Strojniski vestnik - Journal of Mechanical Engineering 51(2005)3, 160-171
UDK - UDC 621.9.048:621.753.5
Strokovni ¢lanek - Speciality paper (1.04)

Uporabnost obdelave z abrazivnim vodnim curkom v
orodjarstvu

The Versatility of Abrasive Water-Jet Machining in the Toolmaking Industry
Bostjan Jurisevi€ - Davorin Kramar - Mihael Junkar

Obdelava z abrazivnim vodnim curkom (AVC) je neobicajni postopek, ki temelji na odnasanju
materiala obdelovanca kot posledice erozije trdih abrazivnih delcev, pospeSenih z vodnim curkom velikih
hitrosti. Prednost AVC pred drugimi odrezovalmini postopki je v zmoznosti obdelave prakticno kateregakoli
materiala in zanemarljivi toplotno prizadeti coni v obdelovancu. Poleg tega je obdelava z AVC ekolosko
zelo sprejemljiva, saj uporablja le vodo in naravne abrazive. Podrocje uporabe AVC sega od ciscenja in
utrjevanja povrsin, kjer se vecinoma uporablja le vodni curek (VC), obrisnega rezanja, teksturiranja,
frezanja pa vse do preoblikovanja in uporabe v medicini. Razvoj tehnologije z namenom povecati natancnost
obdelave gre v smeri uporabe visjih tlakov ter manjsih premerov curkov in finejsih abrazivov, kar bi odprlo
Stevilne moznosti na podrocju mikro obdelave. V prispevku so opisane najnovejse raziskave s podrocja
obdelave z AVC in VC, pri katerih je bil Laboratorij za alternativne tehnologije (LAT) dejavno udelezen.
© 2005 Strojniski vestnik. Vse pravice pridrzane.

(Klju¢ne besede: orodjarstvo, obdelave s curkom, curek vodni, curek abrazivni)

Abrasive water jet (AWJ) is a non-conventional machining process in which the material-removal
process in the workpiece takes place as a result of the erosion caused by high-speed abrasive particles.
Several characteristics, like the ability to machine practically any known material and the absence of any
relevant heat-affected zone (HAZ), make the AWJ process highly competitive, especially in the case of hard-
to-machine materials. The process is environmentally acceptable, since only water and natural abrasives
are used. The range of applications is wide: from cleaning and surface preparation to cutting, deep-hole
drilling, turning and milling. Since its introduction, a wide range of applications and new opportunities
(medicine, forming) are showing all the potentials of this technology. This contribution aims to present the
latest research in the field of AWJ and WJ implementation in the toolmaking industry that have been tested
and researched at the Laboratory for Alternative Technologies (LAT).
© 2005 Journal of Mechanical Engineering. All rights reserved.

(Keywords: toolmaking, machining processes, abrasive water jets)

0UVOD

Obdelava z AVC spada v Siroko skupino
postopkov, pri katerih je orodje curek z velikimi
hitrostmi. Poleg obdelave z AVC je zelo razsirjena
obdelava z VC, ki se uporablja za ¢is¢enje, obdelavo
in utrjevanje povrsin, preoblikovanje, rezanje
mehkejsih materialov, kot podpora pri obicajnih
odrezovalnih postopkih, recikliranju ter
nenazadnje v medicinskih uporabah. Obdelava z
abrazivnim curkom (AC), pri katerih so abrazivni
delci pospeseni s tokom zraka z velikimi hitrostmi,
se veC¢inoma uporablja za obdelavo povrSin
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O0INTRODUCTION

AWIJ belongs to a wide group of machining
processes, but unlike traditional, rigid machining tools,
the tool is a high-speed jet of water. Besides AWJ, which
is mostly used for cutting, the WJ process has a domi-
nant role in the field of cleaning, surface preparation and
hardening, forming, cutting of softer materials, assisting
to conventional cutting processes, recycling and medi-
cal applications. Another process from this group is abra-
sive jet machining (AJM), where a high-speed air jet
accelerates the abrasive particles. This process is mostly
used for surface treatments like cleaning, engraving, tex-
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(¢isCenje, teksturiranje, graviranje, poliranje).
Skupne lastnosti obdelav s curkom z velikimi
hitrostmi so velika koncentracija energije,
odsotnost toplotno prizadete cone v obdelovancu
ter majhne sile na njem. Vsi navedeni postopki so
mehanski, orodje (curek) pa se neprestano
obnavlja.

