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ABSTRACT

Stability of Deep~Hole BTA Machining Process

Yemane B. Gessesse

This investigation examines the stability of the BTA
(Boring and Trepanning Association) machining process. The
BTA-solid tool has been known to give out of roundness or
multi-lobes under certain machining conditions. The causes
of this phenomenon were not clearly identified and hence
effective measures could not be taken to prevent it. In
this research work multi-lobe formation or spiralling is
identified and measures were taken to prevent its
occurrence successfully.

The first step taken in the investigation was
determination of lateral natural frequencies of the machine
under conditions, similar to those of actual operation. The
deep-hole boring machine was connected to a computer
through an analog to digital converter and the data
obtained was analyzed for frequency distribution. After
obtaining the lateral natural frequency distribution of the
machine, boring was performed at speeds corresponding to
critical values thereby yielding spiralling. The next part
of the expzriment involved the machining of specimens using
a defective tool with its circle-land slightly oversize, at

various speeds not within critical range. This also
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resulted in the occurrence of spiralling.

iv

! The final stage of the investigation was the
prevention of multi-lobes formation by modifying the tool.
This option was preferred because of the wide variation of
lateral natural frequencies with penetration of the tool
into the workpiece. Hence modification of the tool was done
by placing an additional pad near the circle-land.
Operation of the machine at critical speeds proved that

spiralling was completely eliminated.
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CHAPTER 1

INTRODUCTION

1.1 Drilling Operations

A number of mechanical components presently
manufactured in industry must undergo one type of drilling
operation or another for being successfully completed. The
type of operation selected usually depends upon these hole
requirements:

a) The diameter of the hole

b) The depth of the hole

c) The quality of the hole surface

d) The tolerance of size and roundness error, etc.
These are a few of the deciding factors on the type of
drilling process chosen. Even though there are many types
of drilling operations available only some important ones
are described in this chapter.

Drilling operations involve the removal of metal
from highly inaccessible regions. The deeper the hole to be
machined the lower the rigidity of the tool, as the rigid
tool support is further away from the cutting edge. This
phenomenon tends to make the hole making process a complex
one, especially for holes of high length to diameter ratio.

Even though most drilling operations originated a
few centuries ago, the specialized ones are only a few

decades old. Hence, they are far from being perfect in
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their performance. Therefore, it is not uncommon to come
across some unexplained operational instabilities, while
drilling.

In this research work, some aspects of the deep-hole
drilling process were investigated thoroughly. Instability
of a particular deep-hole boring tool, namely the BTA-solid
tool, along with the boring bar assembly was studied in
detail. Both dynamic and static stability analysis were

done to determine safe operating conditions for the tool.

1.2 Historical Overview

The first hand drills used by man are almost w000
years old. The cutting edge of the drill was made from a
sharp stone and this was attached to a wooden shaft. The
shaft was loaded with a heavy piece of stone for developing
the required thrust while it was being rotated using a bow
handle with a cord attached at its ends. The cord was
wrapped around the shaft so that a linear motion to the
bow-handle was effectively translated into a rotary motion
of the shaft with the cutting stone [1].

The other type of operation which was related to the
hole making process, developed around 1700’s, was gun
boring. It was a finishing operation performed to clean up
the rough bore 1left by the casting process. The method
involved mounting a cutting head at the end of a long ‘bar
rotated by hand, animal or water power. The longitudinal

feed was given to the gun which was fixed to a carriage
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hauled along a primitive bed. Due to the inability of

producing the required torque and thrust this method was
not used for solid gundrilling [2].

The spade drill was the first type of drill used on
the boring machine designed and manufactured by Verbruggen,
J. and Ziegler, J. in 1758. This machine had the axis of
rotation of the gun horizontal. It is believed to .be the
first of its kind. It was massive in construction and is
regarded as the first example of a machine tool for
engineering duties. With the growth of technology rising
exponentially the drilling operation has come quite far

since then.

1.3 Hole Manufacturing Processes

There are a number of drilling and boring operations
having diversified types of tools. Most of them use a
similar principle; they involve a relative rotary motion
between the workpiece and the tool, and require a large
thrust for the feed. The working principle of some of the
most important drilling operation describing their merits
and demerits are given in this chapter. This gives an
introduction to the different drilling processes available
and provide a general concept in choosing a particular

drilling tool ovecr the others.

1.3.1 Spade Drills

The spade drill consists of two cutting edges
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5
located as shown in Fig. 1.1. Its cutting edges are flat
blades slightly inclined from the center towards the
periphery, on either side. The symmetry of the two cutting
edges helps to balance the radial forces occurring while
machining.

The two cutting edges are divided by slots so that
metal cut using this cutter forms narrow chips facilitating
their removal. Most spade drills have a positive rake angle
of five to twelve degrees. The rear end of the cutter has a
notch that fits into the holder to simplify the accurate
location of the cutting edges, before fastening by a pin.

The main problem associated with this type of
drilling tool is the chip removal process. The chips are
disposed through the annular gap of the drilled hole and
the holder. Another problem associated with this drilling
process is excessive heating of the cutting edge due to

ineffective cooling by the cutting fluid.

1.3.2 Twist Drills

Twist drills are the most commonly used drilling
tools in hole making operations. A twist drill is a highly
complex cutting tool used to produce rough holes. There are
two cutting edges, on either side, along the diameter and a
chisel edge in between. The cutting action usually produces
long curling chips which are removed through the twisting
flute as shown in Fig. 1.2. Both lips of the drill operate

with variable rake angle, inclination angle and clearance
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angle along the cutting edges [3].

