rollers to achiewhidg. One wheel in the pair of rollers (i.e. the
lower or anvil wheel) on the English wheel is chealgle (see Figure 3.6). The forming of the dish
began by using the anvil wheel with the ‘lowestvemband as the sheet was progressively formed
into a dish, the anvil wheels where changed in modéncreasing crown height. This increased the
depth of the dish being formed. As the materiablnee thinner, contact pressure between the rollers
and the sheet was maintained by making adjustntentise screw jack. The dish formed on the
English wheel was cut in half so that the thicknessation in its wall could be compared to the
wall thickness variation in a (1) conventionallyaedi.e. hand sunk) Aubrapan and (2) incremental
sheet formed mild steel and stainless steel bowisiéd without a backing-plate. The Aubrapan
and the ISF bowls were also cut into halves and thatkness was measured using a ball-end

metric micrometer (Figure 3.11).

Left to right motiot

(@) l (b) Upper wheel

F——— = = = = -
E E \Sh et
: | T
: : ‘\ Lower wheel
1 YRy :
T Backward and
forward motion

Forming region

(a) Top view (b) Side view

Figure 3.6: Dishing with the English wheel: Forming begins wiitlke rollers situated in the middle
of the sheet. The dish is formed by pushing thetsf@wards and backwards between the rollers
while simultaneously moving the sheet from sidesite. The rollers are kept inside the forming
area which is highlighted with the dashed lineseA& number of side to side movements the sheet
is rotated through 90° and forming continues ingame manner.

3.7 Mini-pan dish production: Multi-pass forming for im provement
of thickness distribution in dish wall

Multiple-pass forming [55] was identified as a d@n to obtaining a more uniform thickness

distribution in the dish wall of minipans. Multi-ps forming is incremental sheet forming where
products are formed using multiple tool passes &gare 3.7). Two dishes were manufactured
using multi-pass forming. The first was formed gsandouble pass method in which the first shape
was an intermediate dish with an initial wall angfe25° and the final shape was a dish with an
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initial angle of 50°. The second dish was formedhree passes with intermediate bowls having
initial wall angles of 20° and 35°, followed by theal dish which had an initial wall angle of 50°
(see Figure 3.7). These bowls were also formedgu3g®mm x 360mm x 0.86mm mild steel sheet
with x andy axis forming tool feed rates = 40mm/s and axis acceleration = 20mni/sThese
bowls took 74 and 111 minutes to produce respdygtared were made without the use of a backing

plate. These dishes were subsequently cut intebaad the wall thicknesses measured.

Blank holdar

7

- -
ATl e
. -
/ -.‘N LT anet

-
-
-
-
_________
o

-
-
-
-------
==

Intermediate dish
Fimal dish

Figure 3.7: Illustration of multi-pass forming using a triplags method in ISF

3.8 Results
3.8.1 Mild steel mini-pan dish production with and without back-plate

Figure 3.8a shows the profiles of mild steel miarpbowls formed with and without a backing
plate. It was expected that a set-up that did moude a backing plate would generate dishes that
are less deep than dishes formed with the usebatking plate. Figure 3.8b shows good agreement
between the ideal or desired geometry and actuahgty of both dishes. Less than 1.0mm and
1.5mm deviations were observed throughout the beiti backing plate and dish without back
plate respectively. Larger deviations in geometgravobserved for both dishes beyond 110mm,
closer to the rim, where deviations between 2mm@muoh were observed (Figure 3.8b).
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3.8.2 304 stainless steel mini-pan dish production withrad without back-plate

Figure 3.8c shows the profiles of 304 stainlessldtewls formed with and without the backing-

plate. The geometrical profiles of both stainleelsdishes formed with and without the use of a
backing-plate also display good agreement with itheal or desired geometry. The geometry
deviations in both bowls are comparable with ddfeses in geometry not exceeding more than
1.5mm (Figure 3.8d). However, larger deviationgrfrthe ideal were displayed beyond 110mm,
closer to the rim, in which deviations between 2@md 7mm are observed (Figure 3.8d). A similar
trend is seen in the mild steel bowls. Comparegi@metrical deviations in the mild steel bowls

with those seen in the 304 stainless steel bowks sgure 3.8b and Figure 3.8d).

3.8.3 Pillowing

Another feature of the manufactured bowls is shawhigure 3.8e and this feature was manifested
in the initially negative bowl depth (see Figur88and c). When measuring the bowl profiles, the
origin co-ordinates were taken to be the centéh@fbase of the bowls. This rising or arching @f th
base of the finished bowls is described as thewikffect. This was observed after the removal of
the forming load. Pillowing was found to be morstaiict in the stainless steel bowls (compare
Figure 3.9a with Figure 3.9b).

3.8.4 Extraction of dish from flange

Although the profiles of the dishes were not meadwafter water-cutting, some deviation from the
desired geometry was expected. Figure 3.9 complheesppearance of the mild steel and stainless
steel mini-pan bowls after extraction from the §anThe mild steel dish in Figure 3.9a retained its

shape while the stainless steel bowl became sgveistbrted and folded on itself (Figure 3.9b).

The heavy distortion which resulted on the remaMathe stainless steel mini-pan dish from its
flange made it apparent that annealing would haveet performed before extracting the stainless
steel mini-pan dish from its flange. To investigdies, a pair of stainless steel bowls was formed,
without the use of a backing-plate. One bowl waseated before extracting from the flange while
the other was extracted without prior annealinghBmowls were formed using 360mm x 360mm X
0.70mm 304 stainless steel sheet. The initial diamend wall angle of these bowls were 160mm

and 50° respectively.
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(a) (b)
Figure 3.9: Bowls formed with back plate: (a) Mild steel bovdfbre and
after removal of flange; (b) 304 stainless steébtmeand after removal of
flange

After forming, the flange area of the bowl to benaaled was reduced to 200mm x 200mm to
enable accommodation in the furnace. The furnaceesions are 182mm x 125mm with a
diagonal length of 220mm. The furnace was heatetO&0°C before introducing the bowl to be
annealed. After inserting the bowl, the furnacegerature was raised to 1080°C and the bowl was
held at this temperature for 15 minutes followedaater quenching. Water quenching was done by
removing the heated bowl and inserting into a ldrgsin of water. The bowl was held firmly at the
flange while stirring vigorously in a swirling maem This annealed bowl was extracted from the

flange using a water-jet cutting machine.

Figure 3.10 illustrates the difference of anneal&jore extracting the dish. The bowl extracted
before annealing was also heavily deformed (sear€&i§.10b-c) as seen earlier with the mini-pan
bowls in Figure 3.9b. However, the bowl that wasiealed prior to extracting from its flange
retained the desired shape (Figure 3.10d-e).
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(d)
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Figure 3.10:ISF and heat treatment of 304 stainless steel bdajgc) production and
extraction of bowl without prior annealing; noteakig distortion in (c) after extraction;
(d)-(f) Annealing or solution treatment of bowl beé extraction; note retaining of shape
in (f). The black appearance of the bowl in (d)#¢fJdue to surface scaling i.e. the oxide
film formed on the surface due to the elevated tenapire treatment.
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ISF dishes: (b) mild steel and (c) stainless steel,
(b1) and (c1) zoom-in of cuts in (b) and (c)

(d) Hand sunk dish (Aubrapan)

Figure 3.11: Middle section cuts for dish-wall thickness measwrat: Note the points P to Q and X
to Y on the surfaces of the measured specimens
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3.8.5 Wall thickness comparison in a conventional, wheetedish and single and multi-

pass ISF dishes

There are four points to note for the thicknessatimn across these dishes:

The first is the comparable thickness reductioms@ethe hand sunk (Aubrapan) and
wheeled dish walls (see Figure 3.12a and b). THetwekness in these dishes decreases in
an approximately linear manner from the rim of digh to near the base with the Aubrapan
achieving a 47% thickness reduction and the whedilgd a 20% thickness reduction. The
Aubrapan is a full size steelpan with an initialamieter of 570mm and depth of
approximately 200mm while the wheeled dish hasiéri diameter of 180mm and a depth
of 37mm.

Secondly, the wall thickness in both mild and d&sis steel ISF dishes does not show a
trend in which the thickness decreases contindediyn the rim to the base (Figure 3.12c).
Only a minor portion of the bowls are stretcheddpproximately the first 30mm along the
bowl wall after which the thickness begins to irase until the value of the thickness at the
base is similar to the original thickness of thaeni

Double pass and triple pass forming caused a mingxtansion of the stretched zone but
resulted in a thickness distribution that was aldedraditional distribution as indicated by
marginally thinner side walls than the bowl! formveith a single tool pass (see Figure 3.12¢)
The maximum thickness reduction obtained in the b®Wwls can be approximated by the
sine law of thickness reduction which is giventlyi = tpanSine [54]. This is highlighted
by the straight lines parallel to theaxis in Figure 3.12c. However small over stretghiras
observed in the double and triple pass bowl waligure 3.12c). The sine-law of thickness
is therefore better suited at predicting the fiwall thickness in shells with conical walls.
The reversion to original thickness in Figure 3.3Rggests that bending is the mechanism

of deformation beyond the stretched zone.
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Figure 3.12: Wall thickness in dishes made by (a) hand sinkfkgorapan) (se€igure 3.11d); (b)
wheeling (sed-igure 3.11a) and (c) incremental sheet forming using a sipgkes (se€igure 3.11

b and c). In (a) thickness measurements starte2bmtm from Aubrapan rim. In (b) thickness
measurements started at 70mm from plate edge rgdlan (c) thickness measurements started at
bowl rim. Note: Aubrapan diameter = 570mm; diametewheeled dish = 180mm and ISF bowl

diameters = 244mniNote:
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3.9 Break-Even Analysis: Profitability of ISF minipan dishes and
extrapolation to full-size pan production

The first step in promoting a novel technologydpplication is demonstrating that it could conduct
the desired functions better and possibly chedger turrent technology. Secondly, entrepreneurs,
investors, lending agencies, managers or any stédehwould be interested in whether investing
in the new technology would be a profitable ventuinethis work, the break even analysis (BEA)
was used to investigate the profitability of apptyilSF to the production of minipans and full size

tenor pans.

weld weld weld

(b)

steel hoop
Skirt Dish ;

(€)

Seam roll

Dish Skirt

Figure 3.13:Joining methods in pans: (a) Minipan — dish is wdldirectly to skirt; (b)
Full size pans: Dish and skirt are connected bigid mild steel hoop; (c) Seam roll of
flanged edges in steel drum used to craft the Adra

In each case the production of a single item wansidered. The first case considered the 244mm
diameter minipan while the second case investigated 570mm diameter soprano faithe
production process stages for the soprano pardangical to those shown for the minipan in Figure
3.1. However, there is one additional detail in jbi@ing stage. For the minipan, the skirt was
attached directly to the dish (Figure 3.13a). Instoucting the soprano pan a solid mild steel hoop
(of cross-section Imm x 1mm) would be used. Thk disuld be welded to the inside of the hoop
while the skirt is welded to the outside of the pdeee Figure 3.13b). The use of the hoop is a

* The blank size used to create this dish would4@6n x 640mm and the skirt will be 170mm long. Ol full
size soprano pans could be constructed from 200Qrh@O0mm mild steel sheet.
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patented [162] process and was used in this wolk for conducting a BEA. However, another
way of joining the skirt to the dish involves theas rolling of the flanged edges of the dish and
side. In this method, the bowl and the side reqtleneging before forming the seam rolled joint.

The option of seam rolling versus welding of thiejavill be discussed later on.

In extending the BEA to full size pans, valuesd# tnitial wall angle and the forming time were
required. The initial wall angle for soprano pathAd = 570mm andh = 190mm could be obtained
directly from Figure 3.4. This was calculated to@¥4°. The estimated time to form the full size

soprano pan dish was calculated in the followingmeat:

* It is assumed that a tool path identical to the as®d to create the minipan dish would be
used to create the soprano pan dish

* An expression that could be used to estimate thgtheof the soprano dish tool path was
produced

» Determine the average forming speed of the CUEDn@Ehine by using the length of the
tool path and the forming time for the 244mm diaenetild steel minipan dish when the
machine is operating at its fastest ( i.e. whemdyaaxis forming tool feed rates = 40mm/s
and az axis acceleration = 20mm)s

» Use the average forming speed obtained and theéhlesfgthe soprano pan tool path to

estimate the forming time for the soprano pan dish

Using equation 3.3 the depth of the 244mm minipath wWraw angle of 50° was found to be
56.89mm. The tool path is written so that the forgniool moves downward by 1mm between each
contour or lap which means that this dish woulddsmed with 58 contours. The length of each lap
or contour can be written aarg wherer is the radius (see Figure 3.3) of a contour mard0, 1, 2,
3to 57. Whem = 0,h =0 and so on. The length of a contour using eqnai3 can be also written

as.
2, = 2n2R h, - h2]"” 3.5

Therefore the total distance moved by the toolrduthe forming of a bowl can be expressed as:

1/2

25 2R, -h2]  +D/2+h 3.6
n=0

Using equation 3.6 the estimated time it would tekeomplete a 570mm diameter tenor pan bowl

was calculated (Table 3.1).
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Table 3.1: Estimated forming time for soprano pan

244mm diameter, 57mm deep minipan 570mm diameter90mm deep soprano pan
Tool path length (mm) 30896 Tool path length (mm) 46250
Time taken (min) 37 Average forming 835

speed (mm/min)
Average forming + Time taken to form
. 835 . :
speed (mm/min) full size pan (min)
Note:
¥ This time was measured during the forming ofrtfieipan dish
T Average forming speed found for minipan was useelstimate forming time for full size soprano pan

296 (4.93hrs)

These BEA investigations began by assuming an ifarv@s the ISF technology would acquire all
the necessary equipment and factory space thatdwiaallitate the production of the pans. The
analysis also considered all the stages (see Fig@ethat contributed to the production of a
minipan and a full size soprano pan. While dishmiog may be an integral stage in the pan
forming process, the BEA considered all the stageesas to unveil any problems that may be
overlooked if only the forming stage was considefHte application of the BEA required several

assumptions to be made. The following assumptid63-fL65] were made in this work:

» All the minipans/full size pans produced will bddsbe. no inventory will be kept
» Single product scenario in which only minipans/gile soprano pans are considered
* The total cost and revenues generated are linear

* Fixed and variable cost per minipan or full sizpramo pan remain constant

In order to conduct the BEA, the fixed costs andalde costs associated with the production of
each pan were calculatébiable 3.2 gives the fixed costs and Table 3.11 and Tabl2 giles the
variable costs associated with the minipan andsiai pan respectively. For the production of full
size soprano pans, it was assumed that a CNC neacbidd be purchased and retrofitted for the
same cost as the purpose built ISF machine. Theréfble 3.2would remain unchanged and the
fixed costs associated with producing a unit soprean would be identical to that of a minipan.
Table 3.3 toTable 3.8 lists the variables used to calculate the variaolst associated with the
production of both pans (see Table 3.11 and Tall@)3The BEA was used to determine the
number of each pan type required to break-evemwagstment when different selling prices/unit are
applied. The number of break even units can beutzbkd from the formula below [163] and a
graphical illustration of the break even units gamith the potential profits for the minipan and
soprano pan is shown in Figure 3.14 a and b.
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3.7

where,

n = break-even number

F = total fixed costs

S= sales price per minipan

V = variable cost per minipan

The break even analysis for both minipan and fa# soprano pans indicated the following:

« Joining (welding), heat treatment and tuning aeerttost expensive stages of the minipan
and full size pan making processes (fable 3.1landTable 3.12.

* Minipans and full size tenor pans could be prodwsedi sold at a competitive price with a
production process which involves the use of ISbnhgider some current market values of
pans as follows:

1. Panyard, Inc. (USA) Jumbie-Jam minipan on amazamkco£199.99 [166]

2. New Castle drum centre, high and low soprano p&ns7.00 and £872.00
respectively [167]

3. Panyard, Inc. (USA) lead soprano pans: $4195.C199% (£2630.50 - £3132.10)
[168]

4. E.C.S Steel drums (Germany) soprano pans: €145%2287.93 (£1208.03 -
£1816.40) [169]
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Table 3.2: Fixed costs for minipan and full sizpremo pan*

EQUIPMENT Initial Cost Life Annual Depreciation SALVAGE VALUE AT THE END OF EACH YEAR
(E) (Yrs) Ratet (£/year) Yrl Yr2 Yr3 Yr4 Yr5

ISF Machine and accessories [26] 15000.00 15 1000.00 14000.00 13000.00 12000.00 11000.00 10000.00

Computer 750.00 5 150.00 600.00 450.00 300.00 150.00 0.00

Sheet metal guillotine [170] 1821.25 8 227.66 1593.59 1365.94 1138.28 910.63 682.97

Manual slip roll [171] 1051.63 10 105.16 946.47 841.30 736.14 630.98 525.82

AC/DCTIG Welding Plant [172] 1678.46 8 209.81 1468.65 1258.85 1049.04 839.23 629.42

Water Jet Cutter ¥ [173] (80000.00) 15 (5333.33) 74666.67  69333.33  64000.00 58666.67  53333.33

Infrared thermometer [174] 171.58 8 21.45 150.13 128.69 107.24 85.79 64.34

Oxyacetylene gas blow torch [175] 229.05 8 28.63 200.42 171.79 143.16 114.53 85.89

Bench grinder with sander [176] 46.98 8 5.87 41.11 35.24 29.36 23.49 17.62

Miniature Angle grinder [177] 62.25 5 12.45 49.80 37.35 24.90 12.45 0.00

TOTAL CAPITAL EQUIPMENT COST 20811.20

MAINTENANCE, SHELTER AND INSURANCE

Equipment Maintenance p.a. @ 2.5% of initial cost

for first 5 years 520.28

Insurance Premium p.a. (@ 3% of initial equipment

cost for first 5 years) 624.34

Shelter (Rental of Business Space, paid monthly at 3%

of initial equipment cost) x 12 7492.03

FIXED COSTS per annum (without water-jet) 15731.01

MONTHLY FIXED COST (without water-jet) 1310.92

NOTES:

* For the production of full size soprano pans, @assumed that a CNC machine could be purchasecktanéltted for the same cost as the purpose Wiitmachine. Therefore th
fixed cost of producing a full size soprano pan lddwe identical to that of producing a minipan.
T Depreciation calculation: The salvage value is tiatikebe zero at the end of the life of the equiptm€herefore the Annual Depreciation Rate [178] walsulated as follows:
Annual Depreciation Rate = (Initial Cost/Life of @gment).
T It is standard practice to estimate Equipmentitésiance, Insurance and Shelter each at 2-3% ohitial Capital Cost for the first 5 years

¥ It is assumed that the investor will initially pfor access to a water-jet cutter owing to its hight. The cost of this equipment was thereforeusetl in this work. This aspect o

the production would be subcontracted.
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Table 3.3: Minipan production times for each stage
Time (Minutes)

Item

Time to guillotine sheet into pieces for 8 20/8 (2.5)
minipans/8

ISF forming time for mini-pan dish 37
Total ISF time (including times for lubricating, 45

set-up, removal and cleaning product surface)

Water jet cutting to remove finished mini-pan
dish from flange (including set-up and removal
time)

11.2 (10 minutes set-up time and 1.2 minutes
cutting time)

Deburring of cut edges of mini-pan dish 2
Deburring of strip to be formed into skirt 2
Rolling of side 5

Attachment of bowl to side (including time for
positioning, tack-up, welding and cleaning)

30 (10 minutes for tacking and 20 minutes for
welding i.e. arc timet)

Heat treatment of mini-pan dish surface

10

NOTES:

tArgon gas only runs during arc time, therefore in these calculations only the 20 minutes of
welding are used in the calculation and the 10 minutes for set-up are ignored as the arc time

during tacking is short

Table 3.4: Full size tenor pan production timesefach stage

Item Time (Minutes)
Time to guillotine sheet into pieces for 2 10/2 (5)
soprano pans

ISF forming time for soprano dish 296

Total ISF time (including times for lubricating,
set-up, removal and cleaning product surface)

326 (30 minutes added for set-up time since
larger blank holders would be required)

Water jet cutting to remove finished soprano
dish from flange (including set-up and removal
time)

12.62 (10 minutes set-up time and 2.62 minutes
cutting time)

Deburring of cut edges of soprano dish 2
Deburring of strip to be formed into skirt 2
Rolling of hoop 5
Rolling of side 5

Attachment of bowl to hoop and side to hoop
(including time for positioning, tack-up, welding
and cleaning)

90 (30 minutes for tacking and 60 minutes for
welding i.e. arc timet)

Heat treatment of soprano dish surface

15

NOTES:

tArgon gas only runs during arc time, therefore in these calculations only the 60 minutes of
welding are used in the calculation and the 30 minutes for set-up are ignored as the arc time

during tacking is short
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Table 3.5: Equipment Specification, Flow and feate:s
Equipment Power Usage

Industrial electricity rate

Item Power (kW)
ISF Machine 2.25 [26]
Computer 1.0

TIG Welding Plant 33.13[172]
Bench grinder with sander 0.24 [176]
Miniature angle grinder 0.84 [177]

9.22pence/kWh[179]

Flow and feed rates

Item Rate
Argon gas flow rate 8L/s
Propane gas flow rate -
Acetylene gas flow rate 0.084 L/s
Oxygen gas flow rate 0.092 L/s

machine shop

NOTES: Feed and flow rates were obtained from the CUED

Table 3.6:Material Costs

Item Value
2000mm x 1000mm x 1mm black mild steel sheet, £/sheet 32.90
10mm solid square mild steel rod, £/kg 1.80
TIG filler rod cost(£/kg) 11.85
Argon gas cost (99.95% purity) £/L 0.117
Propane gas cost (£/L) 0.35
Oxygen gas cost (£/L) 0.20
Acetylene gas cost (£/L) 0.50
NOTES: Values in this table were obtained from the CUED purchasing
stores or office

Table 3.7: Minipan geometry and consumption calculations

Item Value
Diameter of minipan D,, (mm) 244
Length of minipan skirt L, (mm) 100
Length to be welded = D, + L, (mm) 866.5
Length of electrode consumed for minipan L. (m) 1.733t
Diameter (d) of TIG welding filler rod (mm) 1.0
Density (p) of TIG welding filler rod (kg/m?) 7833.4
Mass of electrode consumed =(td*/4) x Lo x p (kg) 0.0107
NOTES: t Rule of thumb: Each 500mm of weld consumes 1000mm of
1mm diameter electrode
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Table 3.8:Soprano pan geometry and consumption calculations

Item Value
Inner Diameter of soprano pan D;(mm) 570
Outer Diameter of construction which includes 10mm

. 590
square mild steel hoop D, (mm)
Length of skirt Ls (mm) 170
Length of square rod used for hoop =t (D;+ D,)2 1822
Length to be welded = 1t (D; + D)+ Ls (mm) 3814
Length of electrode consumed for minipan L, (m) 7.628%
Diameter (d) of TIG welding filler rod (mm) 1.0
Density (p) of TIG welding filler rod (kg/m?) 7833.4
Mass of electrode consumed = (11d*/4) x Le x p (kg) 0.0469

NOTES: T Rule of thumb: Each 500mm of weld consumes 1000mm of

1mm diameter electrode

Table 3.9Number of mini-pans required to break even per m¢s¢e Figure 3.14a)

Fixed cost,
‘F(E)

1310.92 1310.92 1310.92

1310.92

Variable cost,

‘V' per unit
(£)

124.68 124.68 124.68

124.68

Selling cost,
‘S per unit

(£)

150.00 175.00 200.00

225.00

Break even
units ()

52 27 18

14

Table 3.10Number of full size soprano pans required to beadn per month (see Figure 3.14

Fixed cost,
‘F(E)

1310.92 1310.92 1310.92

1310.92

Variable cost,

‘V' per unit
(£)

461.85 461.85 461.85

461.85

Selling cost,
‘S per unit

(£)

600.00 650.00 700.00

750.00

Break even
units ()

10 7 6
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Table 3.11:Minipan variable costs

Item Description/Comments Formula Cost (£)
Material Cost Eight minipans to be produced from a 2000mm x 1000mm x 1mm black mild steel Cost of one sheet/8 = (32.90/8) 411
sheet )
Incremental Sheet Energy cost - Here, only the forming time is used in the calculation. Set-up and Forming time(hrs) x(ISF Machine rating (kW)+Computer rating (kW)) x
forming removal times are accounted for in the labour cost Average industrial electricity cost(£/kWhr) 0.18
=(37/60x 3.25 x 0.0922)
Water jet cutting This is subcontracted Negotiated with machine shop
4.00
[180] *
Deburring water-cut | Energy cost here only: Time for energy consumption and labour time are identical Deburring time (hrs) x Belt grinder machine rating(kW) x Average
edge of minipan dish industrial electricity cost(£/kWhr) 0.00074
=(2/60x0.24 x 0.0922)
Deburring of strip to | Energy cost here only: Time for energy consumption and labour time are identical Deburring time (hrs) x Belt grinder machine rating(kW) x Average
be formed into industrial electricity cost(£/kWhr) 0.00074
minipan skirt =(2/60x0.24 x 0.0922)
Rolling side See labour cost. Also this machine is manual and uses no mains power See labour cost -
Welding/Joining TIG welding - energy and consumables consumption (electrode and shielding gas) i.e. [Arc time(hrs) x Machine rating (kW) x Average industrial electricity
Energy cost +Filler metal cost + Shielding gas cost. Note that the welding time used cost(£/kWhr)] = (20/60 x 33.13 x 0.0922)
here is the arc-time i.e. the average length of time the arc was maintained during a + [Mass of electrode used (kg) x electrode cost(£/kg)]
weld. Set-up times are not included. Set-up times are accounted for in the labour cost | =(0.0107 x 11.85) 19.86
+[Argon flow rate(L/s) x welding time(s) x argon gas cost(£/L)]
=(8x20x0.117)
Heat treatment Consumables cost: Only annealing time is used here. Acetylene flow rate(L/s) x Annealing time(s) x Acetylene gas cost(£/L) =
(0.084 x 10 x 60 x 0.50) 3624
+ Oxygen flow rate (L/s) x Annealing time(s) x Oxygen gas cost (£/L) = '
(0.092 x 10 x 60 x 0.20)
Tuning Pre-tuning before coating and fine tuning after coating is completed Negotiated with pan maker (£/minipan) 35.00
Coating This is subcontracted Negotiated with paint shop(£/minipan) 3.00
Labour Labour cost only uses time taken to guillotine, supervision of ISF, joining, heat Hourly rate (£/hr) x (guillotine +rolling + ISF + deburring + joining+ heat
treatment and water jet cutting as tuning and coating are assumed to be outsourced. | treatment)(hr) 18.66
=11.60x[(2.5+5+45+4 +30 + 10)/60]
SUB TOTAL 121.05
Miscellaneous bearing grease, cleaning paper, mallet material, ethanol for cleaning surface of 0.03 x cost to produce a minipan = 0.03 x SUBTOTAL
supplies and minipan dish after ISF etc (3% of cost to produce a minipan) 3.63
Packaging
TOTAL VARIABLE COST 124.68