Za obdelavo trsih materialov, uporabljenih
v orodjarstvu je najbolj primerna obdelava z AVC,
kateri bo v nadaljevanju posvecene najvec
pozornosti. Po kratkem pregledu razvoja postopka
obdelave z AVC so v nadaljevanju predstavljena
osnovna nacela delovanja. Sledi pregled podrocja
uporab ter smeri nadaljnjega razvoja tehnologije. Na
koncu so podani sklepi z razpravo o moznostih
uporabe postopka predvsem na podrocju
orodjarstva.

Namen predstavljenega prispevka je
prikazati moznosti za uporabo AVC in VC na
podrocju orodjarstva, ne le pri izdelavi orodij, ampak
tudi pri nacrtovanju tehnologije preoblikovanja.
Izkazalo se je, da se lahko predstavljena tehnologija
uporabi pri izdelavi prototipov pri preoblikovanju
plocevine, ¢emur bo posvecena posebna
pozornost.

1 RAZVOJPOSTOPKA

Postopek obdelave z AVC je bil razvit
v zgodnjih osemdesetih letih prej$Snjega stoletja
iz postopka obdelave z VC. Izkazalo se je, da
lahko curek pare ali stisnjenega zraka pri
poskodbah napeljav prereze leseno palico [1]
ter da vodne kapljice lahko poSkodujejo
povrsino kril na letalu [2], kar je privedlo do
prve uporabe VC v industrijske namene [3].
Dejansko pa prve uporabe VC v rudarstvu
segajo na zacetek 20. stoletja [4]. Leta 1983 je
bil izdelan in patentiran prvi trzni sistem za
obdelavo z AVC [5], kjer so z dodajanjem
abrazivnih delcev v VC omogocili obdelavo
prakti¢no vseh materialov.

Od takrat je razvoj postopka obdelave z AVC
hitro napredoval in je dandanes eden izmed
najobetavnejsih. Leto kasneje je bil razvit prvi
suspenzijski sistem, ki se zaradi velike stopnje obrabe
komponent in pocasnih odzivnih ¢asov kjub
Stevilnim prednostim (vecja energijska ucinkovitost,
kakovostnejsa obdelava, nizji tlaki vode itn.), ni
uveljavil v praksi. Slika 1 prikazuje razvoj obdelave z
AVC.

turing, and polishing. A common feature of all these jet-
based processes is a high energy concentration, small
forces on the workpiece and the absence of a relevant
HAZ. All these processes are mechanical, and the tool
(a high-speed jet) is self renewing during whole of the
machining process.

For hard-to-machine materials, as is the case in
toolmaking, the AWJ machining process is very appropri-
ate, and will be explained in more details in the following
sections. A short overview of the AWJ process will be
given, and its working principles will be explained. Aftera
short preview of the applications, and predictions of the
further developments and expectations of high-speed jet
technology, special attention will be given to the fields of
AW1] 3D machining and WJ incremental-forming investi-
gations, which have been performed in our laboratory.
Finally, the role of both AWJ and W] machining process
in the toolmaking industry will be described.

The objective of this contribution is not only
to show the possibilities of AWJ and WJ machining for
tool and die production, but also to point out the possi-
bilities of using this technology in technology planning,
such as in the case of sheet-metal forming. An emerging
application is WJ incremental sheet-metal forming, which
can be used for prototype and small-batch production.

| DEVELOPMENT OF AWJ TECHNOLOGY

AWIJ technology was developed in the early
1980s from the W1J process. Earlier, in the 1960s, it was
observed that a jet of steam or air in a pipeline leakage
could easily cut a wooden beam [1]. In the same period it
was also known that high-speed water droplets could
damage airplane wings [2]. These findings led to the first
uses of high-speed Ws in industrial applications [3], while
the first application of WJs in mining began at the start of
the 20" century [4]. In 1983 the first commercial system,
known as injection AWJ, was available [5]. In this system,
hard abrasive particles are added to the W1J, which makes
it possible to machine practically any material.

Since then the AWJ process has evolved very
rapidly, and today it is one of the most promising technolo-
gies. A year later, the first suspension AWJ was developed;
in this case a suspension of water and abrasive is pressed
through a nozzle where a high-speed jet is formed. Even if
the suspension system is, in many aspects, (higher effi-
ciency, better machining performance) superior to the injec-
tion AW1J system, it is not used so much due to the higher
degree of wear of the components and the longer starting
and stopping times for the jet. Figure 1 shows the historical
development of the WJ and AWJ technologies.
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Sl. 1. Razvoj postopka obdelave z VC in AVC
Fig. 1. Historical development of WJ and AWJ technology.