The torsional strength and difficulty in chip
removal make the conventional twist drill inconvenient for
deep-hole drilling purposes. However there is a special
type of drilling operation using twist drills for deep-hole
drilling. It is called " series drilling "™ and involves
drilling a deep hole using more than one drill each
designed for the particular range of depth it is going to
drill [4].

1.3.3 Boring
The boring operation is one form of drilling that

requires a previously machined hole. It is a finishing
operation involving the removal of a comparatively small
stock of material in order to obtain a smoother surface
finish and closer tolerances [5].

Fig. 1.3 shows two of the widely used boring tools.
The cutting edge in (a) is supported on a rigid tool post
and is fed axially to the rotating work piece. Apparently
as can be seen from the figure the length of cut is
dictated by the shank length which cannot be too 1long.
Therefore this particular tool is normally used for shallow
holes.

The cutting edge shown in (b) on the other hand can
be used for relatively deeper holes. The depth is decided
by the lateral stiffness of the boring bar. This tool can

be used for machining heavy objects with unsymmetrical
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9
bodies due to the possibility of giving rotation to the

boring bar.

1.3.4 Gundrilling

The gundrill consists of a tube which is brazed to
the cutting head as shown in Fig. 1.4. This kidney shaped
shank should provide an adeguate support to the tool. It
should also give the required torsional stiffness to allow
a continuous feed [6]. The reason for having the kidney
shape for the tube is to provide a passage for the coolant
0il flowing to the cutting zone and to provide a return
channel on the outside for the return of the swarf and oil
mixture.

Gundrill toocl has a unique feature which does not
exist in the other drills described up to now, it is the
inclusion of guide pads. The purpose of these guide pads is
multi fold, they help in balancing the remaining unbalanced
forces on the cutters, they serve as very good guides for
the tool as they are resting on the surface being machined
and they yield a very good surface finish by burnishing the
surface they are riding on. Because of the supporting
action of the pads one can theoretically drill extremely

high length to diameter ratio holes ( = 100).

1.3.5 Ejector Drills

The ejector drill uses a similar principle as the

gundrill. It involves the use of cooling fluid to cool
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12
cutting edges and remove swarf from the cut hole. It is
designed to be used on universal machines without the
requirement of the special deep-hole drilling apparatus
(7,8].

The cutting edges of the ejector drill are
distributed over the diameter of the tool. But the
effective cutting edge covers a length of one radius even
though the total length of the cemented carbide inserts may
be more (Fig. 1.5).

The boring bar consists of two steel tubes one
inside the other. 0il flows through the annulus towards the
cutting edge while part of it returns through the
annular-nozzle to the inner tube. The o0il circulating
around the cutting edge totally depends upon the negative
or suction pressure created at the annular-nozzle. The
pressure and flow rate of this cooling oil are highly

responsible for the effective removal of chips.

1.3.6 BTA-Trepanning Drills

The trepanning drill is unique in its action. Like
all the tools using the BTA (Boring and Trepanning
Association) [9] principle it requires highly pressurized
oil to cool the cutting edge and remove chips. But its
peculiarity is that it leaves a solid core while drilling a
hole [Fig. 1.6 (a)].

The trepanning tool is mainly used for making holes

having internal diameters of 60mm or more. The holes
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obtained using this operation are very accurate and
straight. The run-out error is minimum if the machine is
properly aligned, this being due to the inner core that
partially restricts deviations.

A major setback in this operation is the handling of
the core especially for very large workpieces weighing in
the order of tens of tons. A special and tedious procedure
has to be followed in order to avoid plastic deformations
coming into picture as a result of the core riding or

falling onto the finished surface.

1.3.7 BTA-Counter-Boring Drills

This tool shown in Fig. 1.6 (b) is a tool used in
increasing the size of an existing hole. The tool is used
in deep hole applications and requires the flow of oil to
lubricate and remove the chips. The burnishing pads located
as shown in the figure help in giving a smooth surface
finish among other functions as stated in BTA tools.

Like the other tools of this type this is also a
self-guided tool . One can practically machine holes of up
to a hundred of the length to diameter ratio. The accuracy
of the resulting hole mainly depends on the premachined
hole especially when considering major run-outs. But minor
manufacturing surface defects can be corrected after one

pass.



1.3.8 BTA-Solid Drills

Fig. 1.6c shows a BTA-solid boring tool. This
cutting tool has a cutting edge on one side slightly bigger
than one radius. The pointed edge of the tool is slightly
offset from the center of rotation avoiding the zero
velocity point. There is a small radial cutting force
acting on the cutting edge from the center to the apex,
balancing a fraction of the cutting force in the radial
direction.

The cutting edge is divided into a number of steps
in order to ensure the production of narrow chips. This
chips are flushed back through the throat of the tool and
the center of the boring bar so that the possibility of
scratching the burnished surface is avoided.

This drilling technique uses the self-guiding
principle. As the tool-boring bar assembly is resting on
the workpiece and the cutting and reacti': forces are
balanced within the workpiece, there is little concern for
the weakness of the tool in the lateral direction. Since
this research work is using this type of tool, further

analysis will involve only the BTA-solid tool.

1.4 Previous Work

The starting point for the analysis of the deep-hole
drilling operation is the cutting process. The analytical
identification of the cutting forces plays an important

role in understanding the process.
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Even though metal cutting has been with us for
centuries :. was only decades ago that Merchant proposed
the analytical approach for the determination of forces in
the metal cutting operations [10,11]). He identified the two
types of cutting known as orthogonal cutting and oblique
cutting and gave mathematical model for both. The approach
is applicable to most of the metal cutting operations
presently used.

The above derivation of forces based on the thin
shear plane model assumes a steady state process. In actual
machining this is not the <case. The cutting fofce
fluctuates, based on many cutting parameters. It can be
said to consist of two components, the steady state
component and the random component. Rakhit, Sankar and
Osman [12]) show that the metal cutting forces are
predominantly random in nature.