NOTES: *The cost of subcontracting the water jet cutting operation was estimated from [180] which estimated the hourly operating cost at £12/hour for a single head cutting machine.
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Table 3.12Full size tenor pan variable costs

Item Description/Comments Formula Cost (£)
Material Cost Two soprano pans to be produced from a 2000mm x 1000mm x 1mm black mild steel | Cost of one shee;c/Z + mass of hoop material (kg) x cost (£/kg) 19.00
sheet + 1822mm of 1mm square solid hoop material =(32.90/2 +0.01° x 1.822 x 7800 x 1.8) = 16.45 + 2.55 )
Incremental Sheet Energy cost - Here, only the forming time is used in the calculation. Set-up and Forming time(hrs) x(ISF Machine rating (kW)+Computer rating (kW)) x
forming removal times are accounted for in the labour cost Average industrial electricity cost(£/kWhr) 1.47
=(296/60 x 3.25 x 0.0922)
Water jet cutting This is subcontracted Negotiated with a machine shop (£/soprano dish)
7.00
[180]*
Deburring water-cut | Energy cost here only: Time for energy consumption and labour time are identical Deburring time (hrs) x Belt grinder machine rating(kW) x Average
edge of soprano dish industrial electricity cost(£/kWhr) 0.00074
=(2/60x0.24 x 0.0922)
Deburring of strip to | Energy cost here only: Time for energy consumption and labour time are identical Deburring time (hrs) x Belt grinder machine rating(kW) x Average
be formed into industrial electricity cost(£/kWhr) 0.00074
soprano skirt =(2/60x0.24 x 0.0922)
Rolling side and solid | See labour cost. Also this machine is manual and uses no mains power See labour cost
hoop )
Welding/Joining TIG welding - energy and consumables consumption (electrode and shielding gas) i.e. [Arc time(hrs) x Machine rating (kW) x Average industrial electricity
Energy cost +Filler metal cost + Shielding gas cost. Note that the welding time used cost(£/kWhr)] = (60/60 x 33.13 x 0.0922)
here is the arc-time i.e. the average length of time the arc was maintained during a + [Mass of electrode used (kg) x electrode cost(£/kg)]
weld. Set-up times are not included. Set-up times are accounted for in the labour cost | =(0.0469x 11.85) 59.76
+[Argon flow rate(L/s) x welding time(s) x argon gas cost(£/L)]
=(8x60x0.117)
Heat treatment Consumables cost: Only annealing time is used here. Acetylene flow rate(L/s) x Annealing time(s) x Acetylene gas cost(£/L) =
(0.084 x 15 x 60 x 0.50) 54.36
+ Oxygen flow rate (L/s) x Annealing time(s) x Oxygen gas cost (£/L) = ’
(0.092 x 15 x 60 x 0.20)
Tuning Pre-tuning before coating and fine tuning after coating is completed Negotiated with pan maker (£/minipan) 200.00
Coating This is subcontracted Negotiated with paint shop(£/minipan) 20.00
Labour Labour cost only uses time taken to guillotine, supervision of ISF, joining, heat Hourly rate (£/hr) x (guillotine +rolling + ISF + deburring + joining+ heat
treatment and water jet cutting as tuning and coating are assumed to be outsourced. | treatment)(hr) 86.81
=11.60x [(5+ 10+ 326 + 4 +90 + 15)/60]
SUB TOTAL 448.40
Miscellaneous bearing grease, cleaning paper, mallet material, ethanol for cleaning surface of 0.03 x cost to produce a minipan = 0.03 x SUBTOTAL
supplies and minipan dish after ISF etc (3% of cost to produce a minipan) 13.45
Packaging
TOTAL VARIABLE COST 461.85

NOTES: *The cost of subcontracting the water jet cutting operation was estimated from [180] which estimated the hourly operating cost at £12/hour for a single head cutting machine.
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3.10DISCUSSION
3.10.1Thickness distribution and springback in ISF dishes

While there are numerous benefits that would contle applying ISF to steelpan dish production,
the major elements surrounding its suitability smmlishing are material springback and thickness
distribution in the formed bowils. It has been l@giablished that steel drums are predominantly
produced from bowls in which the sheet metal iBezistretched, or, until recently, produced from
sheet metal in which the thickness is constantifermost part of the wall of the completed bowl as
in spinning, deep drawing and hydroforming. As redgahe thickness distribution in ISF, the bowls
created by single and multiple pass forming in thirk had a thickness distribution in which
stretching occurred in a small region of the baMser to the rim, after which thickening occurred
until the material reverted to its original thiclkse The maximum possible thickness reduction
obtained in the stretched portion of the singleylde and triple pass bowl walls showed good
agreement with the sine law of shear forming. Sitheelength of the region in which stretching
occurs in the single pass and multi-pass bowlsamgparable, there may be no need to produce pan
dishes in multiple passes as there is minimal eitanof the stretched zone. Producing pan dishes
in multiple passes will only result in an insubsiandistribution in the wall thickness in additiom

an unnecessary increase in production time andblarcost of production.

Steelpans have long been crafted from dishes tlea¢ wroduced by stretching and there is no
documented evidence to suggest that steelpansdsheumade solely from stretched or constant
thickness domes, although personal communicatisrirtthicated a preference and a strong bias for
stretched dishes probably because this has beerrpto work best. To answer the question of
whether the thickness distribution in ISF is sugalcompleted dishes formed in three ways:
traditionally, by ISF and a method which maintagmstant thickness, could be passed to tuners
and their experiences documented when tuning earh Phe tuners would not have prior

knowledge of the manner in which the domes wereemad

While wheeling was not a highlight in this worketlexercise was conducted in order to examine
the thickness variation in its walls. Firstly, theduction in thickness in the bowl wall resembled

that of a traditionally dished pan. This featureynmaake the process an ideal candidate for pan
dishing. However, wheeling is entirely a craft pgss which requires sufficient time and patience to
master. Furthermore, there are some limitationssofg the English wheel which primarily include

the size of the sheet that the operator can phisicenage in the machine. Wheeling may be
practically applied to minipans which are aboutr@@®wide and 30-40mm deep but may be more

difficult for forming full size dishes which can I6®0mm wide and 200mm deep.
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The main cause for the geometrical deviations reatefl in the ISF bowls was springback.
Springback results in a deviation in shape wherfahaing tool is removed from the surface of the
formed part [101]. One type of springback is a eguence of the bending [56,161] of the bowl
between the rim and the flange. Figure 3.8 b asdaivs that the maximum deviations experienced
in the mild steel and stainless steel bowls wer¢his region. Previous work has shown that a
solution to mitigating this problem requires theeusf a backing plate [52,60] in the forming
arrangement. In this work, a backing plate whiabvpted a rigid support near the rim of the bowls
was used and springback in this region of the bomds minimized (Figure 3.8 b and d). The
geometrical deviations manifested in most parthef bowls formed with and without a backing
plate were mostly in good agreement with the ideametry with deviations of no more than 2mm.
However, it is not certain what the level of dematwould be when production is scaled up to
produce full size pans but deviations may be grehten those observed in the forming of minipan
dishes. One way to predict the level of deviatiayuld be to conduct finite element simulations on

the incremental sheet forming of full size dishasrfed with and without a back plate.

Forming tool

Figure 3.15: Pillowing can be reduced with by pushing the forgniaol onto the pillow
after completion of the dish; (b) Dish with pillog) Dish with reduced pillow

Another form of springback manifested in the dishemated was the presence pillow’(Figure

3.15b) at the base of the dish on completion offdheing process. For the production of pans, the
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appearance of this pillow would be considered uiha&tis and one manner of dealing with this
problem is illustrated in Figure 3.15a. After tloerhing of the dish, the forming tool could be used
to suppress the appearance of the pillow (see &@ui5 b and c).

3.10.2Forming with 304 stainless steel

Stainless steel of the 300 series, particularly 204 316/316L grades are considered to be
exceptional material candidates for the productibsteelpans owing to their high formability (see
Table 2.2) and good corrosion protection capabiliipwever, these steels have proven to be
somewhat of a problem due to their rapid work haime characteristic. The work hardening
coefficient of these austenitic stainless steetigsais almost double that of mild steel (Table.2.2)
During forming, stainless steel sheet work hardeqsdly making further forming increasingly
difficult. Unlike the mild steel dishes, the stas$ steel dishes produced in this work were heavily
distorted after trimming of the flange area. Thghhiwork hardening of the material probably
contributed to the development of high residuadsdes. However, it was possible to demonstrate
that the high residual stresses and by extensmosdiiere distortion could be minimized by solution
treatment annealing the stainless steel bowls béfonming (see Figure 3.10).

Annealing of the 304 stainless steel bowls createthis work took place at 1080°C without a
controlled nitrogen atmosphere to reduce surfacdinge Therefore the stainless steel bowls
annealed in this work were heavily scaled (seer€i@ul0). Maintaining a controlled atmosphere in
addition to acquiring a furnace large enough tooauonodate a full size pan is very expensive.
However, in this work, attempts were made to idgrdheaper alternatives to mitigate the problem
of surface scaling in annealed stainless steel dioWhe first alternative involved the use of a
compound, lll-tri-chloro-ethane which was paintedathe surface of the dish before placing in the
furnace. This alternative was abandoned after dexong that the coating released hazardous fumes
when heated beyond 580°C. The CUED furnace vents aleo not fitted to allow fumes to escape
outside the building. Continuing with this ventweuld have resulted in the release of hazardous
fumes within the lab. The other alternative invalvibe removal of the scale after annealing the
dish. The intention was to clean the scaled surfete a sand blast or glass bead blast although a
glass bead blast may give a smoother surface fiftistas not possible to conduct this alternative
as the blasting machines at the CUED were decononid for maintenance and relocation. This

alternative is therefore recommended for futurekwor

Another important element that is recommended dather work is the measurement of tool forces
during the forming of materials to be used for paaking. This could be done by measuring the

forces on the tool for various materials, tool feedd speeds blank thickness as well as tool radius
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to blank thickness ratios. This information woulel\btal in selecting a CNC machine that could be

retrofitted for pan dish forming.

3.10.3Break even analysis

The BEA was applied in this work as it is suitabdeindustries which are not subject to a fast
change in technology in addition to being suitdblesingle product scenarios [165]. In this work it
was applied to the production of two entities, ameach instance: minipans and full size soprano
pans. The steelpan industry tends to also be d"hbggiits transition to new technology [44,45,181].
It is also reasonable to assume that if ISF is bt some stage, it could become the de-facto
dishing used by a number of pan makers among whigte is a consensus for the full automation
of the manufacture of the instrument. While the B&h provide useful information that could be
used in decision making for a new venture theresaree elements that could severely undermine
its credibility. These elements are related to fé that production costs are not static due to
influence by external factors on which the manufest has no control. Once these elements are
monitored and the respective costs adjusted teatethe variation, the BEA would continue to be
useful. This is also the principal reason why tHeABvas not applied for a period greater than a

year.

The cost of the ISF machine listed in Table 3.fdisa custom built machine that was manufactured
at the CUED solely for the purpose of sheet formiagpan maker may consider purchasing a used
or new CNC milling machine which would be adaptedISF use. This alternative may be cheaper
and maintenance costs may also be lower as CNCineaclhre widely produced and parts and
accessories could be easily and cheaply acquiteel Amino Corporation in Japan is currently the
only commercial manufacturer of purpose built ISEcimines which would undoubtedly cost
several tens of thousands of pounds. The retrddi€ @lternative could result in a reduction in the
fixed cost and by extension the total productiost @ssociated with the production of a minipan or
soprano pan. The machine need not be solely forbi8Fcould also be adapted to perform other

operations when not being used for ISF.

In this work, the pan maker using ISF, was assutodae solely producing minipans or full size
soprano pans. In reality, pan makers produce aerafigpans and thus the fixed costs would be
shared among each product group. For instancegpahamaker produced four pan types in addition
to one type of minipan, then the fixed cost fordaroing the minipans would become total fixed

cost/5.

84



Chapter 3 Production Studies

There are also elements which affect the variabktsc One of the most obvious elements is the
price of steel which due to fluctuation in demamd availability would influence the final cost of
the minipan. Any changes in the price of steel Wdu¢ manifested in the price of steel sheet and
the price of the welding electrodes. The BEA woukkd to be adjusted to account for this.
Additionally, changes in energy prices (electricitigd welding gases); increases in the national
minimum wage; value added tax (VAT) adjustments thg government; inflation and the
availability of good tuners would also affect thedk even calculation.

3.10.4Realistic minipan production

The welding/joining and tuning stages in conjunectiwith labour costs were identified as the
elements adding the most value to the minipan apdaso pan. Tuning has manifested itself as a
'rate determining stépr bottle-neckin the production of the instrument. In ordeutalerstand the
effect of this single stage on the overall produttithe number of bowls of each pan type that could
be produced monthly by ISF and the number of bdkds could be realistically tuned in the same
time period must be considered. The CUED ISF magha its fastest feed rates for mild steel,
takes an average of 45 minutes and approximatély&urs to form a 244mm minipan and a full

size 570mm soprano pan dish respectively, inclusiset-up time.

A business week or work week is typically 5 daysnfrMonday to Friday with each work day

operating between the hours of 9am and 5pm. Ifanr Is excluded for breaks each day, then the
work day would be 7 hours. A calendar month willalsy have 22 working days and assuming an
operating efficiency of 90%, then in a calendar thothe ISF machine at its fastest rate can
produce approximately 185 minipan bowls or 25 &ile soprano pans (see Table 3.13). It is also
assumed that a pan tuner would be able to comypleteé (pre tune and fine tune) an average of 2
minipans or 0.75 soprano pans per day. In a catemdath, a single tuner can provide either 44

tuned minipans or 17 tuned soprano pans (Tablg.3.13

The speed of the ISF machine only becomes crucimbre than 185 minipans or 25 soprano pans
are required monthly, which may be unlikely. Howevié this occurs the work day and/or work
week may be extended to increase the productidmowfis but the problem still remains on the
realistic number of minipans that could be tuneder€ is currently a handful of highly skilled
tuners in the UK and they are not centrally locataine being hundreds of miles apart. Even if it
becomes possible to have (a) permanent tuner(gdodat the pan production site, the reality is, a
single tuner can only tune a limited number of ppes month. The only recourse to meet an
increasing demand for pans would be to solicitsdteices from additional tuners of which there is

a limited pool. It is easy to foresee the calarttigt can result due to problems with sourcing tsiner
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in addition to accounting for times when tuners lddae unavailable. It is unrealistic to assume that
an individual will work without any sort of intenption (bereavement, vacation, illness, retirement

etc.).

Table 3.13: Realistic production of pans using ISF

Item Minipan Full size soprano pan
Diameter (mm) 244 570

Total production time (mins) 45 326

ISF production at fastest rate 185 25
(pans/month)

Realistic tuning rate (pans/day) 2 0.75
Realistic pans per working 44 17
calendar month (22 days)

Minimum price for profit (£) 175.00 600.00

see Table 3.%nd Table 3.10

In this light, if it is assumed that there is agsenreliable tuner the estimated number of both pan
types that could be produced and the minimum ggpirce for profit realization is summarized in
Table 3.13. The analysis above indicates that appaduction process which applies ISF could be
viable. However, the exercise also reinforced thatheart of the pan production process is tuning.
This is the stage that createdattle-neckin the overall pan production process since highly
susceptible to impairment and undermining owinghte small pool of skilled tuners. It is also
apparent that the speed of ISF only becomes am igstihere is a demand beyond which the
machine can realistically produce at its fastes.réhe fact is, tuning remains the core of the pan
making process and efforts to improve other stajeke process while overlooking tuning would
be futile. This therefore builds the case for reseanto partial or full automation of the tuning
stage of steelpans. Many may argue that this maynmecessary as steel drums remain a low
volume entity. However, from the perspective of an pfactory, the limited availability and
uncertain reliability of tuners will continue to laechallenge as long as manual tuning remains the

only option for tuning pans.

3.10.5Areas for cost reduction

Apart from tuning, welding was identified as onetloé costly steps in the pan production process.
Unlike heat treatment which is inevitable, the pagker has the option of using another method of
joining the dish to the skirt. This option is iltisted in Figure 3.13c where the flanged edgebef t

dish and the side are rolled together to form amsehjoint. If the pan maker decides to use this
method of joining, it is assumed that a rotary diaig and seaming machine could be purchased for
a total cost not exceeding £15000. It is also assuthat no maintenance would be required in the
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first year. Table 3.14 shows the payback periotkaouping the capital outlay for the flanging and
seaming machines if either minipans or full sizengpare produced. This alternative appears
attractive as the payback periods are short.

Table 3.14: Payback period: seam rolling versusling|

Item Minipan Full size soprano pan
Estimated total cost of rotary
flanging and seaming machines 15000.00 15000.00

(£)

Costs associated with using welding to join dish to skirt (£)

Material (£)t 0.00 2.55
Welding/Joining (£)t 19.86 59.76
Labour(f)t 5.80 17.40
Total Savings per pan (£) 25.66 79.71

Realistic pans per calendar
month (22 days)¥

Savings per month: Realistic
pans per month x savings per 1129.04 1355.07
pan (£)/month

44 17

Payback period (months)

Estimated machine
cost/Savings per month 14 12
(months)
Notes: T Values taken from Table 3.11and Table 3.12
¥ Values taken from Table 3.13

3.10.6Pneumatic hammer versus ISF

Pneumatic assisted sinking still remains one of niast popular ways of dishing steel pans
primarily because of its low cost and the energysfoking is provided mechanically and not by the
arms of the pan maker. Although the cost of a pragiengun and compressor would be about 1/10
to %2 of the cost of an ISF machine, the benefitsnplementing an ISF machine cannot merely be
assessed in terms of cost. For instance, sinkisgpaano pan, the deepest pan in the pan family,
with a pneumatic hammer takes approximately 4 *ch@urs compared with 5 hours for ISF.
Pneumatic hammering also subjects the user torfogle and vibration levels. Forming on the ISF
machine allows the pan maker to attend to othes f@arby while the dish is being formed. This is
impossible with pneumatic forming. The ISF machoan be programmed to work within the
forming limits [54] of the material so that fractuand consequent wastage is avoided. In pneumatic
assisted sinking, preventing material fracture ighly dependent on the skill of the pan sinker.
However, a pneumatic hammer may be kept to compiethe ISF machine in periods when there

is down time for maintenance or machine break down.

® This time estimate includes stoppage time foiimgst
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3.11 Conclusions

* Material springback in ISF dishes formed could bggated by the use of a backing plate.
However, the effect of a backing plate was moredai¥e in minimizing the springback
which occurred in the region nearest the rim oflibe/ls. Springback in most part of all the
dishes measured did not exceed 2mm.

* The 304 stainless steel dishes were successfulhyel using ISF but required slower feed
rates during forming and solution treatment anngalh order to minimise distortion on

trimming.

* The reduction in thickness by the incremental skareting of mild steel and 304 stainless
steel bowls occurred in a small portion of the walf the minipan dishes, closer to the rim,
unlike the thickness reductions observed in traddlly formed and wheeled dishes in

which there was stretching throughout most pathefwalls of these dishes.

* Multi-pass forming (double and triple) resultedmmimal extension of the stretched zone in

ISF minipans, therefore only a single pass maydoessary when forming pan dishes.

* The maximum thickness reduction obtained in the b8ls agreed closely with the sine
law of thickness reduction. However, the reductiorthickness in the ISF bowls may or

may not be suitable for pan tuning and thereforthér investigation is recommended.

* The break even analysis indicated that minipansfalhdize tenor pans could be profitably
and competitively produced by pan making procesdash applies ISF for pan dishing.
However, the overall profitability of the pan magiprocess could be jeopardised by the

tuning stage.
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Chapter 4 Vibration studies I: Full size steelpans

4.1 Introduction

This chapter presents the findings of two prelimynavestigations. A pair of 4ths and 5ths soprano
steelpans, one paint-coated and the other chroateeplwas provided by pan maker Aubrey Bryan
for use in this work. The first investigation wasnede study of the pans in which natural
frequencies, modal damping and mode shapes wengcted. Mode frequencies and damping were
extracted from the paint-coated pan while the clergoated pan was used primarily for the
extraction of mode shapes which was provided ceurté Polytec Ltd. The second investigation
was a detuning experiment in which a pair of natasthe paint-coated pan was subjected to
repeated hammer impacts in an effort to determame tstability i.e. the ease with which the

fundamental mode frequencies in these notes cauttehuned.

4.2 Modal Testing: Basic theory and assumptions

Since modal testing will be used on several oceasithroughout this work it is appropriate to
introduce and describe it at this stage so as tmdaunnecessary repetition throughout the

dissertation.

Modal testing is the process of extracting modahpeeters (natural frequencies, mode shapes and
material damping) from measured vibration data sacadescribe the dynamic behaviour of a
structure. However, before conducting a modal fest assumptions are made about the test

structure:

1. It is assumed that the behaviour of the test stracts linear. The response of the
mechanical system to external excitation forcesngcsimultaneously follows the
principle of superposition.

2. The test structure’s dynamic behaviour and thee@nmieasurement set-up system is time
invariant.

3. The test structure is observable in that measungputs yield sufficient information to
construct a reliable mathematical model.

4. Finally, the structure honours Maxwell's reciprgciprinciple. This means that the

measurement and excitation point are exchangeable.
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The mathematical foundation and the test procedufef conducting modal testing is documented
in texts such as Ewins [182]; Heylat al. [183], He and Fu [184] and Maiet al [185]. A

structure’s dynamic behaviour can be describedgusinspatial model in which the physical
characteristics of the structure are representéerins of its mass, stiffness and damping propertie

These characteristics can be described by lineanskeorder differential equations:
M+ [CHxt+ [t ={t} 4.1

Impact Hammer
Accelerometr P

© = | "

Accelerometer

_+_ “— Minor axis
Charge Charge
Amplifier Amplifier Pan rim

Data Acquisition Card

b

.=
Data analysit

Hammer charc  Acceleromete _
amplifie qe amplifier Outer ring not

Middle fing notes'"Ne!ring notes

Data logging and analy: Test structure  Accelerometer Impac
with NI DAQ card  (steelpan) hammer

Figure 4.1: (a)and(b) Experimental arrangement and apparatcsimpact points used in
modal tests anftl) note pattern of soprano pan used in modal tests

wherex andf are the time varying displacement and externali@gporce vectorsM is the mass or
inertia matrix,C is the viscous damping matrix akdis the stiffness matrix. The modal model is
defined by a set of natural frequencies with asdedi damping factors and ratios and

corresponding vibration mode shapes. The modal medelly described by a matrix of frequency
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response functionsH («) , which are obtained by calculating the ratio & tesponseX(w Jo the

input signalF (&) in the frequency domain.

Since an accelerometer was used in the impact tlesteesponse measured was acceleration and
therefore the transfer function is referred tomsiecelerance transfer function and is given as:

A = 2@ 42

F(w)

In subsequent chapters of this thesis a scanngey labrometer was used to measure the velocity

response. The transfer function would be a mohitapsfer functionH (. )and is expressed as:

X (@)
F(w)

H(w) = 4.3

4.3 Extraction of mode frequencies and damping

Impact modal testing was used to extract the ingmbrinode frequencies, damping and mode
shapes from the notes of a soprano steelpan. Tgarimental arrangement is shown in Figure 4.1a
and b comprised of a paint coated soprano pantfeobne shown here); an instrumented impact
hammer, a small lightweight (1.59) accelerometagrge amplifiers and a data logging computer
provided with software for modal analysis. The np&ttern of the soprano pan used is shown in
Figure 4.1d. Impact modal testing was conducteg onlthe notes on the outer and middle rings.

The notes on the inner ring were damaged and Wwerefbre not used.

