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Chapter 1
I ntroduction

This thesis is witten as the final part of ny study of Mechanical Engineering at
the Hogeschool West-Brabant, Faculty Techniek & Natuur. It deals with the theory
and practice of deephole drilling in general and nore specifically wth
gundrillingt

1.1 Oigin of the subject

The idea to wite a thesis m this subject first occured to me while watching a
docunentary on television, which showed a group of experinmental archeol ogists who
were trying to produce a bronze cannon, based upon a description? witten in the
16th century. They intended to cast it and afterwards drill it, though they never
made it to that |ast stage: the casting failed, the cannon ended up with a fault.

This docunentary fascinated ne, because apparently already in the 16th century,
engineers were able to produce long, straight bores. A while later | was reading
Jules Verne's classic "From the Earth To The Mon...And...Round The Mon', in which
an enornous cannon is constructed to launch a projectile to the noon. In this book
(set in about 1870) a lot of attention was paid to the process of casting the
cannon, yet Verne discarded the process of boring with just a few |lines:

"[after the casting; PD] Immediately the operation of boring was comenced;
and by the aid of powerful machines, a few weeks later, the inner surface of
the i mense tube had been rendered perfectly cylindrical, and the bore of the
piece had acquired a thorough polish." (J.Verne, From the Earth to the
Moon. .. and. .. Round t he NMoon)

I was puzzled by the lack of a description of the drilling; didn't Verne understand
howto do this, so he couldn't wite it down? O did he consider it not interesting
enough for his readers ? The latter seened unlikely to nme, given the effort he
takes in explaining various scientific and nechanical principles in his books.

Wien a little bit later | happened to read a description of the process known as
gundrilling, my mnd was made up: | wanted to know nore about this subject, and
since | was looking for a subject for a graduation thesis, the natural way woul d be
to choose gundrilling as the subject for ny graduation project.

Another goal of this thesis, besides that of increasing ny own know egde on the
subject, is to give this technique a little bit nmore publicity. During ny study the
exi stence of this technique had never been nentioned. Not only that, but relatively
little research is avail able on the subject:

"Among many tools used in autonotive industry, gundrills eventually becomne
responsible for a significant loss of production tine. In our opinion it
happens because not nany research and developnment results and data are
available on gundrilling conpared to other tool types." (Astakhov, "The
nechani sms of bell nmouth...[part 1]", p.1)

By doing a thesis on this subject | hope | can increase awareness of the existence
and usefulness of this technique and its capabilities a little. The next remark
al so shows the need for this:

“[...] a practical nanufacturing engineer, process planner, or a tool |ayout

designer could ask a logical question: Wwere can | learn nore about the
gundrilling systen? The answer is wunfortunately nowhere. The only book
availabl e on gundrilling is a small book published by the Anerican Society of

Tool and Manufacturing Engineers in 1967 (Bloch, F. et al., Self-piloting

»In Dutch: 'langgat-boren' or 'diepgat -boren'. In Gernan ' Ti efbohren'. Deephole drilling is a
broad term that covers gundrilling (Dutch: 'kanonboren', not entirely correct), STS/ BTA and
Ej ector drilling, as we shall see further on.

2 This description was only recently discoverd. Back then the techni ques of founding a cannon
wer e surrounded by secrecy, for obvious reasons.

4
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drilling, Trepanning, and Deep Hole Machining.[...]). A though this book

remains a valuable source on drilling practices (naturally, no others) it
descri bes what night be termed as an 'evolutionary' stage of devel opnent. It
fails to explain the different reasons why one or another drill designs and

conponents are being used, which one is better and when, what woul d happen if
a particular paraneter is altered, etc. [...] A limted nunber of research
papers are witten on some particular aspects of tool design [...]."
(Astakhov, "Qundrills: very sharp points", p.4)

As | found out nyself during the research on this subject, there are indeed sone
scientific articles which look at little pieces of the process, yet no articles
that describe the entire process... As | was witing this thesis, Astakhov was

hinself witing the first book on this subject. How | w shed he had witten it a
year ago, it would certainly have made the work on this thesis much easier! |
believe his book wll be welcomed very much by anyone involved in this field,
though it doesn't cease to ammze nme that it has taken this long for soneone to
wite a book about it, given the effort put into research of other machining

techniques, both in universities and conpanies. Admttedly, deephole drilling is
not as widely used as e.g. turning, but even when taking this into account, the
literature available on gundrilling is disproportionally little.

1.2 Sel f -defined research project

Anot her reason for choosing this way of graduating, as opposed to the nore general
practice in our school of doing a research project for a conpany, is the fact that
by defining one's own project you are nore free to choose the subject and the
met hod of solving the problem There's less of a link with the actual reality of a
busi ness environnment. This has both a positive aspect (a good match is possible
between the interests of the student and the research subject, sonmething that may
be less the case when doing research as requested by a conpany) and a negative
aspect: there's less possibility to see how your solution to a problem is
inpl enented by the conmpany and how good it works. Also, there's no nutual
relationship with a conpany, which is beneficial training preparing for a career.
On the other hand though, since we are dealing here (as in ny case) with part-tine
students, who have experience working in a business environment, for nme the
benefits of doing one's own research outweigh the downside of not having a direct
link with a conpany.

This thesis is witten in English, for several reasons. Firstnost, it provides nme
with an opportunity to practice witing in a foreign |anguage, the practice of
which is welconme. Secondly, after witing a thesis for a previous study, | later

had difficulties when | wanted to nake it available to non-Dutch people that had
helped me during the research. The value of ny thesis for those English and
Anerican persons was very limted. To prevent this from happening again and thus
increasing the possible audience (the Dutch gundrill narket is small, to use an
understatenent), | chose to wite in English. Thirdly, in the event of a future
career abroad, the ability to show the graduation thesis to an enployer in a
| anguage he understands, would be of great benefit. Lastly, much of the literature

on the subject is in English, so many quotes would still be either in English or be
translated. For originality's sake | wanted the quotes untranslated. That neans
that several quotations that are in Dutch wll not be translated. In those
i nstances however, the contents of it will be sumarized after the quotation, for

the benefit of non Dutch readers.

1.3 Research probl em

As has been stated before, the goal of this thesis is to increase ny know edge on
gundrilling, both theoretical and applied aspects of it. In order to attain this
goal, a research probl em has been defi ned:

what are the capabilities and limtations of gundrilling and how do they
compare to those of spiraldrilling in practice.
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1.4 Bri ef overview

This thesis is divided in tw parts. The first part has a nore theoretical approach
in which, via literature study, the different aspects of holes and their creation
will be dealt with. The second part is of nore practical nature, where | shall show
and conpare two different methods of drilling holes.

In the theoretical part we will first |Iook at exactly what a hole is. This may seem
trivial, yet there are different kinds of holes, all wth their specific
characteristics. After this introduction to 'the world of holes', a chapter dealing
with the applications of deephole drilling will follow The purpose of this chapter
is to give the reader a bit of insight in the uses and users of deep holes. This is
followed by a chapter detailing the various deephole drilling techniques. Though
this paper muinly deals with gundrilling, for a better understanding of the
relative position of gundrilling in the field of deephole drilling it is deenmed
necessary to at least summarily show the other two common techniques. The final

chapter in the theoretical part deals with gundrilling nore specifically. Questions
that will be addressed are anong others, the forces acting on the tool, the

i mportance of cool ant and the determ ning of the optimum machi ni ng paraneters.

In the second, nore practical part, | shall conpare two nmethods for the creation of
holes: spiraldrilling and gundrilling. | shall determine the optinmm nachining
paranmeters for both, after which several holes wll be machined in tw test
obj ects. These holes will be nmeasured and conpared with regards to several of their
nost i nportant properties, after which we will be nore able to conpare the benefits
and shortcom ngs of both processes, not only in theory, but also in the (harsh)
reality.

1.5 Sour ces

What's new for nme in this project is that at least a part of the information,
needed for the theoretical first part of this thesis, is gathered via the internet.
During the witing of ny last thesis in '98-'"99, the internet played a mnor role,
due to the fact that it was | ess devel oped at that tinme and because | had access to
the library of that university, with its wealth of literature on ny particular
subj ect. Because of the fact that at the Hogeschool Breda the library is of course
much snmaller, and because of the specificness of the subject, other sources of
information had to be found. One of those is the internet, also because of its easy
avail ability. However, where specific, detailed information is needed, use wll be
made of nore classical sources, like libraries of technical universities.

1.6 Acknow edgenent s

Even though this is ny thesis gundrilling, it couldn't have been nade w thout the
hel p of others. So, first of all | would like to thank Ing. Walraven who coached ne
when working on this thesis; secondly, Cees van Vught, who made hinself available
for two days in order to machine the spiraldrilled workpieces and to nr.
Wagenmakers, who helped with any problenms | had when neasuring the workpieces. Mny
thanks also go to Dr. Viktor P. Astakhov, who spent a substantial armount of tinme
expl aining sone of the theoretical principles of the workings of a gundrill and the
functions of its various edges, and whose articles provided an anple source of
information. Hs critical remarks were appreciated. A final word of thanks goes to
Ing. Van Hees and nr. Sneenk of Kluin Wjhe, who freed a day in their busy schedul e
to answer ny questions and to gundrill the workpieces.
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Chapter 2
The goal: a hole

"What ever you meke in life, you have to start with a hole. "3

The process of deephole drilling is not an end in itself, but nerely one nethod of
reaching the goal, in this case a hole with certain characteristics. W have to
keep this in mind when nmaking the decision what process to use for the production
of that hole. Some processes are better suited for some situations than others.
Suffice it to say, deephole drilling is not the goal, it's just a neans.

2.1 Definition of a deep hole

In order to be able to define a deep hole we first nust take a look at the
I ength/diameter-ratio*. It's a measure of the length of a hole, as conpared to its
dianetert:

L/Dratio = lenth/diameter -ratio® = length / dianeter

Like any ratio, the outcome is a dinensionless figure that's a neasure of the
relative® length of the hole, and is an aid in determining how hard it will be to
produce the hole, as we sha |l see |ater.

The generally accepted definition of a deep hole in the industry is a hole in which
the ratio of length to dianmeter is |larger than ten:

"Di epe gaten worden gekennerkt door een grote verhouding tussen de diepte en
di ameter van het gat. De mthode van diepgatboren wordt verkozen voor het
boren van gaten met een diepte van neer dan 10 x de dianeter." (Sandvik-
Coromant, p. C4)

This is also stated in an article in Machine shop guide:

"[...] Tanaka advi ses npbst users to reserve gundrilling for holes that exceed
10 times dianmeter because spiraldrilling and other conventional processes are
usual ly nore econonmical for shallow holes. On the other hand, gundrilling
makes good econom ¢ sense for deep holes and is often the only way to produce
one. " (Koel sch, Productive deephole drilling)

Kluin Wjhe, a Dutch deephole subcontractor, also considers it the lower lint of
the regi on of deephole drilling.

However, at |east one author uses a nore stringent definition of deephole drilling:
“In the drilling industry any hole with this ratio greater than about 3:1 is
considered a deep hole." (MDonald, Deep hole drilling for the rear
endpl ate..., p.1)

This is backed up by the VDI (Verein Deutscher Ingenieure) who have created several
gui del i nes on deephol e drilling:

"Ti ef bohrverfahren im Sinne der VD-Richtlinien 3208 3210 sind spanende
Arbeitsverfahren fiur Bohrungen mt einer Bohrungstiefe ab /D = 3 im

®Ernie Stallman of Badger Barrels (Kol be, 1995).

‘“See e.g. Kals e.a., p.142 and p. 144.

5In the remainder of this thesis, it will be abbreviated to 'lI/d-ratio' or just 'ratio'.
®relative with respect to the dianeter.
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Durchnesserbereich D = 1...2000 mm[...]." (Institut far Spanende Fertigung,
"Ti ef bohren auf Bearbeitungszentren")

In any case, Sandvik, a major drill manufacturer, reconmmends the use of standard
production processes and spiral drills for holes with L/Dratios up to 5, which

woul d technically lie in the area of deep holes if one accepts a ratio of 3 as a
bor der.

In this thesis though | shall adhere to the nore or less generally accepted
definition :

a deep hole is a hole of which the length is larger than or equal to 10 tines
the dianeter.

Sone, like Dr. Astakhov, disagree with this definition. He stated in private e mail
exchanges that a hole becones deep when the process can't cope with it wthout
speci al neasures (like e.g. 'pecking' in spiraldrilling, the breaking of chips and
clearing them fromthe bore). Thus, he links the process (spiraldrilling) to a bore
property (L/Dratio). In my view a hole can be called '"long' if the L/D-ratio is
greater than 10, just like the bore can be called 'rough’' if Ra is greater than a
certain value (linked to the application of the hole), 'straight' if runout is |ess
than a certain value, etc. He is right in his assertion that certain processes have
great difficulty in attaining some bore qualities, and therefore, the hole could be
called (too) deep for a certain process, but that's a next step, nanely the I|inking
of the bore property to the process best suited for nmachining it. The choice of
process depends a lot on the other required qualities of a hole, qualities we shall
|l ook at later. Just because according to this (nore or less arbitrary) definition
sonething would be called a deep hole doesn't necessarily nean a deep hole process

shoul d be used. What nmay sound even nore strange at this nmonent, gundrilling can
be and is used for drilling short holes. Obviously, the process of gundrilling has
sone other advantages that don't linmt its application to the drilling of deep
hol es.

So our definition shouldn't be taken too strictly, the world of holes isn't as
black & white as it may initially suggest. In fact it would be better to think of
it as a continuum between extremely short holes (e.g. in plate) and extrenmely | ong
holes. And this grey area between short and deep holes (or rather, which process to

use for nmachining them is getting even nore blurred as process technology
advances:

"Zunehmend werden, ins besondere im Uberschnei dungsbereich

zwi schen  Kurzl ochbohren (konventionell er Bohr t echni k) und

Ti ef bohrtechni k, Bohrwerkzeuge eingesetzt, die Merknale von !
Ti ef bohrwer kzeugen besitzen oder aber unter tiefbohrahnlichen

Bedi ngungen betrieben werden." (ww. tiefbohren.i nfo)

These characteristics and circunstances are e.g. internal coolant channels, high
coolant pressures and cutting inserts.

Just to put things into perspective, in the figure bel ow there's an overvi ew of
holes with various L/Dratio's. AL/Dratio of 100 might sound trivial to soneone
new to the subject, the figure shows, drawn to scale, what such a hole would | ook
like in reality. Just to wet the reader's appetite, gundrilling is capable of even
deeper holes: there exist gundrills of diameter 6 mm with a length of 7,5 m
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|:| I/d = 2 I/d = LENGTH TC DIAMETER RATIQ
m— L
| | 174 =10
| ] 1/d =2
——— I/d = 20
I 1 I/d = 50
I/d = 100

FRAWN TO SCALE

And if one should think that holes with a |/d-ratio of 100 and hi gher, as produced
by mechani cal engineers, are inpressive then one should take a | ook at what people
inthe oildrilling industry are capable of....7

2.2 Sorts of holes

Apart from their length, holes nmay have other geometric properties that may limt
the processes to choose from W shall not go very deeply into this subject because
it's outside the scope of this thesis. They wll be nentioned briefly though,
because it helps in showing the place that the subset of 'normal, straight' holes
has in the nore general set of holes.

The typical hole, the one that first conmes in to people's minds, is the round one.
It's also the one the nost easy to produce, or rather there are the npbst processes
to choose from Then there are the non-round holes: either square, oval, etc. There
are only a few processes that can create these kinds of holes, like mlling and
sink or wire EDM Threaded holes are another special kind of holes. The usual way
to produce themis by neans of taps or, if the object allows it, nachining them on

the lathe or mll; with a special (planetary) tool head it is even possible to use
sink EDM Another distinction that can be nade is between through holes and non-
through holes ('blind holes') and between inclined vs. non-inclined holes, i.e.

whether the hole is perpendicular with respect to the surface where it enters (and
exits). The nachining of non-perpendicular holes may require extra masures to
work, but is possible with gundrilling. Holes may cross eachother, or have parti al
overlap (i.e. two holes that have a distance between their centers less than their
dianeter). Finally, there are the non-straight holes. These can vary from conical
hol es, like toolholders with a Morse-taper, to the nore 'frivolous' holes, like the
hel i cal coolant channels in sone spiral drills.

In this thesis we shall focus on normal holes, or rather, normal deep holes:
strai ght, round holes with no other special features.

2.3 Qualities of a bore

There are several possible requirements to bore qualities. These are determ ned by
the designer, who determnes what qualities the bore nmust neet to be able to
performits assigned function.

In this paragraph, we shall take a brief look at these various qualities® and how
to quantify them

"1t shoul d be noted though, that in oil -drilling the demands at the hole are very different.
Roundness, strai ghtness and exact position are usually not an issue, so we're really conparing
apples to oranges. But still, it helps to put things into perspective...

8 These are al nost the same as recogni sed by Deckers & Schel | ekens (p.287), though arrived at
i ndependl y.
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2.3.a D anet er.

This is of course one of the npbst inportant aspects of a round hole. Since dianeter
in itsself doesn't say nuch about the tolerance of the dianmeter of the bore, it's

usual ly followed by a neasure of tolerance. Either by neans of 'direct' tolerance,
i.e. 9 (+.1/-.05) or in the SO format: 9H7.

2.3.b Roundness.

This quality describes how well a section of the bore approaches a perfect circle.
According to the NEN-1SO 1101 Norm (p.17),

"De tolerantiezone in het beschouwde vlak is begrensd door twee
concentrische cirkels met straalverschil t."

The better the roundness of the bore, the smaller is the difference
in radius between the two circles that enconpass the hole.

2.3.¢c Roughness.

This is (one of the many) nmeasures of the surface quality of the hole. It is a
measure of how snmooth this surface is. There are various indicators for roughness:
Ra, Rz and Rmax are just a few of them |In this thesis Ra wll be used as
indicator, for several reasons. First, it's the npst wdely used of the
af orementioned indicators. This has the advantage that nany people have a feeling
for the roughness, because they can conpare it to roughnesses they have felt or
measured in the past. Second, it's the preferred nmethod for watching over the
producti on process, because it's less influenced by extrene deviations:

"Ra geeft géén uitsluitsel over de profielvorm rilafstand, porién e.d.,

terwijl 'uitschieters' nagenoeg geen invloed hebben op het neetresultaat.

Ondanks het geringe onderscheidend vernpbgen is Ra toch vaak een interessante
en veel toegepaste ruwhei dswaarde, bijv. voor:

- een globale indicatie van het oppervlakteprofiel waarbij eventuele
"uitschieters' de functie van het werkstuk niet aantasten, bijvoorbeeld:

opl egvl akken [...], afdichtingsvlakken [...], lijmvlakken.[...]
- het 'bewaken' van productieprocessen, bijvoorbeeld van kogellagers (in een
bepaal d productieproces is de spreiding in Ra gewonlijk gering)." (Van

Generden, p.527)

However, in situations where extrene peaks and/or valleys in roughness influence
the performance of the object, other neasures (like Rz or Rmax) should be used in
conjunction with Ra. In this thesis, only Ra will be used.

2.3.d S r ai ght ness.

This aspect neasures the variation of the bore from a straight line, as drawn

through the centres of the bore at both ends.

According to the NEN-1SO 1101 Norm (p.28), where straightness is called 'total
radi al runout'®,

"De tolerantiezone is begrensd door twee co-axiale cilinders
op afstand t van el kaar en waarvan de hartlijnen samenvallen
net de referentiehartlijn.”

®InDutchtotal e radi al e sl agtol erantie’ .

10
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The better the straightness of the bore, the snmaller the difference in radius (t)
of the two cylinders that enconpass the cylinder of the hole.

It is sonetinmes not expressed in nmbut in mm per nmeter bore length: mim This is
especially the case in the practice of gundrilling

2.3.e Locati on.

This aspect determ nes the aspect that the bore is in the place it was intended to
be. If a hole is placed in the product but not at the right place, the ability of
it to performits intended function may be inpaired.

According to the NEN-1SO 1101 Norm (p.23), @t

begrensd door een cirkel met middellijn t, waarvan het m ddel punt
zich op de theoretisch zuivere plaats van het beschouwde punt

bevi ndt . "

"[plaatstolerantie van een punt; PD] De tolerantiezone is '.

The snaller this circle (with diameter t) is, the better is the l“‘_f ]
hole placed in its intended l|ocation (or reversely, the higher
requi renment there is on the exact placenent of it).

2.3.f Attitude

This quality determ nes whether the bore (3D) is perpendicular with respect to the
surface (2D) in which it is drilled.

The attitude can be neasured by drawing a line through the centers of both ends of
the bore, and neasuring the angle to the surface. O, according to the NEN-1SO 1101
Norm (p. 21),

@t
"[ haakshei dtol erantie van een lijn nmet betrekking tot een
referentievliak; PD] Indien de tolerantiewaarde wordt
voor af gegaan door het synbool A& wordt de tol erantiezone
begrensd door een cilinder nmet nmiddellijn t en die
| oodrecht op het referentievlak staat."
2.3.9 Har dness
Hardness is another quality of the bore surface (like e.g. roughness). |It's

generally not taken into account when defining the properties the bore nust have,
probably because it often doesn't matter nuch. However since the process of
gundrilling may increase bore hardness it's nmentioned here as a bore quality. There
are several hardness neasures that are available to us, of which | shall use the
Vi ckers met hod.

These qualities will be the ones used further on in the practical part of this
thesis to neasure the 'overall quality' of the bores produced by the various
drilling processes. In this thesis, they'll be used 'in reverse' from nornmal use:

usual ly, a tolerance is specified in a drawing; after machining, this property can
be neasured and conpared to the specification in the drawing to deci de whether the
actual hole is within tolerance. In the application part of this thesis, we don't
have a drawing with specifications the bores nmust live up to; | shall nmachine the
hol es and then neasure their tolerances, which will be the outcomes of the test. No
conpari son however is nmade to a drawing with specifications, as is done usually.
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Chapter 3
Applications of deephole drilling

Qundrilling was devel oped about 150 years ago sinmultaneously by Russian and French
gunsmiths. It was developed to provide a solution for manufacturing barrels that
could withstand the high pressures of the new propellant nitrocellulose. This
problem created a drive to come up with a material (steel) and a manufacturing
process that could produce barrels of the quality that was required. Before

gundrilling was invented, barrels were made by forging iron strips round a mandrel.
Despite its origin in the ordinance industry, only a small fraction of all
gundrilling operations is nowadays used for that purpose. Only custom barrel
makers, that use the process to produce very small volunes of high quality,
accurate barrels for natches and precision shooting, still use it extensively; the

maj or conpanies in the ordinance industry use different processes to produce their
barrels, |ike hamrering on a nandrel.

So, then, if gundrilling is hardly used any nore for its original purpose, what
then is it used for?

3.1 Moder n applications of deephole drilling

The main applications nowadays are in a wde variety of industries, Iike
autonotive, die and mold nmanufacturing and the production of turbines (Astakhov
"Why gundrills?", p.1). Basically anywhere where there's a need for deep holes with
demand of a certain quality deephole drilling can and is used. In a brochure of
Kluin Wjhe, the following list is given (Kluin Wjhe, 'langgatboren precisie
onderdel en'):

- autonotive industry

- petro-chem cal industry

- el ectronechani cal industry

- hydraulical & mechanical industry
- plastics industry

- aeronautics and space industry

- machine construction

- offshore and onshore

- shi pbui | di ng

- food industry.

This list is in good agreement with the applications that Sandvik lists in its
cat al og:

"matrijzenbouw. gaten voor koelvloeistof; autonobiel/truckindustrie: assen,
zui ger pennen, notorblok (diesel), hydraulische cylinders, rupsbandschakels;
procesi ndustrie: oliegaten; lucht-en ruintevaartindustrie: |andingsgestellen;
scheepsbouwwer f : gaten voor koel oli e in not or bl okken; al genene
constructi ewerkplaatsen [...]." (Sandvik, p. C13)

"Def ensi e: kanonl open." (Sandvik, p. C19)

Die and nold nmekers use deephole drilling to create the cool ant -channels in dies
and nolds. Oobviously the process of deephole drilling is capable of producing holes
much in excess of what is needed for this application but that's not really a
probl em Then again, the location of coolant holes is often nore inportant than one
mght think: in the alumnium extrusion industry for exanple, a constant distance
from the coolant hole to the cooling surface is very inportant, as to have a
constant tenperature gradient as the freshly extruded product is transported.
Differences in surface tenperature can lead to non-even cooling of the extruded
al um ni um product, leading to deformation or a non-even surface finish, a cosnetic
def ect .
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In the autonotive industry deephole drilling is used very extensively, for exanple
to drill axles, piston pens, engine blocks and hydraulic cylinders. It's also used
inthe drilling of brake pads, an exanple of a short hol e application.

Aircraft and spacecraft manufacturers use it to
machine holes in landing gears. In the picture m
the right, made at Kluin Wjhe, a l|anding gear of
Airbus Industries is shown. It's nmade of titanium
and is in its non-finished state: first it's
machined to roughly the correct dinensions, then
drilled (STS/BTA), whereafter it will be nmachined
to the correct dimensions, with the drilled holes
used as reference.

As can be seen, in a great variety of industries
is the process of deephole drilling used. Anyone
who has a need for a deep hole may find a use for
one of the three processes of deephole drilling.

However, the processes are not only used for the machining of deep holes; the

techni que can have its advantages when drilling short holes, if high requirenents
must be met by the hole. An exanple is the earlier nentioned exanple of the
drilling of brakepads in the autonotive industry.

The fact that deephole drilling is used in a large variety of industries may also
have to do with the fact that its application is not limted to easy to nachine
materials: gundrilling nmakes it possible to produce close tolerance holes in cast

iron, carbon and alloy steel (including austenitic stainless steel), tool steel,
hi gh tenmperature alloys, titanium beryllium copper, brass, and alumnum as well

as graphite, wood and plastic; it can even be used to produce a bagpipe or
clarinet:
"[...] or the instrument nmaker in Boston who uses his gundrill to generate
the hole in a stick of ebony wood that will one day becone a clarinet."
(Qundrilling solutions)

Its productivity (and its capability to reduce what otherwise mght take 3

processes, i.e. spiraldrilling, 3flute drilling and reamng) mnakes it also very
suited for nmachining workpieces with nmany holes: there was one denmanding
application |'ve read about, the drilling of the backplate of a drift chanber *°

This plate needed to be drilled with 30.000 holes, .95 nmdianeter and 25 nm deep'’.
I magi ne having to perform 3 processes on each of these 30.000 holes. The savings
that gundrilling produced in this application are significant.

As can be seen, the application of deephole processes has undergone a major shift,
fromprimarily being ordinance oriented to use over a wide variety of industries?'2
But still deephole drilling is strongly associated with the manufacturing of arns,
by those who know little about the process. The pocess is nuch nore comon that
that, though; in fact, probably everyone has a piece of equiprment that had the
operation of deephole drilling performed on it (excluding people who own cannons or
Airbuses): a car is the first thing that cones to mnd, with deephole drilling
being used in a large variety of parts, from the coolant channels in the engine-
bl ock and the hole in the crank shaft to the short holes in the brake- pads.

0 an instrunent used in nuclear research, a particle detector that neasures the particle's

position and shows its trace on a conputer screen (G ancoli, p.1120).

1 A cycle for each hole took about 20 seconds (machi ning and repositioning of drill).

30. 000 hol es of 20 seconds each... Conpare this with having to performthee times as nmany
oper ations using conventional techniques.