The .udy made by Arnold ([13] showed that the
fluctuations in the depth of cut were the main cause of
fluctuations in the cutting forces. He studied the
stability of the machining process by relating it to
self-induced and forced vibrations.

Tobias and Fishwick [14] identified cutting force
fluctuations as being due to two types of chatter. They
showed that the stability of the system is affected by the
workpiece velocity, the workpiece material, shape of the
tool and tool shank. They also showed that under certain

cutting conditions, the chip thickness variation has a
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stabilizing effect.

Merritt [15] developed a theory for the derivation
of borderlines of stability for a structure having
n-degrees of freedom, assuming no dynamics in the cutting
process. He also proposed a stability criterion stating
that the directional cutting stiffness must be less than
one half the minimum directional dynamic stiffness of the
structure for each force orientation to ensure chatter-free
performance at all times and speeds. Therefore according to
him chatter-free performance can be ideitified with
adequate structural dynamic stiffness for all cutting force
orientation.

Long and Lemon ([16] in their paper on structural
dynamics which is a contribution to machine tool chatter,
derived a transfer function for the machine structure and
analyzed its dynamic response. The determination of
accurate response of the system in the study of stability
theory was given by Merritt.

The experimental study made by Kegg ([17] finds a
representation of the dynamic metal cutting process
suitable for wuse in a linear closed-loop theory of
stability of the system composed of machine tool structure
and cutting process. This paper which is the third of a
four part concurrent presentation on contribution to
machine tool chatter is followed by Lemon’s and Ackerman’s
{18] report on applications of self-excited machine tool

chatter. They present the utilization of the closed-loop
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chatter theory to several actual machine-tool systems. This
loop identified by Merritt consists of transfer functions
of the cutting process dynamics and structure dynamics with
a primary feedba-' path and a regenerative feedback path.
Using this closed-loop chatter theory they showed that
chatter prevention can be attained by properly allotting
dynamic specifications, design criteria, etc.

William Wu [19] presents a model representing the
angular oscillation in dynamic orthogonal cutting. He
derived the system governing equations based on the
work-hardening slip-line field theory in cutting mechanics
by taking into account the changes of stress conditions on
both the shear plane and the tool-chip interface.

Drilling operation, like all cutting processes has
its problem with chatter. Ema, Marui and Fujii
[20,21,22,23] by identifying whirling vibrations of the
twist drill showed that it was accompanied with a
regenerative effect having a phase lag with respect to each
revolution. They also showed that a vibration which is a
regenerative chatter having a frequency equal to the
bending natural frequency of the drill occurred. They have
experimentally determined that the frequency per rotation
was found to be odd valued but have failed to give
satisfactory explanation.

The deep-hole machining operation has managed to
reach the stage it is now because of the contributions made

by leading researchers working in the field. But because of
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the relatively short period since its introduction, it is
still far from being perfect in operational performance.

Sakuma, Taguchi and Kinjo ([24] investigated K-type
and P-type carbide tool cutters for the BTA solid boring
tool and were able to identify performance characteristics
of the operation. Sakuma, Taguchi and Katsuki ([25,26,27)
presenting their results of work done on multi-lobe format
of holes attempted to explain the reason for occurrence of
odd number of lobes only. Investigations by Ema, Marui and
Fujii, Sakuma et al reported the number of lobes formed to
be equal to the natural bending frequency of the boring bar
tool assembly. They also studied the burnishing action of
the guide pads and gave the reason for the formation of odd
number of 1lobes as being the resemblance of BTA solid
boring tool to that of a four sided cutting edge tool.
Since this explanation was not satisfactory Cronjager,
Stockert and Weber {28] gave an explanation relating the
position of the cutting edge and guide pads to the
formation of odd number of lobes in the BTA deep-hole
drilling operation. But then they went on to say that this
phenomenon of spiraling is not at all related to the
natural bending frequency of the boring bar~tool assembly
but rather solely due to the geometry of the cutting edge
and angular position of the wear pads.

Griffith [29,30,31) gave. an in depth analysis of the
reactions occurring at the pad-workpiece interface. He made

his study by using a quick stop mechanism to freeze the
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cutting action instantaneously. His analysis done on the
microscopic level gives a good explanation on the actions
of the pads and cutting edge in the BTA solid deep-hole
machining operation. He also gave a good explanation on the
quality of the surface finish of the hole based on this
approach.

Greuner [32,33,34]) provided results of different
practical aspects of actual deep-hole drilling operations.
He showed that solid boring had the highest quality surface
finish where as trepanning stood second. Counter-boring was
found to have a wider range of surface quality covering the
range of both solid boring and trepanning quality. He also
showed that even though spiraling could be eliminated by
trial and error there was no one who had explained it
analytically so far. Another important feature he gave was
the use of pull counter-boring to avoid run-out in these
operations. Greuner indicated that the gradual introduction
of hydraulic controls to alter the damping effect of the
torsional Lanchaster damper, can be used for controlling
vibrations generated in the system.

The concept of adaptive control was introduced by
Tuffentsamer [35]). He specified particular minima and
maxima for torque, feed and cutting fluid pressure. If
their values 1lied outside the specified ranges the
operation was automatically stopped using the feedback
signals. This provided an effective means of prolonging the

tool life.
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Latinovic and Osman {36,37] have come up with the
design of a totally new type of solid boring and trepanning
tool. They introduced the concept of unsymmetrical
multi-edge cutting tool for the BTA deep~hole machining.
Since this tool has a number of cutting edges it was easier
to achieve high metal removal rate without compromising the
quality of holes and tool life. The superiority of this
tool was because of the predetermined cutting force
resultant being the starting point for the design of the
optimal location of cutters. This ensured that the desired
optimum force is exerted on the guide pads resulting in a
good surface and longer pad life.