Dandanes se najbolj uporabljajo tako
imenovani injekcijski sistemi za obdelavo z AVC,
katerih nacelo delovanja je podrobneje predstavljen
v naslednjem poglavju.

2NACELO DELOVANIJA INJEKCIJSKEGA
SISTEMA Z AVC

Injekeijski sistem za obdelavo z AVC v splosnem
sestavljajo: visokotla¢na vodna ¢rpalka (batna Crpalka ali
hidravli¢ni ojacevalnik), rezalna glava, sistem za dovod in
doziranje abraziva, delovnamiza, lovilnik curka po obdelavi
ter kemilni sistem, kakor prikazuje shema na sliki 2.

As mentioned before, today, the most com-
mon systems are AWJ, the working principle of
which is explained in more detail in the next sec-
tion.

2 WORKING PRINCIPLE OF THE INJECTION
AWJSYSTEM

The main components of an injection AWJ
system are: a high-pressure water unit (plunger pump
or hydraulic amplifier), a cutting head, an abrasive
feeding system, a working table, a jet catcher and a
controlling unit, as shown in Figure 2.

sistem za
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— —»| abrasive feeding VC / AVC
méﬁg;":‘r.‘fvg'd . abraziv system W /AW
water ﬂ!ltering abrasive machining model
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water preparation high-pressure cutting system
unit water pump head controler
VC/AVC
WJ/AWJ
empiriéna
d obdelovanec baza podatkov
ot elektri¢na workpiece empirical
energija data base
power supply delovna miza

z lovilnikom curka

working table with
the jet catcher
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Sl. 2. Shema sistema za obdelavo z AVC
Fig. 2. Main components of an injection AWJ cutting system
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Z visokotla¢no c¢rpalko se tlak vode
dvigne na nekaj sto MPa. Danes se za AVC
obicajno uporablja tlak 400 MPa, kar je odvisno
od uporabe, v prihodnosti pa se bodo
najverjetneje uporabljali tlaki do 1000 MPa. V
rezalni glavi nastane curek vode z veliko
hitrostjo, abraziva in zraka, ki predstavlja orodje.
Sama rezalna glava je sestavljena iz vodne Sobe,
kjer najprej nastane vodni curek z veliko
hitrostjo, ki gre skozi meSalno komoro, v katero
se dovaja abrazivne delce. Pod meSalno komoro
je namescena fokusirna Soba, kjer se abrazivni
delci pospesujejo do hitrosti, ki omogocajo
odnasanje materiala obdelovanca. Zaradi VC z
veliko hitrostjo se ustvari podtlak, kar ima za
posledico vsesavanje zraka skozi dovod
abraziva. Tok zraka ima pomembno funkcijo
prenosa abraziva v meSalno komoro in
zacetnega pospesevanja abraziva. Obdelovanec
je obicajno vpet na delovno mizo, podajalno
gibanje pa opravlja rezalna glava (orodje), ki je
pritrjena na postavljalni sistem. Celoten sistem
za obdelavo z AVC je racunalnisko krmiljen in
nastavlja optimalne obdelovalne parametre
(podajalna hitrost, tlak vode, masni tok abraziva
itn.). Sila curka je obic¢ajno med 10 in 20 N, kar
omogocfa preprosto vpenjanje in rezanje
kompozitnih materialov in tankostenih struktur
brez posSkodb. Pri obdelavi z AVC je treba
poudariti, da obdelovanec pride v stik z vodo,
kar je treba upostevati pri materialih, obcutljivih
na vodo.

3 PODROCJE UPORABE TEHNOLOGIJ VC IN
AVC

Zaradi svoje enkratne lastnosti
obdelave prakti¢no vseh materialov je AVC
vsestransko orodje. Sistemi za obdelavo z AVC
omogocajo tudi obdelavo z VC, kar bistveno
razsiri podrocje uporab rezanja na utrjevanje in
pripravo povrsin ter celo na preoblikovanje
plocevine. Na sliki 3 so prikazane uporabe VC in
AVC.

V nadaljevanju so predstavljene uporabe
AVC in VC, ki so zanimive predvsem na podroc¢ju
orodjarstva, tako izdelave orodij kakor tudi pri
nacrtovanju tehnologije preoblikovanja. Prikazano
je koraéno preoblikovanje plo¢evine z VC, izdelava
3D oblik, vrtanje globokih lukenj in odstranjevanje
trdih povrsinskih slojev z AVC.