2 The gundrill would be a better synbol for the peace movenent than the old one of the 'rifle
broken in two': gundrilling nay well be the process that has seen the strongest shift 'from

arnms to plowshears' than any other technique around.
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Chapter 4

Overvi ew of deephole drilling
Drilling is one of the npbst common nethods of netal renoval. It is estimted that
al nost 75 percent of all netal cutting naterial renpved cones fromdrilling alone
(www. equi prrent-news. com  'the holey quest'). Wat the share of deephole drilling

processes is in this is unknown, but it is a very nuch smaller fraction of it.

Less than 70 years ago, if someone was talking about deephole drilling it
automatically meant he was tal king about gundrilling, sinply because there didn't
exi st any other processes at the tine. Nowadays though, the mechani cal engineer is
in the fortunate position of having nore processes to choose from when faced with
the probl em of deephole drilling. There are three commonly used techniques that are
avai | abl e:

1. gundrilling
2. STS/ BTA system
3. E ector system

Note that this classification does not reflect the tool design and specifics of
deephole drilling but is based upon the nmethod of coolant supply (rather, how the
energy of the coolant is used) and chip renoval.

The picture on the right gives an overview of the B Reerzesg
various methods for nachining a bore, as a function 4 N,
of the L/D ratio and dianeter. In reality nost holes Emlippenbohrar %{V )
that need to be drilled lie in the bottomleft corner g ) \Q%’
of the graph, which explains the extensive use of =
spiraldrills. However for those applications with a £
larger L/D-ratio than usual, deephole drilling is the *£
way to go. 2 zB. WSP-
u:—j Wendeloohrar Kurz- thf)"_
£ bohrer T
£ L
In this chapter, we shall take a closer look at the i @r‘-«'i’ 4@"’7
three deephol e drilling processes, their
characteristics, simlarities and di fferences.

Bohrdurchmesser D -
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4.1 The @undrill system

O the three processes this one is the oldest, over 150 years old in generally the
same form

It is used for the drilling of holes with a dianmeter of about 0,95 to 35 mnmwith
bore tolerances of IT9; roughnesses of R in the range 0,1 to 3,2 um can be
achieved with it (Sandvik-Coromant, p.C9). Maxinmum L/D-ratio's of 250 are possible
(VDI -3208), though the technique is known to produce even deeper hol es.

- . =_ B Inlaal voor
b Connsetor  Werkstuk Eril Afdichting  Boorbiss Schachtstawn  Aanslufsluk  koshviosistol

-__l__—':ll--——
T

Boomchachi Spanannbak

The gundrill system consists of several parts. Central is the gundrill tool
itsself. Coolant is punped through a hole in the inside of the drill to the drill
tip where it exists and transports the chips via the outside of the drill (a V
groove in the shank) to the chip box, where chips and fluid are separated. The chip
box also contains support for the shank of the gundrill to prevent excessive
bending and a start bushing ('boorbus') that guides the drill during its entry

stage. Also present is a seal which prevents leak of fluid to the outside (note
that this fluid is under high pressure, up to 200 bar, depending on dianeter). In
this picture is shown a steady rest ('bril') to provide support to the workpiece.
In the situation above it's the workpiece that rotates, the gundrill itsself is
stationary; other nethods exist, as we shall see later. The tool is held in a tool
hol der ('aansluitstuk') on the nachine. This tool holder has a coolant channel
i nside and guides the fluid into the driver of the gundrill.

Perhaps the nost characteristic aspect of gundrilling is the drill itsself, which
| ooks very different froma regular siral drill. One mght even wonder how it is
possible to drill very straight holes with a drill that is so very asymetrical...
The gundrill consists of several parts:

1. tip (made of carbide, either entirely or partly)
2. shank (steel of high yield strength)

3. driver
éDRNER SHANK FLUTE T Pé
I FLUTE LENGTH
I
| OVERALL LENGTH
r
It is not like the usual netal cutting tool, in the sense that it perforns two

different tasks at the sane tine:

1. cutting (at end of the tip)
2. burnishing (at support pads of the tip)
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It is because of the burnishing that occurs that the hole has such good surface
roughness, which can even be better than may be acconplished with reamng and
honi ng.

The driver is brazed to the shank and acts in the transferring of torque from
machine to drill. The design of the driver is machine specific. It has sone sort of
coupling systemintegrated in it, so coolant can be punped fromthe machine to the
tip of the head. The driver is the place where the coolant enters the drill.

The shank has a slightly smaller dianmeter than the tip, in order to provide
clearance fromthe bore. It is made of a tenpered sectional tube with a V-groove in
it (included angle 110°-120°) to allow the coolant with chips a way out. The shank

is very inportant in that it determ nes how the drill will behave in the sense of
torsional stiffnes, vibration and fluid flow (Titek, p.2). A gundrill shank nust be
constructed from high yield-strength material, followed by heat treatnent to a
tenpered martensite structure (Astakhov, A priner on gundrilling). Usually 4130

steel (25CrMp4; Werkstoffnr. 1.7218) is used. Notice that the \Vgroove reduces
torsional stiffness, sonething on which the other 2 systens (STS/BTA and Ejector)

performbetter with their round boring bars.

The tip of the drill is brazed® to the shank and usually consists of solid carbide
(only in dianeters greater than about 20 nmm are carbide inserts used, because of
the cost of carbide). The bearing pads are a decisive factor in the surface quality
and di nensional accuracy of the hole (Titek, p.2).

The end d the tip ('point') is the part that does the actual cutting along wth
the side cutting edge. The design and geonetry of it largely determ ne the shape of
the chips and the effectiveness of the coolant, the lubrication of the tool and
renoval of chips (Astakhov, "The nechanism of Bell nouth [...] part.1", p.1135). It
is imediately obvious that the drill is not symetrical like a spiral drill. It is
this asymretrical shape, together with guiding pads on the tip, that give the drill
its self-piloting characteristics, as we shall see in another chapter.

The gundrill can relatively easy be re-sharpened by the user, up to 60 tines,
according to literature. According to Astakhov, one should be happy to be able to
sharpen 78 tinmes, while nr. Sneenk of Kluin Wjhe stated that, if one doesn't Iet
the wear get too bad, 15 to 20 tines should be possible. However, since the tip is
slightly conical (it has a back taper, i.e. further back the dianeter decreases),
the dianeter slightly changes after a regrind operation:

"Beachtet werden nufR, dass die ELB Werkzeuge eine Konizitat aufweisen (je
nach Typ ca. 1:2000 - 1:400). Die Bohrer werden also bei 10 mm
Nachschlifflange im Durchnesser um ca. 0,005 - 0, 0125 mm kleiner."
(www. ti ef bohren. i nfo)

This not only has consequences for the dianeter of the bore but also for the size
of the starting bushing or pilot hole that should be used for starting the hole,
because the clearance between the tip of drill and the bushing gets larger after
each re-grind operation.

A nice thing about the gundrill is that it is capable of producing holes that are
burr-free, so no subsequent operation is necessary to remove the burr. This also
leads to less risk of nmachine operators cutting thenselves accidentally and thus
bl eedi ng to deat h.

Gundrilling can be used for drilling in a wide variety of naterials, from plastics
like Teflon and conposites like fibreglass, to special high-strength die and nould
materials like P20 and Inconel. Cast iron, alum num brass, nolybdenum steel,
heat -treated stainless, polycarbonates, plastics, and nmany other nmaterials too
tough to spiral drill nornally are easily gundrilled. Materials with a hardness of
up to 46 HRC can be drilled.

% this is the nost common, 'classical' gundrill, like the Botek type- 113 and type-110. There
nowadays do exist gundrills with detachable tips or carbide inserts for the cutting or guiding
part. These are nore conmon in gundrills of larger dianmeter (>18 mm ww.tiefbohren.info).
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Below are the various advantages and disadvantages of the gundrilling system
according to Astakhov ("Wy gundrills?", p. 5):

Advant ages of gundrilling over STS(BTA) and Ej ector systens

- good surface finish and close tolerance of the
machi ned hol es.

- can be used for holes with small dianeter (about 1
nm )

- same nose geonetry can be used for a wide variety of
materials. |If needed, geonetry can be changed quickly by
re-grinding.

- sinple tool design results in relative |owtool costs

- long life: gundrill can be re-sharpened 815 tines' Il
Regri ndi ng can be performed by shop-floor operator. ol X
- long tool |ife because of coolant supply to the flank-workpiece interface.

- much less sensitive to msalignment of start bushing. Often a starting hole will
be sufficient.

- sinple change to another drill of different dianeter.
- relatively (with respect to STS & Ejector) |ow coolant flow rate required.
- gundrilling machines and their accessories are nmuch |ess expensive conpared to

those for STS and Ej ector drills.

O course, gundrilling also has disadvantages when conpared to the other systens of
deephol e drilling:

- relatively low productivity due to slow feeds.

- difficulties in re-sharpening of long gundrills of small dianeters.
- requires higher coolant pressure.

- smaller allowable |ength-to-diameter ratio?.

- not econom cal for diameters nore than 2" (50 mMm

The technique of gundrilling, though basically unchanged for over 150 years, is
still being inproved upon (the other 2 techniques, STS/BTA and Ejector, are
relatively young in conparison to gundrilling). The biggest nodification of the
process has been the introduction of carbides (in 1927, in Germany by the Heller
conpany) wth their longer tool Iife, better wear characteristics and higher
productivity due to higher cutting speeds. At the nonment experiments are being done
to end the necessity of coolant fluid by using conpressed air or a mxture of
conpressed air and fluid. In the field of the nmachines, new nethods are being
devel oped to reduce the sensitivity of the process to vibrations, like installnent
of danpers and using PLCs to control the process in such a way that when
vibrations do occur, machining paraneters are adjusted to stop the occurrence of
it. But despite these innovations, the basics of the process have renained
unchanged.

14 according to another source 40-60 tines (Metalworking Equi pment News).
' sandvi k recomends a maxi num L/D-ratio of 80 on p. C9, while on p. C98 up to 100.
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4.2 The STS/ BTA system

STS is the abbreviation of 'Single Tube System, while BTA stands for 'Boring and
Trepanning Association'. Both names are used to describe the sane process.
Historically the process was first known as BTA, so called because of the Gernan
associ ation BTA that started to market the process in the rest of the world after
1945. Nowadays it's also known under the nore descriptive name of 'Single Tube
System .

—_— . Intzat voor Steun voor  Afdichting voor
: Comnactor  Werksiuk Brit Afdichting  koeliosisto!  boorpilp koalvloalste — Spanenbak

Boaorkiop . Boorbos Drukkisp Boorplip Sleda

The main difference between the various deephole drilling systens is fluid-flow and
chip removal. In this picture we can see that the global setup of the STS/ BTA
system looks a bit like the gundrill system Fluid enters the drill through the
inlet ("inlaat') in the pressurehead, fromwhere it is transported via the outside
of the drill (with the wall of the bore acting as a pipe) to the cutting area.
There it flows over the cutting edges, picks up the chips (while in the process
cooling the area) after which the swarf is transported via the inside of the tube

to the chip box. This is a difference with gundrilling where the chips were
transported via the outside of the drill, the flute. Another difference 1is that 2
seal s are needed; one between the drill and fluid coupler and a seal between the

wor kpi ece and fluid coupler (this last seal has to withstand high pressure and high
rotational speeds).

Note that this is just one possible setup; other setups are possible in which the
tool rotates and the workpiece is stationary, with different denands on the seals.

STS

In the picture on the right is a closer
detail of the IStool itsself. It can
be seen clearly that fluid flows via
the outside of the drill to the bottom
of the bore, over the cutting edges and
outside via the inner tube. Oten
carbide cutting inserts are wused in
this type of tool.

A major disadvantage of the systemis that it can't be used for small dianeters:
the mnimum that's achievable with Sandvik's tools (a major manufacturer) is 15,6
mm (Sandvi k, p. C55). Wien snall dianmeters are needed (down to 1 mm) gundrilling is
the only option. The STS system can be used for drilling holes of over 200 mmin
di aneter (Sandvik, p. CB8). Achievable roughness is Ra = < 2,0 um (Sandvik, p.C8)
which is much worse than can be obtained by gundrilling (Ra up to 0.1 um.

The STS (and Ejector) system is newer, nore nodern than gundrilling. It isn't
necessarily better, despite clains of the nmanufacturer:
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"Eerste keuze voor hoge productiviteit. [...] De productiviteit van STS-boren
is tot 5 maal hoger dan die van kanonboren." (Sandvik, p.C5)

and a bit further:

"4 tot 6 maal sneller dan kanonboren; [...] lage investeringskosten bij
producti e kleine series; standaard programa." (Sandvik, p.Cb5)
Serious questions can be asked as to their claimof 'low investment'®. Then again,
the catalog is nmeant to help in the sale of their products, so |like any commerci al
it should be interpreted with a grain of salt.

However, as Astakhov explains, the clainmed benefits of STS drilling are not always
arrived at fairly and may have great influence in the field of deephole drilling.
The clainms of sone tool manufacturers even seem to discard gundrilling as non-

productive and ol d fashi oned:

"Inproper gundrill designs and applications were probably the prine
foundations for a legend that the so-called STS (Single-Tube Systen) drills
have overhauling advantage over gundrills showing up to five-fold higher
productivity. This legend is actively pronoted by Sandvik Coromant Co who
clains that STS deep-hole drills double throughput conpared to gundrills
[references renoved; PD] or that a STS drill is 45 times faster than a
gundrill [references renmoved; PD]. Such conparisons are often unfair due to
the diference in quality of the tools to be conpared. A conventional gundrill
havi ng a nunber of design and manufacturing flaws and made of relatively | ow
quality of carbide of not even suitable grade is conpared with the STS drill
optim zed for a given operation and equi pped with the cutting edges nmde of
superior carbide selected for the application." (Astakhov, "Wy gundrills?",
p. 2)

and a bit further:

"When a gundrill is properly designed, its tool life is always higher than
that of an STS drill of the sane dianeter [...]" (Astakhov, "Wy gundrills?",
p. 4)
I had noticed this bias of Sandvik to E ector and STS drilling, as opposed to
gundrilling, also in their catalog before | read the articles of Astakhov. This
makes me wonder, maybe a bit cynical ¥, but for a tool manufacturer the sale of a
STS or Ejector drill is nore attractive than that of a gundrill. The tool is nore

conplicated, thus nore expensive, probably with larger profit nmargins. A gundrill
on the other hand is quite a sinple tool in conparison, which can be reground nany
tines by the user. In the catalog of Sandvik only a few pages are dedicated to the

gundrill system while 90+ pages are filled with STS and Ejector drills and their
accessories.

Anyhow, this pushing of the STS system doesn't mean there's nothing good to it, as
one mght be tenpted to think after reading sonme of this (I think correctly made)
criticism below is a sunmary o the advantages and di sadvantages of the STS (BTA)
system according to Astakhov ("Wuy gundrills?", p.6):

Advant ages of the STS (BTA) system

- high productivity?8

- the highest possible L/D-ratio.

- special tool heads that may combine a nunber of different operations (ream ng,
skiving and roller burnishing, trepanning, pull boring, chanber boring)

' O perhaps they shoul d explain what they conpare it to; certainly not gundrilling...

17 Because one might argue that for a long-termnutually beneficial relationship, the tool
supplier should help to solve problens together with their custoner; not push their products
with the highest nargin.

| have trouble understanding this, given Astakhov's earlier criticism M guess is that he
neans productivity is higher than with gundrilling but not 4-6 tines as high as clainmed by
Sandvi k.
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- theoretically, no restrictions on the upper dianeter of the hole being drilled.
- different carbide grades can be used for different parts of the cutting edge.

Di sadvant ages of the STS (BTA) system

- significant down tinme to change to another dianeter.

- high sensitivity to the machine alignment and the clearance in the start bushing.
- conplicated re-sharpening procedure, can only be done wth specialised tools.
Thus, often no sharpening is done, which increases tooling costs. The adjusting of
the carbide inserts is conplicated.

- high sensitivity to the shape of the chip produced. A drill ground for one
material nmay not be suitable for another material, even though they may have
simlar chem cal and nechani cal properties.

- requires special drilling machines, high qualification of operators, engineering
support and conplicated mai ntenance procedure.

- requires highest coolant flow rate, with associated big coolant tanks, powerful
punps, big filters, cost of coolant disposal, etc.
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4.3 The Ej ector system

The Ejector system looks a bit like the STS system but differs in the way the

fluid is supplied: the boring bar and the drill consist of two coaxial tubes. The
drilling fluid to the drill head is supplied through the annul ar cl earance between
the boring bar and the inner tube; chips and fluid are renmoved through the inner
tube, like in the STS system The torque of the drill is mainly taken up by the
outer tube.
Inlaat voor
Connector  Werkstuk Bril Boorbus Boorpijp  Spanhuls koelvloeistof  Afdichtingsbus

~ Connector voor
stilstaande boor

Boorkop . Binnenpiip

The system is sonetines also described as the Dual Tube System (DTS), for obvious
reasons.

The advantage of it is that it can nore easily be retrofitted to machines than the
STS/ BTA system This is because no seal is needed between workpiece and drill: the
outer tube of the Ejector system negates the need for it, which makes this system
nmore easy to retrofit (Sandvik, p.C8). The STS system can only be used on special
deep hole drilling machines, whereas the Ejector system can be used on deep hole
drilling machines, NC machines, |athes, npbst conventional nachines and machining
centers (Sandvik, p.C8).

The name 'Ejector' is derived from the special way the coolant flows: when the
fluid gets near the drill head (where the actual machining takes p ace), part of
it?® is routed towards the cutting area; the rest goes via 'ejector nozzles' that
re-route the fluid towards the outgoing stream This creates a partial vacuum in
the inner tube that facilitates chip renoval. So, on the one hand there's
overpressure in the outer tube and cutting area that pushes the chips away with the
fluid that has made a 'full' loop, while in the inner tube there's a |ow-pressure
area that pulls the fluid with chips out. The ejector nozzles can either be |ocated
in the drill head or near the connector of the drill.

As in the other 2 systens, in the picture above is just one possible situation;
other setups are possible in which the tool rotates and the workpiece is
stationary.

If we conpare the Ejector systemto the STS system we see that at first sight they
mainly seem to differ in the place the fluid enters the drill/boring bar; upon
closer |ook, however, the real difference lies in the way the energy of the
drilling fluid is used to remove chips. An advantage of the Ejector systemis that
the guide bushing can be much sinpler, because there's no need for a seal. The
maj or benefit though is that it can be retrofitted to al nbst any nmachine. But chip
renmoval is worse than when using the STS/ BTA system with that system the high
pressure fluid gets to the drill head, though locally there can be great variations
in resistance, fluid velocity and thus pressure, which can (locally) be much | ower
than the pressure at the connector of the drill. In the Ejector systemthere is a
|l ower pressure area in the inner tube (due to the venturi effect of the ejector
nozzles) that helps to renobve chips, but this underpressure is limted; the

1% the ratio is somewhere between 40:60 and 60: 40 (Astakhov, "On the design of ejectors
.1
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overpressure in STS/BTA is theoretically unlimted. The overpressure in the Ej ector
system is theoretically unlimted too, but since this system is minly used to
retrofit on other machines, which often don't have the capability to generate the
hi gh pressures needed in deephole drilling, coolant pressures in the Ejector system
are usually lower than in the STS/ BTA system

Li ke the STS systemit's not usable for snall bores; the mninmum diameter that can
be made with Sandvik's tools is 18,4 nm (Sandvik, p.C8). Achievable roughness is Ra
= < 2,0 um equal to that of STS/ BTA, but worse than can be obtained with the
gundrill system

Chip formation 1is even nore inportant than in other deephole drill systems due to
the limted dianmeter of the inner tube and the fact that the ejector nozzles can
becone blocked by chips, thereby hindering chip renpbval and possibly causing
breakage of the tool. The generally lower pressures in the Ejector system doesn't
make matters better.

The criticism that Astakhov has on the pushing of the STS system by the tool
manuf acturers is also valid for the E ector system Basically, these systens |ook
alike, as far as appearance of the tool is concerned. The only (and nmin)
difference is the way the process uses the energy of the coolant and how the chips
are renoved. Because there are basically two pipes in series (though nechanical
they're nounted coaxially) the pressure loss of the fluid is greater than in the
STS/ BTA system which linits the maximum length of holes that can be drilled. If
long I engths are needed the STS/ BTA system nmay be the better choice.

Below is a sunmary of the advantages and di sadvantages of the E ector system as
conpared to gundrilling and the STS (BTA) system according to Astakhov ("Wy
gundrills?", p.7):

- can be used on a wide range of versatile machines.

- high productivity.

- requires relatively |l ow pressure of the cutting fluid.

- different carbide grades can be used for different parts of the cutting edge.

- sinple change of a worn drill head. A nunber of different drill heads can be used
with the same boring bar.

Di sadvant ages of the Ej ector system

- cannot be used for holes smaller than 20 mm

- high sensitivity to the machine alignment and the clearance in the start bushing.

- very high sensitivity to the shape of the chip produced. They cannot handl e any
chip pileups due to specific design of their hydraulic circuit. This is a nmjor
di sadvant age of the ejector system
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4.4 Final remarks on the 3 systens
In the graph on the right is a sunmmary of 200 [: [ —
the preferred application area of these 3 AL “-»,\
systens. : /: | ] 5

g P 'ELBE Tbal'hnhrun\‘
Note that this graph |ooks mainly at BTA : 4 E | i1
drilling; Ejector dri I | | ng _i s not _i ncl uded : J|r D:. 8 I th s schnaigmipareh ..1II
but shares so nuch similarities with BTA : M < [EEREEkEochbdtin 1
as will be understood after reading the I : A" e BT J
previous explanation of it, that in this : ;’ ",,. 5 i
graph we may equate BTA to Ejector. ('ELB 2 ;oo 0 _.,"
in " ELB- Ti ef bohr en’ st ands for [ . Durchenesser (mm) s

"Einlippenvol |l bohren', the German term for
gundrilling).

There is a caveat to this graph though:

"Das gesante Feld der durch Bohren

“erhdlinis Ldnge / Durchmesser

her st el | baren I nnenkont ur en wird
durch die Ti ef bohrt echni k
beherrscht. Lediglich im Bereich
kl ei nerer Bohrti efen (bis
Lange/ Dur chmesser ca. 6 und
Durchnmesser bis ca. 60 nmm werden
auch andere Bohr ver f ahren und

Bohrwer kzeuge eingesetzt. Da diese
Abnmessungen im allgem Maschi nenbau
vorherrschen, wrd die Dom nanz und
Vielseitigkeit der Tiefbohrverfahren
oft nicht wahrgenommen."

(www. ti ef bohren. i nfo)

Durchmesser (mm) - 1500

Note also that in this graph the area of gundrilling ('ELB-Tiefbohren') is pretty
smal |, which might suggest that the application of gundrilling is very linmted.
Cause of this is the large final value of the Xaxis (1500 mm dianeter): the
majority of deephole applications in the real world deal with bores of small
dianeters, for which gundrilling is the best solution... This should be borne in
m nd, otherwi se the graph can be deceiving. The mmjor advantage of this graph is
that it shows a (nore or less) conplete set of drilling problens (diameter vs. L/D
ratio) and the applicable process. It also shows that spiraldrilling is just a
subset (though a very often used one) of the general set of drilling solutions.
Spiraldrilling is so often used that sonme people may forget that there's a l|large
range of holes that can only be nmade by deephole drilling techni ques. Besides, the
techni ques of deephole drilling are trickling down to the real mof short holes:

"Ti ef bohr wer kzeuge beherrschen das gesant e Fel d der durch Bohr en
herstel | baren | nnenkonturen. |nsbesondere im Bereich der tiefen Bohrungen und
der Bohr ungen m t grofRen Durchnessern  werden fast ausschlieBlich
Ti ef bohrt echni ken ei ngeset zt .

Wegen seiner hohen Produktivita wund erreichbaren Bohrungsgite w rd das
Ti ef bohren heute zunehnend fiur Fertigungsaufgaben eingesetzt, bei denen das
Ver hal tni s zwi schen Bohrungsti efe und Bohrungsdurchnmesser kleiner als 10 ist.
Auch im Bereich geringerer Wrkzeugdurchnesser, in dem naturgenéfl die neisten
Ei nsatzfalle fur das Bohren liegen, zeigen zahlreiche Bearbeitungsbeispiele
die Préasenz der Tiefbohrtechnik. Schwerzerspanbare Materialien |assen sich
m t Ti ef bohrverfahren im Regelfall ver gl ei chswei se  gut bearbeiten. "
(www. ti ef bohren. i nfo)

The sane is observed by Astakhov:

"Originally the self-piloting tools (SPTs) served as deep-hole tools, but the
net hod has now been adopted to even short workpieces to gain benefits of
hol e-axi s straightness and short nachining time. In mass production, a very
cl ose tol erance can be held and a reasonably high surface finish maintained."

"

(Astakhov, "an anal ytical evaluation...", p.1189)
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What these witers don't mention here is that deephole drilling can elimnate the
need for several other processes; if the choice is between spiraldrilling, followed
by drilling with 3 fluted drill and finally reamng - vs. deephole drilling, the
|latter process may well be the nobst economical one, even for not-so-deep holes. A
German website sunms up the benefits of deephole processes in the drilling of short
hol es t hus:

"Vorteile beimEi nsatz der Tiefbohrverfahren sind:

* sehr hohe Zerspanl ei stung

* jdeal e Bedi ngungen beziglich Kihlung und Schm erung

* kurze Hauptzeiten

* hohe Bohrungsqualitéat hinsichtlich Durchnessertol eranz, oerfl achen-gite
und geonetrischer Forngenaui gkeit

* hohe Fl ucht genaui gkeit, geringer Bohrungsver!l auf

* Ersatz nmehrerer Arbeitsvorgange - z.B. Vorbohren, Aufsenken und Reiben
durch einen Arbeitsvorgang

* Bearbei tung schwer zerspanbarer Werkstoffe

[...]

* geringe Gratbil dung bei m Ausbohren und bei m Uber bohren Quer bohr ungen”
(www. ti ef bohren. i nfo)

These advantages can nake deephole drilling an attractive machining process even
for short holes. And to add to its versability, it can be used not only for
drilling but also for boring, i.e. increasing the dianeter of an existing hole

(just as STS/ BTA and Ejector system can).
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Chapter 5

Theory of gundrilling
In this chapter we shall take a closer look at gundrilling. Various aspects of the
process will be considered along with the inpact on hole quality.

5.1 Gundrilling: conbination of cutting and burnishing

Unli ke nost other hole-producing processes, which usually depend only on the
cutting action of the tool, gundrilling also executes a different process at the
sane tinme: burnishing (Astakhov, "Wy gundrills?", p.2). Wile the tip of the drill
is cutting new material, the supporting pads perform the burnishing action. It's
thanks to the burnishing that the drilled hole can have superior snpothness, up to
R, = 0,1 um and have such a tight tolerance on dianmeter (IT9, according to one
source even | T6).

If such roughnesses or dianeter-tolerances are needed wth other nachining
processes, an extra process step would have to be perfornmed with a burnishing tool
or reamer. Because of that burnishing action of the gundrill (basically a cold-
form ng process), we should see an increase in hardness of the hole surface. [|'ve
found only one (qualitative) reference with respect to cold deformation, a picture
that shows a cross-section of a gundrilled hole and the change in material
structure. However, no (change in) hardness val ues were given.

In this picture can clearly be seen that deformation of the crystals has occurred;
it would be interesting to know how big an influence this would have on the
hardness. Therefore, in the application part of this thesis | shall nake
nmeasurenments of the increase in hardness of a gundrilled hole.