This concept of egual pad forces was further
extended for the solid cutter by Torabi and Latinovic [38]
and an improvement in hole run-out was seen while the
surface finish was slightly inferior to that of the
BTA-solid and BTA-multi edge tool with indexable inserts.

Buck [39] and Streicher [40], extending their
research in gqundrilling operations, showed the similarity
between this type of operation and BTA-solid boring. The
quality of the surface finish of these two is comparable,
except for some instances where gundrills provide slightly
better finish. Buck also showed that the type of chip form
in gundrill is required to be long and curly to avoid
wedging of the chips between the gundrill shank and bored
surface. This type of chips are exactly opposite to the

broken chips required in BTA drilling to ensure effective
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removal.

The stability of deep-hole cutting tools has been
studied by Pfleghar [41]. He defined a stability criteria
for self-guided tools with two distinct pads based on the
reaction force transmitted on them. He identified three
types of stability, namely, stable balance, indifferent
balance and no balance. These depend on positive, zero and
negative reaction force on one of the guide pads
respectively. This criterion however does not take into
account instabilities that are induced as a result of
dynamic cutting force fluctuations on the boring bar tool
assembly, leading to regenerative chatter.

The lubricating oil is a very important part of the
deep-hole drilling process. Zwingmann [42] and Weber [43])
have shown that most of the machining work is converted
into heat. It is evident that for the protection of the
tool operating at such high temperatures there should be an
effective flow of cooling o0il. Cooling is not the only
function of the o0il, it also lubricates rubbing parts and
flushes out the chips formed as a result of the cutting

process.

1.5 Scope of the Thesis

The main aim of this research work is to identify
the dynamic instability of the BTA deep-hole drilling
system leading to spiralling while machining. Since the

proper analysis of any mechanical system 1lies in the
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identification of its correct mathematical model, a model
will be formulated. This proposed model will be studied
analytically and experimental frequency response analysis
will be carried out to check the mathematical model.

The next stage will be to identify the unstable
regions of operations of the deep-hole machining process
and generate spiralling based on analytical predictions.
Consequently the possible remedies will be suggested and
attempted experimentally with intentions of solving the
actual problem. Finally, recommendations for future work

will be suggested.



CHAPTER 2

ANALYTICAL REPRESENTATION OF CUTTING FORCES IN BTA-SOLID
DEEP-HOLE MACHINING

2.1 Geomeliry of the BTA-Solid Cutter

The deep-hole machining process using BTA-solid
tools is similar tu conventional hole making operations
done using other tools, such as twist drills or spade
drills. The basic difference is that, unlike the latter
two, the BTA-solid tool does not involve the extrusion
action of the chisel edge into the workpiece. Pure cutting
can safely be assumed to occur along the length of the
cutter. This property enables us to approximately describe
the process using the analytical approach.

The geometry of the BTA-solid cutter is the deciding
factor for the determination of the cutting forces. As can
be seen from Fig. 2.1 the cutter consists of a number of
steps which are normally two or th: e depending upon the
size of the tool. The main reason for these steps is to
obtain narrower chips, ensuring their effective removal.

The cutter has an apex slightly off from the center
avoiding the zero cutting velocity point. The part of the
cutter passing over this point usually has a negative rake
angle to strengthen it. The steps located on the opposite
side of the apex have zero rake angles with the appropriate

chip-breaker to guarantee breakage of the chip.
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The resultant of the radial and tangential cutting

forces is balanced by the guiding pads while the axial
component is transmitted by the boring bar to the drive
unit. Despite the fact that there are some assumptions
taken to arrive at the mathematical relationship =
reasonably accurate cutting force model will be given in

the next section.

2.2 cutting Force Representation of BTA-Solid Tool

The mechanics of the metal cutting process involved
in the deep-hole drilling operation is a complex one. The
velocity of cut is a 1linear function of the radius,
starting from zero at the center and increasing to a
maximum at the outer edge. But, since the direction of the
instantaneou. velocity vector is perpendicular to the
cutting edge, the cutting action can be considered as an

orthogonal cutting.

2.2.1 Orthogonal Cutting

Oorthogonal cutting is mainly characterized by the
direction of the resultant cutting force. Unlike oblique
cutting, where the resultant force comprises of three
components, the resultant cutting force in orthogonal
cutting has only two components in mutually perpendicular
directions in space. Fig. 2.2a shows the principle of
orthogonal cutting. As seen from the figure the direction

of chip flow is in the same direction as the velocity
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Direction of
chip flow Direction of

tool velocity

(a)

Fig. 2.2 Orthogonal cutting and cutting
force geometry
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vector. This is not the case in obligue cutting.

Merchant, in analytically formulating the metal
cutting forces for orthogonal and oblique cutting, based
his findings on the thin shear plane model [10] vhich is
quite a reasonable approach for high cutting speeds. The
shear stress along this shear plane was determined from the
Bridgeman relationship relating the shear strength (S ) at
zero compressive stress to that of the actual strength (S)
having compressive normal stress (on), under the given

cutting conditions.

S

S = ° (2.1)
. =-Ktan(¢ + t - a)

where

-
i

shear angle

A
i

friction angle

«a = rake angle
The value of K is experimentally determined from the

following relationship and has an average value of 0.259

for steel [45].

K= —— (2.2).

o is taken to be the average compressive normal

stress on the shear plane.
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The major assumptions taken by Merchant in arriving

at his model are:

(1) The cutting force is a steady one i.e. no
fluctuation occurs.