The water pressure is raised in the high-pres-
sure unit to several hundreds of MPa, depending on
the selected application. For AWJ, today, the most com-
monly used water pressure is up to 400 MPa, but in the
future it seems that pressures up to 1000 MPa are very
likely to be used. A high-speed AWJ composed of abra-
sive, water and air is formed in the cutting head, which
represents the tool. There is an orifice at the top of the
cutting head, where a high-speed W1J is formed. The
fully developed WI passes through the mixing cham-
ber, where abrasive particles are entrained from the
abrasive feeding system. The focusing tube is fixed on
the other side of the mixing chamber and aligned with
the orifice. There the abrasive particles are accelerated
to velocities that enable the material-removal process
in the workpiece. In the mixing chamber, an under pres-
sure is established as a result of the high-speed WJ,
and this initiates an air flow through the abrasive inlet.
This air flow has an important role in the acceleration
process of the abrasive and in its transportation into
the mixing chamber. In most cases the workpiece is
fixed on the working table and the jet moves along the
contour that has to be cut. The control unit optimally
adjusts the process parameters (cutting-head kinemat-
ics, water pressure, abrasive mass flow, stand-off dis-
tance, impact angle of the jet, etc.). Because the force
of the jet is relatively small (in the range of 10 to 20 N),
no special clamping systems are required, and the proc-
ess is adequate for machining composite and hollow
structure parts. In the case of machining water-sensi-
tive material, it is important to take into account that
the workpiece will come into contact with water.

3 APPLICATION FIELDS OF WJ AND AWJ
TECHNOLOGY

Due to its unique characteristic of being
able to machine practically any known material, the
AW] is a multifunctional tool. All commercial AWJs
can also be used for WJ machining, which further
increases the application fields from cutting to sur-
face preparation, cleaning, forming, etc. Figure 3
shows the application fields of this technology.

From this wide field of application we will
further present the incremental forming of sheet metal
with a WJ, the machining of 3D features, small deep-
hole drilling and decoating or hard-top-layer remov-
ing with the AWJ. All these applications have tre-
mendous potential in the toolmaking industry for
producomg tools and for technology-planning pur-
poses.
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Sl. 3. Uporabe obdelave z VC in AVC
Fig. 3. Application fields of AWJ and WJ technology

3.1 Koracno preoblikovanje z VC

Na podro¢ju preoblikovanja smo opravili
raziskavo moznosti uporabe VC z velikimi hitrostmi
za koracno preoblikovanje plocevine [6]. Prvi rezultati
so pokazali, da se lahko VC uporabi kot orodje, ki s
primerno nastavitvijo parametrov postopka
preoblikuje ploc¢evino v poljubno obliko. Na sliki 4 je
prikazan rezultat poskusa kora¢nega preoblikovanja
aluminijaste ploc¢evine debeline 0,3 mm. Izkazalo se
je, da je v material mogoce vnesti plasti¢ne
deformacije, ne da bi se pri tem poskodovala povrsina
obdelovanca.

Ze samo rezanje z AVC je zelo uporabno pri
izdelavi rondel in preizkuSancev na podrocju
preoblikovanja ploc¢evine. Cene obicajnih sistemov

3.1 Incremental sheet-metal forming with a WJ

In the field of forming we made a feasibility
study of incremental sheet-metal forming with a high-
speed WJ [6]. The first results are extremely encourag-
ing and show that it is possible to form sheet metal with
a desired shape by using a WJ with the proper proc-
ess-parameters setup. Figure 4 shows one of the first
results of incremental sheet-metal forming of a 0.3-mm-
thick aluminum alloy plate. By using a W] as a forming
tool it is possible to put plastic deformations in the
material without damaging the workpiece surface.

AWIs are already widely used as cutting
tools in sheet-metal forming, especially in prototype
development and for material-testing purposes. To-
day, a commercial system for AWJ cutting costs be-

Sl. 4. Koracno preoblikovanje plocevine z VC [6]
Fig. 4. Incremental sheet-metal forming with a high-speed WJ [6]

164

Jurisevi¢ B. - Kramar D. - Junkar M.



Strojniski vestnik - Journal of Mechanical Engineering 51(2005)3, 160-171

dovod vode:
10 do 30 MPa
water supply:
10 to 30 MPa

delovna miza
working table

glava za inkrementalno
preoblikovanje z VC

head for incremental sheet
metal forming with a WJ

obdelovanec
workpiece

vpenjalna naprava
workpiece holder

pozicionirni sistem
positioning system

dovod vode:
do 400 MPa
water supply:
up to 400 MPa

dovod abraziva:
0 do 350 g/min
abrasive supply:
0 to 350 g/min

obi¢ajna glava za
rezanje z AVC
ordinary AWJ
cutting head

Sl. 5. Kombiniran sistem za rezanje z AVC in koracno preoblikovanje z VC [6]
Fig. 5. Combined system for AWJ cutting and WJ incremental forming [6]