Vibration response was measured by the lightweaydelerometer which was attached to the
surface of the note using a thin layer of beeswBath signals from the hammer and accelerometer
were buffered by suitable charge amplifiers betoeeng fed through a data card to the PC. Data
logging was typically done for a time long enoughcipture the decaying response of the test
structure. The sampling frequency and logging timeee 5 kHz and 2s respectively. These signals
(Figure 4.2a and b) were also checked to insurethieae were no leakage or clipping and truncated
or clipped signals were discarded. Both signalstramsformed to the frequency domain using an
FFT. This Fourier transformation is a dedicatecbatgm to determine the spectral content of the

digitized time signal

The frequency response function (FRF) for each tfioptput measurement was calculated and
averaged for 5 trials. Taking several trials alldwier the coherence function to be calculated,
which is an indication of the quality of the measliFRF. The coherence functiph(w) at each

frequency point is defined as:
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S, (@)

X

S (@)S,,(w)

4.4

where §, denotes the cross-correlation between the inpdt the output while § and §y
respectively denote the auto-correlation functiohthe input and output signals. Coherence gives a
measure of the linearity between the input andbtitput: values close to unity on a linear scale (or

zero on the log scale) indicate adequate lineésig Figure 4.2c)..
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Figure 4.2: (a) Impact spectrum(b) Response spectrum aifd) Typical steelpan note Transfer
Function with associated coherence (in blue)

A grid of five points as shown in Figure 4.1c waed for the impact test. The accelerometer was
positioned such that it was offset from the minad anajor axes of the notes. This was done
because the nodal lines were highly likely to beated along or in close proximity to these axes.
The response of the note was then determined kyingpon the grid with one point being
approximately at the centre and the other four rhpaints were located in the four sectors created
by the intersection of the minor and major axe® (Bgure 4.1c). Each point was approximately
15mm away from both axes.

92



Chapter 4 Vibration Studies |

Damping measurements throughout this dissertatemegported using the quality fact@ ‘which
gives a measure of modal damping. Figure 4.3 st the difference iQ-factors between
structures that are heavily and lightly damped. Iigtit damping theQ-factor is related to the loss

factorn and the damping ratidby the following expressions:

4.5

-1
Q= %

S J N

Damping measurements were extracted using the ditaf the Nyquist plot. Figure 4.4 shows the
use of the circle fitting technique. The Nyquisbtpivhich requires consideration of the frequency
range in the immediate vicinity (Figure 4.4b) ok tresonance peak is better suited for structures
with high damping as a sufficient number of poiimshe vicinity of the resonance peak can be
obtained for the construction of the Nyquist pldawever, there were sufficient data points in the
vicinity of the resonance peaks for the respongetians of the steelpan notes to enable reliable
circle fitting. Further on in this dissertation &mer curve fitting technique for damping estimation
termed Sonogram will be introduced. For structutres are very lightly damped the sonogram
analysis offers a better alternative as there isanfficient number of points in the vicinity die
resonance peak to allow a circle fit to be used Wwuld provide reliable estimation of damping.
The sonogram algorithm allowed the damping of sdverodes in a desired bandwidth to be
obtained simultaneously as compared with circknfitof the Nyquist plot in which the damping
can only be determined for one resonant frequehaytiane.
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4.3.1 Mode frequencies and damping — paint coated pan

The frequency response functions of the C notetherouter and middle rings on the paint coated
pan are used to highlight features which were comarmong the notes investigated. Figure 4.5a
and b show the transfer functions for the C noteshe outer and middle rings respectively (see
Figure 4.1d). For the C note on the outer ring YFeg4.5a) there are at least seven modes and at
least three modes in the C note on the middle (seg Figure 4.5b). Not all of these modes are
tuned modes. Typically, the first three modes @f tlotes on the outer ring are tuned, while only
one or two modes in the notes of the middle rirggtaned. Figure 4.5¢ shows the second and first
mode frequencief andf; in the outer notes {10 B, are tuned in the ratio of approximately 2:1.
The third mode frequendy is not an integer multiple df, but the ratids:f; is approximately twice
times a musical fourth 2(4/3). In the notes onrthddle ring G to Bs, mode frequenciek andf,

are not as near to frequencies on the Western alusiale as those on the outer pan ring (see also
Table 4.1).
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The modes in Figure 4.5a and b display light dam@nd this light damping with low modal
overlap was common among the 24 notes measuredreHQ5d is a plot of th@-factors for the
inner and outer notes of the paint coated [fasfactors were in the range of 50 to 800 with the
majority being in the range of 100-300. Anotheeresting feature of the response function of the
steelpan note is highlighted in Figure 4.5a. Tleatdire is indicated by the arrow which points to
resonance peaks in the low frequency range of #sponse. These peaks were particularly
predominant in the FRF of the outer notes. Suggestio what these peaks represent will be

highlighted in the discussion.

Table 4.1: Comparison of measured note frequenmes soprano pan with stande

frequencies on the Western musical scale basedidiiAz

Outer Notes Outer Notes Middle Notes
Note Fundamental Octave Fundamenta
St%r_]'czj;’l rd Pan (Hz) St%r_]'czj;’l rd Pan (Hz) Pan (Hz)
C 261.7 259.6 523.3 517.9 522.3
C# 277.2 273.8 554.4 546.3 561.2
D 293.7 291.8 587.4 574.3 560.6
Eb 311.2 309.8 622.3 603.8 585.0
E 329.7 328.4 659.3 655.4 644.1
F 349.2 348.3 698.5 693.5 650.1
F# 370.0 367.6 740.0 719.7 709.3
G 392.0 391.5 784.0 766.2 778.3
Ab 415.3 408.7 830.6 828.3 774.5
A 440.0 436.4 880.0 843.0 837.4
Bb 466.2 457.7 932.3 908.9 853.1
B 493.9 493.1 987.7 947.1 925.6
Note: mass loading effect of the accelerometerfaasd to decrease note frequencieq by
1to3Hz

4.3.2 Investigation of mode shapes — chrome plated pan

Mode shape measurements of steelpan notes wascdartesy of Polytec Ltd. The experimental
set-up is shown in Figure 4.6a. The chrome platgdaso pan was mounted on an open chassis
frame and foam wrapping was used to isolate theppaphery from the frame surface. The surface
of the pan was coated with a thin dusting of chatkvder (developer spray) to reduce light
reflection and improve the reflection of the laseams to the scanning heads.

Excitation was provided from a loudspeaker suspem@meath the pan. A periodic chirp signal was
used to provide excitation and the response op#imewas measured using a Polytec 3-Dimensional
scanning vibrometer laser system which comprisethi@fe individual lasers or sensor heads that

measured the surface velocity from different diced.
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Sopranopar Junctionbox and acquisitic

(b)

Figure 4.6: (a)Polytec 3D scanning laser vibrometer for mode slistermination and
(b) operating displacement shapes for A and C notehmyme plated soprano pan

This allowed extraction of motion components altmge perpendicular directions. The settings for
the 3-Dimensional scan were for a frequency banthwad 5kHz with a resolution of 1.5625Hz
(3200 FFT lines), measuring 7420 points with 5 ages. The acquired vibration data was used to
prepare animations of operating displacement shégegach of the note regions on the pan

surface. Only mode shapes in the frequency rande 100 Hz were provided by Polytec Ltd.
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Mode shapes of steelpan notes are widely publiginedthe mode shapes measured were identical
to published mode shapes of notes on a sopranfilariL40]. This can be seen by a sample of the
mode shapes from the chrome plated pan in Figue #r the A and C notes on the outer and
middle rings. The first mode of each note involvesvement of the entire region whereas the
second and third modes have nodal lines that ¢éiegathe circumferential and radial directions of
the pan dish respectively. Notable is the confineied the modes to the vicinity of the note.
However, in some cases, there is coupling of madesdjacent notes which have natural
frequencies that are near to the main note beiegeek For instance at 709Hz (Figure 4.6b), the
second and first modes of thg &d F notes respectively are excited when thenQte resonates at
its third natural frequency. Also, at 1359Hz (Figur.6b), the A note resonates with a mode that
has a pair of circumferential nodal lines while #tgacent [ note resonates at a mode which has a

circumferential and a radial node line.

4.4 Note Detuning

After measurement of modal parameters on the soppan, a pair of notes, the; Dote on the
outer ring and the £note on the middle ring (see Figure 4.1d) of iygrano pan were selected for
the detuning investigation. These notes were chbgeause their fundamental frequencies were
relatively in good tune compared to some of thesotiotes (see Table 4.1). Detuning in this work
was taken to be shifting (increase or decreaséleofundamental mode frequency from its tuned

frequency.

An electromechanical alarm bell was modified fore us this work. Figure 4.7 shows the
arrangement in which the round head of a bell @app replaced with a hard-rubber tip impact
head which is mounted at the end of a threaded ahdfpositioned normal to the note surface. The
shaft of the impact head is instrumented with adasensor whose signal was buffered through an
appropriate charge amplifier. The frequency ofithpacts was controlled using the control box to
which the alarm-bell main frame was connected. dlaem-bell main frame was also powered via
the control box. The impact force was controlledaljusting the distance between the impact head
and the note surface. In this work, a force lelat is comparable to that in normal steelpan ptayin

was used for the detuning tests (see Figure 4.8d).

The impact hammer used for the frequency resporssunements had an identical tip as the one to
be used in the detuning investigation. Figure 4Bdws three levels of force that are within the
normal playing range. The force level of impactdetuning was adjusted to be within this range. It
was found that a distance of approximately 10mmveen the impact head and the note surface

was sufficient to maintain impact force that wamparable to normal steelpan playing. Figure 4.8a
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shows the impact spectrum during the detuning e&serdiere the frequency of the impact was

measured as 14Hz. A closer look at one of the p@agsre 4.8c) shows what appears to be double
peaks. However, the peak labelled 1 representantpact between the impact head and the note
surface while the peak labelled number 2 is thegf@xperienced by the shaft as the impact head

overshoots its rest position on rebound from the sarface.

Electro-magnetic

Control Box
Bell Clapper
1 0O To Charge
Q Q Amplifier
D and Data
- Acquisition
Computer
Force transducer—>
I Steelpan note
Impact hea

Figure 4.7: De-tuning apparatus arrangement

For both notes used, five regions on their surfagese chosen for the detuning exercise. One
region was at the centre while the other four wecated approximately 20mm along the major and
minor axes of the note from the centre. Before n@gg the detuning impacts, the frequency
response function of the note was measured for diverages using a logging frequency and
acquisition time of 5 kHz and 2s respectively watemall accelerometer located at position P3 and
impact delivered in the vicinity of P1 (see Figdréc). Each region of the note was to be impacted
for 360 minutes with the first region of impact ihgithe centre position of the note. Frequency
response function measurements were made at itgerv80 minutes and all tests were conducted
at room temperature. The frequency response functi@nother note on the outer ring — F4 — was
measured at the same intervals of 30 minutes wéstimg) each note. This was done to ensure that
any changes detected in the note under repeateatimmuld have been the result of the impacts
only. Tests were conducted over several days arghsare that the same impact positions were

maintained, the surfaces of the notes under tes highlighted with a thin film of chalk dust.
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4.4.1 Results: Note detuning

Figure 4.8e and f shows the response spectrum3car@ D4 respectively. D4 showed no sign of
detuning after being subjected to 6 hours of impacthe 5 selected regions. Its fundamental
frequency along with its other tuned mode frequesicemained unchanged (see Figure 4.8f). The
fundamental mode of G5 was detuned after impadhegcentre of the note for 150 minutes (see
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Figure 4.8f). Since this detuning was discoverely after 150 minutes of continuous impact, the
actual instance of detuning would have occurretvéen the 120 minute and 150 minute interval.
The frequency response of the detuned G5 noteditedhia frequency decrease of 20Hz (from
778Hz to 758Hz) in the fundamental mode, almosiraidone (see Figure 4.8e).

4.5 Discussion

There are numerous works on the investigation e¢lsan mode shapes. The majority of these
studies predominantly researched the natural frezjge and mode shapes of notes in various
steelpan types [139,140,143]. However, althoughfitisé section of this chapter was dedicated to
the vibration studies of a pair of full size sopyguans, this work was in no way an attempt to
merely reproduce mode shapes and natural frequer@me objective was to focus on details on
which little or no attention was directed to in yioas studies with the aim of defining a scope for
further work in this thesis. One such detail isttbimode confinement. The mode shapes of the
chromed soprano pan, provided courtesy of Polytd¢ Hevealed the modes to be mainly confined
to the vicinity of the note regions. In Chaptep&vious studies were identified as mainly focusing
on perturbation of note geometry to achieve modenty without any consideration of mode
confinement in the instrument. Impact tests oniatgaated soprano pan revealed tuned modes to
be lightly damped witlQ-factors lying mainly in the range of 100 to 30QrtRer study in this work
considered mode confinement and vibration dampingteelpans. Chapter 5 is primarily dedicated
to the study of mode confinement. In Chapter 5 itifeience of the bowl curvature on mode
confinement is investigated in test structures tbplicate the geometry of steelpan notes. Chd&pter
is mainly devoted to material damping where thduerice of the steelpan making process on

material damping is researched.

Other important features of the steelpan are higkdid in Figure 4.5. One feature is highlighted by
the arrow in Figure 4.5a which points to resongmeaks in the low frequency range of the C note
on the outer ring. These resonance peaks coulddoenéination of rigid body modes and global
modes of the pan dish. Recall the steelpan wasostgapin its usual playing position i.e. by
suspending with elastic cords from its stand. Tisfiguration inevitably approximated a free-free
condition of the pan dish. Then the appearancegid body mode frequencies in the response
function is expected. However, the author is unavedrany previous work that directs attention to
this feature of the steelpan note frequency spectilhe extent to which these rigid body and
particularly global modes affect the dynamics @& steelpan may be related to the stiffness of the
joint connecting the pan dish to the side or sl@dns are predominantly produced from used oll

drums in which the top of the drum is connectedh® side by means of a seam roll (see Figure
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3.13). Only recently, some pan makers are weldwegi@erming blank to the side (Figure 3.13). The
effect of the joint type on the dynamics is recomdedl for further study. Another feature of the
response spectrum is highlighted by the numberiripe response peaks in Figure 4.5a. The first
three response peaks correspond to the tuned nobdes steelpan note. However, the other peaks
numbered 4 to 7 could also be modes that are cahfim the note vicinity. These higher frequency
modes may also be global modes of the pan disheSoners who claim that they are able to tune
more than 3 modes in their pan notes may not b@gumore modes but may be confining more
modes which would undoubtedly enhance the tonbef tnstruments. This claim of being able to

tune more than three modes is yet to be proven.

Note detuning was another focus of this work. Ttiece of impact on tone stability was examined
for the G note on the middle ring and the D notel@nouter ring of the paint coated pan. Detuning
could be defined as a shift (increase or decreastle fundamental frequency of a note from its
tuned frequency. Although other modes could berastudetuning is more likely to be detected
when there is a shift in the fundamental frequerfdgo, steelpan notes are usually played by
impacting close to the centre of the note. Recallhapter 2, the fundamental frequency of a note is
typically tuned by arching the note at its cenliieerefore any adjustments to the arch height would
inevitably result in detuning of the fundamental dadfrequency. This is probably why it was
relatively easy to detune the G note by continuoysact at its centre. Although measurements of
the arch height before and after detuning weraemirded, frequency shifts are highly sensitive to
very minute (fraction of a millimeter) changes le tarch height of the note (Chapter 2). Therefore
impacting at the note centre may have altered éinghhof the arch which led to the frequency shift
of 20Hz in the G note.

Detuning may be a direct consequence of heavy itrtpat results in immediated&-arching or
“flattening’ of the note. However, detuning might also be tluereep or fatigue. Creep is plastic
straining that occurs at relatively constant stressle fatigue requires the presence of cyclic
stresses. In this work, detuning or alterationha arch height in the G note on the middle ring
might have occurred by creep deformation as redgtigonstant impact stresses were used. If creep
was the mechanism by which detuning occurred thendetuning could be described as time
dependent as creep is a time dependent failure &JeThe D note on the outer ring showed no
sign of detuning which may indicate that the impsteess levels were either too low to cause any
creeping or longer exposure to impact may be neémledny detuning to be realized. For further
work, it may be useful to compare normal pan plgystresses with stresses used during note
tuning. In reality, steelpan notes would be sulg@db various levels of impact playing stress over

their useful lifetime. These stresses may be cyalioature and may also be below the material
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yield stress. It may be possible that the mechamiEaetuning in this case may be instead due to
fatigue degradation of the material. Fatigue isallglaccompanied by the presence of micro-cracks
[48] which may or may not be visible. It is alskely that detuning may be due to a combination of

yield, creep and fatigue degradation.

Steelpans are usually chrome plated to increasesion resistance in addition to enhancing the
aesthetic appearance. However, electroplating mwknto increase tensile residual stresses in
addition to the formation of micro-cracks [186]. tBodegrade fatigue resistance [186], and
steelpans that are chrome plated may be more suseejp detuning by fatigue. It is also known

that during chrome plating, hydrogen may be intosglinto the base metal making the material
liable to hydrogen embrittlement in addition toreasing residual stresses [186]. While the effects
of hydrogen embrittlement and residual stressesétigated by post heat treatment of the chromed
parts at 400°C [186], it is not certain whethes {host heat treatment of chromed steelpans cuyrentl

OocCcurs.

In this work, the effect of temperature on tonebiity was not considered although it is well
known that detuning is a common occurrence in géa after airline transportation or playing in
extreme temperature conditions. The effect of lemperatures on detuning could be investigated
by storing the pan in a temperature controlledigefator and measuring the response spectrum of
several notes at various time intervals. These areasents could also be taken from a pan that is
kept outside on a hot day. Non-contact methods bwysed to measure frequency response,
surface temperature and surface topography of aenetes. Residual stresses might also influence
tone stability since each stage of the pan pro¢ssking, heat treatment, surface peening i.e.
tuning and chrome plating) introduces residualssee [186]. Residual stresses are known to
decrease over time [186] and pans may detune slatwigom temperature without being subjected
to any impact cycles. A better understanding ofitifileience of impact, creep, fatigue and residual
stresses on detuning is not expected to eliminetienchg. Detuning of the instrument at some stage

is inevitable. This knowledge would assist in thekmg of pans with enhanced tone stability.

4.6 Conclusions

* Mode shapes observed on a soprano pan were comsigt mode shapes published in
previous vibration studies on steel pans.

* Modal damping Q-factors) for the tuned modes of a paint coatedasup pan was in the
range of 50 to 800 with the majority of modes hgv@factors in the vicinity of 100 to 300.

* The dynamics of steelpan notes may be influencethéydynamics of the dish on which

they are situated.
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* It was possible to detune the G note on the middteof a soprano pan after 120 minutes of
impact at the centre while no detuning was achiemedhe outer ring D note. The G note
tuned frequency decreased by 20Hz.

* Note detuning may be more likely to occur by impagt note at its centre.

» Creep deformation may be responsible for the detudietected although further work to

confirm this is recommended.
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Chapter 5 Vibration Studies Il: Mode confinement in
test pans

5.1 Introduction

An important characteristic of steelpan notes islenconfinement or localisation of modes. This is
a crucial element in the development and performarfiche instrument. As discussed in Chapter 2,
a steelpan note generally has two or three stroogihfined modes with resonant frequencies that
are coaxed into an approximate harmonic relatigmnshiis is crucial to giving the instrument its

pleasant tone. Some pan makers claim to tune nhare the usual amount of modes. One such
tuner in Dortmund, Germany [17] claims that hebkeao tune four modes in the outer notes of his

4ths and 5ths soprano pans and up to three modes middle and inner notes.

A few researchers [14,15,150] have investigatedrifieence of note geometry on mode tuning in
steelpan notes. However, Chapter 2 highlightedttietnain focus of previous work was mainly on
the manipulation of note geometry to achieve mouading and not specifically on mode
confinement. An outstanding example of mode comfielet can be seen by considering the musical
saw. Chapter 2 discussed how modes are trappedtdration of the blade curvature during
playing. A similar mechanism of mode entrapment rbayoperative in steelpan notes since a 2D
cross-section of the steelpan note geometry besmmsmblance to the bowed musical saw. As
discussed is Chapter 2, several steelpan note middahot take into account the bowl geometry or
the note-boundary geometry. The work in this chraptamarily focused on the effect of the bowl
curvature on mode confinement. This investigatiayan with the creation of test structures
referred to as test-notes. These test-notes fosmetions of larger structures referred to as test-
bowls or test pans. Steelpan notes are flat ohtyyigoncaved shells embedded in a dish [10]. The
test-notes created in this work were an attempepticate this important feature of the steelpan

note. This was one of the main deciding factothénchoice of geometry.

This study was conducted in two parts. The firstt pavolved a comparison between vibration
finite element predictions and modal tests of #s-hote structures. The second and final part of
this investigation considered the material dampmthe test-notes with their test-bowls in freeefre
and clamped arrangements. Scott and Woodhouse §1&#) that damping in confined modes is
governed mainly by acoustic and material dampirgs Tnvestigation was done to confirm this

claim.
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5.2 Concept development

The concept behind the development of the test-lstmicture emerged from an analogy to the
musical saw. Additionally, the test-bowl geometadhto be simple and the manipulation of the
test-bowl curvature had to be conducted in a cattananner and this is why incremental sheet
forming (ISF) was used to manufacture the testtires. The test-bowl geometry is simply a bowl
with a flat base (see Figure 5.3a and d). Thebitete is referred to as the test-note (Figure 5.3c).
Recall in Chapter 3, the use of ISF for the marntufacof minipan dishes. The relationship between
the vertical radiug}, and the initial horizontal diametér of a test-bowl is given by equation 3.1.
This shows that the vertical radius of the testdbamd by extension the curvature of the test-bowl
could be manipulated by changing the initial drawgla or wall anglex. The curvaturéx’ of the

test-bowl wall surrounding the test-note could kpressed as:

_ 2sina

1
K=—
R D

5.1

As the draw angle of the bowl increases the curvature increasesKgpee 5.1). The influence of
increasing the draw angle is seeable 5.1.Here, the curvature of the bowl surrounding thé tes
note increases with an increasing draw anghle influence of increasing bowl-wall curvature on

the dynamics of the test-notes was investigated.

Table 5.1: Test-bowl geometrical parameters

Test- Draw-anglea Initial Diameter Vertical Radius Curvature ‘x’
bowl (degrees) D (mm) ‘Ry’ (mm) (mm™)

1 20 260 380.1 0.0026

2 30 260 260.0 0.0038

3 40 260 202.2 0.0049

4 50 260 169.7 0.0059
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Figure 5.1: Increasing bowl-wall curvature surrounding testenot

5.3 Finite Element Predictions

Before manufacturing the test bowls, finite elenmaotels were developed to test the hypothesis of
achieving mode confinement with manipulation of bewvature. The geometry of the bowls was
easily reproduced using the CAD facility in ABAQUS®d an example of the meshed geometry of
a test-bowl is provided in Figure 5.2. The FE asialyvas conducted on four test-note models as
listed in Table 5.1 each having different wall a&sdl’, but the same initial bowl diametBEr of
260mm and test-note diameteof 100mm (see Figure 5.1 and Figure 5.3). Thedialement mesh
was constructed within the FE software package ABS® (ABAQUS/Standard, version 6.7-1,
2007) [187]. The material properties applicableh® steel sections were defined within the model
and the value used for low-carbon steel were YaungodulusE = 200GPa; Poisson’s ratio,=
0.28 and densityy = 7800kgrt. In the model there are twéiltet’ sections (see Figure 5.2): (1)
where the flange meets the bowl and (2) where tivd meets the test-note region. Constraints and
boundary conditions were applied to the edges @ffinge so as to suppress linear and rotational
movements in this section. This constraint was alszsen as the manufactured test-bowls would

also undergo modal testing with their flanges cladp
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Figure 5.2: Finite element model of the test structure

5.3.1 Shell element selection

The choice of shell elements selected for the F&lyars is critical to obtaining reliable and
accurate results. ABAQUS® offers a selection ofwvattional shell elements for thick and thin
shell applications. There are guidelines that papied when making a choice on shell elements for
FE analysis. The use of shell elements is genedaltyded on by a rule of thumb. If the thickness of
the structure to be modeled is less than 1/10 glohal dimension then the structure could be
modeled using shell elements. In the case of sten@es the ratiogD = 0.003;t/d = 0.009 and/L

= 0.002 where t is the original thickness of theebtsheet used to form the test-bowvidsjs the
initial horizontal diameter of the test bowl athds the diameter of the test note. Here all theg®s

are < 0.1. The choice now becomes the type of gethent to use: thin shell or thick shell. The
fundamental difference between using a thin orktrsbell is the effects of transverse shear
deformation. For thin shells the effects of tramseedeformations are assumed to be small and are
therefore neglected while the deformations canmoigbored in thick shell applications. Another
rule of thumb that is applied to assess the siggmiite of transverse shearing in a shell is estanate
by again considering the thickness to span ratithd thickness to span ratio is greater than 1/15
then the shell is considered thick and vice-veFsa. the test structures in this work, the ratio of
these dimensions were much less than 1/15 = 0l0&%fore thin shell elements were used to
model the test-note structures in ABAQUS®. Thekheass of the shells used in the FE study was
applied through the section properties. Previouskwan ISF [54] shows that the bowl-wall
thickness varies with the sine of the draw angleeréfore it was expected that the upper portion of
the test-bowl nearest to the flange would be trshridowever, since this thinning is about 23% of
the original thickness in a small portion of thevbavall (see Chapter 3), bowl walls were modeled
using the original sheet thickness. In the othetises of the bowl — the flange and test-note

regions, the original sheet thickness of 0.86mm as@ applied.
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In ABAQUS® conventional shells are divided into el categories: small strain thin shells
(STRI3, STRI35, S4R5, STRI6E5, S8R5, and S9R5) ktsikells (S8R and S8RT) and general
purpose (S3R and S4R). As mentioned previously, shiells should be used if transverse shear
deformation is negligible. However, in this work,the event that there may be minor effects due to
transverse shearing a general purpose shell wastesgl Therefore the element S4R (see Figure
5.2) was used. The S4R element uses reduced integnahich reduces the amount of time
necessary for analyzing the model. Meshing is pledeby the application of local seeds to a
selected region of the model. A seed is essentiladiywidth of an element in the mesh grid. In this
work, three models were produced for each test-teagh having local seeds of 5mm, 10mm and
15mm applied to the edge of the flange in ordecreate the part mesh. This was done to

determine the sensitivity of the structural modemesh refinement.
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5.4 Manufacture of the test-bowls with test-notes

For experimental modal tests, four test-bowls waesnufactured using the process of single point
ISF — a novel sheet forming process that was usedhiapter 3 to produce mini-pan dishes. A
spherical-head tool of radius 7.5mm was used tatcoct the test-bowls. Axis feeds used were
40mms', y = 40mms and az axis acceleration = 20misThe test-bowls were formed in a single
pass and had the wall angkes 20°, 30°, 40° and 50° respectively. All bowlsrevenanufactured
from 360mm x 360mm x 0.86 mm low-carbon steel she€he test-note radius of each bowl

measures 50+1mm (see Figure 5.3b). ~

5.5 Experimental Modal Analysis

5.5.1 Measurement set-up

The measurement set-up for experimental modahtggg&ishown in Figure 5.4a and has three major
components which include the supported test-stractthe excitation device and the response
measurement device. Prior to any modal testingretilective powder was applied to the test
regions of the test-bowl (see Figure 5.4b). This @ane by moistening the test surface with a thin
film of water and sprinkling the powder on to theface where the moisture adheres the powder
particles to the surface. This procedure incretfseseflectivity of the target surface which inrtur
increases the signal to noise (SNR) by increadiegatnount of light returned along the path of the

incident beam to the laser vibrometer scanning head

Each test specimen was supported by clamping ebiteers as shown in Figure 5.4b. Clamping the
test structure in this manner should not affect réfl@bility of the frequency response function
(FRF) measurements as the confined modes shoulddftected by the boundary conditions at the
ends of the sheet which means that damping [15]ldibe governed solely by internal dissipation
in the material and radiation damping [157,188]wdwer, this finding by Scott and Woodhouse
[157] will be tested further on by comparing thetenml damping measurements in test-bowls

supported in free-free and clamped conditions.Fagere 5.4c for the free-free configuration.
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Figure 5.4: (a) Test set-up with laser vibrometer; (b) and (c)rgdad and free-free supports and
(d) laser vibrometer measurement grid
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5.5.2 Excitation and Response Measurement

The impact excitation method is chosen for thi$ beszause in comparison to a shaker there is no
physical connection between the excitation andsthecture. The test-notes were manually excited
from behind (or below) at a location approximatafythe 10 o’clock position and 20mm away from
the centre of the test-note. A grid containing mibv@n 100 points (see Figure 5.4d) was used for
each test-note and five measurements were avefagedch point on the grid. This grid was also
extended beyond the test-note perimeter to inchtdieast one quarter of the distance along the
bowl wall. To obtain an impact signal with a frequag range large enough to excite the frequencies
of interest, a small stiff, instrumented, steelliggmmer is used on a swing and is shown in Figure
5.4a. The miniature impact hammer (PCB 086C80hssrumented with a force transducer with a
sensitivity of 22.5mV/N. The total mass of the haenris 2.9gm and its handle is made of vinyl
tubing. The length of the handle is 9 cm. In thisrkvthe hammer distance from the test note was
adjusted to ensure that there were no double immheing the course of the experiment. Typical
time series data for the hammer impulse on thentetgt region is shown in Figure 5.5a.

