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Abstract. Electrical discharge machining (EDM) is a non-camional process for the manufacture of complekaod

material parts that are difficult to machine by wemtional machining processes. During EDM, thetetele shape is
mirrored in the workpiece. As a result, problems aansferred on the electrode manufacturing psodesorder to
reduce the product development time and the codbafng, layered manufacturing techniques wereetiped

commonly known as rapid prototyping technology.slteichnology encompasses a group of manufactiecimigues,
in which adding the material layer-by-layer genesahe shape of the physical part. Rapid toolirggpsogression from
rapid prototyping. It is the ability to build prayge tools directly, as opposed to prototype prégldaectly from the
CAD model, resulting in compressed time to markdatoons. The various methods of manufacturing Recteodes,

using Stereolithography (SL) models, with respectstuipplementary processes, are classified in thsept work.
Recent international research work is reviewedthadesults on the performance of RT electrodesadmdated.
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1. Introduction
EDM is one of the most extensively used non-
conventional material removal processes. It uses
thermal energy to machine electrically conductive
hard material parts regardless of their geometry.
Many automotive and aerospace components, as
well as moulds and dies are manufactured using ED
machining. During EDM, there is no direct contact
between the electrode and the workpiece.
Thereupon, EDM eliminates the mechanical stresses
arising during machining.
Electrical discharge machining is accomplished Figure 1. Process parameters and performance nesasur
with a system comprising two major components: a of EDM process
machine tool and a power supply. The machine tool
holds a shaped electrode, which advances into the Generally, depending on the material removal
workpiece and produces a shaped cavity. The powenate, EDM can be characterized as: roughing, semi-
supply produces a high frequency series ofroughing, and finishing. Because of the material
electrical spark discharges between the electrodeemoval mechanism, optimization of the process
and the workpiece, which remove metal from theparameters is required, in order to achieve the
workpiece by thermal erosion or vaporization. Adesirable performance specifications. In addition,
relatively soft graphite or metal electrode canlgas the surface finish, dimensional accuracy and
machine hardened tool steels or tungsten carbide. geometry of the electrode, as well as the thermal
There are several different types of machinesand electrical properties, and wear resistancetaffe
and industrial applications that use the EDMEDM performance measures, too.
process for high precision machining of metals with The above factors often lead in the
Die Sinking and Wire EDM being the two major manufacturing of more than one separate electrode
EDM variants. of a specific geometry, which run sequentially, in
The most common performance measures foorder to manufacture dies and moulds. So, the cost
EDM (figure 1) are: material removal rate (MRR, of EDM tooling is increased by the complexity of
mm/min), tool wear ratio (TWR, V8f7Vol"®*  the eroded cavity.
(%)), and surface quality of the eroded caviiyn( In order to reduce the product development
Ra). time and the cost of tooling, layered manufacturing
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techniqgues were developed commonly known as The most widespread of RP techniques is
rapid prototyping (RP) technology. This technology StereoLithography (SL), which produces accurate
encompasses a group of manufacturing techniqueplastic prototypes (+0.15mm) from photocurable
in which adding the material layer-by-layer resins (figure 3).
generates the shape of the physical part.

Rapid tooling (RT) is a progression from rapid
prototyping. It is the ability to build prototypedils
directly, as opposed to prototype products directly
from the CAD model, resulting in compressed time
to market solutions.

The three broad classifications of the rapid
tooling techniques are direct, indirect and pa#tern
for casting [3]. The direct approaches use a rapid
prototyping based process to manufacture tooling
inserts directly, whereas the indirect methods use
the RP process to generate a pattern from which the
tooling inserts are made. Finally, rapid castingsus
RP patterns to produce final metal parts.

In the present work the various methods of Figure 3. SLA process [2]
producing rapid  tooling electrodes by N _
stereolithography (SL) process are classified and a In addition to the SLA technique there are a
large number of the supplementary processes whicRumber of RP techniques which can produce both
integrate each route are reported. Emphasis isigivePrototypes and functional parts: Selective Laser
on the RT electrode variations used, and thedintering, Laminated Object Manufacturing (LOM),
performance measures achieved. Finally, the resulfsused Deposition Modelling (FDM), 3D Printing,
of recent research work are tabulated and theduturThermo Jet Printing (THJ), etc. Although these

prospects of RT electrodes are discussed. techniques are oriented on rapid prototyping and
manufacturing, many researchers attempted to
2. Rapid prototyping techniques manufacture electrodes, too [3-7, 23, 32, 33].