(2) The friction force between the chip and the
tool is of dry Coulomb type and is considered as a
constant value.

(3) The tool tip is sharp and hence no rubbing,
ploughing or extrusion occurs at the relief plane of
the tool.

(4) The shear stress and normal stress along the
shear plane ave uniformly distributed, and

(5) the deformation is two dimensional, implying no

side flow.

Based on the above conditions Fig 2.2b can be drawn
to show the orthogonal cutting force relationships. The
resultant cutting force (Rt) is a sum of the shear force
(Fs) and compressive force (Fc) . It can also be expressed
as the vector sum of the friction force (Ff) and normal
force (Fn). Finally the wvector sum of the tangential force
(Ft) and thrust force (Fm) can be drawn to show that it
too gives the resultant force (R ).

From the geonetry it can be seen that the tangential

and thrust cutting forces are:
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Ft = Rf cos(T - o) (2.3)
F;h = Rr sin(t - a) (2.4)
where
S A
R = : (2.5)

cos(T +¢ - a)

bd/sin ¢ -~ shear plane area (2.6)

= width of cut

depth of cut

A relationship containing the shear angle, the rake
angle and chip compression factor can be obtained from the

figure, giving equation (2.7).

tan ¢ = (2.7)

(2.8)

where
t = cut chip thickness
t = uncut chip thickness

The final step in determining the cutting force
analytically is finding the right shear angle relationship.

A number of researchers working in the field of metal
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cutting have proposed many shear angle relationships
containing the friction angle and rake angle. Some of the
proposed shear angle relationships will be taken up and a
derivation of cutting forces for each one performed. This
is done and tabulated along Kronenberg’s experimental
approach for a given, depth and width of cut and workpiece
material (Table 2.1).

The next set of equations list the different shear

angle relationships given by different researchers.

¢ = 45 - % + g (Merchant) (2.9a)
¢ =45 - T + % (Stabler) (2.9b)
¢ = % (C - T + «) (Merchant improved) (2.9¢c)
¢ =50 - 0.8(T -~ a) (Oxley) (2.9d)

The above relationships shall be used to derive the
cutting force required to cut steel that is 0.213in (5.4mm)
wide (corresponding to a single step on the BTA-solid
cutter) and 0.0047in (0.12mm) deep having a tensile
strength of 60000 psi (415 N/mmz) and shear strength of
31000 psi (214 N/nmf). Since the necessary angles in
finding the cutting force are determined from equation 2.7
and the shear angle relationship, the force can be

calculated by using equation 2.3 and 2.4.
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The other approach for calculating the cutting force

is Kronenberg’s empirical formula (2.9e). It uses the
extended cutting force law which he experimentally found to
be accurate for different width to depth ratios

(slenderness ratio), and is given by:

c (1000a) % (G/5)%
F=AK =—FL (2.9¢e)
s 1000

where
F = cutting force [1b]
A = area to be cut [inaj
G = slenderness ratio [in/in]

Cp= unit cutting force [1lb]
A and z ~are exponents determined from

experiments[45]

Table 2.1 Cutting force calculated using different shear
angle relationships and Kronenberg’s formula.

Force |Merchant|Stabler|Oxley]|Merchant imprvd]|Kronenberg

Rf (1b) 640 160 255 215 635

As can be seen from the table the cutting force
calculated using Merchant’s shear angle relationship seems
to be in close agreement with Kronenberg’s experimental
approach. Therefore this one will be used for all

subsequent calculations involving cutting force
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determination with 0° degree rake angle. However, doing a

similar comparison for ~30°

rake angle shows that
Merchant’s improved shear angle relationship is in close
agreement with Kronenberg’s value. Hence, it shall be used
for cutting force calculation with the given negative rake

angle.

2.2.2 Force on Cutters

This analytical approach of cutting force
determination can be directly applied to the BTA-solid
drilling tool. Based on the geometry of the tool there are
a number of factors affecting the different parameters
taken as constant in the derivation. The major discrepancy
occurring is as a result of the cutting speed. The speed is
varying from zero at the center to a maximum value at the
outer edge (Fig. 2.3). For each individual step one can
assume an average value based on the midpoint of the step.
Even though this could pose a problem in the assumption of
the thin shear plane model, it can be seen that the cutting
edge is operating at comparatively high speeds.

Force components on the deep hole drilling tool can
be derived from the orthogonal cutting conditions which are
characterized by the two component forces Ft and F‘h. The
component of the radial force (Fr) and feed force (Ff) are
obtained from the thrust force (Fu.) . The tangential force
designated by F, is as shown in Fig. 2.4. For the single

step shown the force relationship can be derived as
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Fig. 2.4 BTA-solid tool cutting force orientation




36

follows:
Fr = 1=‘th sin K (2.10)
Ff = Fth cos K (2.11)

Dividing the cutting edge as shown in Fig. 2.4 into
regions, the total force can be obtained by summing up
individual forces over the regions. Taking the moment of
the tangential force about the center gives the cutting
torque (T). Considering angles clockwise from the positive
x-axis to be negative and the counter-clockwise to be

positive the following relationship can be written.

S A., sin(t - a) cos nj

F =% (2.12)
=1 cos(t + ¢ - a)

(] A” sin(t - a) sin k

F ='E (2.13)
=1 cos(tT + ¢ - «)

S A” cos(T - a)

F =;.' (2.14)
=1 cos(t + ¢ - a)

] A”cos(‘c - )

T =§ r (2.15)
=1 cos(T + ¢ - «a)

bjd

= (2.16)
cos xj sin ¢




s " + bj_1 + bj_2 + ...t bj_(n_”

where

n = number of steps

The three mutually perpendicular cutting force
components plus the cutting torque were derived for a
steady state cutting process. But it has been shown by
different researchers that metal cutting process is not
steady but rather a random process [12,13,14]. Since the
cutting force fluctuation is random in nature one cannot
exactly predict the pattern of variation.