5.2 Description of the gundrill-tip
In the previous chapter we have taken a look at the various conmponents of the

gundrill: the driver, shank and tip. In this paragraph, we shall take a closer |00k
at the tip itsself and its various angles.
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In the picture above are the nanes of the various parts of the tip of a gundrill;
the point is the part that is the first to touch the material of the workpiece. The
support pads (guiding pads) or support area (not shown in this picture) provide the
gui dance to keep the drill going straight. The oil hole is where the fluid |eaves
the gundrill; often there are 2 holes (a smaller one and a larger one near the
point) or a kidney-shaped hole, to provide better |ubrication and flow

"The oil passage opening can be in the form of one or two round holes or a
ki dney. The kidney provides a larger clearance, but reduces the strength of
the tool. Consequently, the kidney is only used for smaller dianmeter drills."
(ww. t bt - usa. com

However, another highly respected source regards the above comment as 'nonsense'
and 'technical illiteracy', unsubstantiated by either theory or experience. Hard to
find out which really is the case, without setting up sone experinments to find out
for nyself.

In the drawi ng bel ow are shown nore clearly the various angles of a gundrill?2°:

"The terminal end of the tip is
formed of angles j, and j, of the

out er and inner cutting edges,
respectively. Normally, the outer
angle, j, is 30° and the innter

angle, j,, is 20°. A primary relief
(with the normal clearance (flank)
angle a; 8-12°) is provided usually =i
on the flank of the outer cutting
edge. A secondary fl ank
(approximately 20°) is applied to the
outer cutting edge to provide space
for the coolant to reach the cutting e o

edge and to avoid the interference

of this flank with the bottom of the hole being drilled. To the inner cutting
edge a flank, with the normal clearance angle equal to a, (normally a, is &
129, is applied. To prevent interference of the rib formed by the relief
surfaces, an auxiliary flank face having the normal clearance (flank) angle
a;., (Section GC) is also applied. The rake face nornmally has 0° rake angle
and is located below the centerline by a certain distance c. [...] The
peri phery point R defines drill's dianeter dg. The side cutting edge is
formed as intersection of the rake face and circular land to which the relief
(flank) face having the normal flank angle as is applied." (Astakhov, "The

nechani sns of Bell mouth formation... part. 1", p.1136)
This is the 'standard' grind. Like with spiraldrilling, different angles can be
ground on a gundrill to better suit different materials:

"There is a large nunmber of "standard" grinds available for different
wor kpi ece materials. In praxis many deviations from these "standard" grinds

are nmade in order to optimze the drill process." (ww.tbt-usa.com a major
Anerican gundrill manufacturing firm
This brings us to some criticism of Astakhov: sone gundrill manufacturers include

all kinds of fancy grinds, wthout theoretical support. One of these variations
includes supporting pads in such a way that it is inpossible to nmeasure the
diameter (with standard tools) or even worse, that can cause instability (no
di scrzelt e pads but a guiding surface). These actually degrade performance of the
drill==.

% thisis asinplified picture; for a nmore conplete view, see Appendix |.

ZLr@undrills with the supporting continuum which are now common in the autonotive industry,
have inherent instability and should not be used at all. It does not have any advantage in
drill performance." (Astakhov, "The nmechanisns of Bell nmouth [...] part.1", p.1143).

Al so explained in http://gundrilling.tripod.com ('inherent instability")

26



aundrilling

Now we have a better idea of the various conponents and angles of the tip, in the
next paragraph we shall have a closer |ook at the various forces acting on the
gundrill.

5.3 Self-piloting gundrills

Qundrills are self-piloting, which nmeans that they guide thenselves to achieve a
straight hole. The reason they have self-piloting properties is because of their a
symetrical profile which generates a force that pushes the guide pads of the drill
against the wall of the hole being drilled. W shall now take a closer |ook at
these forces and gui di ng pads.

"When a gundrill works, the cutting force
generated is due to the resistance of the
wor kpi ece material to cutting. This force
is a 3-D vector applied at a certain point
of the cutting edge. [...] The cutting
force R (or the resultant cutting force
for multi-edge tools) can be resolved into

three conponents, nanel y: t he power
(tangential) conmponent Fe, the axial
conponent F., and radial, F, forces,

respectively. The axial force is balanced
(equal in magnitude and opposite directed)
by the axial force of the feed nechani sm of
a deep-hole machine while the tangential
and radial forces sumto create force K, (acts in the xy-plane) which (in
contrast to other axial tools as spiral drills, reamers, nilling tools)
generally is not balanced, regardless of the nunber of the cutting edges
used. To prevent drill bending due to this unbalanced force, sone special
neasures should be taken. The term 'deep-hole drilling" has grown to nean
that the wunbalanced cutting force generated in the cutting process is
bal anced by the equal and opposite force due to supporting pads, which bear
against the wall of the hole being drilled. As such, the 'deep-hole drill’
guides itself initially in the starting bushing and then in the hole being
drilled so that it can be considered as self-piloted." (Astakhov, "Wat is
the nmeaning of 'self-piloting ?", p.1-3)

However, not everything that looks like a gundrill is actually self-piloting. As
Ast akhov continues to explain:

"For exanple, the term'two-flute gundrills', which is currently wide used in
the autonotive and tool industries to describe a deep-hole drill with two
identical cutting elements symetrically located with respect to the drill
I ongitudi nal axis. Because there is m (at |east, theoretically) unbal anced
radial force, it is sinply wong to regard such a tool
as a gundrill. It is not self-piloted although it is a
drill with internal coolant supply and external chip
renmoval along straight WV flutes. Unfortunately, such
drills are treated as SPTs? and thus often nisused. In
our opinion this became possible because the so-called
"deep-hole drilling experts' fromthe |eading gundrill -
producer in this country [USA; PD] have no idea about the working principles
of SPT." (Astakhov, "What is the neaning of 'self-piloting ?", p.5)

2gpT=Self Piloted Tool
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In the picture on the right are shown several configurations of the
guiding pads. The first configuration is used the npost and is the
standard configuration for machining steel; it also has the advantage of
being micable. The other 3 configurations are sonetimes used for other
materials (the mddle 2 are used for alumnium the bottom one for
brass).

The middle 2 drills in this picture don't have guiding pads but a
' gui di ng continuumn ,

"It is well known from the principles of locating that proper
location of a cylindrical body is achieved when three Ilocating

points are involved. [...] In other words, a gundrill with the
supporting continuum is inherently unstable." (Astakhov, "Bell
nmouth formation... part.1)

‘s

O hers (esp. manufacturers) reconmend for exanple the 2nd type of guide

pad for drilling alumnium wthout offering an explanation as to why it would work
better, according to them Now, if | were a tool producer 1'd prefer to sell
different drills for different materials... A major benefit of the gundrill is that
one drill can be used for many different types of naterials.

The 2 guiding pads can be located in various places. As Astakhov has remarked, one

of the pads should preferentially be opposite of the nmargin so the dianmeter of the
drill can easily be neasured. The place of the other guiding pad can be varied,
however .

"The exact position and form of these pads have a great influence on the

drilling result. A wong formcan cause the tool to get "jamed" in the bore,
overheat the tool, ream the bore or increase the bore run-out." (ww.tbt-
usa. con

After reading the above it should be obvious that the design of the guiding pads of
a gundrill is not trivial and can greatly influence the performance and tool life
of it and have significant effect on bore quality.

5.4 The starting bushing (or guide hole)

Qundrills are self-piloting. However, they're not self-centering: to guide the
drill while starting a hole, it's necessary to use a starting bushing. It's the
starting bushing that has a major influence on the quality of the hole.

The straightness from the hole derives from the fact that the tip of the drill
guides itsself (by means of the guiding pads) with respect to the freshly drilled
part of the hole. However, when starting a new hole no such reference is available
from the workpiece itsself. Therefore another neans of guiding the drill during the
initial stage has to be devised.

o

In general, there are two ways: - _!
1. pilot hole pi
2. starting bushing 5 |

LLL S
The nethod chosen doesn't have a fundanental _ Hlusteation |
influence on the quality of the hole, since i'-'.'r'i
they both perform the same function: guiding e
the gundrill during the initial entry-stage. i—l :H;H]
It will usually depend on other factors, I|ike —
ease of setup and tool-change (gundrill wvs.

Guide hole Hiustration &

pilot drill), which nethod is chosen.
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Bohrbuchse Dichtscheibe
Dicht-
In the drawing on the right is in closer [ ™ " g T
detail how the bushing is nmounted in the chip | : E, KSS
box. LU - ===, |
A & % wo il
£ . . A
'l Y b N ¥
e \ N 5
- . | =
Whatever nmethod is chosen, pilot hole or Lisnetten-
starting bushing, it's vitally inportant for Bohrbuchsentrager buchse

bore-quality that it is exactly in the center
of the axis of rotation. If it isn't, hole straightness is

conprom sed and early failure of the gundrill mght occur:
the gundrill will bend back and forth in the frequency of  Bstumnds s
rotation, while anplitude of the deflection will increase
as the drill gets deeper. At a certain nonent, a fatigue

crack will devel op.

This may result not only in the loss of the tool, but my
al so cause the scrapping of the workpiece and should
therefore be avoided. On the plus side, it's easy to
prevent this from happening: nmake sure the starting
bushing or pilot hole is properly centered. It's also

Evnniisie Do

inmportant that the gundrill is properly aligned to the
machine axis of rotation. If the gundrill itsself is out
of alignnent then straightness will also be reduced; the
hole will have the formof a 'banana'.

The starting bushing is usually nade of either hardened steel or carbide. Bushings
made of carbide last, on average, 10 tines longer than those of hardened steel

(Sandvi k- Coromant , p.Cl27). Sonetinmes rotating bushings are used to limt wear of
the bushing. Sandvik al so gives info regarding dianeter of the starting bushing:

"Om een lange standtijd en gaten van goede kwaliteit te garanderen, wordt de
boorbus tot dezelfde nominale dianeter als de boorkop geslepen, nmmar aan de
pl uskant van de tolerantie." (Sandvik-Coronant, p.Cl24)

This is consistent with another source that states that the starting bushing shoul d
never be smaller than the dianeter of the drill; bigger is less of a problem but
too large should also be avoided to prevent instability of the drill. COver tineg,
this clearance can increase due to wear of the starting bushing and wear of the
gundrill (especially the guiding pads), so periodical checking nay be necessary. If
the dianeter of the bushing is nore than 0,02 mm greater than that of the gundrill
it should be discarded®. Care should be taken when sel ecting bushings that they are
suited for gundrilling; ordinary drill bushings, neant for spiraldrilling, haven't
got the tight tolerances (I1SO H6; Sandvik p.C96) that are necessary for gundrilling
and shoul d therefore be avoi ded.

In sone cases a starting bushing may not be possible because of the geonetry of the

wor kpi ece; and when gundrilling is done on CNC machines starting bushings are not
the best choice, it's usually easier to drill a pilot hole, especially when the
machine is suited for quick or automatic tool-change. And just like the starting
bushi ng must be of high quality, a pilot hole nust fulfill the same high demands on

di anet er tol erance:

"Hinsichtlich der Durchnessertol eranz  werden an Pil otbohrungen hohe
Anf orderungen gestellt, um ein gute Anbohrfihrung des ELB und sonit die

2 This is in fact a function of the dianeter of the drill; .02 nmwould be the value for a 30
mmgundrill, but woul d be unacceptable for a 2 mm one
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Vor ausset zungen fir einen geringen Mttenverlauf zu gewdhrleisten." (Institut
fur spanende Fertigung, "Tiefbohren auf Bearbeitungszentren".)

Anot her source states basically the sane:

"Wahrend auf Ti ef bohrmaschi nen zur Fihrung der Werkzeuge bei m Anbohren eine
Bohrbuchse verwendet wird, arbeitet man auf CNC-Bearbeitungsmaschinen mt
sogenannten Pilotbohrungen die als Anbohrfihrung direkt in das Werkstick
eingebracht werden. Die Bohrtiefe der Pilotbohrung ist abhadngig vom
Bohrdurchnmesser. Al's Richtwert gilt ca. 1,5 x Bohrerdurchmesser nit einer
Bohrungstoleranz F7. Die Qalitat der Anbohrfihrung beeinflusst wesentlich
die Standzeit des Werkzeugs und den Bohrungsmittenverlauf." (Werkzeug Technik
nr. 79, p. 50)

As far as depth of the pilot hole is concerned it's possible to nore accurately
determ ne the depth needed than with the rule of thunmb of 1,5 * Dt

"The depth of the pilot hole nust be sufficient to bury the outside corner of

the gundrill without the tip touching the bottom of the hole." (website of
"@ndrilling solutions')
When the pilot hole is drilled (or a bushing is present), actual drilling can be
started. One final comrent on the subject of bushings and pilot holes: the rotation
of the drill my only start when the gundrill is guided by either the bushing or
the pilot hole. Never should a gundrill be allowed to rotate freely:
"Never run the spindle [...] before the drill tip is engaged in the pilot
hol e! Renenber that a gundrill is asymmtrical® - revving it up with no
support will tend to make it do a 90 degree turn (for the worse)." (website
of "@Qundrilling solutions')
This is of course not an issue when the drill is stationary, as is the case in the

rot ati ng-wor kpi ece system

5.5 Wi pgui de: support of the drill

When gundrilling, the starting bushing is one support for the gundrill. The drill
hol der is the second supporting point. However, since the gundrill is a relatively
long, slender tool with little resistance to bending, when drilling deeper holes
it's necessary to add extra support to the drill i al so be necessary to

further support the workpiece, but this doesn't
differ from e.g. lathe operations). The support
is in the form of whipguides, as can be seen in
the picture on the right. There are guidelines to
determ ne how many whipguides are to be used, as
we shall see in the chapter on the determ ning of
machi ning paraneters; the general rule though is
that holes up to a L/Dratio of 32 can be
machi ned wi thout whipguide; this is a general
rule, the situation may call for nore support,
depending on the particular drill design, work material and cutting regine.

If it isn't possible to add extra support in the form of a whipguide, feed and
speed of the process nust be proportionally lowered to reduce the risk of shank
whi p and buckl i ng.

The inportance of whipguides can be seen in the picture above, where the drills are
supported in 2 places; it doesn't take an expert to see that w thout support the
drill would sag even under its own weight, let alone what would happen when a
feeding force was present...

24 contributing factors are the high rotational speeds (10.000+ RPM) used in gundrilling,
coupled with the long, flexible shank of the gundrill.
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Not only has the gundrill |ow bending stiffness, its torsional stiffness is also
smal|l. There's not nuch that can be done about this. The low torsional stiffness
can lead to vibrations (chatter) when nmachining, which show thenselves in the
bottom of the hole (if it's a blind hole):

“Chatter in deep hole drilling is a formof self excited®®, mainly torsional
vibration of the tool -boring bar assenbly. Its effect on the workpiece is
usually restricted to radial chatter nmarks at the bottom of the bore hole
...]. In extrene cases, chatter vibration nay also lead to narks on the
cylindrical surface of the bore hole wall." (Winert, "Analysis and
Prediction [...]", p.1)

So unless chatter is extreme and the hole isn't a blind one, there's hardly a

problem for the workpiece. Yet it is a problem for the gundrill, where vibrations
lead to increased wear (of the cutting tip and guiding pads) and possi bl e breakage
of the drill. One possible solution to reduce torsional vibration is the use of a
damper between the driver of the gundrill and the machine.

At nmy visit to Kluin Wjhe, it was stated that a little bit of chatter ('controlled
chatter') would actually inprove nmachining, because of the better chip breaking
that occurred. However, there are other and better ways to control chip breaking
than having to rely on chatter.

5.6 Lubrication & cooling

Li ke nost other netal-cutting processes, gundrilling needs cutting fluids. The
difference with e.g. mlling and turning is that the coolant is an absolute
necessity for the process to work, not just a neans of inproving the process
(regarding processtinme, toolwear or quality of the work). Wthout sufficient fluids
gundrilling can't work!

In general it is recognised that coolants perform three functions®®: (Deckers &
Schel | ekens, p. 152)

1. heat renoval (cooling)
2. reduction of friction (lubrication)
3. renoval of chips

As inportant as fluid is for drilling, as hard is it to get it where it is needed.
Wth mlling and turning, it's relatively easy to nmake sure sone coolant gets in
the actual cutting area. Wth drilling this is harder, because the cutting process
is shielded fromview and reach by the surrounding product.

The solution in gundrilling is the use of a hollow coolant channel in the drill 27
Usually this hole is round, though there exist 'inproved' holes with a kidney-Iike

shape or 2 holes instead of one.

The ampbunt of coolant needed (flow rate) is a function of only one variable,
according to Sandvi k- Coromant (p. Cl22): dianmeter. In order to clear the actual
cutting part of the drill, copious anpunts of fluid are needed. The larger the
hole, the greater the flow rate. The fluid-pressure though can be smaller wth
| arge holes, but should be higher with small holes. L/Dratio of the hole does not
influence flow rate; however, it does influence the pressure that's needed to
ensure the correct flow rate. A graph shown in chapter 5.10.c presents specific
values for the coolant flow rate and pressure.

Apart from choosing the right flow rate and pressure for the job, the right fluid
should be chosen. There are several types of cool ants, with different

% according to Astakhov, it's not self-excited but forced vibration

26 pe Chiffre acknow edges a 4th function, corrosion protection (De Chiffre, "Function of
cutting fluids in machining").

this method is not only used in gundrills, but sonmetinmes in spiral drills too. The advantage
i s obvious, coolant gets to where it is needed. The di sadvantage though is a weaker drill and
a nore expensive manufacturing process of the drill. Also, the drill is weaker due to the

i nternal cool ant channels.
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characteristics and applications. Astakhov recognizes the follow ng types ("cutting
fluids and their application in deephol e nachining", p. 7-8):

- Straight cutting oils
- Water enulsifiable oils
- Synthetic fluids

- Sem -synthetic fluids
- Liquid nitrogen

According to Astakhov, water enulsifiable oils should only be used "in exceptional
cases as in machining of easy machining materials under light cutting conditions."
(Astakhov, p.9). He recomends the use of straight cutting oils, which despite
their higher costs and consunption rate, provide the best results. Especially
recommended is the use of the right additives to provide lubrication at hi gh
tenperatures (400-800 °C). These high pressure (HP) or extrene pressure (EP)
addi tives (active conponents are chlorine or sulphur?® 2% forma thin, solid |ayer
at these tenperatures and it is this layer which actually provides the |ubrication.

Apart from choosing the correct type of coolant, it's also necessary to keep it at
a low tenperature (20-40°C) and cl ean:

"Kuhl schm erstoffe koénnen ihre Aufgabe nur dann erfillen, wenn sie optinal
gereinigt der Wrkstelle zugefuhrt werden. H erfir stehen eine Vielzahl, von
Kihl schm er st of frei ni gungs -Verfahren zur Verfigung. Selten werden heute bei
Ti ef bohranl agen noch nmagneti sche Abscheider und Filter verwendet. Eingesetzt
wer den akt uel | eher Papierfilter, Saugbandfil ter und VOor zugswei se
filterhilfsmttelfreie Siebfilter oder Zentrifugen." (ww.tiefbohren.info)

During ny visit to Kluin Wjhe, it was stated that for sone jobs, they maintained
coolant tenperature at 18°C, within one degree. They stated that if this wasn't
done hole straightness would suffer. This statement is hard to justify by theory,
and no other references to it have been found. However, | have little reason to
doubt their statenent, considering the effort they have to nake to keep the
tenperature within that narrow bandwith. The only way that tenperature could have
an influence is because of its effect on viscosity. To learn nore about this
phenonmenon, a test might be devised where the viscosity of the coolant is varied,
as opposed to the tenperature, to check whether this assunption is correct or
whet her ot her phenonena cone into play.

The coolant shouldn't contain particles geater than 15-25 um when gundrilling
very small holes no particles greater than 10 um should be present. This is nore
important in gundrilling than in for exanple mlling, because the coolant also

functions as lubrication for the guiding pads; too many (large) particles in the
fluid may lead to a rough bore surface and early wear of the guiding pads, wth
consequences to dianmeter tolerance, stability of the process and roughness of the
bore.

Because of the high flow rate of coolant used (for exanple, a hole of 20 mm needs
60 I/mn flow rate; that's a liter per second!) and the need to keep it cool,
relatively large volunes of coolant and |large containers are needed, as conpared to
ot her machi ning operations. This increases the investnents in gundrilling.

In response to stricter environmental standards and the increasing cost of the
(di sposing of) coolants, research is in progress® of deephole drilling wthout the
supply of liquid coolant. Only conpressed air is wused or a conbination of
conpressed air and a snall anmpbunt of mneral oil. There are promsing results for
sone materials (e.g. cast iron with only conpressed air) and other materials wth
conmbi nation of air and mineral oil. There may be a need for a different geonetry of
the drill tip to what is nornmally used but that mght be a small price to pay for
the cost savings that can be achieved.

28 gulfur has anti-weld properties, chlorine is a lubricant (source: Star cutter)

% pue to stricter environmental regul ations, sone of these additives are already forbidden
and others may be in the future. This has especially severe repercussions for deephole
drillers, where these additives are needed very hard. To the best of ny know edge, no real
solution to this problem that will becone nore severe in the future, has yet been found.
% at the Institut fir Spanende Fertigung in Dortnund
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5.7 Rotating tool, rotating workpi ece and counterrotation

Drilling operations are based on a relative novenent of workpiece and tool. In
general, we can recognise three different situations:

a. rotating tool
b. rotating workpiece
c. counter rotation of tool and workpiece

Diukiliate rotatie Aedarond werbyiuk Crranlends Door
Beood i

—— (R
EII B hi hapscd Oy @in na beste recbibesd Pellnirhe v britidsd
= ————— —
These different nmethods have their own pros and cons, as wll be shown belo, and

have different effects on hole straightness. If this bore quality is an issue,
thought nust be given to which system can and should be used. O course if
straightness is not an issue (but the other bore qualities that can be attained
with gundrilling are) then this is a noot point.

5.7.a Rotating tool

The rotating tool systemis the nbst widely used, not only in gundrilling but also
in spiraldrilling. Its major advantage is its sinplicity, with only the tool that
rotates; the workpiece can be clanmped down solidly when nmachining. Wth this
system care should be taken to never let the gundrill rotate freely, i.e. wthout
the guidance of a bushing or pilot hole; because of the unbalance of a gundrill,
this may result in a dangerous situation.

In case of a rotating gundrill, the nachine nust have a connector to clanp the
driver while preventing (excessive) |eakage of <coolant. This requires the
install ment of sealings which nust be able to withstand both high pressures (up to
200 bar) and high rotational frequencies (up to and above 10.000 RPM, not a sinple
thing to acconpli sh.

Coupled with the fact that it leads to the worst hole-straightness, it's one of the
| east attractive systens, but is still used a lot. In fact, when the workpiece is

not rotational symretric this systemis the only option to gundrill it.

5.7.b Rotating workpi ece

The method of 'rotating workpiece' is used in gundrilling, but can also be seen in
drilling operations on the lathe, with the drill in the tailstock. The situation of
"rotating workpiece' is the one that's also used when turning is done with a |athe:
the workpiece rotates while the tool is stationary. What matters is that they have
a relative velocity with respect to eachother.

The advantages are that it leads to better straightness than when the rotating
drill method is used, plus it's easier to seal the high-pressure fluid because the
sealing doesn't have to rotate (this is not an issue in gundrilling, but nore
important in STS/BTA and Ejector drilling). It can not be used when the workpiece
is not rotational symretric.

5.7.c Counter rotation

This system gives the best possible straightness of the hole. It's basically a
conbi nati on of the previous 2 systens:
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De zo gespannen werkstukken laat nmen dan vaak ook nog tegen de draairichting
van de boor in draaien, net en vast en niet te hoog toerental. In de
praktijk is gebleken, dat hiernmee het verloop van de boring ten opzichte van
een vaste opspanning ongeveer gehalveerd wordt. Dt verschijnsel wordt
verkl aard, doordat de eventueel optredende afw jkingen in centerlijnen, ten
gevol ge van opspanfouten gem ddeld worden al sook door het opheffen van het
door hangeffect van de boor.' (Kluin, 1977)

So according to nr. Kluin, by wusing counterrotation of the workpiece at a
relatively low RPM hole deviation can be reduced in half, since the errors of non-
aligned centerlines are averaged out and the effect of the sagging of the drill is
negat ed.

The advantage is that high straightness can be achieved, but at a cost: the
machinery is nore conplicated than in the previous systens: both the drill and the
wor kpi ece nust rotate. This results in larger, heavier and nore expensive
machi nery. The system of counterrotation can only be used on workpieces that are
rotationally synmmetric.

By the way, what has been said above about the ach evable straightness of these 3
systens also goes for spiraldrilling: rotating drill systens performthe worst with
regard to hole straightness (though they are used the nost), while counterrotation
perforns the best (and is used very little).

Unfortunately, |'ve found little quantified data on how straightness is influenced
by these 3 nmethods. This is inportant information when deternmi ning whether the
avail abl e process is capable enough for the task at hand. The only information on
strai ghtness was found in the catalog of a tool manufacturer:

"Met een roterende boor wordt een relatief goede rechtheid verkregen bij
korte gaten, mmar die is bij diepe gaten aanzienlijk minder, vanwege
door bui gi ng van de boorpijp. Voor een roterende boor kan ruwneg een afwij king
van 0,3-1,0 nm m geboorde | engte worden aangenonen." (Sandvik, p.C7)

Even though this may look good at first glance, renenber that this is the
att ai nabl e strai ghtness using the worst 3! of the three systens.

When the drill rotates higher straightness can be attained:

"Bij een niet-roterende boor wordt de afwi jking van de rechtheid van het gat
neestal wuitgedrukt in vereenvoudigde ternen, zoals 0,1-0,3 nm m geboorde
lengte." (Sandvik, p.C7)

In the chapter on the achievable hole qualities (chapter 5.9.d) is a bit nore data
of achievable bore straightness, but only for the systems of rotating drill and
counterrotation ; | haven't been able to find data on straightness with the system
of rotating workpiece (with the exception of data by Astakhov; see next paragraph).
This would be interesting information when deciding whether it's worth the trouble
to invest in a nmachine with counterrotation capabilities or to use the nore
standard rotating drill or rotating workpi ece systens.

5.7.d O not quite...?

The above description is based on several sources; in fact, all the sources | had
avai |l abl e were in good agreenent, until in a private mail exchange dr. Astakhov
mentioned it was wong. In an article in 'Fabricating & Metal working magazi ne', he
gives the follow ng description:

"[...] three characteristics are usually nost inportant -- deviation (drift)
of the hole axis, surface finish and dianmetric accuracy. [...] [with the
rotating gundrill system PD] The best dianetral accuracy and surface finish,

along with worse axis deviation of the machined hole, are common in this
nethod. [...] [rotating workpiece, PD] Use this nethod when the workpi ece

with respect to straightness.
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shape all ows for accurate clanping and high speed rotation. [...] M ninum

hol e-axi s deviation and worse dianetric accuracy are comon features. [...]
[counterrotation, PD] Use when gundrilling small dianmeters where one rotation
speed cannot achi eve the necessary cutting speed. Though |ong and expensive
special machines with two spindle heads are required, this nethod nust be
used when the hol eaxis position and di ametral accuracy are equally

i nportant.' (Astakhov, a priner on gundrilling)

In a graph in the article, he shows that hole straightness ('deviation of the hole
axis') is worst for the rotating drill system (which agrees with the other
sources), but also that the system of rotating workpiece gives better straightness
than the system of counterrotation. This is in sharp contrast to the other articles
| had available. H's statement seenms to be backed up by neasurenents, which are the
basis for the two graphs in his article. According to Astakhov, counterrotation
should be used when the speed of the spindle is too low to achieve sufficient
cutting speed; nr. Kuin's coment that the workpiece should rotate at |ow RPM
(thereby hardly increasing cutting speed) is in contradiction with this statenent.