Rapid prototyping technigues can be classified ) o
in three categories according to the initial state 3. El€ctro discharge machining
the raw material used (liquid, powder, and solid). ~ Electro discharge machining of metals makes
Regardless of the material state, all RP techniquedS€ Of electrical energy to remove material.
use the following five main steps to produceElectrical energy is turned into thermal energy
prototypes, patterns or final parts: CAD modeﬂhrough a series of discrete electrical dlscha'rges
preparation, STL translation, slicing and produttio Occurring between the electrode and workpiece
of technological program, additive manufacturing,lmmersed in a dielectric fluid. The thermal energy
and finally, post processing of the prototype. generates a channel of plasma between the cathode

Performance measures of RP techniques suc@nd the anode at a temperature in the range of 8000
as dimensional accuracy, surface roughnesg0 over 12000°C [1], initialising a substantial
mechanical strength, build time, as well as matteriaamount of heating and melting of material at the
properties and post processing, define the final ussurface of each pole. When the pulsating direct

of the corresponding prototype (figure 2). current supply, occurring at the frequency rate of
approximately 20-30 kHz is turned off, the plasma

channel breaks down. This causes a sudden
Material Processing mechanisn reduction in the temperature allowing the
Ao mechanist circulating dielectric fluid to implore the plasma

STL accuracy

Dimensional Accuracy

Epoxy

Post Processing

Supports removal

Reinforcemen

e R channel and flush the molten material from the pole

Material Processing mechanisn Part Surface m surfaces in the form of microscopic debris. The

cuporcrema 7 i rocsing T~/ e et volume of material removed per discharge is
padvemechanen sepere Orertat typically in the range of 10— 10* mn? and the

Surface Roughnes:

Figure 2. Factors affect the final use of SLA model material remoyal rate (MRR) is usually between 2

and 400 mrimin depending on the specific
application [1].
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Due to the EDM mechanism, the part and thenecessary [28]. Moreover, cast patterns need post
electrode are eroded at the same time. EDMprocessing, too.
performance is affected mostly by the process Figure 5 presents all the possible RT electrode
parameter values (on-time, current, off-time, etc.) manufacturing variations using SLA process.
and thus their values are set according to the
desirable performance (figure 1). Also, the materia
of the electrode must have suitable properties to
decrease the tool material removal rate and inereas l
the workpiece material removal rate. Furthermore, [[1 Non conductive mode }j
since the shaped electrode defines the area irhwhic
spark erosion will occur, the dimensional accuracy
of the produced part depends on the dimensional

SLA electrode variations

Finishing

accuracy and the surface texture of the electrode. Shell meta
Finally, shape details and recesses, as well as e
the dielectric fluid, affect the electrode perfonoa Sprayine Biushing of
. . . ) . 3 ipping a metal paint
since they define the electric field in which Spray metal
machining takes place (figure 4). Secondary metallizatior
Electroplating
Electroforming
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Figure 4. Factors affect electrode performance

4. Rapid tooling electrodes
Electrodes manufactured using SLA technique
ought to be of high dimensional accuracy and
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appropriate surface roughness in order to fulfil L. —— -~~~ _ o[ L__Keftc DSysteme |
EDMing specifications. Thus, post processing of | i: Pattemsforsoftiooing |
rapid prototyping parts for EDM applications is | postive o 1 o patten i
necessary. } Direct or Indirect metal electrode }

It includes several stages according to the  Figure 5. Possible variations of EDM electrode
material properties and quality characteristics manufacture using SLA process