Traditionally, modal analysis experiments are catbeld by attaching accelerometers to the test
structure at locations predicted to yield relial@sults. However, the accelerometer mass has the
potential to perturb the characteristics of the stéicture, especially if the accelerometer i@th
close to an anti-nodal point of a vibration modeSéanning Laser Doppler Vibrometer (Polytec
PSV 300) was used to measure the test-note respmmtise impact (see Figure 5.5b). The contact-
less sensor adds no extra mass to the test-notelaBer vibrometer measures velocity of the
vibration at a point in the direction of the laggam. In the test, the laser beam was focused
normally to the test structure. The laser vibrometas placed on a solid concrete floor which
isolated it from the test-note supporting structsweno disturbing vibrations were introduced when
performing the measurements. Laser vibrometry appiine Doppler principle which is used to
provide a measure of the surface velocity at thatpat which the laser beam is incident. The
equation below lists the factors which contributethhe Doppler shift measured by the photo-

detector inside the vibrometer.

_

f
)

5.2

where f, = Doppler shift, Hz
Vv = vibrational velocity of target surface, ths
A = laser wavelength, m
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The wavelength of the laser used in the Laser Baypgibrometer (LDV) is constant thereby

making the Doppler shift entirely dependent ongtidace velocity of the target.

5.5.3 Data acquisition and analysis

The signals from the hammer charge amplifier (P@BBL1) and the vibrometer scanning head
(Polytec OFV 056) were passed onto the Polytec REMO junction box and converted to digital
form on the computer. For each test-bowl the data acquired for a duration of 10 seconds at a
16.38 kHz sampling rate. This time duration wasgad#e to capture the entire response (see Figure
5.5b). The signal of the force sensor was windowgda rectangular window and used for
triggering (Figure 5.5a). Both signals are transfed to the frequency domain using an FFT. This
Fourier transformation is a dedicated algorithndétermine the spectral content of the digitized

time signal.
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The average of the FRF (see Figure 5.5c) was faoynckpeating the measurement five times for
each measuring point so that the coherence funcaarbe calculated which is an indication of the

quality of the measured FRF. Note the good coherehown in Figure 5.5d.

5.6 Results: Finite element predictions and modal tests

A convergence study was conducted in order to tsndhe level of mesh refinement sufficient for
reliable prediction of the confined mode naturalgfrencies and mode shapes. Table 5.2 shows the
mode frequencies obtained for various levels of hmeginement. Reducing the seed size below

5mm resulted in no applicable change in mode freges

In this work, confined modes refer specificallytte modes that are localized within the central
portion of the test-bowl i.e. the test-note. Thieiast was in confined modes in the frequency band
0 to 4kHz. The FE analysis for each model gave @@ modes in this frequency band. Table 5.3
shows the first 100 modes for the ideal 50° testdhwith modes mainly confined to the test-note
region highlighted. The FE predictions shows tlsse( Table 5.3) the majority of modes in the
frequency range are confined to the flange regidilenin some of the higher frequency modes
there is coupling between the bowl-wall and thadiamodes (modes 67 and 68); bowl-wall modes
and test-note modes (modes 82 and 83) or couplingpdes in all three regions. In the 20° and 30°
test-bowls only 3 and 6 confined modes were prediat the test-note while the 40° and 50° test-

bowls had 10 confined modes each in the test-riobeity.
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Confined
Mode

1
2,3

Confined
Mode

1
2,3
4,5

6

Confined
Mode

1
2,3
4,5

6
7,8
9,10

Confined
Mode

1
2,3
4,5

6
7,8
9,10

Table 5.2:

Mode
shape

OIS

Mode

Predictécand measured natural frequencies of confined modes

MS =5
E = 6906
658

1219, 1221

MS =5
E=7321
699

1346, 1353
2243, 2247

2638

MS =5mm
E =7296
719

1401, 1403
2334, 2336
2745
3334, 3337
3778, 3784

MS =5
E=7414
733

1412, 1416
2392, 2402

2828

20°
Predicted Frequency (Hz)
MS =15 MS =10
E = 806 E=1917
732 690
1329, 1344 1262, 1267
30°
Predicted Frequency (Hz)
MS =15 MS =10
E =877 E =2048
795 732
1486, 1513 1390, 1404
2572, 2585 2384, 2387
2956 2728
40°
Predicted Frequency (Hz)
MS =15mm  MS = 10mm
E = 868 E =1915
853 770
1640, 1648 1484, 1487
2806, 2809 2441, 2464
3058 2932
- 3526, 3541
50°
Predicted Frequency (Hz)
MS =15 MS =10
E =882 E = 2009
867 767
1735, 1781 1527, 1530
2901, 2970 2520, 2547
3395 3052
- 3827, 3830

3526, 3539
4139, 4141

Measured
Frequency
(Hz)
746

1146, 1171

Measured
Frequency
(Hz)
794

1292, 1305
2135, 2146

2610

Measured
Frequency
(Hz)
854

1441, 1477
2337, 2366
2906
3313, 3370
3779, 3962

Measured
Frequency
(Hz)
883

1461, 1498
2448, 2466

2986
3592, 3613
4165, 4176

Note: T Predicted natural frequencies calculated usind i@s&bowl geometryMS — mesh size;
E — Number of shell elements in model

%
Difference

11.7
-6.3, -4.3

%
Difference
12.0
-4.2,-3.%
-5.1, -4.7%

-1.1

%
Difference

15.8

2.8,5.0
01,13

55
-0.6, 1.0
0.0,4.5

%
Difference

17.0

34,55
23,26

53
18,20
0.6,0.8
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Table 5.3:First 100 mode shapes for test-note in ideal 5§2liewl (confined modes highlighted)
2 3 6 7 8

11

21

31

41

51

61

71

81

91




Chapter 5 Vibration Studies lI

As expected, confined mode shapes for the tessrnmtar resemblance to those exhibited in flat

circular plates with clamped and simply-supportddes. The FE analysis indicates that the number

of confined modes increases as the curvature dfalg wall is increased.

Table 5.4: Predicted and measured confined modsesha

Mode shape 4 confined mode 2" and 3 confined 4" and 5’ confined
P modes modes
Predicted
Measured
Mode shape 'Bconfined mode 7" and 8' confined 9" and 10 confined
P modes modes
Predicted
Measured

Table 5.2 shows that a 5mm mesh size gave a pagmmdifference between measured and
predicted confined mode frequencies of mostly with¥. However, this was not seen for the first
confined modes in the test-notes of the 20°, 3@° 407 test-bowls in which there were differences
to the order of 10% and above between the predeteldmeasured natural frequencies (see Table
5.2). One possible reason for this discrepancyha gredictions will be discussed in the next

section.

Figure 5.6 and Figure 5.7 show the frequency respapectra for the four test-notes. The
resonance peaks encased by the rectangular bokaguire 5.6a and ¢ and Figure 5.7a and ¢ show

the frequency bands of the modes that are localsdte test-note regions. These boxes divide the
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response function plots into three regions i.e.réggons to the left and right of the confined mode
frequency band and the bandwidth encased by thesbd@he response peaks of the confined modes
are clearly identifiable with light damping; webarated peaks and no anti-resonances (see Figure
5.6 and Figure 5.7). The bandwidths containingciefined mode frequencies of the test-notes in
the 20°, and 30° test-bowls are 700-1300 Hz, 70IBR& respectively (see Figure 5.6b and d)
while the bandwidths containing the confined moagdiencies of the test-notes in the 40 and 50
test-bowls are the same at 800-4200Hz (Figure &ndhd).

According to Scott and Woodhouse [157], the ligltngbing exhibited by confined modes is mainly
governed by radiation and material damping. Thi n@ looked at further on when the material
damping in test-notes of test-bowls in clamped faed-free end conditions are compared. The
separation and clarity of the response peaks igawga as the bowl wall curvature increases
around the test-note. This can be seen by closanieation of the frequency response functions in
Figure 5.6 and Figure 5.7. The regions encasedhéypoxes in Figure 5.6a and ¢ and Figure 5.7a
and c are zoomed-in and shown in Figure 5.6b aadddFigure 5.7b and d. Consider the FRF of
the test-note of the 20° test-bowl (Figure 5.6bjha vicinity of 1100-1200Hz. There are at least
six peaks (3 pairs) here that could include thdsthe® 2'* and & confined modes. However, the
fine-grid used (Table 5.4) during the modal testviited a resolution that made it easy to identify
modes which are confined solely to the test-notgore The extra peaks were those of modes
which were not confined to the test-note region.

The confinement in the test-note of the 20° testboould be described as relatively weak in

comparison to the other test-notes as its confinede frequencies are in close proximity to those
of some of the global modes of the test-bowl stmgct For the other test bowls, the natural
frequency of the first confined mode of the testesotend to be well separated from natural
frequencies of other modes of the test-bowl stmectihe FE model predicts at least 6 to 7 global
structural modes (see Table 5.3) for each test-motee frequency band to the left of the boxed
sections in Figure 5.6a and ¢ and Figure 5.7a arffthese modes tend to involve vibration of the
entire structure and are therefore highly dampedhag damping will be influenced by the

clamping applied to the flange. On the right-haitt ©f the boxed sections in Figure 5.6a and ¢
and Figure 5.7a and c the FE models predicts thdemmn this region to be localised to the bowl

wall and/or flange regions (see Table 5.3).

5.7 Updated test-note models

When incremental sheet forming was used to produicgpans in Chapter 3 material springback

was identified as a factor which influenced the rgetrsical accuracy of the formed parts. It is
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inevitable that springback would occur in the testvls and this could be responsible for the large
percentage difference observed between the predacté measured natural frequencies of the first
confined modes in each test note (see Table 5.3).a3certain whether springback was a
contributory factor to the high percentage deviaiomanifested between the measured and
predicted natural frequencies of the first confinealdes of the test-notes, one of the test bowls was
cut in half using a water-jet cutter to examinecitsss-section. Figure 5.8a shows the cross-section
of the 50° test-bowl. The cut-away immediately adgethe bulging or pillowing of the test-note

region (see Figure 5.8a).

The initial FE models treated the test-note regagnflat. The next step was to capture the true
profile of each of the test-bowls. The average ifgadf each test-bowl was measured using an
OMICRON co-ordinate measuring machine (CMM). Twofpges were measured for each bowl
and an average taken. With the centre of the betvlas the origin, a profile was taken to be a
measurement from one flange edge to the oppositedl edge. Figure 5.8b-e compares the ideal
test-bowl profiles to their actual profiles. In bazase, it is visible that the test-note regioarched

as illustrated in Figure 5.8a. There are also dena in the bowl-walls, particularly in the region
between the flange and the beginning of the bovlsw&his is also highlighted in Figure 5.8a.

However, the deviations between the flange and il regions are not expected to influence the
natural frequencies of the test-note. The main eoncs the amount of deviation in the test-note
region. Figure 5.8f compares the deviation in #st-bowls actual geometry from the ideal shape.
The largest degree of pillowing is seen in the-tedée of the 20° test-bowl. This measures about
2.5mm with the test-note in the 30° having a pillofaapproximately 2mm while the bulging in the
test-notes of the 40° and 50° test-bowls both nreakGmm.

To account for the pillowing effect in the test-deywpdated models were produced in ABAQUS
using the co-ordinates extracted on the CMM machime FE analysis was conducted using the
same material and section properties as thosefasétk initial models. However, the sensitivity to
meshing was done using seeds of 10mm and 5mm ®dalgle 5.5 shows the updated mode
frequencies for the confined modes of each test:nHere, arching raises the confined mode
frequencies and better agreement is seen mainlyebetthe measured and predicted frequencies

for the first confined mode in each test-note. Caregihe values in Table 5.2 and Table 5.5.
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Table 5.5: Updated predictednd measured natural frequencies of confined mode:

Confined Mode
Mode shape

e

23 DO
Confined Mode
Mode shape

1 O
23 DO
45 QOB

6 ©

Confined Mode

Mode shape
1 @
2,3 D66
4,5 RPB
s ©
7,8 R
9,10 DO

Confined Mode

Mode shape
1 O
2,3 D&
4,5 P
6 ©
7,8 R
9,10 DO

20°

Predicted Frequency (Hz)

MS =10
E =1854
678

1019, 1020

MS =5
E = 6827
698

1031, 1033

30°

Predicted Frequency (Hz)

MS = 10
E=1921
744
1227, 1231
2189, 2239

2627

MS =5
E=6711
763
1252, 1255
2180, 2232

2475

40°

Predicted Frequency (Hz)

MS =10
E = 1804
750
1332, 1336
2424, 2428
2892

3540, 3573

MS =5
E = 6728
761
1309, 1312
2337, 2368
2616
3306, 3313
3660, 3667

50°

Predicted Frequency (Hz)

MS =10
E = 1956
769
1349, 1358
2275, 2320
2783

3544, 3570

MS =5
E=7193
759

1315, 1317
2176, 2210
2556
3334, 3342
3661, 3671

Measured
Frequency
(H2)
746
1146, 1171

Measured
Frequency
(Hz)
794
1292, 1305
2135, 2146

2610

Measured
Frequency
(Hz)
854
1441, 1477
2337, 2366
2906
3313, 3370

3779, 3962

Measured
Frequency
(Hz)
883
1461, 1498
2448, 2466
2986
3592, 3613

4165, 4176

Note: T Predicted natural frequencies calculated using teodeest-bowl geometryiS —
mesh sizeE — Number of shell elements in model

%
Difference
6.4

10.0, 11.9]

%
Difference
3.9
3.1,38
-2.1,-4.0
5.2

%
Difference
10.9
9.2,11.2
0.0,-0.1
10.0
0.2,1.7
31,74

%
Difference
14.0
10.0, 12.1
11.1,10.4
14.4
72,75
12.1,12.1
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The results suggest that the pillowing of the textes may be largely responsible for the large
deviations manifested between the predicted anduned frequencies of the first confined modes
of the test-notes in the initial models. Howevée hew percentage difference values for the first
confined modes in Table 5.5 are still high in congmn to the percentage difference values of the
other confined modes in Table 5.2. This may betduwsther factors which will be addressed in the

discussion.

5.8 Damping in free-free and clamped test-bowls

In accordance with Scott and Woodhouse the dampingonfined modes is independent of
boundary conditions and solely influenced by mateaind acoustic radiation damping [157]. To
investigate this, damping was extracted from tesés of 20°, 30° and 40° test-bowls suspended in

two ways: clamped and free-free.
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Figure 5.9: (a) and (b)sonogram display for test-note in 40° test-bowl

The free-free arrangement is given in Figure 5.4t lzgre the bowls were suspended by a pair of
elastic bands from holes that were drilled 10mnmmfreach flange. The impact and response
locations and the acquisition settings were theesas those used for the clamped test-bowls.
However, a grid measurement was not used for #effiee test as only the mode frequencies and
damping of the confined modes were required as msbdpes were identified through the test with

the clamped arrangement. Modal damping was extdoben time decay rates using the sonogram

algorithm which is a curve fitting technique thakeés a series of short FFTs of overlapping data

segments (see Figure 5.9a).
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Figure 5.10: Natural frequencies and damping for test-notes aflbé in free-free and clamped
conditions:(a) and(b) 20° test-bowl{c) and(d) 30° test-bowl ande) and(f) 40° test-bowl

This technique was used because of the light dagmgithibited by the confined modes. Resonance
peaks are found, and the best fitting exponentahgs are calculated on the basis of the variation
of each peak height with time. An average of 10 sueaments was used when determining the
damping of each mode. The analysis also displayeéasure of the fit quality which enabled poor
data to be excluded from the measurements (Fig@®.5Figure 5.9b shows the damping fits for
global and confined modes in the test-note of ietdst-bowl. The confined modes are at 852Hz,
1449Hz and 2904Hz.
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During the tests, it was observed that the sonogigarithm was not very good at fitting damping

for natural frequencies that are close, particultre paired confined modes i.e. modes 2 and 3, 4
and 5 and so on. Most times the damping of only waele in the pair would be fitted. It is

uncertain how sensitive the sonogram algorithno ismbdes whose natural frequencies are in close
proximity. One way to overcome this limitation wdube to excite the structure at another location
so that the damping of both modes in the pair cbeldomputed. However, this was not done and
for the test-notes used, the frequency and damgiiranly one mode in each of the paired modes

are reported.

Figure 5.10 compares the natural frequencies antpitg for the test-notes in the test-bowls that
were supported in free-free and clamped arrangesné&atr some modes comparable damping is
seen but in many cases the free-free configuragivas significantly lower damping (high€))

Possible reasons for this discrepancy will be efaieal on in the discussion.

There was also a slight variation between the ahftequencies of the test-notes. In some cases the
natural frequencies of some of the modes in thenetes were higher in the free-free condition.
This is the case for all the confined modes of tds-note in the 30° test-bowl (Figure 5.10c).
However, in this case and for the other test-ndtes, difference between the test-notes modal
frequencies in the free-free and clamped conditimmaegligible and could be ascribed to

experimental scatter.

5.9 Discussion

This work has demonstrated that it is possiblectieve mode localisation or mode confinement
through manipulation of the bowl-wall curvature reunding a relatively flat central region. This
controlled entrapment of modes to a selected regamimplications for the future manufacturing
of steelpans. Knowledge of this mechanism of emtiexi may also find application in other areas
of structural vibrations particularly where thensger of vibrational energy from one section of a
structure to another needs to be minimised. Itatbel said that there are two facets of steelpam not
tuning: 1) mode entrapment and 2) mode tuning. qurity of the instrument may be influenced

on how well tuned modes are confined, hence th@itapce of this work.

It is first important to draw an analogy to theefpan in order for the findings of this work to be
relevant and applicable. Recall, steelpan notedlarer slightly concave shells embedded in a dish
[10]. The test-notes created in this work were @enagpt to replicate this important feature of the
steelpan note. This was one of the main decidirgofa in the choice of geometry. Another

important aspect of this work was that the initializontal diameter of each test-bowl was fixed at
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260mm. Steelpans of all types are usually craf&dguoil drums of the same diameter. This also
allowed for some comparison between the test-bawwts actual pans. The investigation revealed
that the mode confinement was stronger in the nesds of the test-bowls with the highest

curvature (see Figure 5.6¢ and Figure 5.7a anbh ¢lll size pans, tuners usually tune at most one
or two modes in the notes of the low-pitched shatiodrums and up to four in the outer notes of
the deeper high-pitched pans. It is not certainthdretuning in this way is done deliberately or

whether the degree of curvature surrounding the acts as a constraint.

Some limitations of the findings in this work masgso be stated. For instance, the majority of notes
in full size steelpans are typically located on Wadls of the dish and not at the base. In thiskwor
the test-notes were constructed at the base ddufreunding test-bowl or dish. The influence of
note position on mode confinement is yet anothpictfor consideration and is recommended for
future work. It may be difficult to manufacture $hgeometry in a controlled manner. However, an
initial approach would be analysis through finiteneent studies. Another limitation was that the
notes produced in this work were circular mainlgdagse this geometry could be easily reproduced
as a CAD model in addition to being easily transfed into a tool-path code for manufacture of the
structures. The majority of steelpan notes reseraligtical or rectangular plates. Further work

should also consider mode confinement in rectamgulalliptically shaped notes.

Springback was identified as being a possible dmuitrr to the percentage difference observed
between the measured and predicted frequencidsedirst confined modes in the test-notes (see
Figure 5.8a-f). However, after accounting for thifee percentage difference between the measured
and predicted frequencies of the first confined esodf these modes were still relatively high (see
Table 5.5). This may indicate that there are othtuences besides springback. It is reasonable to
assume that the presence of springback may also rhanifestation of the presence of residual
stresses in the test-bowl. It is not certain to twhdent residual stresses affect the modal prigsert
of the structure but this is another avenue fothier investigation. The FE model did not account
for the residual stresses that may have been drehteng the forming of the test-notes. The
geometry of the structures was created as CAD Ipsofor mode studies in ABAQUWS A better
approach might have been to simulate the increrhémtaning of the test-bowls in ABAQUS
before doing a vibration analysis. This might hawelped to provide estimates of material

springback.

Since all of the test-notes had the same diameatesss assumed that as the amount of pillowing
increases, the amount of difference between thesuned and predicted frequencies would also

increase due to an increase in the local stiffemisighe height of the pillow increases. However,
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this was not realised as the test-notes with thallest amount of pillowing manifested the largest

deviations between the measured and predicteddreigs of their first confined modes (see Figure
5.8f). Although the updated FE results showed im@do agreement between measured and
predicted natural frequencies for the first cordimeodes, a similar trend between pillow height and
frequency deviation was maintained. The amountpoingback may also be influenced by how

firmly the structures were clamped within the fomgnijig. This clamping may have affected the

amount of pillowing in each case. There was no mexnmonitoring or controlling the level of

holding force as the forming jig made use of a-aolti-nut arrangement to secure the plates to be

formed.
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Figure 5.11:50° test-bowl:(a) Ideal bowl with no springback effects afls) Actual bowl with
springback effects that creates a point of inflactietween the test-note region and the bowl wall

There was also springback in the bowl walls andfldrege sections of the test-bowls. While this
was not expected to directly influence the behavajuhe test-notes, the springback resulted in the
creation of a point of inflection between the teste region and the bowl wall. This is illustraiad
Figure 5.11. Here it is clear that in the ideal metry (Figure 5.11a) there is no such point of
inflection in which there is a change of the cuwvatin the test-note vicinity from concave to
convex. In the actual geometry, this point of iofilen may be the main mechanism that is
responsible for mode confinement and not the chahgarvature that occurs between the test-note
and bowl-wall. The level of confinement may depamdthe rate of change of bowl depth with

respect to the bowl width on either side of théeiction point. This needs to be investigated furthe

The level of resolution obtained from the CMM measuents was not sufficient to examine the
profile of the note in this region in finer detakuture work could incorporate the use of a
stereovision camera which would capture the eldeshape and offer finer resolution. Calculated
control in the way in which mode confinement is quoed in steelpan might assist in the
development of dishes in which the notes requireomiadjustment for tuning. To achieve this

would also require a close study in conjunctiorhvather geometrical parameters that affect mode
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tuning in steelpans. The benefits of this cannobwerlooked. This would reduce the time it takes
to tune a steelpan and would also effectively redhe amount of exposure to high noise levels and
hand-arm vibrations currently experienced by parkera There would also be some debate on
how many modes should be strongly confined in e qote. The limiting factor would be on how
many modes could be practically tuned and thereddnggh level of mode confinement may be not
be necessary. However, it would be beneficial temaine the effect of strongly entrapping several
modes to a single note region while only two oe¢hare tuned.