Therefore, what first seenmed very clear to me ('worst straightness when using
rotating drill, best when using counterrotation') has now becone very blurred. |
can not say wich one is right; the sinplest thing to do would be to set up an
experiment and try for nyself.

5.8 Machi nery used for gundrilling

In general machines for gundrilling can be separated in 2 broad groups: specially
desi gned gundrilling machines and retrofitted nachines.

5.8.a Qundrilling machi nes

Li ke nost netal working machinery, gundrill nachines conme in all sizes and shapes.
However, there are sone comon characteristics they share.

In the imge below is an exanple of a gundrilling machine of the rotating-tool
system (Mollart Omisprint 3). |It's just one of the many brands and types
avail able, but mght be considered an 'average' exanple, not the snallest or
bi ggest one available. It's of the single-spindle type. Like wth industrial
spiraldrilling nachines there also exist nulti-spindle variants. The nain advantage
is being able to drill several holes at the sonme tinme, thus higher productivity can

be attained.

Machines that work on the basis of the
rotating-workpiece system are physically
larger than the one pictured here: their
wor kpi eces are rotationally symretrical and
(usually) long, while the drill is another
| engt hy conponent.

ne of the nost important aspects in
gundrilling is the coolant, which is
supplied under high pressure (up to 200 bar)
and with a high flow rate. This has
inmplications for the coolant supply system
of a gundrill nachine, that nust have high
pressure punps that can generate and hoses
and couplings that can wthstand these
pressures. This also puts high strain on the
rotating unit, where the fluid enters the drill. Depending of the system used
(rotating tool, workpiece or counterrotation) this unit nmust not only be able to
withstand this pressure and deliver a high flowrate, but also be able to rotate at
hi gh speeds.

Because the coolant can only function adequately when it remains cool (ideally
between 20° and 40° C, to prevent chenical deconposition), clean (no particles
greater than 15 um present, or 10 um when drilling snall holes) and free of fungi
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and bacteria, the coolant reservoir mnust be large enough (rule of thunb: the
cool ant tank should have its volune no less than 10 minutes flow rate. For exanple,
if the maximum flow rate is 50 |/mn, then the minimum volunme of the cool ant tank
is 500 I.) It may be necessary to install a refrigeration systemto cool the fluid
down sufficiently if natural or forced convection is not enough.

In the image is not shown the extra support provided to the gundrill by a (noving)
whi pgui de, to prevent excessive shank whip. These whi pguides are clearly shown in a
photo in chapter 8.4. These whipguides are sonething that isn't usually found on
"normal' machines like mlls and l|athes. The noving whipguide is controlled
i ndependently by the CNC unit.

Anot her characteristic of gundrill nachines is the high RPM their spindle can
provi de. These high RPMs are especially needed when drilling snall diameters, in
order to achieve sufficient cutting speed. This RPM is wusually infinitely

adj ustable by the operator to provide a nmaxi mum of control, e.g. when vibrations
occur.

One of the inportant specifications of a gundrill is its maximum |length of holes
that can be nachined (diameter is nmore or |ess determ ned by maxi mum RPM and
cool ant pressure. For exanple, the stroke of the machine that was used in drilling
the sanmples at Kluin Wjhe (a TBT nade M)2 1000 KT- NC) is 1600 nm

The m ni mum di aneter of holes that can be made is a function of the naxi mum cool ant
pressure (the higher the pressure available, the snmaller the hole that can be
drilled), naximum spindle speed and type of power transm ssion: the transm ssion
(which transfers power from the notor to the spindle) should introduce as little
vibration as possible, which is why gears are not reconmrended; it's better to use
belt-type transm ssions. Maxinmum diameter of holes that can be machined is a
function of available power and coolant flow rate: when machining holes of I|arge

dianeter large flow rates are needed. However, the wusual Ilimiting factor in
gundrilling is not flow rate but pressure; when drilling snmall holes, high
pressures are needed to provide sufficient flow rate. Oten gundrilling machines

can't provide these high pressures (without resorting to after-market solutions),
thus limting the mninumsize of holes that can be drilled.

In order to help suppres vibrations of the nachine-tool-workpiece conbination it's
important that the nmachining setup has great static and dynamic stability.
Whi pgui des and steady rests installed on the nmachine may help to solve the problem
with vibrations.

Apart from stand-alone gundrill machines there also exist CNC nmachining centers
with gundrilling capability; it may nmake it possible to integrate several process
steps in one machine and in one setup, thus enhancing accuracy and increasing
productivity:

"Die Tiefbohrzentren der Reihe BW beruhen auf dem Konzept, dass auf einer
sol che Maschine klassische Frasbearbeitung, Zi rkul arfrasen, Zentrieren,
Bohren (einfach oder stufenweise) und Aufbohren verbunden werden. Da die
Nul | punkt festlegung bei allen Bohr-operationen unungénglich ist, kann diese
Ti ef bohrzenter auch mt den erforderlichen Messvorrichtungen ausgeristet
werden. Der wesentliche Vorteil liegt in der Verkettung der Bearbeitungen mt
einer einzigen Wrkstickerfassung und ohne Uberflissige Transferzeiten.
Daraus ergi bt sich eine erhebliche Zeiteinsparung welche in der Reduzierung
der Rustungszeiten ihren Ausdruck findet. Sie ist betragt [sic; PD 2 3nal
kirzer im Vergleich zu den friheren Fertigungswei sen." (Wrkzeug Technik nr.
68, p. 40)

5.8.b Retrofitted machines

Even though deephole drilling is a specialty technique, that doesn't nean specialty
machi nes have to be used. In fact any conventional or CNC machine that has a neans

of supplying high-pressure coolant (or can be adapted to it) can ke used for
deephol e drilling.
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When retrofitting machines, the sanme points go as for specially designed gundrill
machi nes. There are sonme adaptations that nust be nade to the nachine in order to
be able to gundrill. One of those is the coolant system which usually isn't
capabl e of generating the high pressures needed. High pressure seal s® have to be
installed in the spindle since these usually aren't able to withstand the high

pressures. Finally sone nmeans of mounting and feeding the gundrill has to be
present. Wen converting a lathe this could nmean replacing the tailstock or cross-
support with a connector for the gundrill and providing a neans to feed the drill.

Anot her advantage of retrofitting an existing nmachine to gundrilling capability is
that the nmachine is usually already present, thus elimnating the need for new
investnents. If for sonme reason it's decided that deephole drilling capability is
needed but that the gundrill system is not ideal, then use can be nmmde of the

Ej ector system which is much nore suited for retrofitting than the STS/ BTA system

5.8.c @ndrilling machines & | ack of quality33

Above were expl ained sone of the demands that nmust be nmet by a gundrill machine for
it to be of wuse in gundrilling. However, in practice even specially designed
gundrill machines do not al ways possess these very basic qualities, as is observed
by Astakhov, who has done research on the subject of gundrilling in the autonotive
industry in the USA:

"Failing to find these answers, the user has no choice but to accept the
"default characteristics' suggested by the machine producer hoping that 'they
are specialists and thus they nust know.' In reality, they do not. To the
best of my know edge, no one gundrilling nmachine producer in this country has
a gundri Il test nachine dedicated to conducting studies on gundrilling. As a
result, the designs of gundrilling machines, particularly for the autonotive
i ndustry, suffer severe flaws. Often, it is very difficult to check and/or to
change the starting bushing, it is next to inmpossible to check and adjust
m sal i gnment, the coolant distribution systens on nulti -spindle machines
"starve' sone gundrills while the other are over flooded. The control systens
of such nmachines neasure irrelevant process paraneters. For exanple, the
coolant pressure is measured instead of the coolant flow rate; the anperage

of the drive nmotor is neasured to check the drill load instead of the actual
force on the drill. No wonder such control systens cannot 'predict' drill
failures. [...] First, why don't gundrill nmachine producers equip their

machines with coolant supply systens capable of delivering high-pressure
coolant, which is mandatory for gundrills of small dianeters? Second, because
the drill rotates in nost gundrilling applications, a rotating connector,
which is also known as the pressure joint, is a part of the machine to supply
the coolant into rotating spindles. Wth these connectors, however, the
maxi mum al | owabl e pressure of the coolant is up to 7 MPa (1000 Psi) [70 bar;
PD] and, besides this is way too low for gundrills of small diameters; it
makes it inpossible to use a high-pressure coolant punp." (Astakhov,
"@undrilling: very sharp points", p. 5)

"Most of the coolant supply systens have the wong type of punps, called
vari abl e- di spl acement punps [...]. A variable volume punp is designed to
maintain 'set' pressure. Unfortunately, if an obstrucion is encountered by
the coolant flow, the 'set' pressure (the pressure seen on the gauge by the
operator) will be maintained because coolant wll be diverted through the
punp's internal relief valve. As a result, the obstruction (in the case of a
chip jamin the flute of the tool) can, in fact, be worsened and quickly | ead
todrill failure." (http://gundrilling.tripod.com

Not only the gundrill machine manufacturers do seemingly strange things; gundrill
tool manufacturers sonetimes inplenent the wong solution to a problem

32 not the animal kind, known for its nice fur.
% quality being defined as 'fitness for purpose’.
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"Having noticed a problem with chip renoval when the

s rA
coolant flow rate is insufficient due to relatively |ow Q
inlet preessure, gundri || manuf act urers, instead of ;’:;J
understanding the structure of the coolant pressure |oss /4
in gundrilling, arrived at a 'sinple' solution, which
became known as the stepped-slash design [...]. According },
to this design, the coolant hole in the gundrill tip A

| ocated on the stepped-slash flank surface, which is far

behind the cutting edges and the bottom of the hole being drilled.
Because the coolant has a huge opening, the apparent flow rate
increases significantly for the sane inlet coolant pressure. However,
a nunber of other problens, which gundrill manufacturers refuse to
admt, arise. First, nost of this increased flow rate is directed by
the bottom of the hole being drilled and not to the cutting edges
[...]. Second, because the coolant has an easy way to escape, it does
not flow to the relief surfaces where its presence is nostly needed."
(Ast akhov, "Gundrills: very sharp points", p.5)

But no all the blame can be put on the nanufacturers of gundrill tools and
machi nes, as mght be suggested by the above. Plenty of problens are not equi pnent
related but caused by a lack of know edge and/or understanding of the gundrilling

process, but are falsely attributed to equipnent:

"Such failures turned gundrilling into the bottleneck operations in the
autonotive industry. Unfortunately, the tool manufacturer is the only one
bl amed, although it is wunfair in nmy opinion. [...] If a manufacturing

engi neer (having limted know edge in gundrilling) in order to save noney for
hi s conpany uses relatively cheap Acne spiral drill starting bushings instead
of expensive precision gundrill starting bushings, it results in poor
performance. Wiy should the gundrill producer be responsible for this
technical illiteracy? Why should the gundrill producer be responsible for
poor drill performance if the end user does not supply sufficient coolant

flowrate to the gundrill(s); if he uses unsuitable coolant brand, if he uses
"standard' gundrills for making inclined holes; if the distance between the
face of the starting bushing and that of the workpiece is excessive; if the
alignnent 'starting bushing - spindle' is nore than 5 micronmeters (0.0002")
of f, etc?" (Astakhov, "Qundrills: very sharp points", p. 2)

On the other hand, if | were a user of the gundrilling process and experienced
problens that | didn't know the cause of, |'d expect ny supplier of tools and/or
machi nes to be able to help ne in finding out about the true nature of the problem
If they can't because the suppliers thenselves |ack the specialistic know edge on
gundrilling (and if anyone should have this know edge it's the suppliers; for the
users, gundrilling may be just one of the many processes they use, though this
doesn't excuse them for not understanding their own processes), it mght be tinme
for those last to start |ooking for another supplier that can. |If one doesn't exist
yet, it's just a matter of tinme and when that tine conmes, the other gundrill and
machi ne manufacturers may be in for a big surprise.
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5.9 Achi evabl e bore qualities

Bef ore deciding whether gundrilling is the correct process to machine a bore as
specified by a construction drawing, it's inportant to be able to predict if
gundrilling can achieve the quality |evel necessary. W shall look at the seven

bore qualities, as explained earlier:

- dianeter

- roundness

- roughness

- straightness
- location

- attitude

- hardness

5.9.a dianeter

. . 3 Drilling Precision
W see in the graph on the ri g_ht t hat P T
the dianeter tolerances vary with the i aiey @epen | = :
mat eri al used, dependi ng On | ding on si proporti > | / / /
machi nability. Wrst perform the case | Teslsteel E AL / / |
hardening steels (low carbon steels?), | castiren Eair | / / i =
best the non-ferrous netals (€.0. [Heatwcatabiesteal | 5 } i —
brass and bronze). Wthin a nmaterial 6 B> UGN /mam’ (=K -
group there's a range of tolerances | Nitidingsteel 7 e S ,’ /
(of 4 IT classes) that can be | [aisesanle sl & / iE
achieved, depending on the amount of | seuctural steel : %54 / / /
care taken with the process. Wuat = "o . v’ |
shoul d be considered here are cool ant , . :
type, flow rate, cutting speed and |Pdlingqualityarea Ir |18 |1z 1 j10 | 9|87 |6 (s |
feed rate. Note that t he best . . . :
tolerance that can be achieved is |76 PDimensionaltolerance attainable using
when nmachining alumnium This s gun drills.
better than can be attained by reamn ’ e
(1T6-7). Even with the worst ygr oup Ofg Attainable under normal conditions
g?;?r; :lr S tct)lheer acnaz:sei h%rfder:l_rr;g ?:taiel Sb’e Attainable under favourable conditions

achi eved under favourable conditions.

If we conpare this wth the dianeter tolerance that's achievable when

spiraldrilling (1T11-12), we see that gundrilling perforns equal to nuch better on
this account. A reaned bore has a tolerance of [1T6-7, but three subsequent
operations are necessary to arrive at it; with gundrilling only one operation is
needed.

This tight dianeter tolerance can be achieved thanks to the burnishing action that
occurs at the drill tip; this not only lowers surface roughness but al so produces a
hole with a tightly defined dianeter.

5.9.b roundness

No data with respect to roundness have been found. This leads me to conclude for
the noment that non-roundness is not an issue in gundrilling, i.e. roundness is
good enough for all practical purposes. This is probably due again thanks to the
burnishing action that not only creates a bore with tight dianmeter tolerance but

al so of good roundness. However, in the application part of this thesis | shall
make neasurements of the roundness of a gundrilled hole in order to establish how
wel | the gundrilling process perfornms on this account.
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5.9.¢ roughness

In the graph on the right the attainable |
surface quality levels are shown for 3

performance indicators: R, Ra and Rz. In

_YVYY

this thesis we use Ra, which can vary from

Quality area
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be attained under favourable conditions. R :
roughness Ra

If we conpare these roughnesses to what's | 2=

achievable with spiraldrilling (Ra = 1016
um, 3flute drilling (Ra = 2,5-4 um and

Attainable Surface Quality

ream Ug ,( Ra = 0,16-0,25 '"”T) , We see t hp.t Atftainable under normal conditions
gundrilling performs much better on this
account. And this in only one operation. Attainable under favourable conditions

The reason for this good surface quality

lies in the burnishing effect the gundrill has on the surface of the bore.

5.9.d straightness

Approximate values

In this graph are 2 curves; 'Y ‘ i | a -

shows straightness when the drill :

rotates, 'Z' when the workpiece L T ﬁ
is rotating. Note that no data DA o e L

for counterrotation are given!

It's inmmediately obvious that the &5 |
nmet hod  of rotating workpiece | 0383 e e e

gives much better results, as o e I HEes= z

we've already seen earlier. It is ‘ e

possible to achieve a deviation

of 0,16 mm over a length of 1 m L Dnlljng;gdnueEtI]-ﬁ
with a rotating workpiece! The i

worst case, when using the rotating drill nethod, is a straightness of 1 mim
which is still pretty good (when conpared to other methods of drilling).

No data with respect to the straightness of spiraldrilling has been found. In the

application part of this thesis | shall make measurenents of

able to conpare it to gundrilling.

5.9.e attitude

this, in order to be

Approximate values

Attitude was defined as the ——
amount of of perpendicularity of |

a straight line through both ends

of the hole with respect to the | 004 L
reference surface (the surface it 0,03
was drilled in). Note that a bore

oogsl-— -

can have zero atttitude (i.e. | L e
perfectly perpendicular to the | 001 | -
surface) yet be as crooked as a s

banana, i.e. have very |ow

strai ght ness.

250

o 750 mm
Drilling depth

The range of attitudes that can be achieved is from 0,04-0,07 nmm as can be seen

in the graph.

40



aundrilling

5.9.f location

No data with respect to the ability of gundrilling to accurately place the hole
where it's needed was found. On second thoughts this is not so strange, since it
fully depends on the accuracy with which the pilot hole is drilled or the starting
bushing is placed. It's therefore not really a neasure of performance of the
process itsself. An accurate machine operated by an experienced operator wll
perform good on this performance indicator independent of the question whether the

hole is drilled by gundrilling or spiraldrilling. However, it's still a demand that
must be fulfilled by the bore even though it has little to do wth process
capability.

The sanme also goes for spiraldrilling of course; with the right machine and an
accurately drilled centerhole, accurate locating of the hole should be possible.
However, when no pilot drill is used location can vary; not only because of slight
unevenness of the surface of the workpiece, but the location of the tip of the
spiral drilleven varies before the drill actually touches the surface

(Wjeyew ckrema e.a., 1995).

5.9.g hardness

No data with respect to the (increase in) hardness of a gundrilled hole were found.
This could either nean that this is not an issue (i.e., hardly ever nust a bore
meet a demand with respect to hardness) or is so low as to be neglectable. In the
application part, neasurenents will be nade of the gundrilled bore in order to
establish which of these 2 possibilities is the case. Also no data with respect to
changes in hardness of a spiraldrilled bore were found, but since this kind of
drilling doesn't produce any cold deformation, it's unlikely hardness will change.
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5.10 Determ ning the machi ning paraneters

There are 6 inportant nmachining parameters that nust be considered when
gundrilling:

- cutting speed

- feed rate (feed speed)
- coolant flow rate

- cool ant pressure

- max. unsupported | ength
- power requirement

In this paragraph | shall describe a method for determ ning these paraneters. Just
to put things into perspective, it's possible to machine with very different
paraneters than we shall determ ne. However, in 'normal' applications, where cost-
effective production plays an inportant role, the machining paraneters bel ow should
be considered as the starting values® for further optinmalisation of the process.

To help in the explanation of these paraneters, |I'll nmake use of an exanple: A hole
of 12,5 mmdia with a depth of 300 mm (I/dratio = 24), drilled in freecutting
st eel .

A thing that anyone who has tried to determine machining paranmeters nust have
noticed is that different sources wusually give (sonetimes not so slightly)
different values®5. This doesn't necessarily mean that one is wong and the other is
right. These tables and graphs were made for specific circunstances (of which it's
not always stated exactly what the circunstances were). These sources usually state
that the outcomes are neant to be used as a starting value only, to be optimsed by
the engineer by observing the process, workpiece and toolwear. Based on these
observations the various nmachining paranmeters can be changed to get better
per f or mance.

5.10.a Cutting speed

As is usually the case with netal cutting processes, cutting speed (Vc) is selected
dependi ng on the properties of the work material. An overview of cutting speeds for
various naterial is in the graph bel ow

Approximale values

- —
Structural and free culting steel EB< 700N /mmd | r

Wb | —

|
Heat treatable steal SB< S00N/mm? | [ — |
Heat treatable steel AB< 1100N/mm? !_ J |

Case hardening steel LB TOON/mm? [

Case hardening steal AB> T00N/mm

Nitriding steel i GB < 900N /mm?

I
Ferritic special steel (heat resistant) | [ s I

High temp. alloy on Ni-Co-Fe basis [

alloyed and non-alloyed cast iren | [_

GGG, GGL, GTS, GTW-HE < 2400 N/mm2

Bluminium alley (depending on §i proportion) | J I 31371

LMngMial description 40 50 60 0 a0 50 100 110 120

m./min.

Cutting speed

W see that for each nmterial there's a range of cutting speeds that are
acceptabl e. Speeds should not be chosen |ower, because of problens with e.g.

% e would arrive at different values, depending on the goal: highest efficiency of
production, vs. highest bore-quality and tool-life.

3% |ike the saying "A man with a watch knows the tinme; a man with two watches never knows the
time'.
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material buildup on the cutting edge (BUE, built-up edge). Hi gher speeds shoul dn't
be used because of the higher tenperatures that will be developed at the cutting
edge, which may cause problens. The best speed is probably in the mddle of the
range; when later on it's necessary to vary the speed (based on observations of the
cutting process), there'll be anple range left both above and below the initially

used speed to correct or inprove the process.

However, when setting up a nachine it's not the cutting speed that's needed but the
spindle RPM |n order to determne this, we can use the conmon equation:

V. =p * n* D/ 1000
Wi ch can be re-arranged to
n =1000 * V,/ (p* D)

Where Dis the dianeter of the drill (in m) and Vc is the cutting speed (mmn); n
isinRPM(mn?t.

It should be noted that in gundrilling, the spindle RPM is rmuch higher than when
spiraldrilling. A reason for this is that the tip of the gundrill is made of
carbide, while nost spiraldrills are nade of HSS, with or without Ti N coating.

In the example, we would arrive at a\, = 70-100 mimn (for structural and free
cutting steels); this gives an n = 1780...2550 min-%

5.10.b Feed rate

Like the cutting speed, the feed (per revolution) varies depending on the
properties of the work nmaterial (e.g. chenical conposition, nmetallurgical
structure, hardness). In the table below are feed/revolution values (in mirev.)
for several materials. The easiest machinable materials (cast iron, alualloys)
have the highest possible feed rate, while the case hardening and special steels
need to be machined with nuch | ower feed rates.

Note that the values for feed rate are given in mirevolution. Even though these

feed rates are quite low in gundrilling, this is conpensated by the generally high
RPM's, which results in high feed speeds (speed = feed/rev * RPM. Also no tinme is
lost in 'pecking', as nust be done with spiraldrilling, to break and clear the
chi ps.

Bpprogimate valios
mm/revolution -

1 Alloyed east iron (e.g. Grey [ron 26Cr) |
0,6 T~ |2 Aluminium alley (GE-AI 5i) =
Fa,15 3 GGG, GGL, GTS, GTW-HA< 2400 N/mm?®
L g.1a +— 14 Structural and free cutling stesl
X 5 Heat treatable steel
9,13 | B Case hardening stoel
t 0,12 |— I Fexritic and austenic spacial steal

Fo,12

0,11
0,10
0,08
- 0,08 1=

o

" 0,07 = = P 1

- 0,06 / ‘llz';

Foos = / '1\_/’ — 4

- oM e ] o |

|t |——— T = e

L o0z — A

Foon .l_.._.._. Rl o ik | il
o z 4 & 8 w1z W B mm

Lrill diameter
feed/revolution
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As is shown in the graph, feed rate is a function of workpiece material and drill
di ameter.

In the case of our exanple, we deal with curve nr. 4 (structural and free cutting
steel); the dianmeter was 12,5 mm so feed/revolution is about 0,06 mmrev. This

gives a feed speed of 0,06 nmrev * (1780...2550) nmin! = 107...153 nm nin.

5.10.c Cool ant Pressure and flow rate

To determ ne the anpbunt and pressure of the coolant we use the graph below. In this
graph 'Q is the flow rate in liter per mnute and 'P is the fluid pressure in
bar. It's imediately obvious that this graph doesn't display lines but areas:
depending on the L/Dratio we should choose a value in the correct region. In the
case of higher L/D-ratio's we should use higher pressure (at an equal flowate) to
ensure that the chips overcone the extra friction of the longer bore. Al so note
that the pressure needed rises rapidly as the dianeter gets snaller.

Anpreximats valuseg
bar Lémin.

= 120
- 110 o
" 100

V a0
LD=10 = — 70

&0

./ff 50

|

- 20+
k60

40
e e ]
LiD=100 30

P = | /D10 [y
[ — | ] I - 10

B 2 i (] a 10 12 14 16 18 a0 22 24 26 8 10 Az 34 mm

Cooling Lubricant Pressure/Cooling Lubricant Quantity

If we want to gundrill a hole with a dianmeter of 12,5 nm the graph shows we shoul d
use a pressure in the range of 35-58 bar; with a L/D-ratio of 50 (the mddle region
in these graphs) we should choose about 46 bar. The flowate should be between 25
35 I/min; in the case of L/D = 50 an initial flow of 30 |I/mn should be used. Note
that these pressures and flows are in excess of what's normally used in nmachining
(turning, mlling). In other machining operations the chips will be nore or |ess
automatically renoved from the machining area, if only by gravity. In gundrilling
this is not the case, the only way the chips can clear the (closed off) machining
area is by means of the fluid.

5.10.d Unsupported | ength

To produce a bore that's straight it

is inportant that the nachining setup Hg \

is as rigid as possible. Special Qico N

attention is given to the drill = 90

because of its length and inherent |ow ESU

rigidity. To prevent bending of the 3 % ~

drill extra support is given when the B 59 ~—~—

length of the drill is high. The 2 4 ——

amount of support depends on the L/D- %30 I ——
ratio and the cutting speed (V¢). In z20

the graph to the right we see that for = 10=—5 7545 56 100 120 140 160 180 200 220 240
a cutting speed of 100 mis the maxi mum WHIP MOMENT METRES PER MINUTE

allowable L/D-ratio is 55; we could
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al so use this graph reversely to determ ne the maxi num cutting speed that can be
used (as limted by drill whip; the workpiece material is another limting factor
for cutting speed).

In our exanple we drill a hole with a L/D-ratio of 24 and a \, = 70...10 mnin. W
can see in the graph that this should pose no problem no extra support wll be

needed. In fact, with a speed of 100 minmin our L/D-ratio could be as high as 55,
nore than doubl e our actual L/D-ratio.

Again, these data are not absolute; when higher demands are set on hole

straightness, it mght be wise to use nore support. | haven't been able to find
what straightness is used as the reference for producing the graph above. Therefore
I will assume that machining according to these data will produce a hole of average

straightness, as is shown in the graph of straightness in the paragraph 'achievable
bore qualities' in ch. 5.9.d.

5.10.e Power requirenent

The last thing that nust be checked is
whether the nmachine has the power
necessary to perform the operation. The
graph to the right shows the curve that
gives the net-power (power available at
the spindle) as a function of the
di aneter.

(kW)

oo

In the case of our exanple of 12,5 nm
the required net-power is between 1 kW
and 2,5 kW This means our machi ne mnust
be able to deliver this anount of power
to its spindle. In case the system of
counterrotation is used then both
not or s (for wor kpi ece and drill
rotation) nmust be able to deliver this
armount of power.

0,25 _
!

Antriebsleistung Haupts pindal

75 1

156 25 4 6,3 10 5] 25 40
Boehrdurchmesser (mm) ——»

Note the large band of values that the power requirenent has. In our specific case,

the ratio is 2.5:1 ! This is generally a problem with these kinds of graphs, as
al so stated by Kal pakji an:

0,1

"Because of the nmany factors involved, the reliable prediction of cutting
forces and power is still largely based on experinental data [...]. The wide
range of values shown can be attributed to differences in strength within
each material group and various other factors, such as friction, use of
cutting fluids, and processing variables. The sharpness of the tool tip also
i nfluences forces and power. Because it rubs against the nmachi ned surface and
nmakes the deformation zone ahead of the tool larger, the duller the tool, the
hi gher are the forces and power required." (Kal pakjian, p.610)

5.10.f Fi nal remark

In this paragraph we've taken a | ook at 00

the various machining paranmeters by i it

themselves. If we take a step back and [ . Gewrum tusn
l ook at the process we can establish a | e SN

bounded region, within whi ch t he
machining should take place. Thi s
region is limted by various factors,
as i s shown in the graph to the right.