(dimensional accuracy, surface roughness).
Post processing of non conductive SLA models4.1. Electrodes of non-conductive models
includes surface finishing, primary metallizatian t Rapid EDM electrode manufacture of non
change the conductivity and  secondaryconductive prototypes or patterns is divided in two
metallization to reinforce the final electrode subcategories: direct metal shell electrode (pasiti
properties. The above three sub-processes can lskape, figure 6), and indirect metal shell elearod
applied on a positive or a negative RP part (dioect (negative shape, figure 7).
indirect electrode). In a negative shape case, two Metallization of parts is divided in primary and
more steps must be applied: Backfilling the metalsecondary.
shell cavity with an appropriate material, and RP Primary metallization applies a thin metal coat
pattern (mandrel) removal process. (20-50 um thickness) to change the non-conductive
Metal parts made from SLA cast patterns neecpart to conductive. This can be achieved by
finishing to improve surface quality and eliminate electrodes plating, brushing a metal paint, spgyin
the stair stepping phenomenon. Also, scaling of the metal paint, dipping in a metal paint, or direct
STL file and modification on face small features is metal spraying.
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electroforming, metal spraying, or metal sheet
forming.

Electroplating is the deposition of a metal
coating onto an object by putting a negative charge
onto the object and immersing it into a solution,

1. SLA model which contains a salt of the metal to be deposited.
The metal ions of the salt carry a positive charge
and are attracted to the part. When they reathat,
negatively charged part provides the electrons to
‘reduce’ the positively charged ions to a metallic
form.

Electroforming is a process for fabricating a
metal part by electrodeposition in a plating bath
over a base form or mandrel, which is subsequently
removed. Build-up is achieved over all mandrel
surfaces at an approximate deposition rate ah?5
per hour. Electroforming reproduces the form or
mandrel exactly (aboutuin), without the shrinkage

2. Copper shaft
and primary
metallization

3. Direct copper shell

electrode and distortion associated with other metal forming
technigues such as casting, stamping or drawing.
Figure 6. Direct copper shell electrode Metal spraying is the process of spraying

molten metal onto a surface to form a coating. This
is achieved by melting either pure or alloyed nsetal
in a flame. The molten metal is then subjected to a
blast of compressed air, which has the joint efééct
creating tiny droplets of metal and projecting them
towards the surface to be coated. The end resalt is
solid metal coating on the surface to be treatée T
number of layers applied dictates the thickness of
the coating.

If second metallization stage is applied on a
negative pattern (mandrel), then two more stages
are necessary to complete the electrode
manufacturing process: mandrel removal, and back
filling of the metal shell. Which one of the above
two would be applied first is under consideration.

Mandrel removal can be achieved by melting,
burning out, or heat softening. Also, backfiller
material can be a low melting alloy with good
electrical and thermal conductivity.

It is noted that the mandrel removal process
affects the metal shell rigidity, while the baclkriig

Figure 7. Indirect copper shell electrode process distorts the metal shell due to the difitere
thermal properties of the backfiller and metal Ehel

Applying a conductive paint is an alternative materials. These problgms become greater if a
method for the manufacture of conductive plasticcomplex mandrel shape is used.
parts. The conductive metal coating is applied by _
spraying, dipping in metal paint, as well as by#2. Electrodes made using cast methods
brushing or rolling a solution onto the substrate. Cast made electrodes originating from SLA
Secondary metallization applies a thicker Patterns (positive or negative) can be dividedeet
substrate (more than 18@n thick) to reinforce the Subcategories:
electrode properties and performance. Electrode Cast metal electrodes come from RP Patterns.
reinforcement can be achieved using electroplatinglnvestment casting and sand casting are the two

38 RECENT, Vol. 9, nr. 1(22), Martie, 2008



Rapid Electrode Manufacture Using Stereolithogralgloglels - A State of the Art

most popular processes for producing metal partdhe same researchers [18, 19]. They concluded that
In order to use these processes for electrodthe different leaner expansion between the epoxy
production, STL file modifications and CNC finish core and the copper shell cause shear stresses
machining of metal cast parts is needed to producbetween their interface and finally lead to eled&o
dimensionally accurate electrodes with anfailure. Moreover, due to the substantial drophia t
acceptable surface quality. Finish-machiningelectrical conductivity of copper between ambient
techniques for rapidly manufactured parts wereroom temperature and the operating temperature
developed [28, 29], which will be incorporated onrange of EDM, they suggested further investigation
cast metal parts. with respect to its effect on heat generation and

Patterns for metalized electrodes come fronprocess efficiency. Also, they stressed the need to
soft or hard tooling. This will be necessary if mor investigate the thermal behaviour of complex SL
than one pattern is needed [21]. electrodes too.