za obdelavo z AVC se gibljejo med 150 in 300 tiso¢
evrov. Za nadgradnjo takega sistema v sistem, ki
bi omogocal tudi kora¢no preoblikovanje bi bilo
treba vloziti e nadaljnjih 50 do 100 tiso¢ evrov,
ker je za preoblikovanje potrebna ¢rpalka z vec¢jim
pretokom vode. Primer take nadgradnje je prikazan
na sliki 5, kjer je poleg obicajne glave za rezanje z
AVC pritrjena Se dodatna glava za kora¢no
preoblikovanje z VC.

Sistem, prikazan na sliki 5, omogoca rezanje
in kora¢no preoblikovanje plocevine, kar je zelo
uporabno predvsem v prototipnih in majhnih serijah
ter pri raziskavah in nacrtovanju tehnologije
preoblikovanja plocevine.

3.2 1zdelava 3D oblik z AVC

Pri izdelavi orodij je poleg 2D oblik treba
narediti Stevilne 3D oblike v tezko obdelovalne materiale.
V tanamen smo opravili raziskavo uporabnosti AVC ter
primerjavo z drugimi primernimi postopki, to so Zi¢na
erozija, lasersko rezanje ter frezanje z velikimi hitrostmi
[7]. Dolocili smo dva nacina obdelave. Prvi nacin
vsebuje obdelavo oblik, ki se lahko izdela brez nadzora
penetracije AVC, ter jo poimenovali 2,5D obdelava. V
drugo skupino smo uvrstili obdelavo tistih oblik, pri
katerih je treba nadzorovati globino penetracije curka,
kar smo oznacili kot 3D obdelavo.

Pri 2,5D obdelavi z AVC je treba
upostevati dolocene znacilnosti postopka, to sta

tween 150 and 300 thousand euros. To upgrade such a
system in order to have a combined cutting and incre-
mental forming system, an additional investment of 50
to 100 thousand euros is required. For such an applica-
tion, an additional forming head and water pump are
needed, because for forming operations a pump with a
higher water-flow rate is required. This kind of combined
system is shown in Figure 5, where besides an AWJ
cutting head, a head for incremental forming is placed.

The system shown in Figure 5 is very use-
ful for prototype and small-batch production, but
also as a powerful tool for technology planning in
the field of sheet-metal forming, where the develop-
ment time can be drastically reduced.

3.2 Machining of 3D features with an AWJ

In the toolmaking industry, as well as 2D, many
3D features are also commonly encountered, which
have to be machined in hard-to-machine materials. In
order to define the possibilities of AWJ in the
toolmaking industry, we made a comparison with high-
speed milling, wire EDM and laser cutting [ 7]. We have
defined two types of machining, 2.5D and 3D. In the
first case we controlled the process in two directions,
while in case of 3D machining we also controlled the
depth of penetration of the AWJ in the workpiece.

In 2.5D machining some characteristics of
the AWIJ process, like the taper of the cut and the
curvature of the cutting front, have to be taken into
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Sl. 6. Izdelava 2,5D oblik z AVC [7]

Fig. 6. Machining of 2.5D features with a AWJ [7]

stozcasta oblika reza in ukrivljenost rezalnega cela
v obdelovancu. Slednje je Se posebej pomembno
pri spremembah smeri obdelave. Na sliki 6 so
prikazane 2,5D oblike, izdelane z AVC.

2,5D oblike na sliki 6 so bile, zaradi
primerjave z drugimi postopki, izdelane tudi z zicno
erozijo in rezkanjem z velikimi hitrostmi. Iz Studije je
bilo razvidno, da obic¢ajni sistemi za rezanje z Zi¢no
erozijo ne omogocajo izdelave posameznih oblik, v
primeru rezanja z velikimi hitrostmi pa so potrebna
Stevilna prevpenjanja.

Bistveno bolj zahtevna je izdelava 3D
oblik, kjer je treba nadzorovati globino penetracije
AVC v obdelovanec. To je mogoce izvesti s
krmiljenjem parametrov postopka med samo
obdelavo ter z ustrezno kinematiko AVC vzdolz
obdelovanca. Primer 3D oblik je podan na sliki 7,
kjer sta bila z AVC izdelana pravokotna Zepa v
aluminij in jeklo.

V obeh primerih se je postopek obdelave
z AVC izkazal kot primerna tehnologija, predvsem
zaradi zmoznosti obdelave prakti¢no kateregakoli

account. It is very important to know how much the
cutting front is curved and take appropriate control
actions, especially when cutting corners. Figure 6
shows some 2.5D features made by AWJ.