Osman, Rakhit and Sankar ([12] have shown that the
random cutting component is dominant at times and that it
might have a magnitude of almost half of the steady state
cutting component. Chandrashekar [44] has identified the
cutting force in the deep-hole BTA-solid cutter to consist
of a steady state component, periodic component and a
random component.

The periodic component is obtained as a result of
the pattern on the previously cut surface which is the
surface to be cut. Once this wavy surface is obtained the
consecutive cut is going to follow a similar pattern with a
slight phase shift. This results in a regenerative force
fluctuation which is periodic in nature. This phenomenon is
Xnown as regenerative chatter. Regenerative chatter tends

to be a problem if the chatter frequency is at one of the
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natural frequencies of the machine.

The mutually perpendicular cutting force components
in the BTA-so0lid drilling can be assumed to be correlated.
Fluctuation of one affects the other. These components can
be expressed in terms of the resultant cutting force. It
can be seen that whatever fluctuation occurs in the
resultant force, all the three components are affected
proportionally. The following sets of equations are given
to show the dependence of the three perpendicular forces

and the torque on the resultant cutting force.

Fr(t) =J§1R”(t) sin(t - a) cos Kj (2.18)
Fr(t) =j€:1R”(t) sin(t - a) sin K, (2.19)
Ft(t) =J§1R”(t) cos(T - a) (2.20)
T_(t) =J§1rJ R, (t) cos(T - a) (2.21)
where

R”(t) = instantaneous resultant cutting force

F.(t) = instantaneous feed cutting force
F (t) = instantaneous radial cutting force
Ft(t) = instantaneous tangential cutting

force



Tc(t) = jnstantaneocus torque

2.2.3 Force on Guiding Pads

In the BTA-solid drilling tool the radial and
tangential component of the cutting force are balanced by
the pads’ reactions. The pads, riding on the previously cut
surface, burnish the surface and provide an impeccably
smooth finish. This burnishing action occurs as a result of
the friction force at the pads. Since this friction force
is a product of the normal reactive forces on each pad and
the coefficient of friction, it can be seen that these
forces vary as the resultant force is altered.

The position of the pads is as shown in Fig. 2.5a.
The first pad is located at an angle of @, from the cutting
edge and the second one is at an angle of e,. Considering
the equilibrium of the tool and assuming the coefficient of
frictions to be M and M, the reaction forces at pad one
(R)) ané pad two (Rz) are derived.

The resultant of the radial and tangential force can
be resolved into two components along the direction of the
pads giving F,, force component in the first pad direction
and F,, force component in the second pad direction. The
friction forces coming on the pads are resolved as shown in
Fig. 2.5b and added to the force components to give:

H, R, M, R,

R =F - + (2.22)
tan ¢ sin ¥
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[ IR o

Fig. 2.5 Pad orientation and cutting
force resolution
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M4 R u R
R,=F, - ’ 14 2.2 (2.23)
sin y tan ¥
where
y=mn+o -6 (2.24)

From equations 2.22 and 2.23 values of the two

reaction forces on the pads can be determined.

Flsz.n v - Fluzcos v+ Fz“a

R = — (2.25)
siny (1 + g u) + cos ¥ (4 - W)
F.siny + F ucos y - F.u
R2= .2 2" 171 (2.26)
sin ¥ (1 + p pu)) + cos ¥ (u - u)
where
(F: + Ff)”2 sin 7
F, = (2.27)
siny
n =6, -3n/2 + cos” [F/(F. + F)'?) (2.28)
(F + F%)'/% sin g
sin y
p=m-8 + cos"[Fr/(Ff+ Ff)""] (2.30)

Based on the above relationships the variation of
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the resultant reaction force direction on the pads with
respect to the coefficient of friction on each pad is as
shown in Fig. 2.6. The coefficient of friction will be
assumed to vary between 0.2 and 0.6 for the three cases,
where, first, only the coefficient at the leading pad will
vary, second, coefficient at the trailing pad will vary and
finally both coefficients will vary.

The mathematical model of the machine taking into
account the parts affecting performance of the system will

be seen in the next chapter.



K.

43

M, = 02 K = 02
0.8 0.8
0.7 0.7
0.6 0.6
05 0.5
0.4 \\ i 0.4
0.3 \\ 0.3
0.2 0.2
0.1 0.1
220 230 240 250 260 270 220 230 240 250 260 270
Angle of resultant force Angle of resultant force
from cutter from cutter
(a) (b)
0.8
0.7
. 0.6 ‘\
v 0.
uy 90 L
0.4
0.3 AN
0.2 AN
01

220 230 240 250 260 270

Angle of resultant force
from cutter

(c)

Fig. 2.6 Resultant force angle variation in accordance with
coefficient of friction.




CHAPTER 3

MATHEMATICAL MODEL OF THE DEEP-HOLE MACHINE

3.1 The Deep-Hole Machine

An accurate mathematical model is the basis for the
analysis of a system. The model of the machine is done step
by step taking into consideration the different components
and their effects. All important parts affecting the
operation shall be seen and their influence studied.

The deep-hole machine consists of a number of
components. Each component has its own effect on the
performance of the system as a whole. The schematic
representation given in Fig. 3.1 shows the different
components of the machine and their relative positions.

The principle of operation in the deep-hole
machining system involves the introduction of o0il to the
cutting edges at the pressure head. This pressurized oil
passes through the annular gap between the pressure head
and the boring bar into the cutting zone. After cooling and
lubricating this zone the o0il washes out the swarf through
the hollow boring bar. Then the o0il is properly filtered
and recirculated.