Direct electrodes come from hard tooling. Moreover, attempts to improve electroplated
Many methods have been tested, such as graphigdectrode efficiency were made using copper
powder compaction [8-10, 30], rotational copperpyrophosphate electrolyte instead of acid copper in
casting and tartan tooling [14], and the 3D Keltoolthe stage of secondary metallization of the eleero
method. The most promising method of these is th¢20]. Although good pore closure properties were
latter, which produces compact metal partsachieved in this way, the shear stresses between th

replicating the RP pattern. epoxy core and the copper increased due to the
operating temperature (%5) resulting in distortions
4.3. Literaturereview of the electrode shell.
According to the literature, EDM electrode Dover and others [16] attempted to use Electro-

fabrication attempts, using SLA prototypes ordeposition techniques to directly produce metal
patterns, were made very early, in parallel to RRools. They used a copper sulphate electrolyte
development [8-11]. system to produce EDM electrodes and a nickel
Very early [12-17] direct tooling of SL epoxy sulphate electrolyte system to produce press tools.
prototypes were used to produce metallizedn order to limit the deposition to the requireckar
electrodes with a plastic (epoxy) core. A simplethey used high-speed selective jet Electrodepaositio
electrode shape (15x15 mm flat face) without detail This forces the electrolyte through a small nozzle.
or recesses upon its face was used. The erodalfith the anode upstream from the nozzle, the Electr
material was a tool steel and the cut depth wasleposit is limited to a small area on the cathdde a
4mm. Silver paint (10um) was used as primary the end of the nozzle. The nozzle is then moved in
metallization and a shell of electrodeposited coppevector path in a similar way to an SLA laser.
(180 pum) as secondary metallization. The total The assessment of SLA copper shell electrode
processing time for electrodeposited coating wadolerance was investigated extensively using a
less than a working day. Parametric optimization,SL7540 epoxy resin by Bournemouth University
using the Taguchi method, of EDM for electroplated[31]. The shape of the part was complex with sloped
electrodes, was applied because of the unknowsurfaces, deep slots and details; a model which is
electrical and thermal conductivity of metallized difficult to be manufactured by CNC milling. They
electrodes. After optimization, an MRR of about 3.7sprayed a silver paint and measured its average
mm/min and a surface roughness of aboutin6  thickness using an eddy current sensor. The average
(Ra) were achieved without damaging the electrod¢hickness was about 8n. Then they electroplated
(table 1). These results could be considered athe part for 37 h using a low current (1 A/ 10G)cm
acceptable only for semi-roughing or finishing After that the part was drilled in several posison
cutting. They inferred that, a shell of copper kieic and the shell thickness was measured. They found
than 180 um is needed in order to use thesebig differences in the copper shell thickness
electrodes for general applications. In this casegdepending on the position of measurement. The
scaling of the STL model as well as a uniform shellleast deposition tended to occur in the inner gzsrit
thickness is required. They proposed as future workabout 20um), while the upper and outer faces had
to investigate the electrodeposition of metal cmpsi  substantial copper deposition (about 13@). It
especially if it is applied on a complex geometry. was concluded that electroplated electrodes are
The heat distribution and the associated failureunsuitable for industrial use due to the uneven
modes of the above electrodes were investigated bgopper shell thickness.
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Dimensional accuracy issues of copper shell osquare cavity (80 x 80 mm) with many delicate
electroplated electrodes were also investigatefl [27 features on its face. These features included
First it was noted that the accuracy of anrectangular, triangular, hemispherical and conical
electroplated electrode is a function of threedexit  protrusions and recesses. First, they fabricated a
the accuracy of the RP model, the accuracy of th&tereolithographic pattern and then used silicon
primary metallization, and the accuracy of theRTV and vacuum casting (soft tooling) to produce
copper shell thickness. They focused on thdlexible silicon cavities. Then they performed
accuracy of copper shell thickness and designedopper electroforming on the above cavities to
experiments to investigate its variation. They usegroduce a copper shell. Details of the first
as patterns CNC machined copper parts in order tmetallization stage of the silicon cavity, as wad|
avoid primary metallization. The shape of the modelthe second metallization stage, and the separation
was a pad (80 mm x 100 mm) which had two halfmethod between the silicon cavity and the copper
cylinders (12.5 mm in diameter with a perpendicularshell were not reported. The above shells were then
axis), and some other recesses and details on imeheated and backfiled with zinc to give the
face. Then, copper shell metallization waselectrode the necessary mechanical strength. Then,
performed with an alkaline copper electrolyte atexperiments were conducted wusing pre-set
45°C during 25 h, at 1 A/dfcurrent. They didn't  machining conditions in order to study the electrod
use any method to improve the deposit homogeneityperformance. Electric pulse duration ‘on-time’ and
The critical dimensions of the patterns were‘off-time’ as well as peak current ‘IP’ were usesl a
measured before and after electroforming using grocess variables. Hardened steel (H13 grade steel)
3-axis CNC machine. The average thickness of thevas selected as the eroded material. A 5 mm deep
copper deposit was found to be 0.25 mm but theyavity was eroded in each EDM experiment. As the
observed large variations in the average thicknesmain purpose of research was to study the wear
and its standard deviation depending on parproperties of the electroformed electrodes theyluse
characteristics. Finally, it was concluded thateach one of the two electroforms until it failed
because of their lack of dimensional performancesduring the experimentation process. A CMM
electroplated electrodes were not satisfactory fomachine was used to measure electrode features
industrial use. before and after each EDM experiment. Distortion