The light damping displayed by the confined modesaccordance with Scott and Woodhouse
[157] may be an indication that the damping is lyod@verned by acoustic and material damping.
There was good agreement between@iactor values for some of the corresponding mades
test-bowls supported in free-free and clamped gearents (see Figure 5.10). However, the
damping for some of the confined modes appearbeé @ifected by the boundary conditions which
were not in the immediate vicinity of the test-nokais is probably a result of the coupling to bewl

wall or particularly flange modes close in frequgte the confined modes.

It is also important to indicate that the flanggioas, to which clamping was applied, were not
perfectly flat. This could be seen in Figure 5Hiere is between 0.5 and 1.5mm of deviation of the
flanges, in the edge region, from its ideal shdpgufe 5.8f). Distortions in the flange may have
arisen during the release of the part from the fognig. During the modal tests, clamping of these
uneven flange regions may have resulted in addstbrtion of the entire structure. These
distortions may have altered the boundary conditionthe test-note vicinity and consequently
affect the damping properties. It is also seen thatome cases, the mode frequencies of the
confined modes were higher than in the clamped itiond(see Figure 5.10). The free-free tests
were conducted after the tests with the test-bomthe clamped condition. Any added distortion
during the modal test with the test-bowl clampedy/ave resulted in local stiffening in the test-

note region thereby raising the natural frequenaféke confined modes.

5.10 Conclusions

e It is possible to obtain mode confinement in a-tede (flat steelpan note-like region) by

varying the curvature of the bowl wall surroundthg region.

* The mechanism of confinement may be a point of aune change that is created between

the test- note region and the bowl wall as a camsece of material springback.

* As the curvature of the bowl wall increases the banof confined modes in the test-note
region is increased.
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There appears to be a threshold on the number désnthat could be confined as both 40
and 50 test-bowls contained an identical numbecarnffined modes in the vicinity of the

test-note.

The natural frequency of the first confined modesath test-note is sensitive to material

springback.

Confined modes in the test-note exhibited light geng, which in agreement with Scott and
Woodhouse, may indicate that their damping is godelverned by radiation and material

damping.

The damping of the confined modes of the test-mudsy be sensitive to distortions in the

test-bowl structure.
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Chapter 6 Material Studies: Effect of the
Manufacturing Regime on Vibration
Damping in Steelpans

6.1 Introduction

An important facet of the vibrational behaviour ggrcussion instruments and by extension any
vibrating structure is the effect of damping. Ratarly in musical instruments, the level of

damping, be it material or non-material, contrilsuia large part to the quality of the sound

produced by the instrument. This work generally sidered material damping, and the work

reported on in this chapter focused specificallytlom effect of the steelpan production regime on
material damping in steel sheet that could be usddbricate steelpans. This was pursued in an
attempt to contribute another dimension to the wdoke in previous research. Previous work,
mainly by Murret al.[19] and Ferreyrat al. [18] concentrated on how other material properties
such as hardness and yield strength were affegt@ar production stages and carbon content, with
the aim of identifying optimum process parametleg tvould produce the requisite properties that

facilitated the production of high quality pans.

A major portion of this work took the form of anpetimental programme in which test structures
were put through steps similar to pan productiotipived by vibration damping measurements at
each step. The overall investigation consistethode segments. THest segment (Figure 6.1)
was an experimental simulation that mirrored poiof the pan production process. In this section,
test structures were fabricated from low-carbonelsteheet that had comparable chemical
composition to steel sheet used in fabricatinglniims. These structures were put through identical
stages of the steelpan production process. Thestesttures herein were rectangular steel strips,
and ‘test structurg “test strig and “rectangular strig will be used interchangeably throughout
this chapter. Before conducting experiments onethiest structures a finite element (FE) vibration
analysis was performed to determine mode shapagahf&requencies and suitable impact locations
to be used during experimental modal testing. 3émond segmen(Figure 6.1) of this work also
involved a simulation of the pan production proclesstest structures were constructed from bake
hardenable (BH) and interstitial free (IF) steeketls. In this section the damping properties
extracted from the BH and IF steel strips were camag with those of the rectangular strips
extracted from the low-carbon sheet steel. This @@ for two reasons: 1) to ascertain whether
the mechanism of strain ageing was connected tad#meping behaviour observed in the low-

carbon steel sheet and 2) to identify whether siebls could be suitable material alternatives for
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pan productionSegment three(Figure 6.1) concluded the investigation in whitle tdamping

properties of a 4ths and 5ths soprano pan and dmwapan were compared with the damping

properties extracted from uncoated and coatedsstrip
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Figure 6.1: Methodology overview: 1) Experiment with low-carbsteel sheet; 2) Experiment with
BH and IF steels and 3) Steelpan testing for corspamwith low-carbon steel findings.

There are a variety of terms which are used to #ematerial damping which include: logarithmic
decrement d), loss factor £), loss angle ), damping ratio ), quality factor Q) and specific

damping capacityy). Damping was reported using the quality fact@Qy (hich was defined in
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Chapter 4. Bert [77] gives a comprehensive overviaw the mathematical models and the
experimental techniques used for measuring sonteesie damping quantities. The experimental
techniques used for the measurement of materiapotgrgenerally fall into one of the following

categories: (a) vibration amplitude decay; useittfee frequency domain modal analysis or time
domain decay rate methods, (b) steady state measnteof input energy and stored energy; (c)
wave propagation methods [74,77,78]. Free-vibratieoay methods (time and frequency domain)
were employed primarily because they are the mostirate and appropriate for this range of
damping i.e. low damping. Another attractive featof these methods are the relative simplicity
with which they could be conducted and the requinstrumentation required for conducting these

methods were easily accessible.

6.1.1 Objectives

The objectives of this investigation were to: (hdarstand how the various manufacturing stages
influenced the material damping properties of lawbon steel sheet used for the production of
steelpans; (2) to determine an optimum heat traatmegime for steelpans using material damping
measurements; (3) to identify mechanisms respan$ilbldamping changes in the steel used; (4) to
determine the effect of carbon content on the daggroperties by comparing the material
damping and mechanical properties in BH and IF|sgeades to the low-carbon steel; (5) to
compare the damping properties of a selection atetband uncoated low-carbon test strips with
the material damping in a chrome plated 4ths ahd &prano pan and an Aubrapan.

6.1.2 Some Expectations: Effect of cold forming and heateatment on material
damping

Some predictions were made about the expected metgof the various tests that were conducted,
based on the earlier literature presented in Ch&pten damping in metals. In accordance with the
literature one might expect the following outcomes:

1. Anincrease in material damping after cold working

2. A decrease in material damping after heat treatment

3. Anincrease in material damping after surface ogati

4. A permanent decrease in the Young’s modulus aétier olling

5. Recovery of the Young’'s modulus after the coldelinaterial has been heat treated

6. No noticeable change in the hardness after the dled material has been heat treated
provided that the recrystallisation temperatuneatsexceeded
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7. Anincrease in material damping with surface cagtin

6.2 Experimental Procedure
6.2.1 Materials

Caribbean steelpans are predominantly produced fsteel sheets hence the experimental
investigations were mainly conducted on low-carlstreet steels (Table 6.1). The low-C steel
which conforms to BS 1449 CR4 was obtained from thaterial stores at the Cambridge
University Engineering Department (CUED). The istiial free (IF) and bake hardenable (BH)
steels were provided by Tata Steel Ltd, Jamshedipdia under the auspices of Professor Harshad
K.D.H. Bhadeshia FREng FRS, Tata Steel Professhtatéllurgy, University of Cambridge. Table

6.1 also lists where the chemical compositionsaghesteel was obtained.

Table 6.1 Chemical Composition (wt %)

Material Original C Si Mn P S Al N Ti VHN*
(Steel Thickness
sheet) (mm)
Low- 0.86 0.061 0.02 0.34 0.019 0.017 0.03 0.0055 - 107
Carbon*
Aubrapan? 1.00 0.032 0.02 0.15 0.005 0.017 0.013 0.0023
IF — HS® 1.02 0.0021 0.004 0.05 0.012 0.005 0.035 0.0021620.0 90
BH? 0.82 0.0035 0.04 0.32 0.036 0.005 0.048 0.0018 - 8 12
Note: 0.061% carbon steel will be referred to as low c&on steel herein
1) TWI Ltd, Cambridge, UK?) Sheffield Testing Laboratories Ltd, Sheffield, UK;TATA Steel Ltd,
India; 4) Vicker's Hardness Number in the as-received caolit

6.2.2 Fabrication of test structures

In this section, the fabrication of the test stawes is described. The test structures or rectangul
strips used in this work were mainly extracted freteel sheet in the as-received and cold-rolled
conditions. The initial step in the preparationtbése structures required that the mill rolling
direction in the as-received steel sheet be idedtifCold rolling of the sheet was done in the same
direction as the mill rolling direction (Figure §.5amples of dimensions 180mm x 50mm were cut
from the low-carbon steel parent material and cblie the following thickness reductions: 10%,
20%, 30%, 40% and 50%. These percentages wererchesause recent work by Muet al. [19]

has shown the cold reduction in a 570mm diametprasm pan dish to vary from approximately
10% thickness reduction at the steelpan rim to ashnas 50% reduction at the dish base.
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Table 6.2: Test strip material and geometric privper

Strip Properties Numerical values
Length (L) 150.0mm (+1)
Width (b) 15.0mm (£1)
Density f) 7800kgrit
Young’s modulus (E) | 210GPa
Poisson’s ratio ) 0.28

Original thickness ) | 0.86mm (+0.01)
_ Thickness Reduction (mm) (#0.02)
Thickness (t) 10% 20% 30% 40%  50%

0.77 069 060 052 0.43

g

A sheet-metal rolling machine was used and theetksiold reduction was achieved by multi-pass
rolling and progressive adjustment of the distame®veen the roller surfaces. Seventy 0.061wt.%
carbon-steel rectangular strips of dimensions 150mibmm were extracted, with a guillotine,

from the larger cold-rolled samples with a batch3af for annealing and air-cooling and the

remainder for annealing and water quenching. Eatthbwas subdivided into 7 groups of 5 — each
group having a strip at one of the percentage texhecshown in Table 6.2. Two strips were also
extracted from the low-carbon steel sheet in theeasived condition. Test structures extracted in
the as-received condition were used to measureldhging of the steel in the as-received state.
Samples for tensile and hardness tests were alsacted from sheets cold-rolled in the same
manner. However, the use of tensile and hardnesadewill be described further on. Although the

BH and IF steel test structures were fabricatednndentical manner, detailed description will be

given further on when the use of these steeldiisdnced.
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Cold rolling direction same

Steel mill rolling direction as mill FolinGHEIEti

Tensile
specimen
As received material 180mm x 50mm metal sample
metal sample before after cold
cold rolling rolling
(b) Roller axis — out of plane
of the page and transverse
Sheet metal to direction of rolling

™~

Direction of cold rolling same
as mill rolling direction in as
received material

Figure 6.2 (a) As-received and cold-rolled metal samples withll rolling direction and
experimental rolling direction; (b) Experimentalllimgy direction with reference to roller axes;
Rectangular strips, tensile and hardness specimeresextracted from cold-rolled sheet
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Table 6.3: Mode shapes with node line positionsianmact and suspension locations
Mode Mode shape with node line positions Mode  Mode shape with node line positions

(x, y) mm (X, y) mm
1) Bl 6) T2
x=34;116 x=38;112y=7.5
2) B2 7) B5
x=20; 75; 130 x=09; 34; 61, 89; 116; 141
3) B3 8) T3
x=14;53; 97; 136 x=25;75;125% =75
)Tl 9) B6
X=75y=7.5 X=17;29;52;75; 98; 121; 143
5) B4 10)T4
x=11;42; 75; 109; 139 x=18;54;96; 13y=7.5
P 15
y
X
z 0 150
10mm

Impact regions

VvV v |
Suspension hole—_L@ ......... _('}._! ..... ¢} 15mm

150mm T

\
/

Notes: B — bending modeRed); T — torsional modeBlack); P — in-plane mode-{{cen); in-plane
modes are not used in this work; Impact locatidns=a83 or 100 ang = 10 — in some instances
both positions were used to excite all the modeastefest,Diagrams are not drawn to scale
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6.2.3 Finite Element Predictions

Before conducting experimental modal tests on td-mlled steel strips, approximations of the
natural frequencies and mode shapes of the finstntedes of the rectangular strips were predicted
using the software ABAQUS [187]. The modal parameetgere computed by using the material
and geometrical properties listed in Table 6.2. $trgps were modeled in ABAQUS® using 4-
noded shell elements (S4R) since the ratibs<< 1/15. The resulting mode shapes were used to
approximate node line positions (see Table 6.3).

This information was also used to predict suitalipact zones which were set>at83 andx=100

(see Table 6.3) such that the modes of interedddoel easily excited. Locations at which holes
could be drilled to facilitate suspension of thepstin a free-free configuration were chosen at
10mm from either side and at the middle of thepstiisee Table 6.3). The effect of suspension
method on the results will be discussed in secfiéh7. Table 6.4 lists the frequencies obtained
from ABAQUS®. The mode shapes are identical forftret seven modes of all the strips. In-plane
modes not considered in this work since the planelyation of these modes were in the same
plane as the suspension supports. The FE prediciiahe BH and IF steel test structures are also

included in Table 6.4 for later reference.

6.2.4 Experimental Modal Testing: Low carbon rectangularstrips

A schematic of the experimental set-up and hardwesed along with the signal flow for
experimental modal testing is shown in Figure @Be first modal tests were conducted on the
strips in their cold-rolled condition. The stripsere@ supported at both ends in a free-free
configuration using nylon thread. Excitation was\pded by a miniature impulse hammer on a
pendulum fixture and the response was recorded llagea vibrometer. In this experiment all the
strips were excited from behind (Figure 6.3). Intpacations were at 8mm or 25mm (see Table
6.3) from the center of the strip. Sometimes battations were used in order to obtain all the
modes of interest. Only the first ten modes inftegquency range up to 4 kHz were considered. The
Logging frequency used was 50 kHz for an acquisitime of 5s and 10 averages were used to
produce the coherence.
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Table 6.4: Finite element predictions of rectangateps

Material | t (mm) Predicted natural frequencies f’ for first 10 modes of rectangular strips
Mode 1 2 3 4 5 6 7 8 9 10
0.86* Mode Bl B2 B3 T1 B4 T2 B5 P T3 B6
f (Hz) 204 563 1106 1220 1832 2459 2742 3432 3732 3838
0.77 Mode Bl B2 B3 T1 B4 T2 B5 T3 P B6
O f (Hz) 183 504 990 1095 1640 2207 2456 3350 3432 3439
L 0.69 Mode Bl B2 B3 T1 B4 T2 B5 T3 B6 P
< f (Hz) 164 452 887 984 1470 1982 2202 3008 3083 3432
b 0.60 Mode Bl B2 B3 T1 B4 T2 B5 T3 B6 P
Q f (Hz) 142 393 772 857 1279 1727 1915 2622 2682 3432
e 0.52 Mode Bl B2 B3 T1 B4 T2 B5 T3 B6 T4
f (Hz) 123 341 669 745 1109 1500 1660 2277 2325 3086
0.43 Mode Bl B2 B3 T1 B4 T2 B5 T3 B6 T4
f (Hz) 102 282 553 617 917 1243 13738 1887 1924 2568
0.84* Mode Bl B2 B3 T1 B4 T2 B5 P T3 B6
BH steel f (Hz) 199 550 1080 1193 1789 2403 267P 3432 3647 3749
0.67t Mode Bl B2 B3 T1 B4 T2 B5 T3 B6 P
f (Hz) 159 439 862 956 1428 1925 2138 2923 2994 3432
1.02* Mode Bl B2 B3 T1 B4 T2 B5 P T3 B6
IE steel f (Hz) 242 668 1311 1441 2171 2903 3250 3432 4406 4547
0.82t Mode Bl B2 B3 T1 B4 T2 B5 P T3 B6
f (Hz) 195 539 1054 1165 1747 2347 261p 3432 3562 3661
Notes * — as received original thickness; BH — bakedeaable; IF -interstitial free; T 20% thickness reduction; The mode shapes, and the
sequence of the mode shapes are identical foirdteséven modes of all the strip5;- in-plane mode
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Data Logging and

BN 0Omencion Anlysio PC wih

Box and Computer
«—Nylon threa,__, P NIDAQ carc

- Impact
o Test strip A Hammer

Retrc-reflectivedus

—Dﬂ .

Charge amplifier

Laser vibrometer Signal Flow

Nylon threau

Impact hammer ¢
pendulum fixture

Retroereflective dust

Test stri|

Laser beam

Figure 6.3: Experimental set-up for vibration tests. Strips evdested using two free-free
configurations to ascertain the influence of thppsuts on damping properties: horizontal (shown
here) and suspended solely from the center. Thaétiammer is located behind the test strip.
Figure 6.4 shows a FRF spectrum for one of th@sstup to the Nyquist frequency. Typical time
series of the impact impulse and the vibrometeoaigt response are shown in Figure 6.5a and b.
These signals were checked to insure that there wer clipping and truncated signals were
discarded. A typical averaged FRF, and associatbdrence, in the frequency range of interest is

shown in Figure 6.5c.
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|
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Frequency (Hz) X 104

Figure 6.4: Typical averaged frequency response function afcéangular strip up to the Nyquist
frequency. The FRF was checked to ensure that ihem@ aliasing distortion of the spectrum in the
high frequency range. (Logging Frequency = 50kHzafduration of 5s)

-200

6.2.5 Damping measurements

Damping measurements in this chapter were repargialg the quality factorQ which was

defined in Chapter 4. Damping measurements wereadgtl using sonogram analysis. The
rectangular strips had very low damping and theogoam analysis offered a better alternative as
there was an insufficient number of points in tih@nity of the resonance peak to allow a circle fit
to be used that would provide reliable results. $tveogram algorithm also allowed the damping of
several modes in the desired bandwidth to be oddasimultaneously as compared with circle

fitting in which the damping can only be determidedone resonant frequency at a time.

The sonogram takes a series of short FFTs of qyarlg data segments (Figure 6.6a and b). Peaks
were found, and the best fitting exponential decagee calculated on the basis of the variation of
each peak height with time. The analysis also disgga a measure of the fit quality which enabled
poor data to be excluded from the measurementsard-ig,6¢ along with corresponding data in the
top section of Table 6.5 is an example of acceptdelcay fits. Compare with Figure 6.7 and the
bottom section of Table 6.5. When extracting thaligy factor, a number of 10 trials were taken

and an average rat®factor) was calculated.
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6.2.6 Microphone and Laser Vibrometer response measuremes

For preliminary vibration tests involving the remgalar strips a small microphone (see Figure 6.8)
was used to validate damping measurements colledied) the laser vibrometer. In this test the
microphone was positioned in the near field (appnately 2cm from strip surface) — just to the
front of the impact zone. Figure 6.9 shows a comsparbetween damping measurements collected
using a microphone and a laser vibrometer simuttasiyg. Both exhibit good agreement. However,
the microphone was not used to collect responsa ttmbughout the experiment as it regularly
recorded unwanted background noise. An accelerometg also not used to measure the response
of the rectangular strips as its mass and dampgorggawith that of its cable would have perturbed

the behaviour of the light-weight strips signifitign

Figure 6.9 also highlights the effect of reflectohest and reflective tape on damping measurements.
Reflective tape was initially used to improve tledlactivity of the laser-beam on the strip surface.
However, the application of a small patch (appfexm x 5mm) of reflective tape was found to
significantly increase the damping (low@rfactors) of the test strips (see Figure 6.9). &xiVe
dust did not have this effect and was thereforel is@ll modal tests.

6.2.7 Effect of test structure support on damping measunments

The sensitivity of damping to suspension configoratis crucial particularly in free-free

arrangements. To determine the sensitivity of dagnpo support configuration, test structures in
free-free modal tests were suspended in differesmgswThe configuration that gave the lowest
damping (highestQ-factors) was adopted throughout the modal test.illlstrate this, the

suspension configurations used for the rectangslaips are shown in Figure 6.10. The
configuration with the strip suspended simultangofrem both sides gave the lowest damping and
was therefore adopted throughout the experimenhleT®.6 shows the effect of suspension

configuration on damping.
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Figure 6.5: Typical time series of the experimental data: (@ui impulse; (b) acceleration
response. Note the length of the time window idigeht to allow all the modes in the frequency
range of interest to decay freely; (c) Averageddiency response function (FRF) of Figure 6.4 (up
to 4kHz) and the associated coherence. Note gdoerence in the vicinity of resonance peaks.
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Figure 6.7: A sample of poor decay fits

Table 6.5Q-factors using sonogram algorithm

Sample of data with good damping fit (correspondiittp Figure 6.6c)

Frequency Hz Q-factor R? (Q-facton) Points R’ (Phase)
180.608 759.2 0.999784 235 1
498.444 1910.2 0.999934 235 1
977.397 2958.3 0.998693 193 1
1039.85 2465.4 0.998745 151 1
1621.96 3960.1 0.998411 150 1
2065.96 5395.1 0.999236 135 1
2431.23 5191.6 0.999821 158 1
3158.03 5125.2 0.998104 110 1
3411.03 6238.3 0.999251 106 0.999998
3585.95 1059.3 0.980583 12 0.999932

Sample of data with poor damping fit (correspondiritl Figure 6.7

Frequency Hz Q-factor R? (Q-facton) Points R’ (Phase)
121.537 432.8 0.703913 343 0.999999
335.977 663.6 0.958244 347 1
660.885 1240.2 0.958796 343 1
1096.49 1911.7 0.969294 347 1
1379.68 3466.5 0.695843 269 1
2104.08 130.3 0.828889 7 0.999573
2308.52 3497.4 0.972796 347 1
2852.58 415.1 0.890962 15 0.999941
3078.77 5023.6 0.959382 270 1
3660.3 277.8 0.896561 7 0.999983
3969.78 5142.4 0.976856 342 1
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Figure 6.8: Microphone being used as a non-contact sensor; Uftation test equipment with
microphone; Right: close-up showing microphone tiasiwith respect to test structure.
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Figure 6.9: Comparison ofQ-factors for a rectangular test strip using différeansducers (laser
vibrometer and microphone). The effect of usingoreeflective dust and reflective tape was also
compared.
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T

Figure 6.10: Suspension configurations using nylon thredft: rectangular strip
supported at both ends (gave lowest damping) Rugtht: suspended at middle (Note:
although an accelerometer is shown attached o, sitrivas not used to measure response
owing to its relatively heavy weight in comparisorthe weight of the strips.)

Table 6.6:Effect of suspension configuration on damping for a

rectangular strip like that shown in Figure 6.10

Suspended from ends Suspended from center
Frequency Q - factor Frequency Q - factor

(Hz) (Hz)

163 217 163 211
449 628 451 455
881 1115 886 568
1461 1500 1468 707
2189 1867 2188 834
3067 2239 3060 945

6.2.8 Rigid body modes

Although rigid body modes were not of interesthe tnodal tests conducted it is suggested that for
an acceptable suspension method, the highestbai¢g mode frequency should be less than 10-
20% of that of the lowest bending mode [182]. Whenducting free-free modal tests this was used
as a simple check to provide a measure of how thelsupports used approximated that of a free-
free condition. Figure 6.11 compares the rigid botyde frequencies with that of the first bending
mode for a rectangular test strip whose averagdeiE§Rhown in Figure 6.4.
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Figure 6.11: Comparison of rigid body mode frequencies withtflsending mode in a test strip
identical to that shown in figure. Note that thgidi body mode frequencies are less than the
recommended 10% of the first bending mode frequency

6.2.9 Heat treatment - Annealing

After extracting damping measurements from the-coligéd, low-carbon rectangular strips,
all the strips were heat treated. Each group iateltbwas annealed using a 3000W furnace and held
at one of the following temperatures for 10 minu280°C, 250°C, 300°C, 350°C, 400°C, 450°C
and 500°C. Air cooled strips were wrapped in seasl steel foil so as to minimize surface
oxidation. Strips to be water quenched were nopped but were heated in a metal basket which
allowed for quick removal from the furnace for sedpgent quenching in a nearby water filled basin.
All strips were kept in a desiccator whenever tiveye not in use so as to minimize surface rusting.

After heat treatment, damping measurements welie agiracted from the test structures.