The operation of the deep-hole machine depends upon
the requirements of the speed, the type of workpiece and
the hole specified. In the case of irregularly shaped
workpieces the spindle can be held stationary while the
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boring bar is rotated and axially fed. Depending upon the
requirements of the operation some drilling is performed
while the drive unit is axially fed and the spindle and
workpiece are given rotary motion. Final setup arrangement
involves the counter-rotation of both the boring bar and
spindle, for applications wh~re high cutting speeds are
required. This setup gives a hole with minimum run out.

The cutting tool is tightly screwed onto the boring
bar giving an almost continuous single piece. Similarly,
since there is no relative motion between the chuck and the
workpiece, they can be assumed to form a continuous piece.

The boring bar and cutting tool assembly is clamped
on to the drive unit. Under normal operating conditions
long boring bars are supported by a torsional damper which
also helps in increasing the bending stiffness of the bar
by supporting it laterally.

The workpiece is clamped by the chuck on one side
and supported on the other by a chamfered receding plate in
the pressure head. Long workpieces are supported by a
steady rest to strengthen them laterally.

All the above mentioned components rest on the
massive and highly rigid bed, which in turn is bolted to
the ground. Taking into account the relative size of the
machine bed and rigid fixtures the model of the deep-hole
machine can be reduced to that of the boring bar-cutting
tool assembly and spindle-workpiece assembly. The

performance of these assemblies will be affected by the
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drive unit, torsional damper, steady rest, pressure head
and head stock. These components shall be taken up and
studied in detail along with their effects on the

simplified model.

3.1.1 Drive Unit

The drive unit is the part of the machine that
controls the feed motion of the boring bar-tool assembly,
and it also has the capability of providing a rotary
motion. The feed motion is done by the drive unit sliding
on the machine bed. There is a feed power screw right at
the center of the bed that is responsible for the axial
motion of the drive unit. This implies that the drive unit
can be securely attached to the machine bed with close
tolerances.

The boring bar-tool assembly is clamped onto the
drive unit spindle. The spindle rests on three bearings
lubricated by a continuous oil mist supply. The bearings in
turn are tightly fixed on the drive unit housing. This
attachment mechanism can be considered as a fixed end
support for the boring bar-cutting tool assembly, due to

its rigid fixtures.

3.1.2 Torsional Damper

This device has a dual purpose. It helps to reduce
torsional vibration by applying damping in the torsional

mode and also provides an extra support for the boring bar
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in the lateral direction. This damper has a base fitted
onto the bed guide ways. The base made from mild steel
encases a phenolic material split bushing tightened to the
boring bar over a tapered surface and a nut.

The torsional damper is secured tightly to the bed
at the middle of the boring bar. The phenolic bushing is
fixed to the boring bar by tightening it with a nut which
controls the amount of pressure on the contact surface near
the periphery. It should be tightened enough such that the
phenolic material rotates along with the boring bar, but at
the same time it should allow the boring bar to creep
circumferencially and travel through the bushing axially.

The second arrangements is the travelling damper
type. In this arrangement the torsional damper bushing
rotates along with the bar and also travels axially with it
on the machine bed. This arrangement is a good one if the
damper is tightly secured to the guide ways and the motion
is controlled by the feed drive unit or some other positive
feed mechanism 1linking the drive unit directly to the

damper.

3.1.3 0il Pressure Head

The o0il is introduced into this unit at extremely
high pressure. This component, also called oil transfer
unit, receives the oil and guides it into the cutting zone
while the opposite side is sealed by a stuffing box

possessing low stiffness properties. The pressure head
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provides a chamfered receding plate to accurately fit the
chamfered end of the workpiece for metal to metal seal. The
receding plate is fitted to the pressure head on a bearing,
and tﬁrns with the workpiece. The pressure head is tightly
guided on the guide ways and travels along them. The motion
of the pressure head is done using the lead screw located
on the front side of the machine bed. It can be done
manually, or automatically to ensure a clamping force on
the workpiece produced hydraulically by the pressure head.
Once machining commences the pressure head is locked at its
position ensuring that no leakage occurs at the
workpiece-pressure head interface.

There is a starting bushing in the pressure head
with standard dimensions equal to the diameter of the bore
to be machined. This helps in supporting the cutting tool
initially on the bushing before it has penetrated into the
workpiece fully. The pressure head provides oil under
pressure around the periphery of the boring bar-tool
assembly. The effect of the pressure head’s graphite
sealant on the model of the boring bar-tool assembly has to
be determined experimentally as will be shown in Chapter 5,
however on the spindle-workpiece assembly it can be assumed

to provide a simple support.

3.1.4 Headstock
The headstock contains an electric motor driving the

spindle with V-belts. These driving and driven shafts carry
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a number of gears attached to them providing multi-speeds.
The gears are fitted to the shafts by keys. The spindle
shaft is hollow and the chuck is attached to it. The chuck
clamps the workpiece which in turn rests on the pressure
head. The spindle is supported by bearings on either side
of the headstock. The headstock is bolted on to the massive
machine bed. ILubrication is provided by an internal oil
circulating system.

The bearings can be considered as -simple supports

for the spindle-workpiece assembly.

3.2 Model of the Deep-Hole Machine

In analyzing the deep-hole machine, it is crucial to
consider the components affecting the operational
performance. The huge machine bed bolted to the ground has
a very high stiffness and mass. Therefore, the machine bed
can be taken as a rigid body with infinite stiffness, all
components resting on it.