Back filled EDM electrodes coming from of the electrode features and unequal shell thekne
electroforming of a negative RP model wereaccording to depth of the cavity were inspecteeraft
produced by the previous researchers too [14, 20EDM.

In this case, a Stereolithography model of the  The above researchers, having studied the
reverse form of the electrode was used. Thexperimental results, concluded that feature
electrode shape was a large convex dome (R = 8@istortions were created due to incomplete fillofg
mm, chord length = 4 mm) without any details orthe backing material as well as unequal shell
recesses upon its face. The eroded material wasthickness created during copper shell electrofogmin
tool steel and the cut depth was 8.7 mm. Silventpai and not during ED machining. Also, they concluded
(10 um) was used as primary metallization andthat rough machining conditions could deform the
copper from an acid bath was used to produce #ol. Semi-roughing to finishing machining may be
shell 2-3 mm thick. A copper shaft was set into theundertaken using these tools. In this case, it b&y
back of the shell using epoxy adhesive. The totalmperative to use more than one tool to perform a
processing time for the electroformed electrodessingle operation.

was about a working day depending on the  Stereolithography and ThermoJdet (THJ)
electrode geometry. Although the backfilled mandrels were used to manufacture thin walled
electrodes gave better material removal rates (abowlectroformed electrodes [22, 23]. The researct goa
50mni/min) the difficulties on separating the shell was to manufacture RT electrodes quickly as well
from the epoxy negative body, as well as the staias to investigate electroforms and electroformed
stepping phenomenon of the SL models need to belectrode performance. They concluded that not
overcome, especially for electrodes having curvednly SLA patterns but also THJ can be used as THJ
geometry, recesses and details. gives much better build times than SLA. They

Copper shell electroformed electrodes weredesigned experiments using both SLA epoxy and
also fabricated to investigate their performanceé an THJ wax models.
viability [21]. The part, used as a pattern, was a
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Table 1. Performance measures of metal shell ebbetr