To compare the AWJ process with other proc-
esses, the features in Figure 6 were also machined by wire
EDM and high-speed milling. It was observed from these
studies that a standard wire EDM system cannot machine
all the features, and in the case of high-speed milling,
some overclamping of the workpiece would be required.

3D features are much more complicated to ma-
chine, where the depth of penetration of the AWJ in the
workpiece has to be controlled. The depth-of-penetration
control can be executed using the appropriate kinematics
or by optimal control of the process parameters. As a case
study we machined two rectangular pockets in aluminum
alloy and steel, as shown in Figure 7.

In both cases, 2.5D and 3D AWJ machining
proved itself as a useful technology in the toolmaking
industry for its unique capability to machine practically
any kind of material. Furthermore, no relevant HAZ is
present on the machined surface. Taking into account

Sl. 7. Izdelava 3D oblik z AVC [7]
Fig. 7. Machining of 3D features with a AWJ [7]
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materiala ter odsotnosti toplotno prizadete cone.
Z nadaljnjim razvojem ima obdelava z AVC veliko
moznosti za nadomestitev Ze uveljavljenih
tehnologij na podro¢ju orodjarstva.

3.3 Vrtanje majhnih in globokih lukenj z AVC

V orodjarstvu, Se posebej pri izdelavi
kalupov za brizganje, se pojavlja veliko
povpraSevanje po izdelavi majhnih globokih luken;j
v materiale, ki jih drugace tezko obdelujemo. Navadno
v takih primerih uporabljamo elektroerozijo, laser in
elektronski snop. Slaba stran vseh teh postopkov
je, da na povrsini luknje povzrocajo toplotno vplivno
obmocje (TVO). V primeru vrtanja z AVC je TVO
prakti¢no zanemarljivo. Izvedena je bila raziskava [8],
pri kateri smo opazovali vpliv parametrov postopka
na obliko izvrtane luknje v aluminij in v orodno jeklo
OCR 12 (utrjeno in neutrjeno). Slika 8 prikazuje
rentgensko fotografijo izvrtanih luken;.

AVC omogoca vrtanje v vsak material. Celo
v steklo, ki se uporablja kot akusti¢ni izolator v
notranjosti stavb. Primer take uporabe je prikazan na
sliki 9, kjer so luknje s premerom manj kot 1 mm
zvrtane v steklo debeline 5 mm.

Glavni problem pri vrtanju lukenj z AVC v
steklo je zanesljivost postopka. Zahteva naro¢nika
je izvrtati do 40.000 lukenj na kvadratni meter
steklene ploS¢e. V primeru napake na eni sami
luknji nastane izmecek. Najbolj pogost vzrok za
napako je zamasitev dotoka abraziva. V takem
primeru sama voda razbije steklo na mestu, kjer bi
morala biti luknja.

all of these facts, it can be concluded that by using AWJ
instead of other processes, complex features in materials
with advanced properties can be machined much better,
more safely, and more quickly.

3.3 AWJ small and deep hole drilling

In the toolmaking industry, especially in the
production of molding tools, there is a big demand
for the machining of small deep holes in hard-to-
machine materials. For small- and deep-hole drilling
in such materials EDM, laser and electron-beam ma-
chining (EBM) are normally used. The weak point of
all these processes is that they produce a HAZ on
the surface of the hole. In the case of AWJ drilling
the HAZ is practically irrelevant. A study was car-
ried out [8] where the influence of the process pa-
rameters on the hole shape drilled in aluminum alloy
AIMg1SiCu and steel OCR12 (hardened and non
hardened) was observed, as shown in Figure 8.

Using AWJ, holes can be drilled in any
material, even in glass, which can be used as acous-
tic isolation in buildings. An example of this applica-
tion is shown in Figure 9, where holes of less than 1
mm in diameter are drilled in 5-mm-thick glass.

The main problem of drilling in glass for this
application is the reliability of the process. The cus-
tomer requirement is to drill up to 40,000 holes on 1
square meter of glass plate. If just one of these holes is
not machined well, a useless product has been made.
The most common reason for this is abrasive jamming,
This problem happens when the water alone breaks
the glass in the place where the hole was meant to be.