6.3 Results: Low-carbon steel

6.3.1 Measured and predicted low-carbon strip frequencies

Before considering and comparing the findings eflthand BH steels and the soprano pan with the
findings of the low-carbon strip experiments, thadings of the low-carbon strip damping

experiments would be briefly considered. Firsthe finite element predictions and the measured

frequencies for the majority of the test structukese in good agreement.
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Table 6.7: Predicted and measured frequenciesf@dzpld-rolled low-C steel strips — air cooled
Strip thicknesses ‘t' (+0.01lmm) and average masrigrams) — original sheet thickness = 0.86mm

10% - 0.77mm — 13.8¢g

20% - 0.69mm — 12.7g

30%0raré — 11.0g

40% - 0.52mm — 9.8¢g

50% - 0.43mm — 8.1

Measured Measured

Measured Measured

Mode| . icied Betore  Aflr | Predicied Before Ater | Predicted Before  Afier | Predicied  Before . After | Predicted  Before  Afr
No. Annealing Annealing Annealing Annealing Annealing Annealing Annealing Annealing Annealing Annealing
1 183 178 179 164 163 164 142 138 140 123 125 125 02 1 106 105
2 504 492 494 452 451 453 393 391 392 341 344 345 282 289 289
3 990 967 970 887 886 888 772 768 770 669 675 677 553 566 566
4 1095 1042 1043 984 955 964 857 817 825 745 725 730 617 621 629
5 1640 1605 1610 1470 1469 1473 1279 12731277 1109 1120 1123 917 936 93]
6 2207 2092 2096 1982 1924 1925 1727 16631662 1500 1430 1426 1243 1243 123
7 2456 2402 2410 2202 2198 2204 1915 19031909 1660 1674 1678 1373 1398 14(
8 3350 3173 3178 3008 2916 2915 2622 24942508 2277 2172 2167 1887 1858 184
9 3432 - - 3083 3079 3088 2682 2665 2674 2325 2344 2350 1924 1952 195
10 3438 3367 3376 3432 - - 3432 - - 3086 2906 2902558 2524 2511

g
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Table 6.8: Predicted and measured frequenciesf@dzpld-rolled low-C steel strips — water quenched
Strip thicknesses ‘t' (+0.01lmm) and average masrigrams) — original sheet thickness = 0.86mm

10% - 0.77mm — 13.99 20% - 0.69mm — 12.69g 30%0raré — 11.09g 40% - 0.52mm — 9.79g 50% - 0.43mm — 8.1

Mode Measured Measured Measured Measured Measured Measured Measured Measured Measured Measured
No Predicted Before After Predicted Before After Predicted Before After Predicted Before After Predicted Before After

) Annealing Annealing Annealing Annealing Annealing Annealing Annealing Annealing Annealing Annealing
1 183 181 181 164 163 163 142 140 141 123 124 124 02 1 104 104
2 504 499 499 452 450 450 393 395 395 341 342 342 82 2 285 285
3 990 978 977 887 884 882 772 775 772 669 671 670 53 5 561 559
4 1095 1052 1045 984 943 931 857 832 829 745 722 1 12 617 614 614
5 1640 1623 1622 1470 1467 1465 1279 1284 1280 1109110 1109 917 927 924
6 2207 2121 2106 1982 1902 1886 1727 1684 1657 1500442 1426 1243 1218 1197
7 2456 2436 2432 2202 2195 2192 1915 1919 1915 1660659 1659 1373 1384 1381
8 3350 3171 3154 3008 2875 2853 2622 2527 2505 2272183 2161 1887 1815 1800
9 3432 - - 3083 3076 3074 2682 2687 2684 2325 23242323 1924 1935 1933

10 3438 3415 3410 3432 - - 3432 - - 3086 2950 2922558 2514 2469

g
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Table 6.9:Predicted and measured frequencies @dasfreceived low-carbon LC, BH and IF steel strip
Strip thicknesses ‘t' (£0.01mm) and average masrgrams)

LC AR-0.86mm —15.3g BHAR- 0.84mm -14.6g BH200.67mm —11.8( IF AR -1.02mm —-17.8¢ IF 209820hm — 14.3¢g
Mode Measured Measured Measured Measured
No Predicted Measured Predicted Measured Predicted Before After Predicted Measured Predicted Before After
) Annealing Annealing Annealing Annealing
1 204 199 199 196 159 159 160 242 248 195 194 197
2 563 534 550 538 439 439 44( 668 684 539 534 541
3 1106 1051 1080 1058 862 862 864 1311 1343 1054 49 10 1062
4 1220 1127 1193 1113 956 904 903 1441 1397 1165 07 11 1115
5 1832 1741 1789 1753 1428 1429 1431 2171 2225 174%739 1760
6 2459 2272 2403 2249 1925 1820 1819 2903 2815 2344200 2221
7 2742 2608 2679 2625 2138 2139 2143 3250 3330 2615603 2635
8 3432 3420 3432 3376 2923 2756 2757 3432 - 3432 - -
9 3732 3613 3647 3675 2994 2993 2999 4406 4276 3562617 3660
10 3838 3655 3749 3709 3432 - - 4547 4657 3661 3753776
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This can be seen by examining Table 6.7, TableaBd Table 6.9. Good agreement also existed
between natural frequencies that were measuredebafu after heat treatment. However, for strips
that were air cooled, there was generally a smateiase in the natural frequencies for most of the
strips after heat treatment (see Table 6.7). Alamtiend was also observed for the air cooled IF
and BH steel strips (see Table 6.9) whereas forwther quenched, low-carbon steel strips the
natural frequencies after water quenching were rgdlgdower (see Table 6.8) for the majority of

the strips. The case of the IF and BH steels wellhighlighted further on when their damping

properties are compared with those of the low-caieel.

6.3.2 Damping in as received material

A low Q-factor value corresponds to high damping aiteé-versa Figure 6.12 shows the material

damping in the as-received material for each gtged used in this work. Note that the damping
was generally low, with the bulk of the modes hguv@factors greater than 1000. The damping in
the 0.061 wt% carbon and IF steel strips were coaige, particularly for frequencies above 1 kHz,
whereas damping in the BH as-received conditiolowger than that of the low-carbon and IF as-

received steel for all modes.

10000 1
i |+ Low C Steel s 3
BH Steel
A |F Steel 5 &
l“ A A
— MR A &
A
8 - . a * A {
1000 1 +
£ ' !
(@4
R4
100 T — T T T — T T
100 1000 10000

Frequency (Hz)
Figure 6.12:Damping for first ten modes in as-received material

6.3.3 Damping variation with cold reduction

Figure 6.13 shows the effect of cold rolling on gémg in the first 8 flexural modes of the low-
carbon steel strips. Damping for the first 8 modes shown, as thé"®r 10th modes for some of
the strips were in-plane modes. As predicted frbom literature, damping increased (low@r
factor) as the percentage cold reduction (thickmessiction) increased. The largest increase in

damping for the majority of the modes was seerHerfirst 10% of thickness reduction after which
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the increase in damping was minimal. The first mbdeever, did not show such a trend: damping

in cold-rolled strips was comparable to dampinghmas-received condition.

Cold Rolled - No Heat Treatment

2500 . . .
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20001 | |—#—Mode 3
- Mode 4
—e—Mode 5
--&-- Mode 6
1500+ 8
S Mode 7
,;?’ --e-- Mode 8
< 1000} |
500+ 8

00 AR 10 20 30 40 50 60
Cold Reduction (%)
Figure 6.13:Effect of cold rolling on damping in low carbon ekeAR — as received

6.3.4 Damping variation with temperature

Although the natural frequencies of modes up to Zlkkere of interest the experiment provided
data for modes up to 25kHz as data logging was wded at 50KHz. While this data was not
essential to the study it provided useful inforroatabout the damping properties in the low-carbon
strips. For instance, consider non-averaged plots10% cold reduced, air-cooled strips up to
16kHz (see Figure 6.14).

The plots shown in Figure 6.14 highlight a numbgtrends which were seen across all the test
structure groups, i.e. both air cooled and watemghbed. Before outlining the trends, one of the
most notable observations was the audible differancthe duration of the strip vibrations after
impact. Strips annealed at much higher temperatuagg for longer indicating a decrease in
damping with increase in annealing temperatures ®fiows that the damping changes being
investigated here are of an order to have cleartitde consequences, and to be relevant to musical

instruments. The trends were as follows:

 The semi-log plot in Figure 6.14a shows that asealing temperature was increased

damping decreased for each natural frequency.
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* The semi-log plot (Figure 6.14a) also shows thaeath particular temperature, modal

damping became independent of frequency for frecjasrbeyond approximately 4 kHz

(b)
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Figure 6.14: (a)semi-log plot andb) log-log plot for 10% cold-rolled and air
cooled strips

* The log-log plot in Figure 6.14b shows an approtandinear relationship below

approximately 4kHz which indicates a probable polaer relationship between frequency

and damping.

* Identical trends were observed across all the dthercarbon rectangular strips and non

averaged plots for the other low carbon stripd@cated in Appendix Al.
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In this work, the effect of heat treatment on tlheng@ing in the first ten modes up to 4 kHz of each
test group for the low-carbon test structures wetamined. Although modes above 4 kHz were
shown in Table 6.9 the majority of modes were belbliHz. This bandwidth was selected as it is
the frequency range in which the musical noteshensbprano pan are situated. The findings of the
damping variation with temperature for the low-aartstrips would be compared with those for the
IF and BH steels and that of a soprano steelpaior&aighlighting the findings it is first necesgar

to state that all tests reported on in this chaptre conducted at room temperature. Temperatures
listed on any graphs were temperatures at whicleaimy was conducted and not temperatures at

which experimental measurements were taken.

In the frequency band of major interest, up to 4« ksimilar trends were observed in the variation
of damping with annealing temperature across adetband water quenched test groups for all the
low-carbon test strips (Figure 6.15, Figure 6.16d & and Figure 6.17 to Figure 6.19). It is
therefore reasonable to use a single group toigighthese trends. Consider the 10% air cooled test

set in Figure 6.15a. The following trends wereesbed:

« TheQ-factor for each mode increased to a maximum vadoieh occurred between 350°C
and 400°C before plateauing: There was minimal gaan damping beyond 400°C. This is
a general trend which was observed with the otb&rdroups. This combination suggests 2

different damping mechanisms added together: onstant, the other with a power law.

* The largesQ-factor (lowest damping) values occurred in 10%ucedl strips air cooled and
water quenched (Figure 6.15a and b). In these grthe¥ modeQ-factors approached the
order of 8000 to 9000 but as percentage reduatioreased the maximum levels of damping
achieved in corresponding modes decreased. Fanicsst consider the selection of tHe 5
mode Q-factors in air cooled groups from 10% to 50% reduc The maximumQ-factor
values for these modes are approximately 5000, ,33800, 2200 and 1400 respectively.

This general trend is seen for all air cooled amadiewqguenched strips.
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6.3.5 Air cooling versus water quenching

Consider theQ-factors of identical modes of the 10% air cooled 40% water quenched strips
(Figure 6.15a and b). Their values are in closipridy, and this pattern is also generally seen for
other air cooled and water quenched test groups. Stlggests there is no significant difference in

damping between air cooled and water quenchedsstrip

6.3.6 Damping variation with mode shape and frequency

Another consistent characteristic was found in@hiactor values for bending and torsional modes
for the low-carbon steel strips. The modes 1, &J,3 and 9 for the majority of strips were pure
bending modes while modes 4, 6, 8 and 10 were lystakional with the exception of a few
instances where there was an in-plane mode, sele Bab and Table 6.8. With reference to the
10% test group, it was apparent that @xéactor values for the bending modes followed ausege
such that th&-factor of a successive bending mode was higher tha previous bending mode.
However, the torsional modes appeared to have fargiiit pattern that did not fit in with the
sequence of-factors for the bending modes. For instance, Bgere 6.15a and b) thé"éind &
modes had the highe®tfactors in the range BA (before annealing or af@d rolling) to 300°C.

In most cases, the highd&3tfactors were recorded for torsional modes.

To highlight the trends observed with respect t® damping variation with frequency, the low
carbon, 10% air cooled and water quenclRethctor versus frequency plots are considered (see
Figure 6.20). There are significant differencesMaein strips heated up to 250°C and strips before
heat treatment or after cold reduction (design&ayl At 300°C and beyond, however, the log-log
fits began to cluster. This general trend was oleskracross the other air cooled and water
guenched low-carbon strips (see Figure 6.21 to rBigi24). The temperature at which this
clustering begun (i.e. 300°C) corresponded to ¢ingperature beyond which damping plateaued or
became independent of annealing temperature. Cenpa@-factor versus annealing temperature
graphs with their correspondin@-factor versus frequency graph for each thickneshigtion
group. The same trend was observed. The data camelbétted by the formQ = S “ whereQ is

the material dampind, is the natural frequency afdanda are constants. There was reasonably
good fit for this power-law relationship as indiedtby theR? values (see Table 6.10 and Table
6.11). Note that the values were generally between 0.60 and 0.80.dngpmodes were not used
herein but they were easily identified as th@ifactor values were much lower than the other

modes.
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Figure 6.20: Damping-frequency fits for 10% striga) air cooled andb) water cooled
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20% Air Cooled
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Figure 6.21:Damping-frequency fits for 20% strips (a) air cabénd (b) water cooled
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30% Air Cooled
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Figure 6.22:Damping-frequency fits for 30% striga) air cooled andb) water cooled
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40% Air Cooled
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Figure 6.23:Damping-frequency fits for 40% striga) air cooled andb) water cooled
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50% Air Cooled

(@) 10000

1000

Q-factor

100

¢ BA

® 200 degrees
250 degrees

® 300 degrees
350 degrees

o 400 degrees
450 degrees

O 500 degrees

10 +
10

100 1000
Frequency (Hz)

50% Water Cooled

10000

(b) 10000

1000

Q-factor

¢ BA ‘

m 200 degrees
250 degrees
300 degrees
350 degrees

o 400 degrees

100

450 degrees
O 500 degrees

10 +
10

100 1000
Frequency (Hz)

10000

Figure 6.24:Damping-frequency fits for 50% striga) air cooled andb) water cooled

166



L9T

Table 6.10: Power law fit values for 10% and 20%-karbon, BH and IF steel strips
Strip 10% Air Cooled 10% Water Cooled 20% Air Cooled 20% Water Cooled BH 20% Air Cooled IF 20% Air Cooled

TCC) B a R? B a R? B a R? B a R? B a R? B a R?
BA 96 062 088 96 062 088 50 069 097 50 069 097 451 0.54 097 189.3 0.17 0.40
200 940 035 081 939 040 092 619 043 079 76.0 043 078 300 0.64 097 201.2 0.24 0.64
250 574 049 093 370 055 092 609 050 096 63.1 048 095 229 0.69 097 2034 0.29 0.81
300 41.1 0.62 095 234 069 096 282 065 095 31.7 063 098 246 0.69 099 2254 0.24 0.36
350 20.6 0.71 098 107 0.82 0.96 11.7 078 099 30.8 0.69 097 20.1 0.73 098 100.7 0.44 0.85
400 145 0.77 097 420 0.63 099 180 0.72 0.99 242 069 099 20.0 0.74 098 865 047 0.85
450 29.2 0.70 098 148 0.77 099 159 0.74 0.97 277 067 094 21.0 071 090 685 052 0091
500 20.6 0.72 098 16.1 0.76 0.97 21.3 071 097 387 063 096 125 0.79 095 599 055 0.95

Table 6.11: Power law fit values for 30%, 40% &086 low-carbon steel strips
Strip 30% Air Cooled 30% Water Cooled 40% Air Cooled 40% Water Cooled 50% Air Cooled 50% Water Cooled

TCC) g a R? B a R? B a R? B a R? B a R? B a R?
BA 65 066 098 65 066 098 6.8 066 098 6.8 066 098 44 071 096 44 0.71 0.96
200 54.0 044 087 19.1 059 090 46.7 047 086 244 054 088 183 057 074 114 064 0.86
250 23.0 061 096 352 053 093 165 063 089 177 063 091 91 070 0.87 157 0.62 0091
300 238 064 091 199 068 099 92 076 099 75 079 097 39 084 096 95 0.73 0.80
350 19.2 0.68 097 151 0.74 097 143 0.72 091 6.9 081 099 164 067 085 83 0.77 0.86
400 124 075 096 119 077 099 71 085 081 124 074 093 93 075 091 7.2 0.78 0.96
450 182 071 098 137 075 099 82 079 096 204 068 092 51 084 0.96 100 0.74 0.88
500 16.7 0.72 097 181 0.72 090 74 081 09 86 079 099 150 067 092 6.8 0.80 0.96
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6.4 Low-carbon steel versus ultra-low BH and IF steels

In an effort to understand the damping findingseobsd with the heat treatment of the low-carbon
test structures, two additional investigations waeeformed on sheet material that had undergone
cold forming and heat treatment in the same maasé¢he low-carbon test structures produced for
the vibration tests. The first involved a companmisd the damping properties observed in the low-
carbon steel test structures with the damping pti@seof two ultra-low carbon steels: an IF and
BH steel (see Table 6.1). In this investigationyd0% thickness reduced IF and BH test structures
were fabricated for comparison with the 20% thicdseeduced low-carbon steel test structures.
The second investigation consisted of two divisiorise first division considered the mechanical
properties extracted from tensile tests for lowboarspecimens. The second division compared the
mechanical properties extracted from tensile andriess tests of the IF and BH steels with those
of the low-carbon steel. 20% thickness reductionaifd BH specimens was also used for this

comparison.

6.4.1 Vibration testing: IF and BH steels

Rectangular strips of dimensions 150mm x 15mm weeteacted from cold-rolled (see Figure 6.2)
bake hardenable and interstitial free steels ofmit& composition given in Table 6.1. A total of 18
strips were prepared, nine BH and nine IF. In eaatch, seven strips (one for each annealing
temperature: 200°C, 250°C, 300°C, 350°C, 400°C,’@5énd 500°C) were extracted along the
rolling direction from sheet that had been coldueat by 20% of the original thickness. The other
two strips were extracted from the material in #ereceived condition (along rolling and
transverse directions). For heat treatment (anmgalthe strips were wrapped in stainless steél foi
and held in a furnace at the respective temperdtur@0 minutes before extracting and cooling
normally in air to room temperature. Strips werlwaéd to cool in wrapping before removing.
Material damping @Q-factor) was extracted from the BH and IF stripgha as-received material,
after cold reduction, and after annealing usingstame equipment and settings (Figure 6.3) as that
used for the extraction of damping in the low-cartsirips. Figure 6.25 better illustrates the

vibration test procedure sequence adopted for thaml IF steels.
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[ As Received BH and IF Sheet Steel ]

5

. Extract strips from as received\

material

Extract damping from as
received strips

Cold roll BH and IF sheet to
20% thickness reduction
Extract strips from cold reduced
BH and IF sheets /

a

Extract damping from cold rolled
BH and IF strips
Heat treat (anneal) cold reduced
BH and IF strips

strips

. Extract damping from annealed }

Figure 6.25: Vibration testing procedure sequence for BH ancetffangular strips

6.4.2 Damping in BH, IF and low-carbon steel compared

Figure 6.16 a, b and c are plots which illustraiee ¢ffect of annealing temperature on damping in

the 20% cold rolled low-carbon, bake hardenableiatastitial free steels. It was found that:

 Damping in the BH steel could almost be described irrdependent of annealing

temperature, particularly for annealing temperauseyond 300°C. The majority of the

plots in this graph (Figure 6.16c) resemble théeala region of the low-carbon steel plots in

Figure 6.16a. Compare also the rates of increaggfactor for annealing temperatures up
to 250°C between the low-carbon and BH steels (Eigul6a and c). The rate Qffactor
increase in this range was much lower for the Béelsthan the earlier results for low-

carbon steel (see Figure 6.16a and c).
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Figure 6.26: Damping-frequency fits for 20% strij§a) BH air cooled andb) IF air cooled

» With respect to the IF steel (Figure 6.16d), mdgdhctors increased (damping decreased)
with minimal indication of plateauing and the dangpin this case appeared to be dependent

on annealing temperature.

* On comparing th&-factor versus natural frequency plots for the 2€8id-rolled BH, IF
(see Figure 6.26a and b) and low-carbon steelsi(&i§.21), it was discovered that: (1) a
much better fit was obtained betwe@rfactor and frequency for the BH steel as indicated
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by theR? values in Table 6.10 and (2) the range of valu®ained for the coefficient was
comparable to the range of values obtained for the low-carbon steels at ammgal
temperature 300°C and above (see both Table 6. d0rable 6.11) while this was not the

case for the IF steel.

A closer examination of th@-factor versus annealing temperature plots for20& cold-rolled
low-carbon, BH and IF steels shown in Figure 6.16and ¢ was made by comparing the damping
in each of the nine modes. This is shown in Figu2&. The following findings were:

* Overall the modes in the BH steel generally man&dithe lowest damping (highe3ts)
throughout the range of annealing temperatures. édewdamping in the low-carbon and
BH steels were comparable for annealing temperatbesrond 300°C. It is significant to
highlight that the BH steel which has significaridyver carbon content than the low-carbon
steel (see Table 6.1) displayed comparable or hi@fethan the low-carbon steel. It was
expected that th&-factors would have been in the following ordemviocarbon >BH>IF

from highest to lowest. The observed trend wilkdscussed further on.

* The IF and low-carbon steels had comparable dangtif@ver annealing temperatures and

in the cold rolled state.

» Overall, the highest damping (lowe31s) were recorded for the IF steels particularlyhe

higher modes — see modes 5 to 9.

171



¢LT

Mode 1 Mode 2 . Mode 3 . Mode 4

10° 10° 10° 10
g 3 % 3 A6 % 3 f\ef:m % 3 HE/;“Pj&“’;f
ch-: 10 ,:_H_e..n.e\_;a "":'.": 10 : ﬁ = "":'.": 10 - L "":'.": 10 o
o g -y -y -y
10’ 10’ 10’ 10’
b 200 400 600 b 200 400 600 b 200 400 600 b 200 400 600
Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)
. Mode 5 f Mode 6 f Mode 7 f Mode 8
10 10 10 10 G/e_o_,ﬁe\ -
chc 10 €B/‘ﬂ c;.-_I'-: 10 = c;.-_I'-: 10 c;.-_I'-: 10
o - - -
10" ——— - 10— - 10— - 10— -
b 200 400 600 b 200 400 600 b 200 400 600 b 200 400 600
Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)
. Mode 9
10 —e— Bake Hardenable
- —e— Interstitial Free
2 10° Low Carbon
Pl
-y
10’

b 200 400 600
Temperature (°C)

Figure 6.27:Modal damping comparison among 20% cold-rolled earktrips: The data for these plots were taken firagare 6.16 (a), ()
and (d)



Chapter 6 Material Studies

6.5 Mechanical tests: Mechanical properties in BH, IF ad low-
carbon steel compared

6.5.1 Tensile tests

The first mechanical tests were room temperatunsilte tests on low-carbon, BH and IF steel
sheets that had undergone cold forming and heatintent in the same manner as the low-carbon
test structures produced for the vibration tesemnsile tests were performed on tensile specimens in
the following conditions: 1) as-received, 2) cotdled and 3) cold-rolled, heat treated and air
cooled. Specimens were not made for water quendasrnye damping trends observed (see Figure
6.15, Figure 6.16a and b and Figure 6.17 to Figut8) were generally independent of air cooling
and water quenching, therefore only one coolinghogtwas chosen when preparing the tensile

specimens.

For the low-carbon steel sheet in the as-receieadition, tensile samples were extracted along the
mill rolling direction and transverse (see Figur@a6and b) to this direction. For material in the
cold-rolled condition, tensile specimens were estgd only along the rolling direction of strips tha
were cold-rolled to have the following thicknesduetions: 10%, 20%, 30%, 40% and 50%. A total
of 42 tensile specimens were prepared, with 2 énasrreceived condition (transverse and rolling
direction) and the remaining 40 divided into 8 greueach having a tensile specimen at one of the
above thickness reductions. One group was lefiéncold-rolled state while each of the remaining
groups was wrapped in stainless steel foil and @edein a furnace at one of the following
temperatures for 10 minutes: 200°C, 250°C, 300°80°G, 400°C, 450°C and 500°C before

extracting from the furnace and allowing to cootmally in air to room temperature.

Only 20 samples from BH and IF steels were prepaesdfor each steel type. Two samples for
each steel type were extracted in the as-receiwrditton (one along and the other transverse to the
rolling direction). The other 8 samples in eachugravere extracted from 20% thickness reduced
sheet. One sample was left in the cold-rolled domdiwhile the other samples were annealed in
stainless steel wrapping at one of the followinggeratures: 200°C, 250°C, 300°C, 350°C, 400°C,
450°C and 500°C for 10 minutes before removing ftbmfurnace to cool normally in air to room

temperature. The IF and BH samples were extracted Eheet that was cold rolled in the same

manner as the low-carbon steel sheet.
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Figure 6.28: Tensile test specimen dimensions in accordance B&HEN 10002
—1:2001

All tensile samples were extracted from the shesiag a water jet machining center. Tensile
samples were made in accordance with specificagores in BS EN 10002 — 1:2001 [189]. Figure
6.28 shows the dimensions of specimens used itettsdle tests. The room temperature tensile tests
for the low-carbon steel were conducted using é®TIRON 5584 universal tensile testing machine
with a maximum loading capacity of 150kN and a dguge was used to measure strain. Tensile
tests on the BH and IF steels were conducted omiasTOlsen tensile testing machine with a
maximum loading capacity of 50kN and the capabitityneasure the extension without the need of

an external gauge. All tensile tests were condusiditia strain rate of 5mrifs

6.5.2 Hardness and Microscopy Tests

Hardness measurements were also made on polishgalesausing a HMV Shimadzu Vickers
pyramid micro-hardness testing machine with annietéon load of 9.807N (or HV1). A minimum

of five readings was taken from each sample ancvkeage value calculated.

Microscopic images were also taken from cold modisimples that were prepared by grinding on
silicon carbide paper to 4000 grit and polishechveioth coated with Am diamond paste. In this
work, only low-carbon steels were used and theeefioe only etchant used was a 2% nital solution
(2% nitric acid in ethanol). Optical micrographsrevéaken with a LEICA microscope with an Altra
camera attached.