Lirsmanhixdiing (L s

£

g

Sttt v,
g

it ool B ! e o
This is of course a general picture, TR 2 e LS — temsariei]
the exact boundaries vary depending on i _ teantng
the actual machine, tool, workpiece Boteimesmner 2 Graraay gunch
material, quality demands, etc. on a P i Tt WAL s it el !
case-by- case basis. g f@m 8% otk 03 &= 03 mma  Ha
The nmachining paraneters that were Worachuti 1
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determined in this chapter should only be used as starting values. They nmay have to
be adjusted depending on how well the actual machining goes. If for exanple chatter
or vibration (spiraling) occurs or if chip formation is unsatisfactory, then the
machi ning paraneters will have to be adjusted. It's inportant that the chips are
smal | enough to be renoved fromthe tip of the drill by the fluid. If chip jamm ng
occurs the drill may break. In less extrene cases it can damage the surface finish
of the hole. So, chip formation is an inportant aspect of gundrilling that should
be kept under control. In the picture below are various type of chips that can be
formed by deephole drilling.

ﬁ_*—f R, ﬂbﬁ
4 & an}

unaccept abl e good good unaccept abl e unaccept abl e

f

|
= 1
> ¥

Fortunately the high pressure of the fluid is a strong aid in the renoval of even
| ess-t han- opti mal chi ps:

"Di e Bohrbearbeitung erfordert generell glinstige Spanfornen, es komm sonst
schnell zu sog. “Spanverstopfungen”, die das Wrkzeug in der Bohrung
ei nkl enmen koénnen und danit zu Schaden am Werkzeug und am Werkstick fdhren.
Bei m Ti ef bohren sind die Bedi ngungen unter denen der Zerspanprozess abl auft
besonders ginstig. Es gibt eine 2Zwangsfihrung des KSS®-Strones und damit
ver bunden i st di e Zwangsabf ihrung der Spéane." (ww.tief bohren.info)

Chi ps should not be too big in order not to becone jamred in the flute, nor should
they be too small (e.g. scrapings): in that case they can get stuck in the small
space between shank and bore (notice that the shank is of slightly snaller dianeter
than the tip), causing damage to the surface of the bore or even leading to
breakage of the gundrill.

Finally, it should be borne in mnd that the nachining parameters as were
determ ned above are for your average industrial nmachining contractor that seeks to
maxi m ze productivity; if this is not the objective (e.g. when a nachi ne shop needs
to incidentally drill a deep hole with machinery that is 'less than ideal') the
process can be used with very different machining paraneters:

"These are the other, seldom heard of uses- the guy in a Mntana ' Mom & Pop'

nmachi ne shop who straps a gundrill to his shop lathe and pokes deep holes
(very slowy) with 100 psi [7 bar; PD] of coolant pressure." (Qundrilling
sol utions)

Like many things in life, there's no absolute truth in gundrilling...

% Kuhl schmi erstof f.
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5.11 Typical deephol e deficiencies

As in any drilling operation, several things can go wong when gundrilling which
may inpair the quality of the nmchined hole. For exanple diameter can be incorrect,

roughness too big, straightness is lacking, hole is in the '"wong' l|ocation or has

incorrect attitude. This doesn't differ from an ordinary, non-deep hole as may be
made with for exanple a spiral drill.

However, in gundrilling there are several other things that can go wong and i npair
bore quality:

5.11.a | ack of straightness

This is of course a serious failure for a process that's nostly used to produce
| ong, straight holes. The npbst common cause is the starting bushing or gundrill

that isn't in line with the rotational axis. This causes deflection of the gundrill

when entering. The amount of deflection may change during drilling, as can be seen
in the picture below, which shows the effect of a gundrill and internediate support
m sal i gnnent .
Inennsdaan s

The corrective course of action is sinple: i e hoe )
properly center the bushing and the gundrill i b
with respect to the axis of rotation. However, i Y R .Y e
this is not always as sinple as it nay sound; ‘ L =~

with sone deephole machines it's difficult to { =
determ ne whether tool and workpiece are on the
axis of rotation, as was explained in ch. 5.8.c,
but this shouldn't stop one from correcting the
m salignment error. |If not corrected, bore straightness will suffer and the drill
may break, possibly ruining the workpiece in the process.

5.11.b bel | mouth

When the gundrill enters the workpiece instability can occur which causes the hole
at that place to have a 'bell nmouth' shape. Wien the drill enters the material a
bit nore the instability may stop and the rest of the hole will be drilled
properly.

. _ . _ 7
There's a correlation between early gundrill failure (fatigue crack) A

and bell nouth formation; both can have a commopn cause in too much

cl earance between gundrill and starting bushing. |If bell nouth

formation is observed and isn't necessarily a problem for the W_'"
wor kpi ece, neasures still have to be taken to prevent early failure of

the gundrill.

5.11.c chatter

Chatter in deephole drilling is a form of self excited, mainly torsional vibration

of the tool-boring bar assenbly (Winert, "Experinmental investigation [...]"). The
result of it is usally only visible at the bottom of blind holes as radial chatter
mar ks:

"Tor si onsschwi ngungen (Drehschw ngungen) von Schaft/Bohrrohr und Wer kzeugkopf
bedi ngen eine gleichfrequente Langsschw ngung. Hi er bei donminieren die
Ei genfrequenzen der Bohr st ange. Es ent st eht am  Bohrungsgrund die
entsprechende Welligkeit (strenggenommen Zonen geringerer bzw. groRerer
Bohrtiefe). An der Bohrungsoberfl ache (Bohrungswand) sel bst ist neist nur ein
geri nger Ei nfl uss vor handen (Zonen unt er schi edl i cher Ref | ektion)."
(www. ti ef bohren. i nfo)
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Only in extreme cases nmay the effects of chatter be seen
on the walls of the hole. However, this doesn't nmnean
that chatter is an innocent phenonon:

"Durch die Torsionsschw ngung werden Schw ngungen
der Schnitt- und Vorschubgeschw ndi gkeit erzeugt,
die die Schneide stark beanspruchen und zu einer
Ver kiirzung der Standzeit der Schneiden und damt
i ndi rekt auch der der Fuhrungsleisten fihren. Ein
Wer kzeug, das in einer der Torsionseigenfrequenzen
schwi ngt, erzeugt zudem fir das Unfeld (z.B. fir
den Bedi ener) sehr | aute und unangenehne
Schal I wel l en." (ww. ti ef bohren.info)

In the picture on the right, the area marked '1'" is nmade
by a stable process while the guide pads are still in the
starting bushing; '2' shows an area where chatter occurs;
'3" shows an area with spiraling.

My initial idea was that any vibration would be unwanted.
However, nr. Sneenk of Kluin Wjhe stated during ny visit
that 'a little bit of vibration gives a better perform ng
process, because the chips are smaller due to better chip
breaking [because of the torsional vibration; PD'. One
shoul d wonder, though, whether vibration is the real solution to the problem (i.e

chips not breaking properly), or that there are other issues involved (like an
incorrect drill geonetry).

5.11.d spiraling

Spiraling is another form of dynamic instability which leads to a nulti-I|obe shaped
deviation of the cross section of the hole from absolute roundness. It can be
conpared to the occurrence of tri-angular and quint-angular hol es  when
spiraldrilling plate, with the difference that this non-round section progresses in
a spiral through the hole. In general nulti-lobe shaped holes result from a
circular novenent of the center of the rotating tool around the ideal center of the
hol e where the nunber of points of contact of the rotating tool with the workpiece

determines the nunmber of Ilobes of the cross section (Winert, "Experinental
investigation..."). The phenonenon is related to the various bending nedes of the
drill. A solution to stop spiraling can be to nake sure there's enough support of
the drill to prevent excessive bending.

Spiraling can occur in several phases of the process: when the gundrill enters,
reproducibly at the sanme drilling depth, or

seem ngly at random

In the picture on the right is another exanple of
spiraling. If we conpare that picture with the
picture above (area 3), it's inmediately obvious
that in the top picture there are nmuch nore
grooves. This can be explained by the difference in
bendi ng frequency of the drills (these two workpi eces were machi ned under different
conditions, with different nachinery and tools).

In the picture on the right we see how the cross-section of a
hole with spiraling would look like; in this particular case
(STS/BTA drilled) the height of the peaks over the valleys is |+]
0,4 mwith 5 | obes.

This fault in the nmachined bore is very easy to spot (unlike
e.g. straightness). However, it can also be heard and felt
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during the actual machining, which may help in correcting the process:

"Celbt e Maschi nenbedi ener kénnen den Drallvorgang héren bzw. durch Berihren
des aus der Bohrung ragenden Teils des Bohrrohres/Schaftes ertasten. Der
Ti efbohrvorgang wird durch “Drall bohren” stark beeintrachtigt, das

Bohr ergebnis ist mangel haft und der WrkzeugverschleiR steigt stark an."
(www. ti ef bohren. i nfo)

Wien looking at the above problems, notice that nmany of them are caused by
instability: bell nouth, chatter and spiraling. These are caused either by bendi ng-

nmode or torsional-nbde vibration. There are several things that can be done:
reduci ng cl earance bet ween I_

bushing and gundrill (reduces ¥ —

anmplitude of vibration), correct . : t,'_ - ——eﬂj

anmount and |ocation of guiding |_

pads on the gundrill (supporting —
continuum is not reconmended) and i l__
enough whipgui des to prevent the % goee e R — ——ﬁ il

gundrill from bendi ng. % - - ) 1

Fortunately the occurrence of |
instability is generally easy to

di agnose by t he sound it :;g
produces. Only instability that {xﬂ {\Ex;
occurs when entering t he

wor kpi ece can be so short (about
0,3 s) that it may go unnoticed.

There are other problens that may inpair the quality of a gundrilled hole. It's
outside the scope of this thesis to describe themall, so in Appendix Cis a short
table that lists the various problens and their possible causes.
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Part 2: Application

In the previous part we have taken a |look at sone of the theory behind drilling,
deephole drilling and gundrilling. The 3 kinds of deephole drilling techniques have
been explained, with an enphasis on gundrilling. In the chapter on gundrilling, the
various forces acting on the drill have been shown, as well as several aspects of
gundrilling, like coolants, the inmportance of the starting bushing, the variants of
gundrilling (rotating tool, rotating workpi ece and counter rotation). Finally, w
have taken a closer look at the calculations that are made to establish the process

paraneters of gundrilling.

In this part we shall apply what we've learned to a nore practical use: a direct
conparison will be nade between two processes, spiraldrilling and gundrilling, and
their resulting bores. Measurenments will be nade to determ ne how well the holes
performon their nmost inportant qualities.

The main goal of this part is to check if the theoretical predictions regarding
bore qualities are consistent with reality and in how far the gundrill overcones
the problens of the spiral drillwhen drilling deep hol es.
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Chapter 6
Conparison of gundrilling to spiraldrilling

In this chapter | shall explain how the conparison between gundrilling and
spiraldrilling will be nmade. First of all it's inportant to note that this
conparison may not be entirely fair: we are conparing a highly specialised process
(gundrilling) to a common, nore or less allround process (spiraldrilling). As we've
seen gundrilling is especially good for drilling deep holes with high tol erances on
di ameter, excellent roughness, straightness and roundness. Spiraldrilling, on the

other hand, perforns nmuch worse on all these aspects. So, then, why conpare apples
to oranges?

One reason is to have a benchrmark: by using the performance of spiraldrilling as a
reference, we can determi ne how much better (or worse) gundrilling perfornms and
whet her the benefits outweigh the costs. W could conpare, for exanple, gundrilling
to STS/BTA or Ejector deephole drilling. However, the result would have |ess
meaning: we then would know which process perforns better (in those specific
ci rcunst ances), yet the link wth the nore down-to-earth technique of
spiraldrilling is non-existent. So, by using the process of spiraldrilling, we

establish a reference that's wi dely known.

The second reason is of nore practical nature: | do have access to the nmachinery
for spiraldrilling; the highly specialised equi pment of STS/BTA or Ejector drilling
is far |l ess accessabl e.

However, to make the conparison a bit nore fair (and at the same time gather a |ot

nmore information) not only shall | use standard spiraldrilling (the reference), but
also conpare gundrilling to the nore generally used process of producing high
quality holes: by following it up with a multi -fluted drill operation and ream ng.

| shall conpare the bores based on their seven qualities:

- dianeter

- roundness

- straightness

- roughness

- location

- orientation/attitude
- hardness

These bore qualities are nmeasured on different workpieces: two that are gundrilled
(aluminium and steel) and two that are spiraldrilled (alum nium and steel). This
makes it possible to draw conclusions with respect to both materials.

Correct location of the hole is measured using a
manual |y operated 3D coordi nate neasuring nachine, of
the type 'Mtutoyo MXF 203'; the data-processor is of
the type 'Mtutoyo Mcropak 120'. Both the |ocation of
the ingoing and outgoing part of the hole wll be
measured, along with the position halfway in the hole.

Attitude is not measured by itsself, but can be
deternmi ned based on the |ocations of the ingoing and
outgoing center of the bore. Wth this information
it's possible to calculate the perpendicularity wth
respect to the reference surface.

Di ameter and roundness are also neasured with the 3D neasuring machine. Both
dianeters were neasured, i.e. where the drill entered the material (ingoing
diameter) and where it exited (outgoing dianeter). A so, both the ingoing and
out goi ng roundness are neasured, to determine if there's any variation between the
t wo.
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Roughness neasurenents are nmade wusing a Mtutoyo ..--""f
roughness tester of the type 'Mtutoyo Surftest 301,
pictured in the photo on the right. Mre because of
luck than foresight, it proved unnecessary to open up
the bores to perform the roughness neasurenent: the
di ameter of the holes was just big enough to let the
measurenment-tip of the roughness tester in. This
proved to be of great practical advantage, since it
negated the need to saw the workpieces in many snaller
pieces in order to have acces to the inside surfaces
of the bores.

The determination of increase in hardness is done by
measuring the hardness before and after drilling, using the
Vi ckers nethod. The Vickers nmethod is used, since the other
two avail able hardness neasurenent nmchines can't neasure
hardness of small curved surfaces due to the physical size
of the nmeasuring head. In the gundrilled holes it may be
possible to see an increase in hardness due to the cold
defornation that took place. Hardness of the spiraldrilled
holes isn't neasured, since an increase in hardness is not

expect ed here.
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Chapter 7
Spiraldrilling the sanples

In this chapter, | shall explain how the sanples have been designed, nachined and
measured, and the results of those measurenents.

7.1 The sanpl es

To deternmine the qualities of holes drilled with the spiraldrilling process, we'll
have to performthe spiraldrilling operation and neasure the results. The undrilled
sanple is basically a square cube of 100*100*100 mm as can be seen in the draw ng
in Appendix D. The reference surfaces are milled as accurately as possible, to
ensure that they are square to each other. The errors were neasured after mlling
and proved to be negligable, always less than 5 um This is inportant, since we
only want to neasure the errors of the holes, not errors in the reference surfaces.

In total 15 holes are made per sanple; 5 of these are only drilled in a single step
to 10 nm 5 others are spiraldrilled, then drilled to 9,8 mmwith a nulti-fluted

drill; the final 5 holes are spiraldrilled, nulti-fluted drilled and finally reaned
to a size of 10 mm These operations are based on the standard practices of
drilling holes of various qualities; see e.g. Deckers & Schell ekens, p.300. These

operations are perforned on both the alum nium and steel sanple.

Using each process 5 holes are drilled to exclude sone variance. However, this is
not nearly enough to be able to draw conclusions that are statistically
significant. This would require the drilling of at |east 30 holes, possibly nore,
depending on variation in the process. However, other researchers on this subject
(Deng e.a., 2001) have used single neasurenents to draw their conclusions, so at
| east nmy results should be nore reliable.

The holes have a final dianmeter of 10 nm (actually 9,8 mm in the case of the 3
flute drilled hole; for all practical purposes it may be equated to 10 mmt’). |
haven't chosen a smaller dianeter since this might hinder neasurenent of roughness
due to curvature of the surface. Accidentally, this dianeter proved |arge enough to
measure roughness wi thout needing to destroy the sanple. Al so, when neasuring wth
the 3D neasuring nmachine, sone clearance between the neasuring tip and hol e shoul d
be present. A bigger hole dianmeter than 10 mmwith a L/D-ratio of 10 would give the
need for a bigger block of steel or aluminium wth corresponding increase in
material cost.

The depth of the holes is 100 nm so the L/D-ratio is 10, the start of the reg on
of deep holes; this is nore than the spiraldrilling process should be capable of
(max. reconmmended L/D-ratio of about 46) so | expect to see sonme errors of the
hole, especially with regard to straightness. This is of course what we are | ooking
for.

Two of such workpieces are made, one in free cutting alumnium (A MySi1) and one in
free cutting steel (9SWn28K). No further information with respect to nmaterial
characteristics could be given by the supplier of the material. As it is, they had
enough trouble finding out what the material was exactly. So, in order to have a
little more information on the condition of the material, hardness was neasured and
found to be 207 HV10 for the steel sanmple and 117 HV10 for the al um nium sanple
(average of 3 neasurenents).

I'"ve chosen to nmachine two such workpieces after discussion with an experienced
met al wor ker, according to whom machining in alumnium would lead to much greater
deviations in straightness than when machining steel. Plus, surface roughness in
al um ni um woul d be much worse, according to him Since the extra effort needed to
machi ne two workpieces, as conpared to one, would be little (considering that
machining time is only a fraction of the total time of preparation®®) |'ve decided
to machine two different naterials. This would effectively double the data

% by choosing a diameter of 9,8 nmfor the 3-fluted drill, it was possible to get by with
only one drill, instead of two (9,8 mmand 10 nm). The high cost of such drills (over 30 Euro)
was the nain reason for this decision.

% Known as 'decreasing costs to scale'.

53



aundrilling

available and nakes it possible to draw nore general conclusions. However, this
experiment remains a conparison of two processes, not an experinment to conpare the
"drillability' of various materials, so no nore materials than this are tested.

7.2 Machi ni ng set up

The nmachine used for the drilling and reanng
operations is a Bridgeport Canbridge 460, a CNC
mlling nmachine with automatic tool change. A
photo of it is on the right. This nmade it

possible to both mlIl the raw alum nium and steel
bl ock to the correct outside dinmensions, and then
spiraldrill, 3-flute drill and ream it in one

setup. The specinmen was first drawn in Autocad,
after which it was inported in Esprit to sinulate
machining and generate the |SGcode program for
the CNC nmilling nachine.

The values of the machining parameters (\;,, f)
that are used in drilling the holes are shown in Appendix F. They were cal cul ated
by the nmethod as described by Deckers & Schellekens on p. 282 & 300. Since these
paraneters are based on machining with a cool ant, coolant is used.

The actually used cutting speeds (Vc) that were used were those as given in App. F;
the feed-rates however had to be drastically reduced, to about 30%40% of the
cal cul ated values. The two tines that we tried to increase them to the calcul ated
values resulted both times in the destruction of the tool...

Drilling is done in steps ('pecking'), in order to facilitate breaking of chips.
Spiraldrilling is done with a new drill of 10 mm dianmeter with TiN-coating; 3-flute
drilling with a new drill of 9,8 mm and reaming with a (not new) HSS-reaner of
10H7.

First all holes (1-15) are spiraldrilled to 9,5 mm then holes 615 are drilled
with the 3fluted drill to 9,8 mm finally holes 11-15 are reanmed to 10H7 (by
machi ne) *°.

The al um nium specinmen is machined first to reduce the effect toolwear mght have
when drilling the second (steel) sanple.

7.3 Practi cal machini ng

In the pictures below are the two sanples, after they are mlled and drilled. On
the left is the steel sanple, on the right the alumnium sanple. Note that the cut
in the nmiddl e of both sanples was nmade afterwards, in order to be able to neasure
hol e-1 ocation hal fway the length of the bore.

% The actual drilling sequence was not 115, but 5 4-3-2-1-6 7-8-9-10-15-14- 13-12-11. This
isn't very inportant, but explains that when the 3-fluted drill broke at the last hole of the
al um nium sanple, it was at hole nr. 11.
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Drilling itsself wasn't without problens. First of all, the size of the workpiece
was at the very limt of the machine's capability. There was hardly enough roomto
drill it, the long drill being a major factor. This called for some tricks

(different tool holder, nanouvering of the tool before and after toolchange) in
order to be able to drill it.

Secondly, chip renoval was problematic, with the chip
winding itsself around the shank of the drill and
scrapi ng over the surface of the workpiece, as can be
seen in the photo on the right. This nmeant that the
process had to be stopped several tinmes during a
drill-cycle, in order to renmove chips from the drill.
The presence of this large clot of chip prevented the
flow of coolant to the drill.

Thirdly, the mnmachining data, as determined based on
the data by Schellekens & Deckers, shown in Appendix i
F, was not correct for the drilling of these holes. Even though correction tables
for holes with high L/Dratio's are included in it, the value for feed rate was
much too high. The calculated values were used in the |SOprogram for the CNG
machi ne, but the manual override button was used to reduce feed-rate, to 30-40% of
the calculated values. We tried to increase the speed two (separate) times, both
times resulting in the destruction of the tool. nh the left is the 3flute drill
after breaking, on the right is the spiral drill, after overheating and breaking.
Drill sharpness couldn't have been an issue here, since both drills were new and
never used before. Application of coolant may have been a major contributing
factor, since it's nearly inpossible to apply the coolant to where it's needed (the
cutting area of the drill) in spiraldrilling.

Finally, the nmachine itsself seemed to be unhappy with the task it was provided
with, and decided to 'take a break', needing sone care by a repair-mechanic. This
meant that part of the drilling had to be done on another day, however, the
machining setup wasn't disturbed in that period, so exactly the sane machining
condi tions were present.

7.4 Measurenent results

After the machining of the holes, neasurements of the hole qualities were nmde.
First dianmeter, roundness and location were neasured, after which attitude was
determ ned. After these were made, the sanple was sawed in two pieces to neasure
the location of the bore halfway, so the straightness could be determned (the
assunption is nade that variation of straightness is greatest halfway through the
hol e) .

For the conplete results of the neasurenents | advise the reader to take a | ook at
Appendices G and H, for the alumnium and steel sanples respectively, where the
conplete results, both raw data and calculated results, are shown. In this part of
the thesis | shall only deal with sone parts of the neasurement results, i.e. those
that are i n sone way interesting.

As can be seen, not all holes could be nmeasured, since two (different) drills broke
of f.
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Locati onal accuracy

If we take a look at graph G 1 in Appendix G which shows the |ocational accuracy
of the spiraldrilled alumniumsanple, it's hard to notice any relationship between
the process used (2-fluted, 3fluted and ream ng) on the |ocational accuracy of the
hole. This is not surprising, since |locational accuracy is mainly determ ned by the
first step, spiraldrilling; once an initial hole is drilled, it's very difficult,
if not inpossible, to shift its position. Gaph H1 in App. H shows the sane
results for the spiraldrilled steel sanple.

On average, for both the alum nium and steel sanple, error in position is about .1-
.12 mm

Attitude

Graph G2 in App. G shows the attitude of the holes in the alumnium sanple; no
improvenent in attitude can be seen for bores 610 and/or 11-15 conpared to 5.
The same goes for the steel sanple in graph H 2 in App. H This suggests that if
attitude of a hole is inportant, no inprovenent can be had when, after drilling of
the initial hole, 3flute drilling and/or reamng are perforned. A so, for both
sanples the average error in attitude is about .15 nm suggesting that material has
no or little influence on this hole quality.

Strai ght ness

Gaph G3 in App. G shows the straightness of the various holes in the alum nium
sanple. It's imediately obvious that for holes 11-15 straightness is better (on
average, about .01 mm) than for the other holes. Straightness of the holes that
were only spiraldrilled or 3-flute drilled is worse than that of the reaned hol es.
No obvious difference can be seen between holes 1-5 and hol es 6-10.

The situation for the steel sanple, as shown in graph H 3 in App. H is slightly
different. Here, the inprovenent of 3fluted drilling can be seen for holes 6-10,
but for holes 11-15, which also had a ream ng operation perforned, straightness
seens to have suffered (ignoring hole 14, which couldn't be neasured). An
explanation for this | haven't. One would expect that wth each successive
operation, straightness of the hole would be inproved. On the other hand, there are
relatively few neasurenents available; nore reliable statements can only be made
when nore data points are available (i.e., nore holes drilled and neasured).

Di anet er

In graph G4 are the results of the alumnium spiraldrilled sanple concerning
dianeter. In this and follow ng graphs, the differences between holes 1-5, 6-10 and
11-15 are nore obvious, but one should renenber that holes 6 10 have a different
dianeter (9.8 mm for practical reasons, as discussed earlier. In graph G4 are the
di aneters of each hole, measured both at the top, bottom and in the middle. The
first thing that can be noticed, esp. in graph G6, is that the variation in
diameter over the length of the hole is snallest in the holes that were only
spiraldrilled. In the 3fluted and reaned holes, this variation over the |ength was
greater! This strikes ne as a strange result. | initially thought that, in the case
of the reanmed holes, this might have something to do with the fact that the reaner
hadn't entered the hole deep enough, but this can't have been the case. Nor could
it be because of the 'conicity' of the reaner, since it's not a hand reaner but a
machine reaner, with very short conical guide part. So, the real cause renmins
uncl ear.

But if we look at the steel sanple, at graph H. 6 in App. H, the results nmake nore
sense: variation in diameter is least for the reaned holes (note that hole 14
hasn't been reaned), and nost for the spiraldrilled holes. Not only is the
variation in dianeter the smallest for the reaned holes, but also is the (average)
di aneter closest to the target of 10H7. Nothing very new here, it was expected that
for accurate dianmeter, ream ng should give the best results.

However, for the alum nium sanple, this last doesn't seem to hold true. In fact,
ream ng caused greater variation in diameter (graph G4; G6). Plus, the target
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dianeter of 10 (with tolerance H7) was mt achieved by any of the reamed hol es!
When visually inspecting the holes that were reamed in alumnium roughness of the
bore surface is striking.

So, as far as accurate diameter is concerned, reamng seens to perform as expected
on the steel sanple, but seriously fails in the al um nium sanple.

Roundness

As can be seen in graph G7, App. G there's no relationship between the operations
perforned and the achieved roundness of the holes in the alum nium sanple. Nor does
roundness range (graph G9), i.e. range between the highest and |owest roundness
per hole, depend on the operations performed. This strikes nme as strange, since |'d
expect that the reaned holes would have a better roundness than the holes that were
only spiraldrilled.

The situation is different for the holes in the steel sanple, as can be seen in
graph H. 8, where roundness range is a function of the operations: the reanmed hol es,
nr. 11-15, show a nmuch lower variation in roundness over their length than the
other holes. However, little inmprovenent in range can be seen of the 3-flute
drilled holes over the ones that were only spiralldrilled. As graph H 9 shows, the
average roundness of the holes gets better as nore operations are perforned. This
trend is not present for the alum niumsanple (graph G 8).

If we conpare graph G7 to H 7, we see that there's little difference in achieved
roundness for the alum nium and steel sanple; they perform about the same on this
bore quality.