Sl. 8. Rentgenska slika v aluminij izvrtanih lukenj [8]
Fig. 8. An X-ray photograph of holes drilled in
aluminum alloy [8]

SL. 9. Luknje, vrtane z AVC v 5 mm debelo steklo
Fig. 9. Holes drilled by AW.J in 5-mm-thick glass

Uporabnost obdelave z abrazivnim vodnim curkom - The Versatility of Abrasive Water-Jet Processing 167



Strojniski vestnik - Journal of Mechanical Engineering 51(2005)3, 160-171

3.4 Odstranjevanje utrjenih povrsinskih slojev

V primeru obnove obrabljenega orodja za
hladno utopno kovanje je problemati¢en utrjen
povrsinski sloj, ki ga je treba odstraniti. Obi¢ajno to
izvajamo z rezanjem z velikimi hitrostmi s posebno trdimi
nanosi na rezkalnem orodju. Tudi pri takih rezalih je
opazna obraba. Za odstranitev utrjenega sloja s
povrsine 400 kvadratnih mm poskodujemo ali uni¢imo
kar nekaj rezkalnih orodij, kar nanese skupaj s stroski
obdelave te povrsine okrog 400 evrov, za to pa porabimo
ve¢ ko dve uri. Odstranjevanje utrjenih povrsinskega
sloja takega orodja z AVC je prikazano na sliki 10 in je
bilo izvedeno v LAT. V tem primeru smo porabili manj
ko 1 uro Casa, obdelava pa je stala okrog 150 evrov.

3.4 Decoating of hard surface layers

The hard layer on a worn cold forging tool
is always difficult to remove when the renewing of
such a tool is planned. Conventionally, this is done
by high-speed milling with an extra-hard-coated tool.
Even with such a tool, however, rapid wear is present.
To remove the hard coating from a 400-square-mm
area, several milling tools are damaged or destroyed,
together with the machining costs of around 500
euros, and it takes more than two hours to complete
the process. The decoating with AWJ of such a tool,
shown in Figure 10, was performed in LAT. In this
case it takes less than 1 hour and costs about 150

curos.

S1. 10. Odstranjevanje trdih povrsinskih slojev na obrabljenem orodju za hladno kovanje
Fig. 10. Decoating of hardened layer on a worn cold-forging tool

4RAZVOJNA PODROCJU OBDELAVE S CURKI
Z VELIKIMIHITROSTMI

Razvoj na podrocju obdelave s curki z
velikimi hitrostmi, kamor spadata AVC in VC, gre v
dveh smereh. Na podrocju gradbenistva je v velikem
vzponu uporaba VC za ¢iS¢enje ter AVC za ruSenje
ter rezanje in vrtanje armiranega betona. Druga smer
razvoja pa gre v smeri izboljSanja natan¢nosti
obdelave, miniaturizacije izdelkov ter vecosne
obdelave.

Slednje je za podrocje orodjarstva bistveno
bolj zanimivo. V zadnjem ¢asu so na voljo vodne
¢rpalke, ki omogocajo tlake do 690 MPa, razvijajo pa
se nove s tlaki do 900 MPa in vec [9]. Na podrocju

4 FURTHER DEVELOPMENTS IN THE FIELD OF
HIGH-SPEED JET TECHNOLOGY

The developments in the field of high-
speed jet technology, where the AWJ and WJ have
a dominant role, goes in two main directions. In the
field of civil engineering and construction WJs are
used for cleaning and surface treatment, while AWJs
are used for demolition, cutting and drilling of
armored concrete. The other direction is the devel-
opment of multi-axes high-precision machining sys-
tems to be used in the field of micro-machining.

From the toolmaking point of view, the devel-
opments in the direction of miniaturization are very inter-
esting. The new water-pressure units can reach pres-
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razvoja rezalnih glav se intenzivno i§¢ejo nove
reSitve, ki bi omogocale AVC z boljSimi
obdelovalnimi lastnostmi. Premeri AVC se manjsajo,
obstajajo ze curki s premerom 50 mm, razvijajo se
abrazivi s premerom nekaj nm [10]. Z namenom
izboljSati obdelovalne lastnosti AVC so bile
opravljene raziskave na podroc¢ju dodajanja
polimerov v vodo [11]. Veliko pozornosti pa se v
zadnjem Casu posveca izboljSavi samega stroja za
obdelavo z AVC v smislu izboljSanja dinami¢nih in
stati¢nih lastnosti, ki zagotavljajo vecjo natancnost
izdelave. Nove tehnike ([12] in [13]) in strategije
rezanja, kakr$no je rezanje z ve¢ prehodi [14],
osciliranje curka [15] in modulacijske tehnike [16],
pa omogocajo odpravo napak, npr. strijavost in
stosSCastost reza in izbolj$ajo hrapavost reza. V
dolo¢enih primerih, npr. rezanje z AVC v vec
prehodih [14], smo dokazali, da je mogoce izboljsati
kakovost rezanja, pri tem pa skrajsati cas in stroske
rezanja.