Arthur et al, | Booking et al, | Yarlagadda et| Yang & Leu, Rennie et al, Dilma et al, Gillot et al,
1996 [14] 1997 [20] al, 1999 [21] 1999 [24] 2001 [23] 2004 [31] 2005 [27]
Model material Epoxy Epoxy Epoxy Epoxy Epoxy Ep&iy7540 CNCl/copper
- ) Negative/ . . - -
Shape Positive Negative Soft tooling Negative Negative Positive Positive
Shape . . . .
complexity Simple Simple Medium H’ shape Complex part Comppert Complex part
XY dimensions R=80
(mm) 15X15 Chord length=4 80X80 60X60 - 200X200 80X100
Primary Conductive | Conductive painf Itis not Electroless Spraying paint (5-| Spraying silver No
metallization | paint (1Gum) (10um) reported plating 40um) paint (3-1@m)
Secondary | Electroplating| Electroforming Electroformin Electroforming | Electroforming Cu| Electroplating | Electroplating
metallization Cu (18Qum) Cu (2-3mm) 9 cu (1 -2mm) (0.4 - 3mm) Cu (10-18@m) | Cu (0.25mm)
Electrolyte CuS04, Cu CusoO4 CusoO4 alcaline copper
solution Cuso4 pyrophosphate| Cuso4 with additives with additives Cuso4 (45 oC)
) i) Polyurethane with
Core/ ba_ckﬂll Epoxy Epoxy, copper Zink Tin-lead alloy | Fillite sand, ii) tin Epoxy Copper
material shaft )
bismuth alloy
Separation - Thermal Itis not Burned Boiling water - -
method reported
Eroded material Tool steel Tool steel H13 Sgtr:;e tool Hard steel Hard steel - -
Cut depth (mm) 4 8.7 5 10 up to 15 - -
MRR (mn¥/min) up to 3.7 Up to 50 5-50 Copper shell
Copper shell thickness is
0.002-0.18%
0, . . . .
(;r/\ell\elclRV(wfr'Z) 0-100 0-100 prefixed EDM It is not (Normalized _;h'gg‘,eie'j Ulz\és:qlg?czedé
parameters investigated percentage WR) | [Nvestig : ! copp
Workpiece Unever_1 copper _deposmo_n_ in
Roughnessym, Up to 1.6, up to 1.6, up to 1.6, _deposmo_r! in inner cavities
Ra) nzner cavmt)es.
20-18um
) model (1/2), model (1), . N
Total time Coating(1/2) Coating (1) Several days | Itis notreported 24h 24h

Firstly, they used eight SLA mandrels in order removed using boiling water. The performance of
to measure the performance of electroforms as weklectroforms was established by measuring the
as the performance of electroformed electrodesdimensional changes of eight electroforms after
These mandrels were manufactured on axtraction from their respective SL master mandrel.
SLA250/50 machine with a SL5170 material They found that all dimensional changes were
system. All mandrels had a tolerance between +0.16etween +0.15 mm.

mm. The shape of mandrels was a cavity with a  Then the performance was investigated using a
detail and a recess on its face. An air brush waROBOFORM 31 EDM machine and five
used to spray even amounts of silver paint on eachlectroformed electrodes as tools. The material
model especially on recesses. The coating thicknesemoval rates were between 5 and 50°%min and

was between 5 to 4Qum. Then they applied the surface roughness was set at a value ofjin62
electroforming on mandrels. A different plating Two of the above electrodes failed at an earlyestag
time was used for each mandrel in order to producshowing edge split on details. After EDMing the
different shell thickness electroforms. The averageelectrodes were sectioned and the normalized
shell thickness of electroforms was between 0.4-3.@ercentage wear rate was measured. It was found to
mm. Copper sulphate electrolyte containing organide between 0.02 and 0.18%. The normalized
additives was used to minimise stress and allow percentage wear rate is defined as the original
smooth deposition of copper. The operationalelectroform dimension divided by the post-sparking
current density was between 10 and 60 mA/cm dimension and then multiplied by the dimensional
They used either polyurethane (PU368) mixed withdifference between the two. Finally, the remaining
fillite sand (4:1) or tin bismuth alloy as bacldillin  three electroformed electrodes were sectioned and
order to manufacture electroformed electrodes. Ahe actual shell thickness in recesses and detags
suitable preheat of metal shell was used in order tmeasured. A different shell thickness was found, as
eliminate the distortions. Finally, the mandrelgeve it was expected, at recesses and details. A smaller
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thickness of plating was measured on details, whiclprocedure to produce appropriate electroforms in a
is one of the most important factors of prematureperiod of about 25 h, but this would result in the
wear of electrodes (edge split phenomenon, figure 8 reduction of the metal distribution.