Roughness

If we look at graph G 10 in App. G it's inmediately obvious that roughness of the
al um nium sanple is best for the spiraldrilled holes (with exception of the top of
hole nr.2), worst for the 3flute drilled holes (6-10) and 'in between' for the
reamed hol es. The bad surface finish of the reaned hol es has al ready been nentioned
in a previous paragraph on 'dianmeter'.

For the steel sanple, the results are as would be expected: worst Ra for the
spiraldrilled ones, best for the reaned ones, wth 3-flute drilling producing
intermediate results. This is just as predicted by Iliterature (Deckers &
Schel | ekens). There is an exception (hole nr.12, bottonm), but on average, a
roughness smaller than Ra=1.5 umis attainable in steel.

On the other hand, if low roughness is desired in an alumnium workpiece, the

results suggest that it would be better NOT to ream but instead to only spiral
drill(or, as we shall see later, to gundrill).

Har dness

Increase in hardness has only been neasured for the gundrilled holes, not for the
spiraldrilled ones, since no increase in hardness is expected. Apart from this,
surface quality of the spiraldrilled sample was too low to perform accurate
har dness neasurenents using the Vickers-nmethod.

In the table below, the results of the neasurenents and the analysis are
sumari zed, with 0 nmeaning neutral or average, + being good or better than average
and - being | ess good.

loc.accuracy Jattitude |straightness |diameter jroundness Jroughnessjhardness
Alu spiraldrilled 0 0 0 + 0 - N/A
spiral & 3-flute 0 0 0 -- 0 - N/A
spiral, 3-fl & reamed 0 0 + - 0 - N/A
Steel spiraldrilled 0 0 - - N/A
spiral & 3-flute 0 0 0 0 0 0 N/A
spiral, 3-fl & reamed 0 0 + + + N/A

57



aundrilling

It seenms that |ocational accuracy and attitude of the hole are not a function of
the various operations, but may depend nore on the machining setup (e.g. are
reference surfaces of the workpiece aligned with nmachine references and axes,
whether the pilot holes are on the correct |ocations, or whether a drill bushing is
used, as in gundrilling). Regarding the four other qualities, we get results as
expected for the steel sanple (with the exception of straightness when reaning,
which, as has been stated, | <can't explain). However, the situation is very
different for the alum nium workpiece, where there does seem to be a negative
relationship with operations to bore qualities: when 3-flute drilling and ream ng,
hole quality suffers (dianeter, roughness), stays the sane (roundness) or inproves
(straightness)... Cearly, the results for the al um ni um workpi ece are very m xed.

These results of alumnium are in sharp contrast to the generally found
recommendation in textbooks that, if a high quality hole is desired, holes should
be reaned. In ny experinments, the reamed holes perform worse (on several bore
qualities) than the holes that were only spiraldrilled. The textbook reconmendati on
does hold true for the steel sanple.
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Chapter 8
Gundrilling the sanples

In order to conpare gundrilled holes to the spiraldrilled ones, one has first to be
able to gundrill the holes. Gundrilling isn't the kind of operation that coul d be
performed in the shop at school. In fact, to the best of ny know edge, there's only
one conpany in The Netherlands that perfornms gundrilling operations as a
subcontractor. Only one other conpany perforns gundrilling, but primarily for their
own use. | know of several conpanies that perform the STS/ BTA process in The
Net her| ands, but all of these conpanies do it first of all also for own use, not
primarily as subcontractor.

Therefore | was very pleased that nr. Van Hees, manager of Kluin Wjhe, invited nme
for a conpany visit and offered to gundrill the sanmples. On narch 18th 2004, |
visited the conpany.

8.1 Kluin Wjhe*

Kluin Wjhe, part of the AEX-notated Aalberts group, is a nedium size conpany
located in Wjhe, Overijssel. The conpany has a total of about 75 enployees,
di vided over 2 business units, 'deephole drilling' and 'binetallic cylinders'. The
bimetal wunit produces bimetallic cylinders for the use in plastic die casting and
extrusi on machines. These cylinders consist of a steel outer part, with a carbide
coating on the inside, that provides a wear resistant layer. This layer is produced
by means of a centrifugal casting process.

The ot her business unit, 'deephole drilling', is the one that | visited. This unit
has the use of currently 11 deephole drilling machines, all of the same make (TBT)
except the newest one, a Degen UTB1600 S H ONC*. Kluin can performboth gundrilling
and STS/BTAdrilling. They act as jobber on these processes. As nr. Van Hees, the
conpany nanager, said: 'alnpbst every hole is a prototype', since runs are usually
very short. This separates their business from e.g. an autonobile manufacturer,
whi ch has long runs of identical products, which need to be drilled with maxi mum

efficiency. In fact, DAF trucks, which does its ow gundrilling of engine blocks,
outsources the gundrilling of special test engine blocks to Kluin Wjhe. The hole
sizes they can drill, as stated in their brochure, range from2 nmto 250 mMm wth
a L/D-ratio of 100-200. However, in practice they perform nore challenging
operations; the latest drill they ordered had a diameter of 6 nm and a length of
7.5 m This gives a L/D-ratio of 1250... As they said themselves, this won't be a
run-of -the-m 1l hole, but nevertheless they expect to be able to drill it. OGher
feats include the routinely drilling of 6 nmholes with a length of 3.5m followed

by another hole, now drilled from the other side, where the two holes should neet
inthe mddle with a maxi mum di scontinuity of about 1.5 nm

The materials they drill in vary, from construction steel to AISI303 to Titanium
Anyone familiar with machining processes knows the difficulties wth which
machi ning these materials are associ at ed.

The products that are drilled vary from parts for car manufacturers (engine parts
for DAF Trucks), aircraft manufacturers (landing gears for Airbus Industries),
parts for the off -shore industry, machine constructors, etc.

Al in all, the visit was very inpressive; it's one thing to read about a hole with
L/ D=500 and a dianmeter of 6 mm but to actually see such a hole with one's own eyes
is sinply amazi ng, words can hardly describe the experience.

Finally, I would like to thank nr. Van Hees and nr. Sneenk for the cooperation in
the gundrilling of the sanples. This wasn't an easy thing, since the shop was fully
planned and in operation, so in order to drill the sanples for this thesis, nr.

Smeenk had to actually stop the processing of one product in order to be able to
drill the sanples. Thanks!

“ For an article on Kluin Wjhe, see also Metaal bewerking, nr 11-12, dec. 2003.
4l The Degen 1600 is a ONC machine with 5 axes and two spindl es, capable of drilling
wor kpi eces up to 10 tons. (source: Metaal bewerking, dec. 2003)
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8.2 The Sanpl es

The sanme sanples that were spiraldrilled were also used for the gundrilling tests.
Two holes with a length of 100 nm and a dianeter of 8 mm were drilled in each of
them For the positions of the holes, see Appendix E The reason the holes were
drilled with a dianmeter of 8 mm was out of practical notives: since the shop was

operating at full capacity, it was only with sonme difficulty they nanaged to
squeeze the drilling of these sanples in. Since a drill of 8 nmwas present in that
machi ne, and the changing of it to a drill of 10 mm was too time-consum ng, the
holes were drilled with that drill. This had the added benefit of slightly
increasing the L/Dratio to 12.5 (As nr. Snmeenk stated, they don't wusually drill
shal low holes*? with L/Dratio of 10. According to them spiraldrilling could be

used up to ratio's of 10..15). The downside nmight be that the conparison of the
gundrilled and spiraldrilled holes mght be conplicated, but this hasn't been an
i ssue, as we shall see later.

8.3 Machi ni ng set up

Drilling was perfornmed on a machine nade by TBT, of
the type MD2 1000 KT-NC. This particular machi ne can
drill holes of 4..40 mm in dianeter. The stroke of

the nmachine is 1600 mm

A picture of the nmachine and its operator, nr.
Sneenk, is on the right. On the table of this machine
is another workpiece, that had just been drilled.

This product is substantially |onger than ny sanple
wor kpi eces. . .

The holes were drilled under the follow ng machining conditions:

n=2500 RPM (Vc=57 m's)
f=0,03 mmrev. (75 nm mn)
oil flowrate = 12 [/nmin
oi |l pressure = 55 bar

The cooling fluid used was oil (no further specifications of it known to nme) wth
EP addi ti ves.

The drill used was a Botek one, of the type 110 with a diameter 8,00 mm

The sanme machining paraneters were used for both the alum nium and steel sanples.
The machining paraneters were calculated with the help of a slide-rule, nade by
Bot ek. The paraneters are not in good agreement with those determ ned according to
the data in ch. 5.10: Vc and f are a bit on the |ow side.

8.4 Practi cal nachini ng

As can be seen in the pictures on the next page, the gundrill is a bit long for
this kind of holes: with this particular drill, it would have been possible to
drill a length of over 1 m Note in these pictures the use of whipguides for the
gundrill; without it, the drill would sag under its own wei ght.

The gundrilling went nuch snoother than the spiraldrilling: no problens occurred
while machining, with the exception of a 'fountain' (Dutch: 'spuiter') of oil, when
the drill exited the other end of the workpiece. Counterneasures had been taken

(putting a solid block of alum nium behind the workpiece), but at pressures of 50+
bar, the small space between the workpi ece and the al um ni um bl ock provi ded plenty
of room for the oil to find its way out. As a result, we were greeted by a shower
of oil.

“2 e man's deep holes are another man's small holes. ..

60



aundrilling

In the left picture the 3 whipguides for the gundrill can be clearly seen; in the
m ddl e picture, we see the drill exiting the guide bushing, which is nounted in the
chip box. In the picture on the right, drilling is in process.

8.5 Measurenent results

After the drilling of the holes neasurements of the bore qualities were nade. First
di ameter, roundness and |location were neasured, after which attitude was
determ ned. After these were made, the sanple was sawed in two pieces to neasure
the location of the bore halfway, so the straightness could be determned (the
assunption is nade that variation of straightness is greatest halfway through the
hol e) .

The conpl ete nmeasurenents of the gundrilled holes are bel ow

Steel gundrilled all values measured with Mitutoyo 3D measuring machine (Mitutoyo MXF 203 & Micropak 120)
top mid bottom diameter roundness
bore X Y X Y X Y top mid bottom top mid bottom rerrﬁrk
1 24,378] 345560 24,388 34,464 24,475 34,248 7,994 7,978 7,988 0,025 0,052 0,050!
2 24,347 64,508 24,448 64,220 7,993 7,987 0,046 0,057|middle not measured
Steel gundrilled all values measured with Mitutoyo roughness tester (Mitutoyo Surftest 301)
top of sample; [Rain um] bottom of sample; [Ra in um]
bore m.1 m.2 m.3 m.4 max. m.1 m.2 m.3 max remark
1 0,51 0,54 0,32 0,21 0,54 bottom not measured
2 not measured

The al um ni um speci men:

Alu gundrilled all values measured with Mitutoyo 3D measuring machine (Mitutoyo MXF 203 & Micropak 120)
top mid bottom diameter roundness
bore X Y X Y X Y top mid bottom top mid bottom remgrk
1 26,745]  32,485] 27,239] 32,550] 28,185 32,657 7,973 7,965 7,977 0,054 0,073 0,060)
2 27,0060 62,492 28,635 62,640 7,990 7,985 0,014 0,047} middle not measured
Aluminium gundrilled all values measured with Mitutoyo roughness tester (Mitutoyo Surftest 301)
top of sample; [Ra in um] bottom of sample; [Rain um]
bore m.1 m.2 m.3 m.4 max. m.1 m.2 m.3 max remark
1 0,08 0,08 0,09 0,09 bottom not measured
2 not measured
Not everything has been nmeasured. First of all, only two holes were gundrilled per

speci men, because of the restricted amount of time that was available at Kl uin
W jhe. Secondly, only one gundrilled hole has been conpletely neasured (i.e., sawn
in half and neasured in the mddle). This was done to have at |east one conplete
gundrilled hole left to show Thirdly, roughness wasn't neasured in the bottom of
the sanples, since this wuld require an extra cut of the specimen and because no
great difference in roughness could be seen after visual inspection.
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Finally, the two workpieces that were gundrilled were not fixed properly on the
machi ne. More specifically, the reference surfaces of the workpiece weren't aligned
with the machine axes. What this nmeans is that |ocational accuracy and attitude of
the gundrilled holes can't be neasured.

One the left: the gundrilled alum nium sanple, on the right the steel one. The two
gundrilled holes are in the side of the specinmen (see also App. E).

-
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Roughness

The first thing that becane clear after looking at the sanples even before naking
any neasurenents, was the good surface quality of the gundrilled hole. In the
alumnium one, it's actually a mrror finish of Ra=0,08. Such a roughness is
normally only achieved wth processes 1like honing, | apping or polishing
(Schel | ekens & Deckers, p.157). Wth gundrilling, this kind of surface finish is
achievable in one single step! The steel sanple, which doesn't have the mirror
finish of the alumnium one, still has an Ra=0,40 (on average); the worst neasured
was Ra=0,52. According to the Botek sliderule for type-110 drills, expected Ra
shoul d be 0,25 um however, it isn't stated for wich material this is valid. As can
be seen, the aluminium sanple perforns very nuch better, but the steel one has
al nost doubl e the expected roughness.

The roughness is spoilt by the presence of concentrical grooves. These grooves were
present in both the gundrilled holes in the steel sanple, none were present in the
al um ni um sanpl e.

| tried to link this surface finish defect to the errors described in ch. 5.11 on
typi cal deephole deficiencies. It comes closest to the case of 'spiraling , even
t hough the di st ance between consecutive spirals is very nmuch shorter than is shown
in the picture. If spiraling was the case, it would have been a case of dynamc
instability. On the other hand, it |ooked very simlar to the surface finish caused
by a built-up edge in turning. Therefore, | asked dr. Astakhov for his opinion. He
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concluded it was caused by a built-up edge and would be easy to prevent. The |ow
Vc could explain why a built-up edge was present when nmachi ning the steel sanple.

Di anet er

If we look at the dianeter of the holes, we see that the dianeter of the entry
holes in steel are 7,993 mm and 7,994 mm the exit holes 7,988 mm and 7,987 nm
There are not enough neasurenments nade (i.e. holes drilled) to get statistical
significant results, but the small range of values is imediately obvious. The
range is 0,001 nm (1 un), both at entry and exit of aluminium If we conpare the
variation in diameter over the length of the holes we see that in both cases the
di ameter gets smaller, by about 6-7 um If we use the worst value (7,987 nm as
basis, the tolerance class would be IT-7.

In the alum nium specinmen, the variation is a little larger: entry holes are 7,973
mm and 7,990 mm exit holes are 7,977 mmand 7,985 mm At the entry holes, there's
a range of values of 17 um at exit, the range is 8 um |If we use the worst val ue
(7,973 mm) as basis, the tolerance class would be | T-9.

Roundness

Wirst roundness of the holes is 52 um and 57 um in steel, and 73 and 47 um in
al um nium as can be seen in the tabl es above.

Location and attitude

As was explained before, location and attitude haven't been neasured since the
wor kpi ece wasn't properly aligned.

Since we had two holes, we might try to circunvent this problem by using one hole
as reference, to which the errors of the other hole would be conpared. However,
this nethod can't determne any systematic error that may be present. If, for
exanpl e, both holes have a tendency to shift to the right by the same anount, this
nmethod woul d result in the answer that attitude error would be zero, while conpared
to an external reference, both holes may have a serious error. The sane is valid
for the locational error.

Strai ght ness

Strai ghtness has only been neasured for one hole, in order to preserve the other
gundrilled hole. Straightness of the hole in alumniumis 230 um of the one in
steel 71 um As can be seen, straightness of the alum nium sanple is very bad; in
fact so bad, that | wonder whether this isn't caused by an error in neasurenment or
by the fact that the workpiece wasn't properly aligned. Either this, or something
has very seriously gone wong when drilling the holes. The straightness, when
calculated for a length of 1 m would be 2,3 mmimwhich is about 4 times as bad as
what should be possible according to the graph in ch. 5.9.d (0,75 mmm for the
rotating drill system which was used in this case). In the case of the steel
sanpl e, straightness would be 0,7 nmmm which is as expected. So, the steel sanple
behaves just as expected, while the alum nium sanpl e shows quite a | arge deviation.

Har dness

Finally, hardness of the gundrilled holes was neasured using the Vickers nmethod.
Initial hardness of the alum nium sanple (as nmeasured on a mlled surface) was 117
HV10 (average of 3 neasurenents); after gundrilling, the hardness of the bore
surface was 139 HV10, an increase of 19% in hardness. The steel sanple, however,
showed no increase in hardness: initial hardness was 207 Hv10, after gundrilling
hardness was 204 HV10 (3 neasurenents each). Initially, | was swprised that the
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steel sanple showed no increase in hardness. However, after discussion with dr.
Ast akhov it was clear that this was quite to be expected, by looking at the strain-
hardening curve of free machining steel, which is alnost flat, as opposed to that

of alum nium which is nore steep: the nore strain the material has undergone, the
harder it gets.

Sonething that was also remarkable were the very small burrs that were present at
the entry and exit of the gundrilled holes. They were much snaller than those
produced by spiraldrilling. What this nmeans is that apart from the fewer process
steps in gundrilling, there mght also be the possibility to do away with one
secondary operation, deburring.
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Chapter 9
Conparison of the results of both processes

In the previous 2 chapters we have |ooked at the two different processes that were
used to create the sanples, spiraldrilling and gundrilling. In this chapter the
results of both processes will be conpared with eachother.

Locati onal accuracy

In chapter 7, we had determned that the average |ocational accuracy was .1-.12 mm
for the spiraldrilling process, no matter whether holes were only spiraldrilled, 3
flute drilled or reamed. Because of an error in the fixing of the workpiece in the
gundrill machine, no such neasurenents could be made for that process. This is a
shane, since gundrilling is known (anbngst other things) to perform good on this
account. But this has nore to do with the use of guide bushings in gundrilling than
with the process itsself.

Despite this, sone conclusions can be drawn. The results of the spiraldrilling
process were obtained using a CNC nmachine. | had expected better results than this,
especially when taking into account the use of a pilot drill. | find it strange
that locational accuracy in the spiraldrilling process isn't very good, despite the
use of an accurately controllable CNC nachine and the use of pilot holes to
initiate the drilling process. | had expected better results, 510 times better

than what we ended up with.

I'd like to conclude this bore quality with the remark that |ocational accuracy is
a function of first of all the accuracy of the machine and secondly of the nethod
used to initiate the hole: by neans of a pilot hole, guide bushing or nothing (only

in the case of spiraldrilling). The influence of the process itsself, i.e.
gundrilling vs. spiraldrilling, probably only has very limted influence on this
bore quality. If a guide bushing would be used with spiraldrilling, the |ocational
accuracy woul d probably be just as good as that of gundrilling.

Attitude

Wth respect to the bore quality 'attitude' we have seen that attitude, in the
spiraldrilling process, was unrelated to the process steps used; no difference
could be seen between the holes that were only spiraldrilled, 3-flute drilled or
reamed, nor was there any great difference between the al um nium and steel sanple.

In gundrilling, because of the error in fixing the workpiece, no such nmeasurenents
could be made. Since we had two holes, we might try to circunvent this by using one
hole as reference, to which the attitude error of the other hole would be conpared.
However, this method can't determine the systematic error, and therefore no further
conpari son between the two can be nade; however, if we conpare the attitude error

of spiraldrilling with the expected attitude error of gundrilling, as shown in the
graph in ch. 5.9.e, we would expect an attitude error of about 60 um If we conpare
this with the errors in table G3, we see that spiraldrilling produces nuch |arger

errors, ranging from 100- 400 um for the alum nium sanple and 60-190 um for the
steel sanple.

St rai ght ness

Straightness of the gundrilled sanples varied, as we've seen: the steel sanple
behaved exactly as expected, with a straightness of 71 um (0,71 nmmm, while the
al um ni um sanpl e performed nmuch worse, with a straightness of 230 um (2,3 mmn). |If
we conpare these values to the spiraldrilled sanples, than we see that for the
al um ni um sanpl e straightness varies from6 umto 57 um (table G 3), which is nuch
better than the 230 um of gundrilling! For the steel spiraldrilled sanple,
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straightness varies from4 umto 57 um (table H 3), again better than the 71 um of
the gundrilled sanple!

These results are very remarkable, comsidering the fact that one of the strong
points of gundrilling should be the excellent straightness. But we nust take into
account that only one gundrilled hole has been neasured per sanple. Even then
though, one would expect at |east better straightness than that of the
spiraldrilled holes.

The msalignment of the workpiece on the gundrill nmachine couldn't have had an
influence on the straightness of the gundrilled hole, if we |ook at the definition
of straightness as used in this thesis.

It gives rise to the conclusion that, as far as straightness goes, spiraldrilling
produces at |east as good results up to an L/D=10 as gundrilling does; we nust take
into account however, that the L/D-ratio of the gundrilled holes is 12,5, because
of the snaller dianeter.

It has been suggested earlier that the gundrill, as installed into the nachine, was
too long (it was about 1 mlong) for the holes it had to drill in the specinen (100
mr) . However, if the whipguides and starting bushing were accurately aligned, this
shoul dn't have presented a big problem Also, it can't have been the case that the
whi pguide or the starting bushing bhadn't been properly aligned, since the
gundrilled hole in the steel sanple had the straightness that was expected. So
there is sone other, unknown reason why the straightness of the alum niumsanple is
so bad.

I can only conclude that spiraldrilling, in this particular setup, has perfornmed
better than deephole drilling with respect to the hole quality 'straightness'. An
unexpected result, to say the least, especially when taking into account that
spiraldrilling isn't advised for holes with an L/D greater than about 5. This is
good news for the many users of spiralldrilling, and is in agreenent with the
statement that Kluin Wjhe doesn't wusually drill such short (L/D=10) deepholes;
apparently, those holes are produced by conventional neans (i.e. spiraldrilling),

and the results of these tests show that, as far as straightness is concerned, this
is absolutely no problem It would be interesting to find out how nmuch further

spiraldrilling could be pushed before straightness would begin to suffer.

Di anet er

The gundrilled holes in alumnium had a dianmeter that fell into class IT-9; the
ones in steel in class | T-7. Wen conparing this to the holes in alumnium we find
that gundrilling performed nuch better than spiraldrilling, 3-flute drilling and/or
reaming in alumnium In the case of reamng, the error in dianmeter is at |east 3
tines less for gundrilling than for reaming (error of average spiraldrilled &
reamed dianeter in alu, conpared to gundrilling).

In the steel sanple, the average dianmeters of both gundrilling and the reaned holes
are about the same. But, the range in values (dianeter of top of the hole, as
conpared to the bottom is much less for gundrilling than for reamng (56 um as
conpared to 9-53 un). So, in the case of the steel sanple, gundrilling outperforns

ream ng too.

As was to be expected, gundrilling outperforms reanming (and spiraldrilling & 3
flute drilling) with respect to tolerance on dianeter. Is a hole with tight
tol erance on dianmeter required, gundrilling would be recomended. Especially when
we take into account that gundrilling is one operation, as conpared to the 3

operations that are needed for ream ng.

Roundness

In the gundrilled steel sanple the worst roundnesses were 52 and 57 umin the steel
sanpl e. The al um nium sanple had worst roundnesses of 73 and 47 um Conparing it
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with the roundness of the spiraldrilled alum nium sanple, we see that it perforns
slightly better, with spiraldrilling resulting in a roundness of about 40-50 um
(see graph G 7). For the steel sanple, we see in graph H 7 that roundness does
depend on the operation; the reaned hol es have the best roundness, at about 40 um
The other holes have a foundness of about 40-50 um conparable with that of

gundrilling. We see that spiraldrilling perforns slightly better on this hole
quality than gundrilling does, both in the alunmnium and steel sanple, but the
difference isn't very large. If roundness of the hole is an issue, spiraldrilling

has a slight head start. The only exception are the entry holes of the steel sanple
that were only spiraldrilled; here, roundness is worse, at about 70 um than would
be achieved with gundrilling (see graph. H 7).

| find this result, i.e. that spiraldrilling perfornms better on this quality, a bit
surprising. | expected that the burnishing of the gundrill would inprove roundness,
as it does with roughness. CObviously, this doesn't seem to be the case. It should
be noted that the difference between gundrilling and spiraldrilling isn't very
large and that only two holes were gundrilled per sanple. Nevertheless, the results
indicate that spiraldrilling provides better roundness.

Roughness

As seen in chapter 8, roughness of the gundrilled sanples varied a bit: alum nium
being the best perfornmer, with a Ra=0,08 um while the steel sanple had a Ra=0, 40
(on average), worst Ra being 0,52 um The Botek sliderule shows that expected Ra is
0,25 um

The results of the spiraldrilled sanple were mxed: for the alumnium sanple,
roughness was best for the spiraldrilled holes, worst for the 3-flute drilled
hol es, and in-between for the reanmed ones. The steel sanple performed exactly as
expected, with the spiraldrilled hole having the worst roughness and the reaned
ones the best, with an average Ra=1.5 um

Ceneral ly, gundrilling is known for the excellent surface finish it can produce. In
nmy sanples this is obvious only for the alum nium sanple, but even for the steel
sanpl e, roughness could be nmuch better than it now is. The problem was probably a
built up edge (BUE) on the drill, which has a sinple renedy (increasing Vc, using
other type of carbide, polishing the rake face, right additives in the coolant).
While visiting Kluin Wjhe | was showed sone holes drilled in AlISI-303 steel,
which, like nobst austenitic steels, isn't easy to machine. The surface finish of
those hol es was excell ent.

In order to produce such a surface finish with an 'ordinary' process, one would
have to drill, 3flute drill, ream AND hone! It's imediately obvious that when
surface finish of a hole is inportant, gundrilling quickly becones the best nethod,
al so for holes that aren't deep.

Har dness

No neasurenments of the increase in hardness when spiraldrilling have been nmde.
Because of the general roughness of the surface, this wouldn't have been very easy
to do, wusing the Vickers nethod; the other nachines that were available for
hardness neasurenment (of Rockwell and Brinell hardness) couldn't measure in the
confined space of a hole of 10 mm dianmeter. Secondly, no significant increase in
hardness is to be expected in the case of spiraldrilling. However, it would have
been nice to be able to confirmthis assunption by neasurenent.

In the case of gundrilling, significant increase in hardness could be measured.
Especially in the case of the alum nium sanple, where hardness increased by 19%
from 117 HV1O to 139 HV1O (average of 3 neasurenents). The steel sanple showed no
increase in hardness. This may be explained by the difference in the strain-
hardeni ng curve, which is alnost flat for steel, while the one of alumniumis nore
steep. **true?****,
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So, depending on the question whether an increase in hardness of the bore is
wanted, e.g. to reduce wear, it may be beneficial to drill the hole by gundrilling.

Sunmmar y

In the table belowis a summary of the results.

loc.accuracy Jattitude |straightness Jdiameter jroundness Jroughness jhardness
Alu spiraldrilled 0 0 0 + 0 - N/A
spiral & 3-flute 0 0 0 -- 0 - N/A
spiral, 3-fl & reamed 0 0 + - 0 - N/A
Steel spiraldrilled 0 0 - - - - N/A
spiral & 3-flute 0 0 0 0 0 0 N/A
spiral, 3-fl & reamed 0 0 + + + N/A
Alu gundrilled N/A N/A -- ++ - ++ +
Steel gundriled N/A N/A 0 ++ - - 0
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Chapter 10
Concl usi on

The research goal of this thesis is 'what are the capabilities and linmitations of
gundrilling and how do they conpare to those of spiraldrilling in practice' . The
capabilities and limts of gundrilling and, as a reference spiraldrilling, have
been deternmined with respect to the seven bore qualities (dianeter, roundness,
roughness, attitude, straightness, locational accuracy), both theoretically and
practically.