5 SKLEPI

Obdelava z AVC oz. s curki z velikimi
hitrostmi nasploh ima velike moznosti na veliko
podro¢jih, od obrtniske proizvodnje in servisnih
storitev, vse do avtomobilske in letalske industrije.
Zaradi zmoznosti obdelave prakticno kateregakoli
materiala ima AVC velike moznosti uporabe tudi na
podroc¢ju orodjarstva. Poleg uporab AVC iz
predhodne Studije [14], se odpirajo nova podrocja
predvsem pri izdelavi orodij iz materialov, ki jih
drugace prakti¢no ne moremo obdelati (inzenirske
keramike, kompoziti) ter pri koracnem preoblikovanju
brez poskodbe povrsine.

Stevilo uporab se hitro §iri, prav tako pa se
iz dneva v dan vrstijo izboljSave in nadgradnje same
tehnologije obdelave s curki z velikimi hitrostmi.
Dandanes se ta tehnologija uporablja na podrocjih,
to so medicina, zivilska industrija, gradbenistvo,
rudarstvo itn. Razvijajo se nove rezalne glave oz. Sobe,
ki omogocajo nastanek curka z boljSimi obdelovalnimi
lastnostmi, obenem pa je veliko dela vlozenega v razvoj
¢rpalk, ki omogocajo tlake vode do 1000 MPa.

S tako hitrostjo razvoja bo obdelava z AVC
v naslednjih nekaj letih dosegala natan¢nost, ki je
zahtevana v orodjarstvu. Rezanje 3D oblik zagotavlja
tehnologiji AVC konkuren¢no mesto med orodjarskimi
rezalnimi tehnologijami. Ziéno erozijsko in obdelavo
z velikimi hitrostmi prekasa predvsem v obmocju
obdelovalnih materialov, preprostosti vpenjanja

sures up to 690 Mpa, and the developers of this equip-
ment anticipate an increase in that water pressure up to
900 MPa, and more will be available soon [9]. In the field
of cutting heads, new solutions are being developed
that will allow the formation of AWIJs with better per-
formance. New cutting heads already enable the forma-
tion of AWJs with diameters down to 50 mm, by using
abrasive particles with sizes of a few nm [10]. Some in-
vestigations were done by using polymer additives in
water to increase the machining performance [11]. Also,
from the machine point of view, the objective is to im-
prove the static and dynamic characteristics of the sys-
tem in order to achieve better machining precision. New
cutting techniques ([12] and [13]) and strategies, like
multipass cutting [14], jet oscillation [15] and modula-
tion techniques [16], enable us to reduce the surface
roughness and taper of the cut. In some cases, like AWJ
multipass cutting [14], we have proved that it is possible
to increase the cutting quality and reduce the machining
time and costs at the same time.

5 CONCLUSION

In general, it can be concluded that high-
speed jet technology has great potential in many
fields: from workshop production to automotive and
aerospace industries, to mention just a few. Due to
the ability to machine any material, AW/ is quickly
becoming a valuable machining process in the
toolmaking industry, where most of the materials are
hard to machine. Materials like composites and ce-
ramics can be easily machined by AWJ and new
opportunities are arising in the field of incremental
sheet-metal forming with a WJ.

The number of applications where high-
speed jet technology can be used is growing very
rapidly, and new solutions in this field are in con-
stant development. This technology is today ap-
plied in fields like medicine, food production, con-
struction, mining, etc. New cutting heads are being
developed with improved performance, and many
efforts are being made to develop water pumps that
will allow pressures up to 1000 MPa.

With such a rapid development, we feel that
this technology will reach the precision that is re-
quired in the toolmaking industry within the next
few years. Machining 3D features makes AWJ com-
petitive with other commonly used technologies in
the toolmaking industry. Compared with wire EDM
and high-speed milling, AW] is already superior in
many aspects. It can machine virtually any material,
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zaradi majhnih sil in drugih vplivov na obdelovanec
ter v vecini primerov vecji hitrosti odvzema. S tem
bo mogoce zmanjsati stroSke izdelave orodij,
obenem pa bo mogoce obdelovati materiale, ki
pomenijo izziv za postopke odrezovanja in
elektroerozije.
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there is no need for special clamping and fixing de-
vices due to the small forces on the workpiece, and
in most cases it is much faster and has more options.
In many cases it was observed that using AWJ in-
stead of other machining processes could drasti-
cally reduce the machining time and costs.
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