Investigations of copper electroformed
electrodes were also performed by NJIT [24]. They
used an SL epoxy as a sacrificial pattern.
Electroless plating was wused as primary
metallization. The mandrel was a cavity 60x60 mm
(11.4 mm deep) with an ‘H’ shape inside. The SL
cavities were polished to a surface finish of ug®
After polishing the dimensions of the ‘H shaped
mandrel were measured. Then two electrodes were
made with a shell thickness of 1 mm and 2 mm
copper each. Both mandrels were electroformed at

Figure 8. Edge split failure [19] room temperature to avoid thermal expansion.
Then, the mandrels were removed applying heat
Secondly, having realized that a considerablgincineration). Finally, the copper shell was batke
time is spent to produce SL mandrels the abovgyith a tin-lead alloy and the dimensions of the
researchers tried to manufacture electroformelectrode were measured and compared with the
electrodes using THJ mandrels. They designed thgimensions of polished mandrels. A deviation
same project and found similar results. Thepetween 0.013 and 0.091 mm for the 0.1 mm
dimensional changes of eight electroforms inelectroformed electrode and a deviation between
comparison to their respective THJ mandrels werg) 01 and 0.074 mm for the 0.2 mm electroformed
between -0.15 and 0.25 mm, and the normalize@|ectrode were found, respectively. They noted that
percentage wear rate of four sparked electroformenis route of making electrodes does not require a
were between 0.01 and 0.07%. uniform thickness of the plated copper compared to
Finally, the above researchers designedhe electroplating process. Thermal deformations
experiments to investigate the relationship betweegaused by burning out the SL masters and
shell thickness and depth of erosion. The shape dfackfilling the electroformed metal shell with
the mandrels was a cavity with three scaled resessenolten metal are identified as the major sources of
inside. They used wax mandrels divided in twoinaccuracy. The thickness of the electroformed
categories. The shape was the same for eacfbpper shell must be optimized in order to minimize
category on the X and Y dimensions and differentthe manufacturing cost. Also, the same researchers
on the Z dimension. The cavity depths were 15 mMnproduced electrodes by electrodeposition of RP
and 7mm for each category. The plating time of themasters [25, 26]. They suggested non uniform

mandrels was between 24 h and 86 h. The averaggickness of the plated copper as one of the most
shell thickness of the electroforms was betweenmportant disadvantages of this process.

0.5 mm and 1.67 mm. The electroformed electrodes Spraying metal on a positive or a negative SL

used to erode hard steel cavities and examined ipattern has also been investigated [9, 17]. It was
situ every 15 min until all three blocks failed or found to have inferior characteristics to electavgd
until the pre-set level of erosion had been reachedind electroformed electrodes. Bocking et al [20]
After that, electrodes were metallurgically micro- concluded that the advantage of using electrojatin
sectioned in order to examine both the coppetompared with metal spraying is that the coating ha
distribution and the deposit structure. It wasg greater density and tends to be much stronger. In
concluded that an electroplating time between 40kddition, when providing adequate control of the
and 80h was needed to produce electroforms of aprocess, the coating is not subject to the same
average shell thickness of 0.6 mm, which wasmagnitudes of internal stress as metal-sprayed
critical to erode a 6mm tool steel Cavity. Evennthe Coatings_ Furthermore, pr0b|ems may appear, such as
small, deep cavities would not erode to a significa gz variable thickness of the metal particularly with

depth. They proposed sequential machining usingieep cavities, recesses, bores, and blind holes.
automatically loaded electroformed electrodes as a Table 1 summarizes the results of RT electrode

solution to erode cavities with more than 6 mm inperformance, which were produced using non-
depth. Also, a current density of up to or overconductive materials.
60 mA/cnf could be used in the electroplating
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5. Conclusions and future prospects scaled to compensate for the shell thickness, a
Since EDM is one of the most extensively usedcertain dimensional inaccuracy occurs because of
non-conventional material removal processes anthe uneven shell thickness. This problem is more
SLA technique has become well documented, mangvident on edges as well as on recesses of copper
attempts have been made to manufacture copp&hell electrodes. This is the main reason for the
electroplated or electroformed electrodes forpremature damage of RT electrodes (edge split
roughing, semi-roughing and finishing EDM failure during sparking [19], figure 8).
applications. Also, the different thermal conductivity,