In the theoretical part, indications have been given for achievable roughness,
strai ghtness, etc., which have been later verified and conpared in the application
part of this thesis.

The results of that Ilast part have been surprising: despite evidence from

literature of the capabilities of gundrilling and despite the undertone in the
available literature that gundrilling is a superior process over spiraldrilling,
the results of the drilling tests have been very m xed: straightness, often one of

the nost inportant paranmeters of a deep hole, was better in the spiraldrilled holes
than it was in the gundrilled holes. In the alumnium sanple, this difference was
very remarkable, but a clear difference was also present in the steel sanple. Wth
respect to roughness of the bore, the alumnium gundrilled hole was the very best
one that was produced in the entire test. Reaming didn't even cone close (in fact,
the reamed al uminium hole scored worse on roughness than the holes that were only
spiraldrilled). The steel gundrilled sanple however perforned worse than the reanmed
hol es. The cause for this was the presence of a built-up edge that was present
during the gundrilling of the steel sanple. By taking sone sinple neasures, this
probl em could be solved and roughness of the steel sanple should be able to be
about 0,25 um the expected val ue.

Wth respect to the other hole qualities and the measurenent results of them no
surprising outconmes were found, with one possible exception: the straightness of
the reaned holes in the steel sanple was actually worse than that of the 3-flute
drilled holes. An explanation for this strange result | haven't been able to find.

One final result, and one that | haven't been able to find in literature, is the
quantitative determ nation of the increase in hardness of a gundrilled bore. So far
I"ve only been able to find broad statements that claim coldformng is present
during gundrilling. In these tests, |'ve been able to quantify the increase in
hardness of a gundrilled hole: 19% increase in Vickers hardness for the al um nium
sanple, and no increase in the steel sanple. These results can be theoretically
explained by the difference in their respective strain-hardening curves. Wen
considering these results, it has to be renmenbered that only two holes were
gundrilled per sanple, and only one hole per sanple has been conpletely neasured
(i.e. including straightness, roughness and hardness). Nevertheless, one would
expect that every gundrilled hole would performbetter than a spiraldrilled one.

Anot her conclusion would be that spiraldrilling actually perforned quite well in
the neasurenents. This shifts the border for choosing between gundrilling and
spiraldrilling more towards gundrilling, i.e. the area of application of
spiraldrilling is greater than | at first considered it to be, after reading the
literature. But it should be borne in mnd that the actual drilling of the
spiraldrilled holes wasn't easy: on two occasions did a drill break, chip fornation
was very unsatisfactory despite pecking cycles, with a long spiraling chip formng
around the drill, hindering coolant flow and scratching the surface of the
wor kpi ece. But while drilling itsself wasn't easy, the resulting holes didn't
perform as bad as | initially expected. An overview of the various hole qualities
as produced by gundrilling and spiraldrilling is in the table bel ow
loc.accuracy lattitude |straightness ldiameter Jroundness Jroughness Jhardness
Alu spiraldrilled 0 0 0 + 0 - N/A
spiral & 3-flute 0 0 0 -- 0 -- N/A
spiral, 3-fl & reamed 0 0 + - 0 - N/A
Steel spiraldrilled 0 0 - - - - N/A
spiral & 3-flute 0 0 0 0 0 0 N/A
spiral, 3-fl & reamed 0 0 + + + N/A
Alu gundrilled N/A N/A -- ++ - ++ +
Steel gundriled N/A N/A 0 ++ - - 0
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Finally, the drilling tests, especially the spiraldrilling tests, have shown that
obtaining nice holes in aluminiumisn't as sinple as is often suggested in the
t ext books. Many anonmlies were present in the spiraldrilled alum nium sanple, where
e.g. roughness of a spiraldrilled hole was a little better than that of a reaned
hol e, and much better than that of a 3flute drilled hole. Also, the holes that
were only spiraldrilled perforned better on dianeter tolerance than both the reaned
and the 3flute drilled holes. These results are remarkable and put the generally
gi ven advi ce, that when a hole of high quality is needed it should be reaned, in an
entire new |ight.

So, all in all the results of the practical drilling tests were a nixed bag, that
help to put sone statenments on the capabilities and limts of gundrilling in
perspective. The fact that the gundrilled holes didn't score as good as m ght be
expected may to a certain extent be explained by the fact that, due to tinme

constraints, less tinme and effort was put into the gundrilling than in the
spiraldrilling, 3flute drilling and reanming. This was the cause that two bore
qualities, locational accuracy and attitude of the gundrilled holes couldn't be
measured, since the workpiece wasn't fixed on the gundrill machine accurately
enough.

Taking all the above into account, it wuld have been better to have nore
gundrilled holes per sample, preferably with different L/D-ratios, up to ratios
that are really into the region of deephole drilling as opposed to the borderline
case of L/D=10-12. The same goes for the spiraldrilling tests: it may be
informative to have data available on the performance of spiraldrilling wth
respect to different L/Dratios, like 3, 5, 10 and above. Because as we've seen,
the resulting holes (excluding the failed ones, due to broken drills) performed
better on sone qualities than the gundrilling holes, it would be interesting to see

where the gundrilled holes start to win it from the spiraldrilled holes, for each
aspect of quality. The fact that the neasured results from the al um nium and steel
sanples differ quite a lot suggest that a further extension of this research m ght

be the comparison of other nmaterials as well. W could think of for exanple brass,
stainless steel, grey casting iron, titanium etc., but also of plastics. As was
stated before, the goal of this thesis was to conpare two drilling pocesses and

not to do a conparative study of the drillability of various workpiece materials,
but the results fromthe tests suggest that it nmay be interesting to perform these
tests on other materials as well.

10.1 Further research

The good news is that there's plenty of opportunity left for future research. As
was nentioned in the beginning of this thesis, research on the subject of

gundrilling is not plentiful, to use an understatenent. Yet this technique offers
sone very interesting possibilities, not exclusively for the drilling of deep
hol es. Future research night include the devel opment of a nodel to decide when to
use which technique of deephole drilling, or even broader, drilling. Several

variables for such a nodel (the bore qualities) have been nentioned in this thesis,
but other aspects (like the economics of the process, material characteristics and
limtations in the way of equipnment present) would have to be included in it. A so
it would be interesting to conpare the various systens (rotating tool vs. workpiece
vs. counterrotation) with each other. As has been stated earlier, the various
sources in literature come to different conclusions with respect to perfornmance of
these three methods. O the influence of the various angles of the gundrill on the
machi ning process could be further researched, and the possible link with certain
material properties of the workpiece. O the influence of the place of the guiding
pads; or the shape and place of the fluid hole in the tip and its effect on drill
strength. O the influence of carbide type and coatings on hole properties and tool
life. According to dr. Astakhov, on sone of those subjects there are plenty of
nmyths and few facts. The research that is available is often fragmented and on ad-
hoc basis, while a systens approach is needed. Clearly enough room for future
research on the subject is present.

10.2 Coals
My graduating on the subject of gundrilling and the witing of this thesis had
multiple goals. First of all, | wanted to learn nore about the subject of
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gundrilling. Secondly, | wanted to let nore people know about the existence and
usefulness of the technique. Thirdly, since research on the subject isn't
plentiful, maybe this thesis could help in some small way.

As to the first goal, | can say I've learned a lot on the subject in a relatively
short tine. My initial know edge on it was practically zero, much of ny current
know edge is in this thesis. Despite the fact that there is little literature
available on the subject, by gathering information from various sources (nostly
articles, both scientific and popular, but also advertisenents) one can learn quite
a lot. However, there are also many things that can't be learned from these
sources, and the current inexistence of good 'standard' literature on the subject
is adefinite problem that will hopefully won't |ast too |ong.

The second goal, the dissem nation of know edge of this technique, | can say |'ve
made a small contribution to this too. Several people in ny direct surrounding now
know that this technique exists; others now know quite a bit of detail on the
subject. If teachers in school were unaware of the (details of the) technique, |
can now say that nmy work on the subject has resulted in their know ng nore about
it. Finally, persona friends (whose initial reaction sonmetines was 'what, you can
graduate on drilling? Wat's there about it that we don't know yet') and famly
that 1've bored with nmy talking on the subject, now know at |east sonething about
it.

The third goal being the avancenent of science, | can't say that this thesis has
in sonme way provided great new thoughts on the subject. The only thing that |
haven't been able to find in literature (which doesn't mean it doesn't exist) is
the increase in hardness of the bore. Only found were general statenents that
bur ni shing occured while gundrilling, wthout bothering to explain how much of it
was present. The determination of the increase in hardness provided data that was
entirely new (to ne), plus the fact that spiraldrilling performed much better than
I had initially expected, in some cases even better than gundrilling. For the rest,
this thesis is an entry, a first step into this matter and should be considered as
such.

10.3 In der Beschrankung zeigt sich der Meister...?

The 'budget' for this project was 40 pages (excluding appendices), the maxinmm
al | owabl e size of a thesis at this school. However, |like so nmany projects, this one
al so has a budget overrun. From the beginning the goal was to linmt the nunber of
pages to at |east somewhere near 40.

Several painful decisions had to be nade in the process: no space was available to
give an overview of other hole producing processes; a chapter about the history of
deephole drilling had to be rejected; a nore detailled description of STS/ BTA and

Ej ector deephole drilling had to be drastically reduced; a chapter about the
econom ¢ aspects of gundrilling never saw the |ight because of space restrictions.
As is clear, some tough choices had to be nade in the process, to at least limt

budget overrun while remaining focused on the research problem But,
"La perfection est atteinte non quand il ne reste rien a ajouter, mais quand
il ne reste rien a enlever."*

10.4 Finally

For me this project has been one of the npbst interesting parts of the course of
Mechani cal Engineering. It took a lot of time and effort on ny part, but results
have been worthwhile, in that | have |earned much about gundrilling in a relatively
short tine. Part of the reason for this is my personal interest in the subject; it
woul d have been much nore difficult to develop an enthusiasm for a subject that
woul d have been 'dropped on ny plate’ by a conpany with a problem | would
definetely recomend this way of graduating as opposed to the wusual way of
al | ocating graduating projects, at least for those students who have a clear view
on what they want to | earn nore about.

“ Ant oi ne de Sai nt- Exupéry.

71



aundrilling

Appendi x A
Ref erences

- Astakhov, V.P., A prinmer on Qundrilling, Fabricating & Metalworking Magazi ne. Taken from
http://ww. ndx. confarticl e_archi ves. asp?acti on=det ai | s&magarti cl e_i d=327

- Astakhov, V.P., @undrilling Know How, understanding the entire gundrilling system helps
resol ve tooling problens, CQutting Tool Engineering, decenber 2001, vol.53, nr.12.

- Astakhov, V.P., The Mechanisns of Bell Muth Fornation in Qundrilling when the Drill Rotates
and the Wrkpiece is Stationary. Part |: The First Stage of Drill Entrance, I|nternational
Journal of Machine Tools & Manufacture, no. 42, p.1135-1144, El sevier Science Ltd., London,
2002.

- Astakhov, V.P., The Mechani sns of Bell Muth Formation in Qndrilling when the Drill rotates
and the Workpiece is Stationary. Part Il: The Second Stage of Drill Entrance, International
Journal of Machine Tools & Manufacture, no. 42, p.1145-1152, E sevier Science Ltd., London,
2002.

- Astakhov, V.P., Gsman, MOM, An Analytical Evaluation of the CQutting Forces in Self-
piloting Drilling using the Mdel of Shear Zone with Parallel Boundaries. Part 1: Theory,
International Journal of Machine Tools & Manufacture, vol. 36, no. 12, p.1187-1200, El sevier
Sci ence Ltd., London, 1996.

- Astakhov, V.P., Gsman, MOM, An Analytical Evaluation of the CQutting Forces in Self-
piloting Drilling using the Mddel of Shear Zone with Parallel Boundaries. Part 2: Application
International Journal of Machine Tools & Manufacture, vol. 36, no. 12, p.1335-1345, El sevier
Sci ence Ltd., London, 1996.

- Astakhov, V.P., Subramanya, P.S., Gsman, MQ M, An Investigation of the CQutting Fluid Fl ow
in Self-piloting Drills, International Journal of Machine Tools & Manufacture, vol. 35, no. 4,
p. 547-563, El sevier Science Ltd., London, 1995.

- Astakhov, V.P., Subramanya, P.S., Gsnman, MO M, On the design of ejectors for deep hole
nmachi ning, International Journal of Machine Tools & Manufacture, vol. 36, no. 2, p.155-171,
El sevier Science Ltd., London, 1996.

- Astakhov, V.P., OGsman, M OM, Hayajneh, MT, Re-evaluation of the basic mechanics of
orthogonal netal cutting: velocity diagram virtual work equation and upper-bound theorem
International Journal of Machine Tools & Manufacture, vol. 41, p.393-418, E sevier Science
Ltd., London, 2001.

- Astakhov, V.P., Shvets, S V., A system concept in netal cutting, Journal of Materials
Processi ng Technol ogy, vol. 79, p.189-199, El sevier Science Ltd., London, 1998.

- Astakhov, V.P., @ndrilling: systens outlook (gundrilling system coherence assures process
stability and reliability), taken fromhttp://gundrilling.tripod.com

- Astakhov, V.P., Wiy gundrills?, taken fromhttp://gundrilling.tripod.com

- Astakhov, V.P., Basics of cutting tool geonetry, taken from
http://gundrilling.tripod.com

- Astakhov, V.P., @Qndrilling: very sharp points, taken from
http://gundrilling.tripod.com

- Astakhov, V.P., What is the neaning of 'self-piloting ?, taken from
http://gundrilling.tripod.com

- Astakhov, V.P., cCutting fluids (coolants) and their application in deep hole nachining
taken fromhttp://gundrilling.tripod.com

- catal og Roterende gereedschappen, Sandvi k- Coromant, 2001.

- catalog Sartorius, der Werkzeugkatal og 2002/03, H Sartorius Nachf. GibH Ratingen.

- Chin, J.-H, Hsieh, C-T., Lee, L.-W, The shaft behavior of BTA deep hole drilling tool,
International Journal of Mechanical Science, vol. 38, no. 5, p.461-482, El sevier Science Ltd.,
1996.

- De Chiffre, L., Function of cutting fluids in machining, Lubrication Engineering, vol. 44,
p. 514-518.

- Deckers, J.W, Schellekens, R, Verspaningstechnol ogi e, Stam Techni ek, Houten, 2000.

72



aundrilling

- Deng, C-S., Huang, J.-C, Chin, J.-H, Effects of support msalignnents in deep-hole drill
shafts on hole straightness, International Journal of Michine Tools & Mnufacture, no. 41,
p. 1165-1188, HE sevier Science Ltd., 2001.

- Dingemans, P., 1S, MP, JIT of OPT? Keuzes in productiebesturing, graduation thesis at the
Erasnus University Rotterdam Rotterdam 1999.

- Economi st, The, The World Measurenent Quide, The Econom st Newspaper Ltd., London, 1980.

- BElhachim, M, Torbaty, S., Joyot, P., Mechanical Mdelling of Hgh Speed Drilling. 1:
Predicting Torque and Thrust, International Journal of Machine Tools & Manufacture, nr. 39,
p. 553-568, El sevier Science Ltd., 1999.

- Go, CH, Cheng, K, Kirkwood, D, The investigation on the nmachining process of BTA deep
hole drilling, Journal of Materials Processing Technology, no. 107, p.222-227, Elsevier
Sci ence B.V., 2000.

- Gancoli, D.C, Physics for scientists & engineers, Prentice Hall, Upper Saddle R ver (NJ),
2000.

- Kolbe, G, The making of a rifled barrel, 1995 Precision Shooting Annual, 1995.

- Schneider, G, Chapter 8 Drills & drilling operations, taken from
http://wwm. t ool i ngandpr oducti on. com

- Kalpakjian, S., Mnufacturing Engineering and Technology (third edition), Addison-Wsley,
Readi ng (Mass.), 1995.

- Kals, HJ.J., Van Luttervelt, CA, Mulijn, KA, Industriél e productie, Ten Hagen & Stam
B.V., Den Haag, 1998.

- Koelsch, J.R, Productive deep-hole drilling, Mchine Shop guide web archive, july-august
2001. Taken from http://gundrilling.tripod.com

- Langereis, F., Werkpl aatsneettechniek (richtlijnen voor het passen en neten van de geonetrie
van wer kst ukken), Den Boer M ddel burg/uitgevers B.V., 1980.

- MbDonald, K, Deep hole drilling for the rear endplate of the BaBar drift chanber, taken
from ******\Aebsite!!*******

- Kluin Wjhe BV gaat diep, Metaalbewerking, nr.11-12, dec.2003, Utg. Ten Hagen & Stam
Deventer.

- Langgat boren, Pol ytechnisch Tijdschrift, editie Wrktui gbouw 32, nr. 9, 1977.

- Nornen voor werktuigbounkundi g tekenen NEN-Bundel 16, Nederlands Normalisatie Instituut,
Del ft, 1993.

- Thei s, W, Webber , o, Model | i erung  der Bohrgite in Abhéangi gkeit von den
Fertigungsparanet ern bei m BTA-Ti ef bohren, Techni cal Report Rei he des SFB 475, Technical Report
48, 2002. (source: http://ww:. statistik.uni-dortnund. de/ sfb475/ berichte/tr48- 02. ps)

- Tiefbohren auf Bearbeitungszentren, Wrkzeug Technik, nr. 79, p. 50, (ww. werkzeug
t echni k. com

- Miltifunktion auch im Tiefbohren, Wrkzeug Technik, nr. 68, p. 40, (ww. werkzeug
techni k. com

- Van Generden, J., Technische informatie voor werktuigbouwkundigen, Educati eve Partners
Neder |l and B.V., Houten, 2000.

- Verein Deutscher Ingenieure, VD -Rchtlinie 3208 Richtlinie fiur das Tiefbohren mt
Ei nl i ppenbohrern, VDI -Handbuch Betriebstechnik Teil 2, Beuth-Verlag, Berlin, 1996.

- Verein Deutscher Ingenieure, VD -Rchtlinie 3209 Tiefbohren mt &uRerer Zufihrung des
Kiahl schm erstoffes (BTA und ahnliche Verfahren), VD -Handbuch Betriebstechnik Teil 2, Beuth
Verlag, Berlin, 1996.

- Ver ei n Deut scher I ngeni eure, VDI-Richtlinie 3210 Ti ef bohrverfahren VDI - Handbuch
Betriebstechnik Teil 2, Beuth-Verlag, Berlin, 1974.

- Verne, J., From the Earth to the Mon...and...Round the Mon, Project Qutenberg Etext
version, filename = 'noonl0.txt', taken from http://prono. net

- Weinert, K, Wbber, O, Hisken, M, Mehnen, J., Theis, W, Analysis and Prediction of
Dynam c Di sturbances of the BTA Deep Hole Drilling Process, Proceedings of the 3rd CRP

73



aundrilling

International Sem nar on Intelligent Conputation in Manufacturing Engi neering (I CVE 2002),
2002.

- Winert, K, Wbber, Q, Busse, A, Husken, M, Mhnen, J., Stagge, P., Experinental
Investigation of the Dynanmics of the BTA Deep Hole Drilling Process, taken from Univ. of
Dort mund Dept. of Machining technol ogy website.

Weinert, K, Wbber, O, Busse, A, Hisken, M, Mhnen, J., Stagge, P., In die Tiefe:

Koordinierter Einsatz von Sensorik und Statistik zur Analyse und Mdellierung von BTA
Ti ef bohr prozessen, taken from Univ. of Dortmund Dept. of Machining technology website
(zwf 2001. pdf)

- Weinert, K, Whbber, O, Hisken, M, Mhnen, J., Statistics and Time Series Analyses of BTA
Deep Hole Drilling, International Conference "Non-linear Dynam cs in Mechanical Processing",
Uni versitat Dortrund, Germany, 2001.

- Winert, K, Peters, C, Mhnen, J., Analyse der Prozessdynam k beim Ei nlippen Tief bohren
(Prozessdat enauf nahne und -analyse fir die Reglerentwi cklung beim Einlippen-Tiefbohren),
Werkstattstechni k, p.510-513, Institut fur Spanende Fertigung, Universitéat Dortrund, 2001.

- Winert, K, Lobbe, H, Peters, C, FEMAnalyse von Einlippen-Tiefbohrwerkzeugen (FEM
Anal yse der Werkzeugverlagerung und -belastung beim Einlippenbohren), Wer kst at t st echni k,
p. 352-356, Institut fir Spanende Fertigung, Universitéat Dortnund, 2001.

- Wjeyew ckrema, A C, Keer, L. M, Ehmann, KF., Dill wandering notion: experinent and
anal ysis, International Journal of Mechanical Science, vol. 37, no. 5, p.495-509, Elsevier
Sci ence Ltd., London, 1995.

- author unknown, H story of the single flute gundrill, taken from
http://ww. starcutter.conm htnl/sec02_con0l1_history. htm

I have been unable to find and use this source, which is so far the only book dealing (partly)
with gundrilling:

- Bloch, F., Self-piloting Drilling, Trepanning and Deep Hol e Machining. Manufacturing Data
ASTME, Dearborn (M), 1967.

Sonme websites that have been used as source of information:

- http://ww. titek.com
- http://ww. deephol e. com
- http://viktorastakhov.tripod.com (website dr. V.P. Astakhov)

- http://gundrilling.tripod.com (Ast akhov; many scientific articles)
- http://ww.jarvie. comau (Jarvie Engineering Pty. Ltd.)

- http://ww.rifleshoot er mag. conl gunsm t hi ng/ RSgunsmi t h1/

- http://ww. gundrillingsol utions.com

- http://ww. starcutter.conl htm/sec02_con01_history. htm
- http://ww.drill masters. com

- http://ww.tiefbohren.info (" vocabul ary of deephole drilling', in German)
- http://ww.isf.de (Institut fir spanende Fertigung)

- http://wweisf.maschi nenbau. uni - dort mund. de

- http://ww.tbt-usa.com (TBT, a najor deephol e machi ne manufacturer)

- http://ww. technidrillsystenms.com

- http://ww. hanmto. com

- http://ww. aneri canhel | er. com

- http://ww. bot ekusa. com (Botek, a major gundrill manufacturer)
- http://ww. hypertool.com (an Anerican gundrill manufacturer)

74



aundrilling

Appendi x B

e S e s e e S S o s s e S o e e e S S S S S

10, 11:

15 top:
15 bottom

18, 21:

25 top L:
25 top R
25 bottom L:
25 bottom R

27 top:

27 bottom
28 top:

28 bottom
29 top:

29 bottom
30:

33:

35:

38:

39-44 top:
44 bottom
45 top:
45 bottom
46:

47:

47 bottom
48 1-3:
48 bottom
49:

51-62:

Sour ce of inmages

www. ti ef bohren.info

P. D ngemans

NEN- bundel 16

P. D ngemans

www. ti ef bohren.info
Sandvi k- Cor omant cat al og
unknown

V. P. Ast akhov

Sandvi k- Cor omant cat al og
www. ti ef bohren. info

P. D ngenans

www. ti ef bohren.info
unknown

www. gundri |11 ngsol utions. com
V. P. Ast akhov

V. P. Ast akhov

www. ti ef bohren.info
www. ti ef bohren.info

www ti t ek, com

ww. t i ef bohren.info
Sandvi k- Cor omant cat al og
unknown

Sandvi k- Cor omant cat al og
unknown

V. P. Ast akhov

W ti t ek, com

www. ti ef bohren.info
www. ti ef bohren.info

Wi nert e. a.

Sandvi k- Cor omant cat al og
Deng e. a.

P. D ngenmans

Weinert e. a.

www. ti ef bohren.info
www. ti ef bohren.info

P. D ngenans

75



aundrilling

Appendi x C
Probl ems and causes
Tool Faults Hole Faults
NI I o @ T
s siZsff szd rouble Area 2
= % v é E - = m% ;E If you need further assistance, W E z a
PRS- %g E gzt call 1-828-332-1049 . ; & 8
HEHEEEHEHREE FZ2aacs5a
- B d B Bushing or Pilot: oversize 3 "
- L] Workholding: unsuitable & @b
) [+ ) ") Coolant: insufficient pressure -
-+ ok C ] Coolant: incorrect type "3
] Feed: erratic
B B DD ] Feed: excessive 2D DD
B Feed: insufficient
Bl ] Misalignment = 3
+ 3 3 B3 Spindle: speed high 3
] Spindle: speed low -
& @SS XN Incorrect nosegrind for material & " W 1
& PN Tool unsupported beyond 30:1 [ >
BB Tool contour incorrect > 2
- - C Tool clearance incorrect & @
- 3 Sdd Material - Heat treatment faults
- Material - Overheat & or closing in > )
- Material - Thin wall section & B
- * 1 [+ 1 Tool - Heel drag " 1 > >
-5 b Tool - Needs resharp
- ] Tight hole
& Tool Vibration o
LT Workpiece not against bushing >

source: wwn. dril | nasters. com
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Specimen Spiraldrilling
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Material: Free cutting steel {3SMn28K)
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Machi ni ng parameters spiraldrilling

Bel ow are the nachining paraneters as they were determned for the spiraldrilling of the

sanpl es. These are based on the data of the book of Schellekens & Deckers. Machining
paraneters were chosen conservatively in order to get an '"as fair as possible' viewof the
capability of spiraldrilling. Wien productivity would be an issue, nore aggressive nachini ng
conditions could be used. However, during the drilling process, feed rate had to be reduced to
about 30-40% of the values given here. Despite correction of feed rates for the depth of the
hol es, the val ues were nuch too high.

Spiraldrilling steel:

D=95mm

Ve =19 mmin

n = 600 RPM

f =0,2 mirev.

Spiraldrilling alum nium

D=95 nmm

Ve =48 mmn

n = 1500 RPM

f = 0,32 mirev.

3-flute spiraldrilling steel:

Since no info was found regardi ng nmachi ning paraneters, the same paraneters as in
spiraldrilling were used, taking into account that nuch | ess material has to be renoved in 3-
flute drilling, much | ess power will be needed, and that chip renoval should be easier.
D=9,75 nm

Ve =19 mnmin

n = 600 RPM

f =0,2 nmrev.

3-flute spiraldrilling alum nium

Since no info was found regardi ng nachi ning paraneters, the same paraneters as in
spiraldrilling were used, taking into account that nmuch less material has to be renoved in 3-
flute drilling, much | ess power will be needed, and that chip renoval should be easier.
D=9,75 mm

Ve =48 mimin

n = 1500 RPM

f =0,32 mmirev.

Reani ng steel:

Reanmi ng was done with a HSS reaner.

D = 10H7

Ve =7 minmn

n = 400 RPM

f =0,3 mirev.

Reani ng al um ni um

Reami ng was done with a HSS reaner.

~5<0
o
OB Lk
mg’\’g
333
=<3
[0) ]
<
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Measurenent results spiraldrilled al um niumsanple

In the table below are all the neasurenents that were nmade with the 3D neasuring
machine on the alumnium spiraldrilled sanple. These are the raw neasurenents,
without any editing, directly taken fromthe print-outs of the nmeasuring nmachine.