6.6 Damping trends versus findings from mechanical test

The results of the mechanical tests will be presemh two parts. The first section looks at the
mechanical properties of the low-carbon steel eigchfrom tensile tests while the second section
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compares the mechanical properties of low-cardemnid BH steels. Before presenting the findings
of the tensile tests it is necessary to highlidgiet mechanical properties that can be obtained from
the stress-strain characteristic provided fromtés¢. Figure 6.29 shows a typical stress-straiplgra
for mild steel with the respective regions annatatéhe region OA is the region in which the steel
exhibits elastic behaviour. Beyond point A, the enial is said to have undergone plastic strain,
thus the portion of the graph from A to E is coesatl the plastic region of the stress-strain
characteristic. An important feature of this woskrelated to the yield point phenomenon which is
represented by the portion AB, sometimes referedg the bat's ear. This sharp point is
commonly seen in low-carbon steels which are sugdepo strain ageing. Figure 6.29 could be

used for reference when considering the stressrgjraphs in Figure 6.30.

y Slope:%: E, Young’'s Modulus

@) S

Engineering Stre, o (MP¢)

Engineering Stra, & (%)

Ouws, Upper Yield Strength

O.vs, Lower Yield Strength
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Strain hardening or Work hardening

Ors, Tensile Strength
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omoanwmm >
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1
n

Figure 6.29: Typical stress-strain characteristic of a mild ktee
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Figure 6.32:Young’s Modulus estimates obtained from the fitrfmodes of each air-cooled low-carbon test strip
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Figure 6.33:Young’'s Modulus estimates obtained from the fimtrfmodes of each water quenched low-carbon tegst st
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The as-received mechanical properties of each efsteels were initially considered. It was

found that (see Figure 6.30a):

Low-carbon steel in the as-received state had ifjteekt yield strength, tensile strength and

fracture strength followed by BH and then IF in @&sing order.

Low-carbon steel in the as-received state exhikatedpper and lower yield point followed
by a Luder’s region before strain hardening. Théswot observed for the IF and BH steels.

The low-carbon and BH steels had comparable diyc(@giongation) with IF being the most
ductile, having almost 50% elongation.

The stress-strain characteristic is comparableetarh of the steels in the transverse and

rolling directions which meant that these steeldd®e described as isotropic.

The trends across the low-carbon steels cold-relbgel0% to 50% of original thickness were

considered. These trends are better highlighteddmgidering Figure 6.31 which summarizes the

respective properties extracted from Figure 6.80ad g to i. In each case:

The tensile strength, yield strength and fracturength increased with increasing cold

reduction

The tensile strength, yield strength and fracturength initially increased as annealing
temperature was increased, but then decreased fagammnealing temperatures of 300°C

and above.

The fall in the tensile strength and yield stresgtieyond 300°C was taken to be an
indication of the onset of recrystallization andétls reasonable given the high degree of
prior deformation experienced by the test-stripecrgstallization is believed to be
accompanied by a fall in tensile strength [27].imeestigate this, coupons were extracted
from 20% cold-rolled and air cooled strips for nogcopic analysis. Recrystallization would
have been manifested in the appearance of an egligrain structure but examination
revealed elongated microstructures of comparaldengize with no indication or sign of
nucleation or grain growth (see Appendix A2). Thécrmrhardness values for these
specimens are stable across the range of anneafimgeratures (see Figure 6.36). Figure
6.36 also shows that the hardness of the un-armhe@aer cold rolling) sample is

comparable to the annealed samples.
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» There was a return of the upper-yield-point forealimg temperatures of 300°C and above
(see the yield strength plots in Figure 6.31). Tdugesponded to the annealing temperatures
at which damping in the low-carbon rectangularpstibegan to plateau. Compare Figure
6.15a, Figure 6.16a, Figure 6.17a, Figure 6.18a Fagure 6.19a with the yield strength plot
in Figure 6.31. The return of the upper-yield-sgthnwas an indication of strain ageing in

the tensile samples.

* The strain aged specimens showed an increasedityajpadurther cold work. Consider the
elongation plot in Figure 6.31. Note the decreaselongation prior to 300°C or before the
return of the yield point. After 300°C the percegygaelongation in the samples generally

increased.

6.6.1 Effect of cold rolling and heat treatment on Youngs Modulus

Young's modulus was determined using two methodie first method used the gradient of the
straight portion of the stress-strain characteristhd the second method used the vibration
frequencies of the first four pure bending modesheffree-free strips obtained from the vibration
tests. This method required the measurement ofy¢loenetric dimensions and the mass of each

strip. The theoretical natural frequendigsf a free-free beam are calculated from [190]:

1 [ El
f =(8I17— |— .
=B S A 6.1

wherep is the density of the beam material and this watsnated by using the mass and the
dimensions of the beam whdrés its length and andt are the width and thickness of the beam
respectively.El is its bending stiffnessA is its cross-sectional ared & 9, and g, are the
eigenvalues of the beam. The eigenvalues corregmphal the first four pure bending modes used
to estimate the Young’s Moduliswere 4.730041, 7.853205, 10.995608 and 14.1371%H.[The
area moment of inertid, is calculatecbt’/12. Using the values measured, the equation Soveab

could be rearranged and the Young’s Modulus coaldxpressed as:

i

6.2
The majority of the Young’'s modulus estimates aisdi from the tensile tests laid well outside

published values for steel which is typically betwel90-210 GPa (see Figure 6.31 and Figure
6.34a). This could be due to a number of factorschviwill be highlighted in the discussion.
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However, better estimates for Young’s modulus wa&ined using the bending modes. Note the

following in Figure 6.32, Figure 6.33 and Figur84h:

It is practical to consider the Young’s modulusues of a single test strip to highlight the
major trends. For instance, consider the 10% redjuloev-carbon test strip, annealed at
200°C and air cooled (Figure 6.32). The Young's olod values in the cold rolled
condition are comparable. This is also true fortbeng’s modulus values after annealing —
their values are comparable. This was expectedtasdrend is visible throughout the low-
carbon, BH and IF strips (see Figure 6.32, Figu88 @nd Figure 6.34b).

The horizontal line on each bar-chart represerdsatreraged Young’s modulus of each of
the steels in their as-received condition. Forltve-carbon steel, the as-received Young’s
modulus is 204+3GPa. In some cases, particularlyhi® 10% and 20% reduced air-cooled
strips, the Young’s modulus in the cold-rolled st lower than the as-received Young's
Modulus. However, in the majority of cases for #iecooled strips the Young’s modulus

values had increased after annealing the coldedést strips (see Figure 6.32 and Figure
6.35).

With respect to the water quenched strips, unlike air-cooled strips, the majority of

Young's modulus estimates were within the rangpuddlished values of Young’s modulus

for steel (190-210GPa) (see Figure 6.35). In sonmsances the cold-rolled Young's

modulus was not lower than the as-received Youmgixiulus. However, the Young's

Modulus values of the strips annealed at highemperatures (at 450°C and above) were
lower than the Young’'s Modulus values in the-callled state (see Figure 6.33 and Figure
6.35).

6.6.2 Comparison across Low-carbon BH and IF steels

Figure 6.36 compares the mechanical propertiebethree steels extracted from mechanical and

vibration tests. The following was noted:

The low-carbon steel exhibited the highest strengtbross the group in the order Low-
carbon > BH > IF from the highest to lowest. As ealing temperature was increased a
gradual decrease in the yield strengths and tesiséagths of the BH and IF steels was seen
although the strengths could be described as velgtstable over the range of annealing
temperatures. BH and IF exhibited much lower freetstrengths when compared to the
low-carbon steel, with IF having fracture strengthts approximately half the fracture

strengths of low-carbon.
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A similar trend was expected for the hardness @t the low-carbon steel was expected to
show the highest hardness values. However, the lailceenable steel exhibited the highest
hardness values across all annealing temperatdegdness values of the low-carbon and
BH steels remained relatively stable across thgeaf annealing temperatures while the

hardness in the IF steel decreased steadily antinealing temperature was increased.
There was no yield point effect in any of the aneedF and BH steels.

Ductility recovery in the annealed BH and low-carlsieels were comparable as indicated
by the elongation plot in Figure 6.36. The IF sta®bwed the greatest recovery and ability

for further cold forming with an elongation of alsi®0% after annealing at 500°C.

Better estimates of the Young's modulus were obthifor the BH and IF steels using the
natural frequencies of the first four bending motteseach strip (Figure 6.34b). Consider
also the Young’s modulus plots for the steels guFeé 6.36. Note that the average Young’s
modulus is indicated by the solid horizontal line @ach graph. The average valuesef °
for the BH and low-carbon steels were in agreemeétit the published range oE® for
steels while the IF steel had an averageof about 10GPa above the upper limit of this
range. Also, like the low-carbon steel strips, tRevalues for both the BH and IF steels,
after annealing, were higher than tE&values in the cold rolled state (see Figure 6.840
Figure 6.36). Nevertheless, the majority of valaesoss all the steels were within the

published range oF’ for steel.

It was observed that the Young's modulus acrosshallsteels had generally decreased on
cold reduction and increased with annealing. Inesaases the Young’'s modulus after cold

reduction was higher than in the as-received state.

6.6.3 Strain ageing at room temperature

Further confirmation of strain ageing of the lowhan steel was manifested after straining a tensile

sample by 7% and setting aside at room temper&burene week before completing the tensile

test. Figure 6.30b shows the occurrence of strgéing with the return of a very small yield point

and decreased ductility.

6.7 Comparison with steelpans: Low-carbon steel stripsersus
soprano pans

The third and final segment of the work in this piea involved a comparison of the findings of the

vibration and mechanical tests conducted on thedasson steel structures with the vibration and

186



Chapter 6 Material Studies

mechanical properties extracted from two sopramspa chrome plated 4ths and 5ths soprano pan
and a paint coated Aubrapan (see Figure 6.37a janthdse comparisons were made primarily in
an effort to validate the findings of the simulatiof the pan making process. The comparisons

were as follows:

1. The first comparison involved an investigation whiextracted mode frequencies and
damping from the notes on both pans for compangtimthe frequency and damping trends
obtained from uncoated, chrome-plated and paintecoaw carbon test structures.

2. The second investigation was done by comparing \heation properties (natural
frequencies and damping) of rectangular stripsaetd from the uncoated Aubrapan with

the vibration properties obtained from the coldedllow-carbon test structures.

3. The third and final comparison examined the harsingfscoupons extracted from four
regions of the Aubrapan and compared these withh#ltdness values obtained from the

low-carbon steel.

The investigation began by determining the chemicamposition of the Aubrapan since
rectangular strips were extracted from the Aubrdpacomparison with the cold rolled low-carbon
steel test structures. This data is provided aliolegshe chemical compositions of the other
materials used in this work (see Table 6.1). Nbi& the carbon and nitrogen content in the
Aubrapan steel was approximately 50% of that ofGhend N content in the low-carbon steel. The
same could be said when comparing the content @ndlMn for both the Aubrapan steel and the

low-carbon steel.

6.7.1 Modal testing of the soprano pans

Impact modal testing was used to extract mode &eges and damping from the notes of both
pans. A small lightweight Briel and Kjeer accelertanétype 4516) was used to measure response.
The apparatus arrangement used in these tests lwedtind in Chapter 4. The accelerometer was
fixed to the note surface with a thin film of be@sw The sampling frequency and logging time
were 10kHz and 2s respectively. The acceleromedsrpositioned such that it was offset from the
minor and major axes of the notes. This was dowause the nodal lines were highly likely to be
located along or in close proximity to these axXéds response of the note was then determined by
tapping on a grid of five points (see Figure 6.3T2)e point was approximately at the center and
the other four impact points were located in thér feectors created by the intersection of the minor
and major axes (Figure 6.37c), each point beingceqamately 15 mm away from both axes. The

modal frequencies and damping were extracted wssanogram.
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The pans used in this investigation are shown guifei 6.37a and d. Some of the notes in each pan
were not used in the modal tests: the inner ndtédseo4ths and 5ths soprano pan (see Figure 6.37b)
were not used as they were damaged, while the #estaotes closest to the rim of the Aubrapan
(see Figure 6.37f) were not used as they wereumddt In this work, two sets of vibration tests
were performed on the Aubrapan, one in which tluéggtive surface coating of the pan was intact
and the other vibration test was conducted afterokal the coating. The coating of the Aubrapan
was removed by applying a paint remover (see Figu3&d and e), commercially sold under the
name Nitromors (an all purpose paint and varnishorer). The stripped coating was removed by

washing the Aubrapan surface under running water.

6.7.2 Surface Treatments — spray painting and chrome plang

Steel pans are primarily coated for protection m@gfacorrosion. At this stage of the production

process, pan makers add a thin layer of paint oonoh onto the pan surface. To understand the
effect of coating on the vibration properties oé tsteelpan a number of samples from the heat
treated batches of strips were selected for spaatipg or chrome plating. The strips selected for

each coating type are listed in Table 6.12. Acetsag used to remove any dirt and grease from the
strips to be painted. Halfords matt-grey primer \w&pplied by spraying a single pass of paint onto
each side of the strips. An approximate nozzleadist of 200mm was maintained during spray

painting. All strips were allowed to dry for oneydaefore conducting vibration tests.

Chrome plating was conducted by Cambridge Electtoy Ltd. Although the company was
unwilling to provide the details of their electraphg process, it is believed they subscribed to a
typical procedure for electroplating that comprigesfollowing steps:
1. Degreasing and polishing
Cold water rinse
Electroplate copper
Cold water rinse
Electroplate nickel
Cold water rinse
Electroplate chrome

Cold water rinse

© © N o g s~ w D

Hot water rinse
10.Dry

188



Chapter 6 Material Studies

Table 6.12: Strips chosen for spray painting androle plating

Chrome Plated Spray Painted
T°C | 200 250 300 350 400 450 500°C |200 250 300 350 400 450 500
10%| X 10%
20%| X 20%| X
30%| X X X X X X X 130% | X
40%| X 40% X X X X X X
50%| X 50%| X
Note: Only air cooled strips were used for chronaipg and only water quenched for spray painting

6.7.3 Extraction of rectangular strips and coupons from he Aubrapan

Six rectangular strips, each of length approxinyats0Omm x 15mm were extracted from the
uncoated Aubrapan (see Figure 6.37g-k) for vibratiests. The strips were extracted using a
FANUC ROBOCUT wire cutting EDM (Electric Dischar@gachine). The strips were labeled A to
F (Figure 6.37h-k) and the respective average tigiskes in mm of the strips obtained from
measuring at five locations were (0.64+0.03), (80792), (0.81+0.12), (0.85+0.01), (0.60+0.02)
and (0.87+£0.02). Note the strips with the largestiations in thickness (strips B and C) were the
strips that were extracted along the radial dicectf the Aubrapan. Note that this pan would have
been formed by hammering which stretches the saidét¢he drum head. Recall also the Aubrapan
bowl wall thickness variation presented for this1pa Figure 3.12a. Suspension holes were also

drilled at 20mm from either side of each strip t@alele suspension during modal testing.

Five coupons, for hardness measurements, labetedEAeach approximately 15mm x 15mm were
taken from the uncoated Aubrapan. Four couponso(B)twere taken from the pan surface (see
Figure 6.371) and one from the skirt (coupon E)eThur coupons (A to D) were extracted at
approximately 45mm, 110mm, 165mm and 260mm fromritmeand had thicknesses of 0.89mm,
0.75mm, 0.60mm and 0.54mm. The coupon extracteoh fise pan side was 1.10mm thick.

Hardness was measured along the through-thickadssd direction of the coupons.

6.7.4 Modal testing of extracted and coated test structues

Impact modal testing was used to extract the nafteguencies and modal damping from these
strips. A Polytec OVF 302 scanning laser vibromdtead was used to measure response and a
miniature PCB hammer on a pendulum was used toigeogontrolled impacts. The same
experimental arrangement (see Figure 6.3), impadt rasponse detecting positions, suspension
configuration and surface preparation were empl@®th the modal tests for the low-carbon test

structures. A logging frequency and logging time 80 kHz and 5s was also used.
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Accelerometel
(c)
°
P2e
p3®
= “— Minor axis
p4e y

Major axis

Middle ring notes Inner ring notes

Figure 6.37: (a) chrome plated 4ths and 5ths soprano gbh;4ths and 5ths soprano pan note
arrangement(c) Impact and response locations on pan ndsgoated Aubrapan(e) uncoated
Aubrapan; (f) Aubrapan note arrangemen(y) Regions for extraction on Aubrapath)-(k)
Locations of rectangular strips extracted from Aydan andl) Locations for coupon extraction for
hardness measurement
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The quality factor was extracted using a sonogrigorishm. Ten impact trials were taken for each

strip and an average rat@-factor) was calculated for each mode in the badtwof interest.

6.8 Results: Comparison with steelpans: Low-carbon stéstrips
VEersus soprano pans

Consider the plots for the chrome platdts4and 3"s soprano pan and the Aubrapan (Figure 6.38a
and b). What is immediately apparent is that thmgeaof Q-factors for all the notes considered on
both pans was similar, with values ranging betw&@® and 1000. AdditionallyQ-factors of the
fundamental modes of the notes in both pans wevartis the lower end of this range (100-500).
The second and third mo€gfactors were typically higher than the fundamentaldeQ-factors in
both pans (see Figure 6.38a and b). Here onlyuhdaimental and second modes were shown for
the Aubrapan since these were the only two modesaahm of the measured notes that gave good
sonogram fits whereas at least the first three maa¢éhe chrome plated 4ths and 5ths soprano pan
gave acceptable fits. In the case of the AubragieaQ-factors for all modes of the measured notes
on the coated Aubrapan were lower (see Figure §.38ball cases, than the correspondiQg

factors in its uncoated condition. This trend weagested.

The main aim of this exercise was to compare tmepitag obtained from the uncoated and coated
(chrome-plated and spray-painted) rectangularstopdamping of the modes in the steelpan notes
and identical strips extracted from the Aubrapastly, note the damping trend with annealing

temperature for both chrome plated and spray paisti@ps (see Figure 6.39). This trend is shown
before and after the coating process. Note thatctaed strips were not annealed. The graphs

illustrate the damping change on coating. The Yalhg was noted:

« There was a compression of tQefactor ranges in both cases. On chrome platingiper
limit Q-factor was reduced from approximately 6000 to 2@adnpare Figure 6.39a and b)
whereas for spray coating the upper li@itactor was reduced from 5000 to 1500 (compare
Figure 6.39c and d). The range @f for the chromed and sprayed strips were 400-2000
(Figure 6.39b) and 300-1500 (Figure 6.39d) respelsti This reduction imQ-factor was
expected with surface coating.

* An increase in the natural frequencies of the cledmstrips whereas a small decrease was
observed in the natural frequencies of the sprajmos.

* In both cases there was an initial increas@-factor, up to 300°C for chromed plated and
up to 350°C for the sprayed strips before there &itheer a plateauting of th@-factor (in
the case of the chromed strips) or a small decreatbe Q-factor as in the case of the paint

sprayed strips.
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The next investigation was to determine if the demggactors of the chromed and sprayed strips
would be comparable @Q-factors extracted from the chromed and spray pdipans respectively.
Figure 6.38c compares the damping in the chromedapid the chrome plated strips while Figure
6.38d compared the damping in the coated Aubraptmtiae sprayed strips. There are two aspects
of these plots that must be highlighted.

* Firstly, in both cases th@-factors of the notes in the chromed 4ths and Stpano pan
and the Aubrapan were lower that those exhibitedhieychrome and spray coated strips
respectively (see Figure 6.38c and d).

» Secondly, the damping in the pans does not showaire linear trend (power law fit) with
frequency as the chrome and spray coated strigbigedh These findings will be elaborated

on in the discussion (see Figure 6.38c and d).

Another important facet of this work was to compé#re damping of strips extracted from the
uncoated Aubrapan with the cold-rolled and annelliedcarbon strips. The damping across all the
extracted strips was compared to the damping innibtes of the uncoated Aubrapan and the

following findings were made:

» Although some of the strips were extracted fromhiminote regions (see Figure 6.37i, j and
k), Figure 6.40a shows that the extracted stripsbéed lighter damping (high&p-factors)
than the notes of the uncoated Aubrapan.

* However, on comparing the damping across the detladubrapan strips with the 10% and
50% cold rolled strips, that were air cooled af@nealing, better agreement was seen.
Figure 6.40b shows th@-factors of the extracted strips overlaying thos¢he 10% cold
rolled strips. Note that the majority of the extext strips had comparable thickness to the
20% rolled strips. However, the damping valueshef 10% and 50% strips were used as
they represented the upper and lower limits ofQHeactors exhibited by the cold-rolled and
annealed low-carbon strips. TRefactors of the extracted Aubrapan strips were wélhin
this range.

» The amount of interstitial elements, particularhya@d N, is known to have an influence on
the damping properties of steel [85,88]. Althougmparable damping was observed for the
extracted Aubrapan and rolled strips, note thatdbwetent of C and N in the Aubrapan
material is almost half of that of the steel shess#d to produce the rolled strips (see Table
6.1).
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Figure 6.40: (a) Damping of extracted Aubrapan strips and uncoatebrapan notes compared;
(b) Damping of extracted Aubrapan strips and uncoAtdatapan notes compared to 10% and 50%
cold-rolled and air-cooled low-carbon steel strips

6.8.1 Hardness from extracted Coupons

Table 6.13 lists the hardness of the coupons drttdoom the Aubrapan. The hardness increases as
the bowl depth increases and this was expecteteathickness strain in the stretched Aubrapan
increases from the rim of the pan to its base. Algh the Aubrapan had a original thickness that

was slightly greater than the original thicknesstieé low-carbon strips, it was discovered that
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Aubrapan strips extracted from regions having camga thickness strains to the low-carbon strips

were not as hard. Compare the hardness of couponTBble 6.13 with the hardness of the 20%
low-carbon strips in Figure 6.36. This developmmaty be due to the lower carbon content of the
Aubrapan (see Table 6.1). However, it was alsomesethat these softer Aubrapan extracted strips

manifestedQ-factors that were comparable to the harder lovib@mausteel strips (see Figure 6.40Db).

Table 6.13: Hardness of coupons extracted from &g

Coupon Vickers Hardness  Thickness Thickness Radial position
(HV1-9.807N) (mm) reduction* (%) from rim in mm
A 135 0.89 5.3 45
B 159 0.75 20.2 110
C 171 0.60 36.2 165
D 168 0.54 42.6 260
E (Skirt) 136 1.02 - -
Original dish thickness = 0.94mm

6.9 DISCUSSION

The findings of this chapter will be discussedtiree main sections. The first section considers the
observed trends in the material damping and mechbpioperties of the tested steels (Low-carbon,
BH and IF). The second section discusses the fysduri the comparison of the material damping in
the tested steelpans and the rolled low-carbon sésictures. The third and final section
recommends a methodology for further work on matestudies, particularly the application of

low-carbon steels to steelpan production.

6.9.1 Prelude to Discussion

It is first important to highlight that the matdridamping trends observed in each part of the
experimental simulation with the low-carbon stesdtistructures were in good agreement with the
expectations at the onset of this investigatioresehexpected outcomes were listed at the beginning
of this chapter. Two important outcomes in this Were: (1) that material damping would increase
with cold rolling but (2) would recover (or reveid levels comparable to damping in the as-
received material condition) on subsequent heatrtrent of the cold rolled test structures. These

and other deductions were realised and will beudised in more detail in subsequent sections.

There is currently no material specification foeedpans. The need for a material standard was
alluded to in the Trinidad and Tobago Bureau ofn8#&mds 1992 conference paper on
standardization of the steelpan by Roach [12], lmctv a list of work to be done on the steelpan
included the purchase, testing and analysing opsasteels. To date, there is no evidence that any

work on this initiative was conducted. Standardaratof the steelpan in Roach’s paper mainly
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referred to standardization of the note arrangeroenbte placement (see Chapter 1), note size and
note shape in steelpans. Other work by Copeland] [A8o focused on the standardization of note

placement.

More recently, work by Muret al[19] and Ferreyreet al[18,20] focused on the effect of the
steelpan making process on the metallurgical andsiic properties of several drum steels which
had different carbon and residual element contaMsile these studies recommend a range for
carbon content and an optimum heat treatment teahpet the acoustic analysis did not consider
the damping properties of the steels tested bueadsfocused on the effect of the pan making
process on the frequency spectra of replica steafjpées. Unarguably, the works of Muet al.
[19] and Ferreyrat al[18] have contributed significantly to a better angtanding of the behaviour
of low-carbon steels in the pan making processthitintent of these works were not towards the
development of a specification in any form. The kvam this thesis aimed to build on the
contributions by Murr and Ferreyra but with the emit of specifically making a few
recommendations for the development of a matenacification in addition to proposing a
methodology for doing so. In the following discussi some of the findings in this thesis will also

be compared to some of the findings of Metral[19] and Ferreyrat al[18].

The development of specifications for the standatihbn of materials for the steelpan should
initially consider low-carbon steels. Low carboeedthas long been trae-factomaterial for pan
making, primarily through the use of oil barrelsigthare primarily constructed from low-carbon
steel. However, the manufacture of tight-head tmri® regulated by standards [70,71] which
specify the grade of low-carbon steel sheet todssl dor their construction. These grades of steels
were not specified with the intention that the eamérs would be used primarily or subsequently
for musical instruments and may or may not be blétéor pan making. One manner of dealing

with this is highlighted further on in the discussi

Low-carbon steel continues to be relatively chdaghly available, and tuning methods over the
past 70 years have evolved and fixated aroundsagel The development of a specification should
not only consider mechanical material propertiesdould also incorporate guidance on material
vibration properties that would facilitate the puation of high quality steelpans. This is the reaso

why this work considered the vibration and mechancoperties of the steels used.