Researchers improve the dimensional accuracglectrical resistance, and thermal expansion
of SLA systems by suggesting new materials withcoefficient of the resin and the copper affect the
better properties as well as optimizing the process¢lectrode performance (delamination, rupture, and
parameters of the SLA systems available. distortion failure modes [19]).

On the other hand, the additive mechanism  On the other hand, the electroformed electrode
which is used of SLA technique not only gives themethod, theoretically gives a better dimensional
possibility of manufacture free form parts but also accuracy due to the fact that no shell thickness
affects part quality. For example, in sloped swefac compensation is needed. But in this process,
which exhibit the ‘stair stepping’ phenomenon; andisengagement between the mandrel and the metal
effect caused basically by layer thickness of theshell is a further problem. For epoxy materials,
material layers. Additionally, the supports removalthermal disengagement could distort the copper
process affects part surface quality too. shell, thus it is to be applied after the backirfgl

For hard surface epoxy parts, after supportgrocess. This causes problems too. The most
removal, post curing and finishing, electrodescommon procedure is to preheat the copper shell
plating seems to be the most convenient process @nd use a low melting alloy material as backfiller,
change the conductivity of plastic articles. Itegv and then to remove the mandrel by heating. Even if
the most uniform coating especially in recesses anthe above is taken into account, the uneven copper
on details. Then electroforming or electroplatisg i shell thickness causes premature wear to this kind
proposed for hard metal shell metallization. of electrode too.

Although many metal choices exist, copper is Experimental investigations have shown that
recommended for epoxy metal shell electrodes dugnder strict conditions simple shaped metal shell
to its good electrical properties. Moreover, shellelectrodes can compared to conventional electrodes
metallization must be applied at ambient(table 1).

temperature to avoid distortions of the copperishel ~ Also, electroformed electrodes seem to have
due to the epoxy having a higher shrinkage factorbetter performance on rough EDMing and
Also, due to the uniform deposition of copper electroplated ones on finishing applications.

during electroplating or electroforming, the cutren Soft tooling of RP patterns could also be an
must have low strain values (about 1enf) and  alternative to produce more than one similar
the solution must have appropriate organicelectrode for sequential EDMing [21].

additives. Otherwise, porosity of copper substrate Finally, cast made metal electrodes do not meet
may be caused (porosity and peppering failurghe specifications of EDMing yet. The development
modes, [19]). of an appropriate S/W, which will manipulate an

If all the above is taken into account, anSTL file of an RP pattern for EDM use, is needed.
average electroplated copper shell of 0.6mm will beThis S/W will incorporate features like scaling,
produced in about 24h, which is capable of erodinggutting, joining etc of the STL part taking into
a 6mm deep cavity in a typical tool steel partaccount the EDMing specifications. Also, it must
without being damaged. produce the technological program for CNC

However, the dimensional accuracy of thefinishing automatically. These programs will be
electroplated electrodes is decreased due to théseful for other RT electrode methods too.
uneven copper shell thickness. The electroplated
-She” thickness is affected by the electric fiekiah 1.elf|geKnﬁeSNewman S.TState of the art electrical discharge
IS ?.ISO affected by the shape_ _Of the part. Thus, & ma{chiniﬁg (EDM) Int. J. Mach. Tool. Manu., 43 (2003), p.
strictly controlled electrodeposition method must b  1287-1300
used for an even shell thickness; a problem that hae. Jacobs, P.FStereolithography and other RP&M technologies:

not been solved so far. Even if the STL model is from rapid prototyping to rapid toolingASME Press, New
York, NY, 1996
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