Alu spiraldrilled all values measured with Mitutoyo 3D measuring machine (Mitutoyo MXF 203 & Micropak 120)
top mid bottom diameter roundness
bore X Y X Y X Y top mid bottom top mid bottom remark
1 85,962 20,086 85,916 19,982] 85,828 19,848 10,137 10,089 10,052 0,107 0,032 0,067 | 2fluted
2 67,890 20,093 67,962 20,032 67,920 19,980 10,204 10,068 10,053 0,052 0,030 0,043 | 2fluted
8 49,969 20,093 49,913 20,014] 49,840 19,953 10,138 10,091 10,013 0,024 0,033 0,059 | 2fluted
4 31,971 20,148 31,903 20,163] 31,832 20,230 10,123 10,077, 10,025 0,06 0,035 0,053 | 2fluted
5 13,970 20,128 13,885 20,165 13,831 20,250 10,138 10,102 10,032 0,043 0,047 0,055 | 2fluted
6 85,995 50,052 86,029 49,988 86,057 49,949 9,971 10,143 9,811 0,037 0,035 0,057 | 2fl + 3fl (9,8mm)
7 68,000 50,043 68,028 49,961 68,136 49,835 9,993 10,635 9,802 0,015 0,063 0,057 | 2fl + 3fl (9,8mm)
8 50,010 50,087 50,072 50,015 50,176 49,978 10,169 10,341 9,904 0,031 0,037 0,052 | 2fl + 3fl (9,8mm)
9 32,006 50,156 32,011 50,174} 32,042 50,245 9,923 10,272 9,962 0,013 0,019 0,069 | 2fl + 3fl (9,8mm)
10 14,004 50,163 14,044 50,187 14,103 50,282 9,884 10,079 9,837 0,033 0,038 0,063 | 2fl + 3fl (9,8mm)
11 86,025 80,073 86,087 80,045 N/A N/A 9,854 10,273IN/A 0,048 0,047 IN/A drill broken
12 68,041 80,107 68,215 80,026] 68,434 79,965 7,327 7,415 7,004 0,019 0,041 0,0487 mm !
13 50,021 80,123 50,138 80,181} 50,233 80,237 10,038 10,255 9,986 0,037 0,043 0,040 | 2fl+3fl+reamed (10H7)
14 31,979 80,120 32,045 80,210 32,107 80,278 10,023 10,272 9,990 0,071 0,068 0,040 | 2fl+3fl+reamed (10H7)
15 14,032 80,107 14,103 80,147 14,162 80,183 10,217 10,228 10,042 0,075 0,024 0,045 | 2fl+3fl+reamed (10H7)

table G 1
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In the tables below, the raw data fromthe two tables above are grouped, edited and
calculations are perforned, in order to turn the raw data in neani ngful
informati on. Graphs are included to sinplify interpreting the results.

Locati onal accuracy

Locational accuracy is determ ned by the distance between the center of the drilled
hol e and the center of an imaginary hole at the exact target (X Y)-location. The
(X, Y)-location of the hole is neasured at the top, i.e. where the drill entered the
wor kpi ece.

loc._accuracy= J(Xtop— Xiage)” + Yiop = Yiarger)”

Aluminium Location (mm)
[measured, top] target loc.accuracy
bore X Y X Y (difference) remark
1 85,962 20,086] 86,000 20,000 0,094 2fluted
2 67,890 20,093] 68,000 20,000 0,144 2fluted
3 49,969 20,093] 50,000 20,000 0,098 2fluted
4 31,971 20,148] 32,000 20,000 0,151 2fluted
5 13,970 20,128| 14,000 20,000 0,131 2fluted
6 85,995 50,052 86,000 50,000 0,052 2fl + 3fl
7 68,000 50,043] 68,000 50,000 0,043 2fl + 3l
8 50,010 50,087 50,000 50,000 0,088 2fl + 3l
9 32,006 50,156] 32,000 50,000 0,156 2fl + 3l
10 14,004 50,163] 14,000 50,000 0,163 2fl + 3l
11 86,025 80,073] 86,000 80,000 0,077 drill broken
12 68,041 80,107] 68,000 80,000 0,115 7 mm!
13 50,021 80,123] 50,000 80,000 0,125 2fl+3fl+reamed
14 31,979 80,120] 32,000 80,000 0,122 2fl+3fl+reamed
15 14,032 80,107] 14,000 80,000 0,112 2fl+3fl+reamed
table G 2

locational accuracy (alu)
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0,000 u u u u t t t
0 2 4 6 8 10 12 14 16

[mm]
.

bore nr.

graph G 1
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Attitude and straightness

Attitude was determ ned by taking the (X Y)-location at the top and the (X Y) -
| ocation at the bottom and cal culating the absolute size of their difference:

attitude = /(X 5~ X portond” + Yp = Yootion)?

Strai ghtness was determined by first calculating a mathematical (X Y)-Ilocation
hal fway through the bore (depth of 50 mm, followed by conparison of this

"fictional'
the bore:

| ocation (but corrected for attitude) with the true (X Y)-location of

_Xto + Xbottom
X P
corrected 2
Y _Ytop +Ybottom
corrected 2

straightness = '\/(X corrected’ Xmid )2 + (Ycorrected - Ymid)2

Aluminium
[all dimensions in mm]
bore attitude straightness remark
1 0,273 0,026 2fluted
2 0,117 0,057 2fluted
3 0,190 0,012 2fluted
4 0,161 0,026 2fluted
5 0,185 0,029 2fluted
6 0,120 0,013 2fl + 3l
7 0,249 0,046 2fl + 3l
8 0,199 0,027 2fl + 3l
9 0,096 0,030 2fl + 3l
10 0,155 0,037 2fl + 3l
11 N/A N/A drill broken
12 0,418 0,025 7 mm !
13 0,241 0,011 2fl+3fl+reamed
14 0,203 0,011 2fl+3fl+reamed
15 0,151 0,006 2fl+3fl+reamed
table G3
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attitude (alu)
0,450
.
0,400 T+
0,350 1
0,300 T
)
T 0250 T . o
E 0200 + . o ° .
0,150 T © . .
° .
0,100 1 *
0,050 +
0,000 ; ; ; t —o— t
0 2 4 6 8 10 12 14 16
borenr.
graph. G2
straightness (alu)
0,060
L
0,050
.
0,040 T
L 4
E 0,030 . . . * .
0,020 +
0,010 1 ¢ ¢ L
>
0,000 t t t t ——+ t
0 2 4 6 8 10 12 14 16
bore nr.
graph G 3
Di anet er
Aluminium Diameter (mm)
measured [calculated]
bore top mid bottom | average range remark
1 10,137 10,089 10,052 10,093 0,085 |2-fluted
2 10,204 10,068 10,053 10,108 0,151 | 2fluted
3 10,138 10,091 10,013 10,081 0,125 | 2fluted
4 10,123 10,077 10,025 10,075 0,098 | 2fluted
5 10,138 10,102 10,032 10,091 0,106 | 2fluted
6 9,971 10,143 9,811 9,975 0,332 |2fl + 3fl (9,8mm)
7 9,993 10,635 9,802 10,143 0,833 |2fl + 3fl (9,8mm)
8 10,169 10,341 9,904 10,138 0,437 |2fl + 3fl (9,8mm)
9 9,923 10,272 9,962 10,052 0,349 |2fl + 3fl (9,8mm)
10 9,884 10,079 9,837 9,933 0,242 |2fl + 3fl (9,8mm)
11 9,854 10,273 10,064 0,419 |drill broken
12 7,327 7,415 7,004 7,249 0,411]7 mm, not to end diameter
13 10,038 10,255 9,986 10,093 0,269 | 2fl+3fl+reamed (10H7)
14 10,023 10,272 9,990 10,095 0,282 | 2fl+3fl+reamed (10H7)
15 10,217 10,228 10,042 10,162 0,186 | 2fl+3fl+reamed (10H7)
table G 4
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The average di aneter was cal cul ated by averaging the 3 neasured dianeters (top,

and botton).

di anet er,

The range is the difference between the |argest and the small est

per bore.

[mm]

10,700

diameter (alu)

10,500 +
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10,100 + i
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9,500

& top
mid

A bottom

6 8 10
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graph G4

average diameter (alu)
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Roundness

The val ues for average roundness and range were cal culated in the sanme way as those

for dianeter,

in the paragraph above,

except for bore nr.

cal cul ated by only using the two val ues.

11, where the average was

Aluminium Roundness (mm)
measured [calculated]
bore top mid bottom | average range remark
1 0,107 0,032 0,067 0,069 0,075 |2fluted
2 0,052 0,030 0,043 0,042 0,022 | 2fluted
3 0,024 0,033 0,059 0,039 0,035 |2fluted
4 0,06 0,035 0,053 0,049 0,025 |2fluted
5) 0,043 0,047 0,055 0,048 0,012 |2fluted
6 0,037 0,035 0,057 0,043 0,022 J2fl + 3fl
7 0,015 0,063 0,057 0,045 0,048 |2fl + 3fl
8 0,031 0,037 0,052 0,040 0,021 |2fl + 3fl
9 0,013 0,019 0,069 0,034 0,056 |2fl + 3fl
10 0,033 0,038 0,063 0,045 0,030 |2fl + 3fl
11 0,048 0,047 N/A N/A 0,001 |drill broken
12 0,019 0,041 0,048 0,036 0,02917 mm !
13 0,037 0,043 0,040 0,040 0,006 |2fl+3fl+reamed
14 0,071 0,068 0,040 0,060 0,031 |2fl+3fl+reamed
15 0,075 0,024 0,045 0,048 0,051 j2fl+3fl+reamed
table G5
roundness (alu)
0,12
*
01T
0,08 T
T A A . F 4 ¢ ¢ top
00T ] o * ¢ g i .
0,02 T 0 ° *
0 t t t t —a—t t
0 2 4 6 8 10 12 14 16
borenr.
graph G 7
average roundness (alu)
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E 0030 |
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0,000 ' ' ' i '
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bore nr.
Gaph G8
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roundness-range (alu)

0,080
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graph G9

Roughness

In the table below are the results of the roughness neasurenents, as nade with the
Mtutoyo Surftest 301. The sanple bl ock was neasured in two places, at the the top,
i.e. where the drill entered the material, and at the bottom where it exited. At
each of these places, at least two neasurenents were nade. In cases where there was
a large difference between the two, one or two extra neasurenents were nade. The
measurements (per bore, per location (top/botton)) are nunbered m1 to m4. The

| ast colum of each bl ock gives the maxi mum roughness of these measurenents. It is
this value that is used in the rest of the analysis as being 'the' R,, since the
surface quality is, at |least at one |ocation, of that value. Note that there is
quite a large range in R, values per bore, which neans that if nore neasurenents
were nmade, in several cases the resulting max. R, could be worse...

Aluminium Spiraldrilled all values measured with Mitutoyo roughness tester (Mitutoyo Surftest 301)
top of sample; [Rain um] bottom of sample; [Rain um]
bore m.1 m.2 m.3 m.4 max. m.1 m.2 m.3 max remark
1 1,60 2,84 2,84 2,12 2,67 2,67 |2fluted
2 4,13 17,64 3,41 4,59 17,64 2,05 1,87 2,05 2fluted
3 2,83 2,04 1,12 2,83 3,18 1,05 2,47 3,18 |2fluted
4 2,11 1,53 2,11 3,35 2,04 3,35 2fluted
5) 3,04 3,47 347 2,78 2,64 2,78 |2fluted
6 3,51 2,78 3,51 3,75 2,16 3,75 |2fl + 3fl
7 1,88 1,26 1,88 10,27 10,86 10,86 |2fl + 3fl
8 11,40 5,23 5,80 6,93 11,40 2,13 7,31 4,83 7,31 |2fl + 3l
9 13,59 5,88 11,53 13,59 3,02 9,81 3,85 9,81 |2fl + 3l
10 1,95 2,20 2,20 2,21 5,03 8,85 8,85 |2fl + 3fl
11 1,84 1,75 1,84 N/A N/A N/A N/A drill broken
12 N/A N/A N/A N/A N/A N/A N/A |7 mm!
13 4,07 6,03 6,03 0,51 2,68 1,08 2,68 |2fl+3fl+reamed
14 6,31 2,04 1,59 6,31 0,74 4,08 0,77 4,08 |2fl+3fl+reamed
15 0,90 1,71 1,71 1,57 0,52 1,57 2fl+3fl+reamed
table G 6
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14,00 1
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Appendi x H

In the table below are all
machi ne on the
wi t hout any editing,

Measur erment

the neasurenents that
al um nium spiraldrilled sanple.

results spiraldrilled steel

sanpl

e

were made with the 3D nmeasuring
These are the

raw nmeasurenents,

directly taken fromthe print-outs of the measuring machine.

Steel _ spiraldrilled all values measured with Mitutoyo 3D measuring machine (Mitutoyo MXF 203 & Micropak 120)
top mid bottom diameter roundness

bore X Y X Y X Y top mid bottom top mid bottom remark
1 85,920 20,034| 86,002 20,057 86,047 20,064 10,143 10,159 10,139 0,057} 0,026} 0,032] 2fluted
2 67,917 20,034 68,032 20,005 68,089 19,953 10,189 10,069 10,177 0,052] 0,041 0,034 2fluted
3 49,923 20,047 49,971 20,007 50,018 19,984 10,172 10,246 10,144 0,084 0,036 0,032) 2fluted
4 31,890 20,044 31,939 19,988 31,982 19,926 10,201] 10,193] 10,223 0,071 0,030 0,018 2fluted
5 13,894 20,095 13,937 20,119 13,945 20,158, 10,058] 10,177 10,177, 0,085} 0,02 0,025] 2fluted
6 85,901 50,068 86,003 50,084 86,084 50,084 9,813] 9,854 10,004 0,057 0,028] 0,020} 2fl + 2fl (9,8mm)
7 67,895 50,059 67,982 50,048 68,036 50,015 9,822 9,864 9,870 0,024 0,02 0,025)2fl + 2fl (9,8mm)
8 49,888 50,074 49,938 50,105 49,991 50,120 9,835 9,863} 9,798 0,042 0,031 0,011 2fl + 2fl (9,8mm)
9 31,913 50,078 31,958 50,103 32,024 50,131 9,835 9,845 9,892 0,066 0,040 0,008} 2fl + 2fl (9,8mm)
10 13,903] 50,074 13,949 50,082 14,019 50,081 9,839 9,844 9,956 0,037] 0,022 0,015)2fl + 2fl (9,8mm)
11 85,905 80,079 85,997 80,096 86,091 80,086 9,997 10,016 10,010 0,030 0,030 0,026 2fl+2fl+reamed
12 67,904 80,093 67,995 80,132 68,041 80,174 9,993} 10,018 10,036 0,036 0,026} 0,036 2fl+2fl+reamed
13 49,893 80,073 49,956 80,092 50,024 80,080 9,995 10,018 10,004 0,024 0,020 0,029 2fl+2fl+reamed
14 31,901 80,086 31,950 80,123| N/A N/A 9,836 9,889IN/A 0,025 0,038IN/A 2fl + 2fl (9,8mm)
15 13,985 80,070 13,960 80,081 14,044 80,057 10,003] 10,012] 10,004 0,049 0,040 0,038] 2fl+2fl+reamed

table H1
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In the tables below, the raw data fromthe two tabl es above are grouped, edited and
calcul ations are perforned, in order to turn the raw data in neani ngful
informati on. Graphs are included to sinplify interpreting the results

Locati onal accuracy

Locational accuracy is determ ned by the distance between the center of the drilled
hol e and the center of an inmginary hole at the exact target (X Y)-location. The
(X, Y)-location of the hole is neasured at the top, i.e. where the drill entered the
wor kpi ece. The target |ocations of the holes are shown in Appendi x D.

loc._accuracy= J(Xtop— Xiage)” + Yiop = Yiarger)”

Steel Location (mm)
[measured, top] target loc.accuracy
bore X Y X Y (difference) remark
1 85,920 20,034] 86,000 20,000 0,087 2fluted
2 67,917 20,034} 68,000 20,000 0,090 2fluted
3 49,923 20,047] 50,000 20,000 0,090 2fluted
4 31,890 20,0441 32,000 20,000 0,118 2fluted
5 13,894 20,095 14,000 20,000 0,142 2fluted
6 85,901 50,068] 86,000 50,000 0,120 2fl + 2fl (9,8mm)
7 67,895 50,059 68,000 50,000 0,120 2fl + 2fl (9,8mm)
8 49,888 50,074] 50,000 50,000 0,134 2fl + 2fl (9,8mm)
9 31,913 50,078 32,000 50,000 0,117 2fl + 2fl (9,8mm)
10 13,903 50,074 14,000 50,000 0,122 2fl + 2fl (9,8mm)
11 85,905 80,079] 86,000 80,000 0,124 2fl+2fl+reamed
12 67,904 80,093 68,000 80,000 0,134 2fl+2fl+reamed
13 49,893 80,073] 50,000 80,000 0,130 2fl+2fl+reamed
14 31,901 80,086] 32,000 80,000 0,131 2fl + 2fl (9,8mm)
15 13,985 80,070 14,000 80,000 0,072 2fl+2fl+reamed
table H. 2
locational accuracy (steel)
0,160
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0,140 5 oy e
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bore nr
graph H 1
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Attitude and straightness

Attitude was determnmined by taking the (X Y)-location at the top and the (X Y) -
| ocation at the bottom and cal culating the absolute size of the difference:

attitude = \/(xtop_ Xbotton)z + (Ytop - Ybot'(Or‘I’)2

Straightness was determned by first calculating a mathematical (X Y)-Ilocation
hal fway through the bore (depth of 50 mm, followed by conparison of this

"fictional' location (but corrected for attitude) with the true (X Y)-location of
the bore:
X _xtop + xbottom
corrected
2
Y _Ytop +Ybottom
corrected 2

StraightnSS = '\/(X corrected Xmid)2 + (Y orrected ~ Ymid)2

C

Steel
[all dimensions in mm]

bore attitude | straightness remark
1 0,130 0,020 2fluted
2 0,190 0,031 2fluted
3 0,114 0,009 2fluted
4 0,150 0,004 2fluted
5 0,081 0,019 2fluted
6 0,184 0,013 2fl + 2fl (9,8mm)
7 0,148 0,020 2fl + 2fl (9,8mm)
8 0,113 0,008 2fl + 2fl (9,8mm)
9 0,123 0,011 2fl + 2fl (9,8mm)
10 0,116 0,013 2fl + 2fl (9,8mm)
11 0,186 0,014 2fl+2fl+reamed
12 0,159 0,023 2fl+2fl+reamed
13 0,131 0,016 2fl+2fl+reamed
14 N/A N/A 2fl + 2fl (9,8mm)
15 0,060 0,057 2fl+2fl+reamed
table H 3
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Di anet er

The average di aneter was cal cul ated by averagi ng the 3 neasured dianeters (top, md
and bottonm). The range is the difference between the |argest and the small est

di aneter, per bore.

Steel Diameter (mm)
measured [calculated]
bore top mid bottom | average range remark
1 10,143 10,159 10,139 10,147 0,020] 2fluted
2 10,189 10,069 10,177 10,145 0,120)2fluted
3 10,172 10,246 10,144 10,187 0,102) 2fluted
4 10,201 10,193 10,223 10,206 0,030] 2fluted
5 10,058 10,177 10,177 10,137 0,119)2fluted
6 9,813 9,854 10,004 9,890 0,191)2fl + 2fl (9,8mm)
7 9,822 9,864 9,870 9,852 0,048)2fl + 2fl (9,8mm)
8 9,835 9,863 9,798 9,832 0,065 2fl + 2fl (9,8mm)
9 9,835 9,845 9,892 9,857 0,057)2fl + 2fl (9,8mm)
10 9,839 9,844 9,956 9,880 0,117)2fl + 2fl (9,8mm)
11 9,997 10,016 10,010 10,008 0,019] 2fl+2fl+reamed
12 9,993 10,018 10,036 10,016 0,043]2fl+2fl+reamed
13 9,995 10,018 10,004 10,006 0,023]2fl+2fl+reamed
14 9,836 9,889 N/A N/A 0,053)2fl + 2fl (9,8mm)
15 10,003 10,012 10,004 10,006 0,009] 2fl+2fl+reamed
table H 4
average diameter (steel)
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diameter range (steel)
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Roundness

graph H 6

The val ues for average roundness and range were cal culated in the same way as those

for diameter,

in the paragraph above.

Steel Roundness (mm)
measured [calculated]
bore top mid bottom | average | range remark
1 0,057 0,026 0,032 0,038 0,031)2fluted
2 0,052 0,041 0,034 0,042 0,018)2fluted
3 0,084 0,036 0,032 0,051 0,052)2fluted
4 0,071 0,030 0,018 0,040 0,053)2fluted
5 0,085 0,024 0,025 0,045 0,061)2fluted
6 0,057 0,028 0,020 0,035 0,037)2fl + 2fl (9,8mm)
7 0,024 0,024 0,025 0,024 0,001)2fl + 2fl (9,8mm)
8 0,042 0,031 0,011 0,028 0,031)2fl + 2fl (9,8mm)
9 0,066 0,040 0,008 0,038 0,058)2fl + 2fl (9,8mm)
10 0,037 0,022 0,015 0,025 0,022)2fl + 2fl (9,8mm)
11 0,030 0,030 0,026 0,029 0,004)2fl+2fl+reamed
12 0,036 0,026 0,036 0,033 0,010§2fl+2fl+reamed
13 0,024 0,020 0,029 0,024 0,009)2fl+2fl+reamed
14 0,025 0,038|N/A N/A 0,013p2fl + 2fl (9,8mm)
15 0,049 0,040 0,038 0,042 0,011)2fl+2fl+reamed
table H5
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Roughness

In the table below are the results of the roughness neasurenents, as nade with the
Mtutoyo Surftest 301. The sanple bl ock was neasured in two places, at the the top,
i.e. where the drill entered the material, and at the bottom where it exited. At
each of these places, at |east two nmeasurenents were made. In cases where there was
a large difference between the two, one or two extra neasurenents were made. The
measurenments (per bore, per location (top/bottor)) are nunbered m1 to m4. The

| ast columm of each bl ock gives the naxi mum roughness of these neasurenents. It is
this value that is used in the rest of the analysis as being 'the' R,, since the
surface quality is, at least at one location, of that value. Note that there is
quite a large range in R, per bore, which nmeans that if nore measurenents were
made, in several cases the resulting max. R, would be worse...

Steel spiraldrilled all values measured with Mitutoyo roughness tester (Mitutoyo Surftest 301)
top of sample; [Rain um] bottom of sample; [Ra in um]
bore m.1 m.2 m.3 m.4 max. m.1 m.2 m.3 max remark
1 10,22 10,05 10,22 10,36 6,68 16,51 16,51 |2fluted
2 14,95 9,20 7,00 14,95 5,51 10,31 10,31 |2fluted
3 7,39 7,31 7,39 10,69 8,12 10,69 |2fluted
4 16,44 12,99 16,44 9,30 6,43 9,30 [2fluted
5 3,60 381 3,81 4,77 8,57 8,57 [2fluted
6 0,52 1,09 1,09 1,95 1,99 1,99 |2fl + 2fl (9,8mm
7 2,58 117 2,58 0,48 1,20 1,20  |2fl + 2fl (9,8mm
8 1,59 2,52 2,52 0,87 3,26 1,31 3,26 |2fl + 2fl (9,8mm
9 1,99 2,00 2,00 0,32 2,64 1,00 2,64 |2fl + 2fl (9,8mm
10 1,93 0,88 1,93 3,05 2,21 3,05 |2fl + 2fl (9,8mm
11 0,13 1,28 1,28 0,29 0,56 0,56 |2fl+2fl+reamed
12 0,31 0,34 0,34 5,53 4,53 5,53 [2fl+2fl+reamed
13 0,25 0,43 0,43 0,30 0,11 0,30 |2fl+2fl+reamed
14 1,27 1,22 1,27 N/A N/A N/A N/A  [2fl + 2fl (9,8mm)
15 0,98 0,37 0,98 0,58 0,22 0,58 |2fl+2fl+reamed
table H 6

max. roughness (steel)

18,00
16,00 *
14,00 T
12,00 1+
1000 + ¢
8,00 + . bottom
6,00 T
4,00 T *

2,00 T
0,00

& top

Ra [um]

om

o TeHE
0e

bore nr.

graph H 10

95



aundrilling

Appendi x |

Gundrill geonetry, angles and terns

Spanflache
Nebenschneide
Schneidenecke
auptschneide 1
Olraum —~Schnefdenspitze

Hauptsehneide 2 L

Stitz- und

Fijhrungsleisten

ik
[
h 7

Schneidengeometrie

und Bezeichnungen des Einlippen-

Vollbohrwerkzeuges

bezugnehmend auf VD! = Richtlinie 3208

wy %o Einstellwinkel der Hauptschneiden

ay @p Freiwinkel der Hauptschneiden

by bz Schneidenfasenbreiten

ayy 240 Schneidenfasenfreiwinkel

bt Breite der Eckenfase

»¢ (%q1) Einstellwinkel der Schneidecken-
fasen

£ Freiwinkel der Schneideckenfasen

Einstellwinkel der Nebenschneide
(Konizitét)

bn Nebenschneidenfasenbreite

an Nebenschneidenfasenfreiwinkel

ag Abstand der Schneidspitze
vonder Nebenschneide

Xg Freiwinkel der Schneidspitze

%s Einstellwinkel der Schneidenspitze

X g Freiwinkel der Schneidspitze

a, Abstand der Stltzleiste

vonder Schneidecke
3, Ty T2 Olraumwinkel

Durchmesser Freiwinkel| Span- | Breite der
winkel Rund-
schliffase
d Xy a2 1 %2 bt
mm mm

2,5bis 63| 15° 0° | 0,3bis0,1
6,3bis 12,5| 14° 0° |0,4bisO,1
12,5 bis 20 13° 0° | 0,5bis0,1
20" bis63 | 13°bis10°| 0° | 0,5bis0,1

*yabd = 20 mm im allgemeinen
hartmetallbestlickter Bohrkopf.
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Appendi x J
Abst ract

This thesis deals with the subject of deephole drilling, with an enphasis on gundrilling, both
in theory and in application. An overviewis given of the various kinds of holes and the seven
nmost inportant qualities of a (deep) hole: dianmeter, roundness, straightness, roughness,
location, attitude and hardness. A short overview of the various processes of deephole
drilling (gundrilling, BTA/STS drilling and Ejector drilling) is given. The inportance of
various aspects, like tool forces, coolant, whipguides and starting bushing is dealt with,
like the various possible tool/workpiece situations (rotating workpiece, rotating tool and
counterrotation) and their consequences. A nodel for the determnation of the process
paraneters of gundrilling is explained, along with the attainable quality levels of the hole.
A short explanation is given of the typical deephole deficiencies. The second part of the
thesis conpares the performance of the comon spiraldrilling process with gundrilling.
Performance is measured with respect to the seven qualities of a bore. Spiraldrilling is the
reference process, to which gundrilling is conpared. Holes that are drilled with multi-fluted
spiral drills and/or are reamed are also conpared to this reference, both in free cutting
alumnium (AlIMySi 1) and free cutting steel (9SVh28K). The perfornmance on the seven bore
qualities of the spiraldrilled holes are conpared with those of gundrilled holes, wth
soneti nes surprising outcomes.
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Appendi x K
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Ast akhov Tool Service
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Rochester HIlls, M 48309

USA

tel. 248-852-0246
fax. 253-563-7501
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Kluin Wjhe

I ndustrieweg 1
8131 VZ Wj he
The Net herl ands

tel. ++31-(0)570-52 14 13
fax. ++31-(0)570-52 32 70
www. Kl ui nwi j he. com

contact persons:
Ing. F. van Hees, manager.
M. H Sneenk, forenman.

Avans Hogeschool (fornerly Hogeschool Brabant)
Lovensdi j ksestraat 61/63

4818 AJ Breda

The Net herl ands

tel. ++31-(0)76-525 05 00
fax. ++31-(0)76-525 05 04
www. avans. nl
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Ing. H Walraven

tel. ++31-(0)76-5250214
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Appendi x L
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