6.9.2 Trends in vibration and mechanical properties

* Predicted and measured natural frequencies
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Measured and predicted natural frequencies ofahedated test strips were in good agreement and
this can be seen by considering Table 6.7, Talleafd Table 6.9. The exercise of conducting a
finite element prediction was primarily to be aldeeasily identify vibration frequencies during
modal testing and to locate the best locationshabthe modes of interest could be easily excited.
However, in a majority of instances, the naturafjfrencies after heat treatment and cooling had
either increased or decreased. An increase indheal frequencies after heat treatment was more
typical for the air cooled strips (see Table 6.Heveas the water cooled strips predominantly
registered a decreased natural frequency afteraiingeand quenching. These changes in natural
frequencies may be related to a change in the Yeugdulus which will be discussed further on.
The natural frequency may also be affected by esipanand contraction experienced by the test
strips during heat and cooling and this factor meayf greater significance particularly in the wate
guenched strips which would have experienced rapidraction on quenching in water. Another
important aspect is in connection with local stiffeg at the supports during modal testing. Local
stiffening [182] results in increased natural freqcies but sufficient care was taken to avoid this
problem during modal testing. In-plane modes wené used in this work since the plane of
vibration of these modes was in the same planbesuspension supports. These modes were also

easily identified as thef@-factors were significantly lower than tkfactors of the flexural modes.

* As-received material properties

Consider Figure 6.30a. On the basis of ductilityttaee steels would be suitable for dishing. As
expected the BH and IF steels were characterisddvbyield strengths which also contributed to
their superior stretch-ability. In the case of lResteel it is well known that the addition of elents
such as Nb, Ti or aluminium contribute to the fotiora of textures that enable superior stretching
and drawing characteristics (see Table 6.1). Téddists the chemical composition of each steel
with the IF steel sheet having the lowest carbartex@t and the low-carbon steel having the highest.
The mechanical properties of yield strength, tensitength and fracture strength also followed the
same sequence with the IF steel having the lowasies for these properties and the low carbon

steel having the highest.

The absence of the yield point phenomenon and &fsidegion in the BH and IF stress-strain

characteristic was also an indication of the supeormability of these steels meaning that such
steels could be formed without the appearance mftcster strains. However the as-received
Vicker's hardness numbers (VHN) of the BH, IF awodvIcarbon steels were 128, 90 and 107
respectively. It was expected that the hardnesddnalgo follow the same sequence as the carbon
content with the IF steel having the lowest hardneslue and the low carbon steel having the

highest. However, the BH steel was the hardest.
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Note also the trend with the as-received vibratd@mping properties (see Figure 6.12). The
vibration damping properties could be describethdspendent of carbon content with the IF and
low-carbon steels having comparable damping valede the BH steel displayed the lightest
damping (HighesQ-factor values). The literature indicates [85,884ttdamping increases with
increasing carbon content and in light of this @iswexpected that the low-carbon would have
exhibited the lowesQ-factors (highest damping) while the BH and IF steeould have had the
highestQ-factors. However, it seemed as though the IF st@sl an exception to this rule. Recall
that IF steels contain small amounts of alloyingnednt additions, in this case, Titanium (see Table
6.1). This acts to reduce the amount of carbonraimdgen in solution by forming stable carbides
and nitrides thereby leaving very little carbon ialde in solution for engagement in dislocation-
interstitial atom interactions. This may explainymme as-received damping in the IF steel was
comparable to that of the low-carbon steel. Thaiapsion is also being made that dislocation-
interstitial interaction is majorly responsible ftre damping properties exhibited by the steels

investigated.

» Vibration and mechanical property trends with coldforming and heat treatment

The increase in damping with cold reduction wasngrily attributed to the increase in dislocation
density. This is widely reported on in the liter&ty80-82]. The increased strength and reduced
ductility were also expected with increasing caduction. The high sensitivity to cold reduction in
the first 10% of cold rolling will be used furthen to explain the difference between the material
damping in the experimental test strips and mdtdaaping in the tested steelpans. In respect of
the hardness, only hardness measurements for 2084 atled and air cooled low-carbon strips
were compared with the IF and BH steels and thikbei discussed shortly. However, if hardness
measurements were taken across all the low-cartemissit was expected that hardness would

increase with increasing cold reduction.

One highlight of this work was the vibration dangi@nd mechanical property trends exhibited by
the low-carbon, IF and BH steels with annealingt ltesatment. With regard to the low-carbon
steel, the first trend was the expected increadeptateauing of th€-factors values among water
guenched and air cooled test specimens. This platgaf Q-factor values typically began between
the annealing temperatures of 300°C and 400°C. {Emgperature range also corresponded to the
temperature range (300°C and 400°C) between wihiehréturn of the yield point effect was
manifested in the tensile specimens, as indicayeal\ery sharp upper yield point. The onset of the
return of the yield point was also accompaniedrmyaased yield strength and decreased ductility

(elongation) which are both indicators of straireiag. This development indicated that strain
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ageing may be in part or majorly responsible ferdamping trends (the plateauing) observed in the

low-carbon steel test structures.

Figure 6.41 lists a range of internal damping maddmas in metals. This table could be used to help
isolate probable mechanisms that could be resplenfsibthe damping trend in the low-carbon and
BH steels which appeared to suggest the combinatiawo damping mechanisms. A process of
elimination would be used to isolate likely dampimgchanisms. The elimination criteria would be
mechanisms that occur at room temperature in gggéncy range of 0 to 4kHz. Room temperature
is taken to be 25°C. On the basis of room temperatiigure 6.41 indicates that mechanisms
numbered 1, 3, 5, 10, 11, 13 and 18 are likely ichtes. Magnetic and electromagnetic
mechanisms 1 and 3 respectively could be eliminkading mechanisms 5, 10, 11, 13 and 18.
After applying the frequency constraint of 0 to 4kHmnechanisms 5, 10 and 13 which are
thermoelastic damping (5), relaxation of dislocasion the high temperature range (10) and
damping depending on the history of deformation) (E3nain possible candidates. Mechanism 5
and 10 can be eliminated because a temperatuszatiffe across the strips would be necessary for
thermal currents to be operative; also mechanismnlpspans the frequency range between 10 and
1000Hz. Therefore mechanism 13 which is dependenfrequency, strain and temperature is a
likely candidate over the entire frequency rangéntédrest. However, the temperature in this case
maybe temperatures at which damping measurementeeorded and not annealing temperatures.
In this work it is evident that the relatively coamist damping values that were obtained for
annealing temperatures beyond 400°C were dependethe degree of prior deformation since this
damping threshold decreased with increasing thiekmsérain. This table also does not account for
the changes in damping which may occur by the porof dislocations by interstitials (strain
ageing). It is likely that this dislocation-intat&tl interaction may be the dominant mechanism in
the region below 400°C.

Another trend was found with the relationships ot#d by considering the plots between the
natural frequencies and the damping of the low-@atiest strips wher® = f*. The values for the
coefficient ofa for test strips heated beyond 300°C were typidadijween 0.60 and 0.80. It is not
certain whether this relationship is a characterist the strain ageing phenomenon in low-carbon
steels. Efforts to locate comparable informatiomenaifficult: data for a range of low-carbon steels
need to be gathered and analysed before any camtdusan be made. It may be that this
information may be useful for the development ofjuality control criterion for ensuring that
selected low-carbon steels meet the vibration dagh@quirements for steelpan making. However,
the application of this relationship to steelpandurction is not immediately apparent and further

research is therefore recommended.
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Figure 6.41: Damping Mechanisms after A. Muszynska, “Tlumieniewmetrzne w

ukladach mechanicznych (Internal damping in medasystems),” Dynamika Maszyn,
Polish Academy of Science, Ossolineum, Warsaw, 1§#-212, 1974 (in Polish) in
Nashifet al.[78] p. 62

In order to substantiate the deduction that stiag®ing was primarily or at least in part respormsibl
for the damping trends observed with annealing treatment, the material damping in 20% cold
reduced and annealed BH and IF steels were compartdte 20% cold reduced air cooled low
carbon steel strips. The concept behind using thesas (BH and IF) was that they possess very
minute quantities of interstitial atoms (carbon aftdogen) (see Table 6.1) and therefore the degree
of strain ageing which accompanied the heat treattimiecold-rolled samples of these steels would
be modest or almost negligible in comparison tostina@in ageing that may occur in the low-carbon
steel. The IF steel sheet used in this work coathifitanium (Table 6.1) which further reduced the

carbon and nitrogen in solution through the foromatof stable carbides and nitrides. On this
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premise, it was therefore reasonable to expectth@highest damping (lowe&-factor values)
would be manifested by the BH and IF steels. Theetation was not entirely realised but in most
cases (see Figure 6.27) the IF steel displayedbthest Q-factors. This finding could be accepted
as a confirmation of the deduction. Although the &Blel was also expected to exhibit comparable
damping to the IF steel but instead manifestedigfmest damping among the group of steels, was
an indication that very minute contents of intéatiatoms could have major effects on damping
properties and that vibration damping in low anladlow carbon steels may not be very sensitive
to carbon content. Further work needs to be comduict order to establish how sensitive material

damping is to carbon content in low and ultra-lawbon steels.

There were also comparable findings between theclavon and BH steeQ-factor-natural
frequency plots. For the fip = jf%, the coefficientz for the BH strips also fell between the values
0f 0.60 and 0.80 while this was not the case ferlhsteel (see Table 6.10 and Table 6.11). In the
case of the IF steel the deviation from this tremght be due to the presence of Ti which reduces

the amount of C and N in solution.

Another unexpected trend was in connection withhthiness values in the three steels. The low-
carbon steel was expected to display the higheghkas values but this was instead manifested by
the BH steel. This could be explained by the faet the BH steel had a higher hardness value in
the as-received condition and thus for the sameeedegf cold reduction would have achieved a
higher VHN value. It was also noted that the VHNues of all the steels were relatively stable
across the range of annealing temperatures anaviieexpected as these steels do not contain the
minimum amount of carbon (0.3 wt%) required to aevbi any hardening (through martensite
formation) by heat treatment and therefore micrpeceexamination would have revealed a

predominantly ferritic microstructure.

It is also important to indicate that although istrageing appeared to have taken place in the BH
steel there was no indication of this in the shsissin characteristics in that no yield point
phenomenon was observed, neither was there anyetharnkrease in yield strength or decrease in
ductility. Instead, the yield strength in the Bleatdecreased gradually over the range of annealing
temperatures. It is useful to recall that BH staetse primarily designed for light press work
(especially for the automobile manufacture indystshich normally would not exceed a few
percent [193] after which the maximum bake hardgmifiect (40-50MPa increase in yield strength
[193]) is achieved by baking the formed part (h&attment) at 170/180°C for 20 minutes
[106,193,194]. In this work, the samples had akiness strain of 20% which is far greater than that

of light presswork in addition to being annealedeatperatures which far exceed the recommended
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range for the heat treatment of bake hardenabétssfEhe heavy cold reduction experienced by the
BH steel in this work might have impaired its dlyilio benefit from the bake hardening effect or it
could be said that the large deformation resulteal weakened bake hardening response [106,194].

6.9.3 Effect of cold forming and heat treatment on Youngs Modulus

The Young’'s Modulus estimates obtained using thmation test was consistent with published
values for E’. For future work it is recommended that two or entechniques be used to estimate
the Young’s Modulus and this may include a tentak, a free-free vibration test or a three point
bending test. The poor estimates (reduced valieég)’ drom the tensile test may be due to several
reasons which include slippage in the grips, sampisalignment due to worn components,
machine stiffness or worn clip gauge surfaces. lhoge the expected trends were generally in
agreement with the literature mentioned earliethm introduction to this chapter, for instance, in
that the Young’s Modulus was expected to show arease with heat treatment annealing and this
was generally observed. However, these changes smsl and may not affect the overall

performance of the steelpan in any form.

6.9.4 Comparison to previous work on the material aspectsf the steelpan

This work was in no way a repeat of the work coneddy Ferreyrat al[18] but there were some

aspects of this work that were in good agreemettt thieir work and they were as follows:

» The present work discovered that the temperaturgerat which the plateauing of material
damping and the onset of strain ageing begun wilteetical i.e. between 300°C and
400°C. Ferreyreet al[18] also concluded that the optimum strain agewogditions to
achieve appropriate hardness to facilitate tunimgthe low carbon steels they tested

appeared to be about 350°C for 10 minutes.

* The present work discovered that there was no appdifference in the vibration damping
of water quenched or air cooled strips. An idehticanclusion was made by Ferreyhal.

[18] with respect to air cooled and water quencéteain aged samples.

However, there were some differences in both studi®r instance, in this study, the effect of
varying time on material damping properties was cwisidered. A fixed time of 10 minutes was
used, whereas in the work of Ferregtaal. [18] annealing times of 1 minute and 10 minutesewe
used. Further research could consider the effeahnéaling heating times in intervals of 5 minutes
up to 30 minutes. Although, there was agreemernt v@spect to hardness measurements made in

this work and the work done by Ferrewtaal.[18] there was an anomaly. For instance, in one cas
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the VHN of the upper portion (where outer notes laated) of a sunken drum head with a
chemical composition (0.062% C, 0.017% P, 0.41%MBA2%Cr, balance Fe) comparable to the
low-carbon steel used in this work was 171. Complaisevalue with those of the 20% cold rolled
samples in this work in which the VHN across alhealing temperatures averaged 170. The
difference was that Ferreyet al. [18] reported increases in the hardness after tneatment of
10% and 50% cold reduced samples at 370°C for Limiand 10 minutes. They attributed this
increase in hardness to strain ageing. In this wtrk hardness increase achieved in the test
structures may be attributed mainly to strain hairge while the material damping changes

manifested with heat treatment could be mainlytatted to the phenomenon of strain ageing.

At this stage it is important to draw attentionthe fact that the bake hardenable steel used sn thi
work manifested comparable material damping charestics (see Figure 6.16c) in addition to
achieving hardness values (Figure 6.36) that weneparable to its low-carbon steel counterpart.
The only difference with these steels was the chahtomposition and the mechanical properties
such as vyield, tensile and fracture strengths. @nbasis of hardness, BH steel would be a prime
candidate for pan manufacture. With yield streragiproximately 100MPa lower (see Figure 6.30a)
and comparable elongation (see Figure 6.36) thesBi¢l becomes an increasingly attractive
candidate. It is also uncertain whether pans regteels that have yield strengths that fall within
certain range. If the BH steel used in this worlesimot meet the strength requirements, it is
important to point out that these ferritic steeds de strengthened through the mechanism of solid
solution strengthening but such steel will ineviyabe more expensive than a plain low-carbon
steel. This draws deeper attention to the neetuftrer research to be conducted in order to specif
ranges of mechanical properties (yield strengthsite strength, fracture strength, ductility, impac
toughness, strain hardening exponent, grain sizainsratio and fracture toughness) for a wide
range of low-carbon steels. The output would bertivide a guideline for suitable steels for pan
making. This could be approached by first identifyisteel drums which experienced and
internationally renowned tuners would classify aseptional material for pan making. This could
be done for at least 10 to 20 tuners in 5 counfiiemidad, USA, UK, Switzerland and Germany)
where the steelpan is popular. The intent here avbelto examine the chemical composition and
mechanical properties of specimens extracted frbesd drums in an effort to establish any
similarities. This information may be useful infieing the basis for the development of a material
specification for pans.

6.9.5 Comparison to Aubrapan and 4ths and 5ths Soprano pa

The foremost intent of this part of the investigativas to examine the effect of surface coating on

the material damping from a selection of the aree&dw carbon strips. It is important to highlight
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that there were some limitations in this examimati@hich were as follows: (1) the same chrome
plating regime applied to the chrome plated stesl may not be the same regime followed when
the strips were chrome plated. This was the caskoth test structures were chrome plated at
different locations. Additionally, the surface doatapplied to the Aubrapan was not of the same
constituents as that of the paint applied to thve-darbon steel strips. A better approach would
allow these parameters to be identical in bothamsts but it was not possible in this case.
Nevertheless, the damping in the chromed and hsttgps were lower (high&d-factor) than the
damping in the chromed and painted pans respegtigele Figure 6.38c and d). It is useful to
remember that steelpan notes are usually pre-thefmte coating and fine-tuned after coating. The
peening action during tuning may cold work the acef of the notes by a few percent. A small
amount of cold work could contribute to a signiitamount of damping increase (lowgifactor)

as seen in Figure 6.13 and this may explain whyddraping in the pans were slightly higher than
the damping in the strips.. This finding also presean opportunity for further investigation where
the damping in pans notes could be measured atstages: (1) before pre-tuning, (2) after pre-
tuning/coating, (3) after coating/before fine-tumiand (4) after fine tuning. Though a light-weight

accelerometer was used, the mass would have dedrde-factors slightly

Secondly, the coated strips did not exhibit theesamand with frequency as did the steelpan notes
and this may be in part due to the difference iongetry (shape) of the notes and the strips. The
notes resemble flat circular and elliptical shellsile the test strips were rectangular beams. A
better approach might have been to construct idahtishaped test structures for comparison with

the steelpan notes.

Another crucial development was with the dampingileited by the extracted Aubrapan strips.
Good agreement was found to exist between the depithe extracted strips and the low-carbon
strips (Figure 6.40). This may be taken as a vatidaof the use of rolling to simulate the cold

working of the steel sheet by hammering duringdisking process.

The material damping in the extracted Aubraparpstdid not show good agreement with the
material damping in the Aubrapan notes (see Fi§L8®). Similar damping values were expected in
the extracted Aubrapan strips and the Aubrapansredethe material damping of confined modes
(i.e. of the tuned modes in the Aubrapan notes)pamarily due to material damping [157].
However, this discrepancy may be due to the peenifiige notes during tuning which would have
some influence on the stress state of the instrunfére residual stresses in the pan dish might

influence the damping and this is also anotheren#dt further work.
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Although the Aubrapan had half the amount of C Bnds the low-carbon steel strips (see Table
6.1), theQ-factors of the extracted Aubrapan strips were wéhin the upper and lower bounds of

the Q-factors extracted for the low-carbon strips (Fegér40). This was not expected but in the
case of the BH steel this may indicate that mdteiaaping in low-carbon steels may not be very
sensitive to interstitial atom content and that Hoavbon steels with carbon contents that differ

widely may demonstrate material damping charadiesishat are identical.

6.9.6 Recommendations for future work

Apart from some of the other recommendations fathfer work that were made earlier in the body
of this discussion there are a few more recommeéntathat should be considered for extension of

this initiative and include:

Other techniques for the measurement of materialpitag should be used and the findings

compared to the findings obtained from the free-ifamping method used herein.

* The development of a vacuum chamber in which theeement could be conducted. Here
the hammer impacts could be automatically contiollyy a cam arrangement and the
response could be measured by a microphone or ea labrometer. Conducting the

experiment in a vacuum chamber would mitigate ffects of air resistance.

* Another way of investigating the effect of carbamtbhe damping behaviour seen in steels
would be to introduce the use of a Snoek test wbargon is removed from solution and the

damping is measured after each instance.

* The point above could be reinforced by the companatf activation energies as it is known
that there is good agreement between activatiorggrrequired for the return of the yield
point and the diffusion of carbon in ferrite [27].

* In this work rectangular beam like test strips wased. A better alternative would have
been to use structures that were geometricallyticlnFor instance, the thickness reduction
required could have been achieved by rolling ofguadly by using a power hammer after
which the shapes could have been extracted fromdlieworked material using a water-jet

cutting machine.

* The recommendation in the previous point should bksaccompanied by the measurement
of damping at each stage of the production of a panhis work the damping was only

extracted from pans that had undergone all theymtozh stages.
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6.10 Conclusions

* As expected and in agreement with earlier liteetm damping, cold rolling resulted in a
decrease in material damping; annealing heat tes#tnesulted in damping recovery while

surface coating lead to a material damping decrease

 There was no apparent difference in the dampingdfdn test structures that were air

cooled or water quenched.

* The coinciding of the temperature ranges at whighdtabilisation (plateauing) of material
damping occurred and at which there was an onsedtrafn ageing suggested that an
annealing temperature between 300°C and 400°C wbeldappropriate for the heat
treatment of pans.

» Strain ageing may be largely responsible for tlabibsation (plateauing) of the material
damping in the annealing temperature range 3004D®5C.

* There was no apparent change in hardness with ieet @f strain ageing and hardness

remained generally stable over the range of anmg#iimperatures.

» Cold rolled and heat treated samples manifestecpacable hardness indicating that strain

hardening was primarily responsible for the hardnesrease.

* Ultra-low carbon BH steel and the low carbon stehibited comparable hardness and
material damping values over the range of annedéngperatures indicating that material
damping may not be very sensitive to interstittaha content in low carbon steels and that a
much wider range of low-carbon steels may be aetéptfor pan making but further

investigation was recommended.
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Chapter 7 Summary and Outlook

7.1 Summary

The thesis has provided new insights into the prodao and acoustics of pans. The findings are

summarized below:

7.1.1

7.1.2

7.1.3

Production studies

Multi-pass incremental sheet forming results in imal extension of the stretched zone in
the dish walls formed.

A break even analysis shows that the pan makingessocould be profitable if incremental
sheet forming is used in the dishing stage. Howettes profitability could be jeopardized

by the tuning stage.

Vibration studies

A steelpan note is more likely to be detuned byadpd impacts at its centre.

It is possible to confine modes to the vicinityaoflat region by variation of the bowl-wall
curvature surrounding the region.

The number of confined modes increases with inargdsowl-wall curvature.

The mechanism of confinement appears to be dugetpdint of curvature change between
the flat region and the bowl wall.

Confined modes display light damping suggesting tha damping is mainly due to

material and acoustic radiation damping.

Material studies

Damping trends in cold-rolled and annealed low carbteel specimens indicates that an
annealing temperature between 300°C and 400°C wbeldappropriate for the heat
treatment of pans.

Damping trends suggest that a combination of &t le@ mechanisms is operative in the
range of annealing temperatures used.

Strain hardening was primarily responsible for llaedness increases displayed by the low-

carbon steels.

Ultra-low carbon bake hardenable and the low-carbtael used exhibited comparable

hardness and material damping values over the rahganealing temperatures indicating
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that material damping may not be very sensitivinterstitial atom content in low-carbon

steels and that a much wider range of low-carbeelstmay be acceptable for pan making.

7.2 Outlook

7.2.1 Further research on low-carbon steels for pan makig

Low-carbon steel will remain the material of chofoe pan production for many years, mainly
because it is cheap, abundantly available and gumethods have evolved around its usage.
Although it was shown in Chapter 6 that a wide en§low-carbon steels may be suitable for pan
production, there still needs to be a definitiveafpcation for low-carbon steels that lends to the
production of high quality steelpans. Steelpansstitewidely produced from oil containers that
were once used to store toxic or hazardous chesniG@le material issue needs to be addressed
before any other stage of the pan making procdsseShe quantity of steel consumed for pan
production is a minute fraction of the world steehsumption, it would be difficult to persuade a
steel mill to produce a low-carbon steel with sfie@roperties for pan making. However, there are
other industries that have developed a wide rafid@ewscarbon steels, particularly the automobile
and piping industry. Future work could involve atalng of the mechanical property requirements
for the production of high quality pans with theahanical properties of a few of the steels used in
automotive or piping applications. The steelparustdy will not only benefit from the regulations
applied to these steels but pan makers will als@ meadily access to commercially available steel

with consistent properties.

7.2.2 Considerations for future production studies

In Chapter 3 it was shown that the applicationnafrémental sheet forming to the production of
miniature and full size pans is commercially viali®wever, the ISF machine at the CUED was
only capable of producing miniature pan dishes tusize constraints. Further study should be
extended to include the production of full size pgshes by ISF. None of the minipans produced in
this worked were tuned. Future work should als@iiporate a study that compares the tuning in
dishes made by three forming processes: ISF, aadgetuch as spinning, which produces a dish
with relatively constant wall thickness and a ttiadially hammer formed dish. Although tuners
tend to prefer stretched dishes, there is no evEléo suggest that stretched dishes are the only
dishes that are suitable for pan making. This itigason could be done by means of a blind study
whereby selected pan makers are provided with dgishehich the method of dish forming would

not be declared to the pan makers.
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Multi-pass forming was used to extend the stretctwk in the miniature dishes formed in Chapter
3 and only minimal extension was achieved. Althou§liF may be commercially viable its
acceptance as an alternative forming method for gahes may depend on the thickness
distribution. An alterative approach to multi-pdsaming may be the trial of different tool paths.
Future use of ISF should not be limited to dishmiog but extended to the forming of the note
boundaries and possibly the creation of notes wigesgnetry will require minimum adjustment

afterwards to achieve modal tuning.

7.2.3 Vibration modeling of pans

The art of steelpan tuning has been perfectediyand error over several decades, yet despite
advances in computational capabilities, the modebh steelpan vibration behaviour remains a
challenge. The work in Chapter 5 of this thesis alale to provide some insight on a single aspect
of the vibrational behaviour of the instrument neode confinement. Future mode studies should
not only incorporate the aspect of mode confinenteritshould also take into account the effect
that departure from symmetry and varying thicknleas on the vibration behaviour of steelpan
notes. Reliable note models might assist in therawvgment of current tuning methods and may
also help to reduce the time it takes to mastectag of tuning. Furthermore, reliable note models
might provide insight towards the partial or cont@luning of pans. Reliable models may also aid

in the design and tuning of pans of different megaich as aluminum;brass and stainless steel.
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Appendix Al: Non-averaged plots for air cooled andvater quenched test strips
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Figure Al-1: (a)-(f) semi-log and log-log plot for 30-50% caleduced and air cooled strips and

(9)-(h) semi-log and log-log plot for 30-50% cokbuced and water quenched strips
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Figure Al1-2: (a)-(g) semi-log and log-log plot for 20-50% coétiuced and water quenched strips
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Figure A2
for 10 minutes of 0.061%C steel: (a) not anneal®d(l{) annealed at 200°C, 250°C, 300°C,

350°C, 400°C, 450°C and 500°C respectively and@ited. Etchant: 2% Nital
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