It is important to determine the components of prime
interest while modelling the machine, they are the once
with relatively low stiffness and mass. The components
satisfying these <criteria are the spindle-workpiece
assembly and the boring bar-tool assembly and their
respective supports. The interaction between the tool and
the workpiece is also an important phenomenon that needs to
be accurately modeled.

The modelling of the spindle-workpiece assembly and
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boring bar-tool assembly can be done sebarately. However,
the effect of the boring bar-cutting tool assembly on the
spindle-workpiece assembly will be taken into consideration
and vise versa.

Before proceeding into the model of the
spindle-workpiece assembly and boring bar-tool assembly the
interaction occurring at the tool-workpiece interface will

be seen in detail.

3.2.1 Tool-Workpiece Interface

The interaction occurring at the tool-workpiece
interface is a complex one. In order to model the
phenomenon occurring accurately a major assumption will be
taken, that is since the cutting tool is sharp, there is no
rubbing occurring on its flank. Hence the lateral
displacement, that could occur on the cutting edge, in a
direction opposite to the trailing pad can be considered as
a high stiffness, value of which can be calculated from the
radial force equation derived in the second chapter.

The radial force fluctuation based on the radial
displacement of the cutting edge can be given by equation
(3.1) relating the radial displacement to the radial force.
Fig. 3.2 gives the cutter geometry and the deflected area
variation. As can be seen from the figure, according to the
orientation of the cutter, all the deflected areas are

added to give the overall equivalent area.




a) Cutter geometry b) Nominal area cut

b
~~

c) Area variation due to
small deflection

Fig. 3.2 Cutter interaction with the workpiece
for small deflection ¢
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[ A‘“sin(t -~ a) sin K,

AF“-—- sin¢g cos(¢ + T - «a) i=1,2,...,n (3.1)
where
A= & [btank, + c ] (deflected area) (3.2)

M‘r = force variation

n = number of steps on the cutter

Based on the above relationship the stiffness value
K, of the cutting edge on the workpiece during the cutting

action is given by eqn. 3.3.

n S(b‘tan k + c“)s:m(t - a)sin K,

sin(@) cos(@ + T - o) (3.3Db)

1=1

where
Kct= total stiffness at the cutters location

§ = deflection at the cutters location

The pad-workpiece interface reaction can be modeled
by taking into account the Shaw equation (eqn. 3.4) which
studies the temperature rise between two relatively moving
objects while a normal force Is applied on it. Based on
this equation and mechanical property of the involved
metals the actual deflection can be calculated by assuming
all the deflection occurring on the workpiece to be

permanent deformation.
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where

T, = average temperature of slider
Q = total heat flux

b = slider width

1 = slider length

v = sliding speed

k = thermal conductivity

p = density

c = specific heat

u = mean coefficient of friction

P = load on slider
J

= mechanical equivalent of heat

The deformation associated with the pads is directly
proportional to the relative velocity and the load between
the two sliders. Even though it «could 1lead to an
instabhility of the system due to fluctuating forces, by
unevenly burnishing the cut surface, the stiffness
equivalent is too high to make a significant difference in
frequency as compared to fixed support.

The force coming on the slider (pads) is too 1little
to bring about a pronounced effect on the overall system

due to the comparatively large area of contact.
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3.2.2 Spindle-Workpiece Assembly

The spindle-workpiece assembly can be considered as
a single shaft with variable cross sectional area supported
by simple supports where the spindle is resting on the
bearings and the chamfered end of the workpiece is resting
on the pressure head. This is mainly because the bearing
stiffness is relatively high.

The effect of the boring bar-tool assembly can be
considered as a stiffness and a damper at the point where
it contacts the spindle-workpiece assembly (Fig. 3.3). Due
to the cutting action occurring there is a continuous
contact between the tool and the workpiece. Hence the
stiffness and the damping properties of the boring bar-tool
assembly act continuously on the spindle-workpiece
assembly. However its effect on the frequency distribution
is quite small and can safely be neglected.

The equation of motion of the spindle-workpiece

assembly can be expressed using the standard matrix form as

follows;
[M1{¥X) + [C]{x) + [K](x) = (F(t)) (3.6)
where
[M] = the mass matrix
[C] = the damping matrix
[K] = the stiffness matrix

{x) the acceleration vector
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Fig. 3.3 Model of workpiece-spindle assembly



{x) = the velocity vector

{x} = the displacement vector

{(F(t)) = the force vector

Due to the variation of the cross sectional area of

the spindle-workpiece assembly the

i

2

used to discretize the continuous system. The principles !

involved in discretizing the system and studying it using %
modal analysis is given in appendix A.

The mass matrix and stiffness matrix for a single

element is given by eqns. 3.7 and 3.8 respectively.

finite element method is

156 221..'t 54 -13L“
2 2
M= pAstLﬂ. 4Ln. 13Lﬂ. 3Lst. (3 7)
156 =221 ‘
420 SYM 2st.
4L
st
12 6L =12 6L
gt gt
E I 4L -6L 2L
K = __st st st st st (3.8)
3 12 =6L ¢
st SYM 4L§
st
where
p = mass density of the structure material
A= cross-sectional area of the structure
L“= length of the structure
I_.= moment of inertia of the area A,
E = Young’s modulus of the structure material

st
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The direct stiffness method can be used to assemble

adjacent corresponding matrices. The principle underlying

this method is work and strain energy being scalar

R R s e I

quantities. The strain energy of a structure is the sum of
the strain energy contributions of all of its elements.

The damping matrix can be taken as Rayleigh damping.
This assumption can be justified if the damping occurring

is of structural type (egn. 3.9).

(C] =« [M] + B [K] (3.9)

s
ORI AL e o

The damping occurring as a result of the boring bar
tool assembly can be reduced to a viscous damper based on
3 the structural damping value of the boring bar. However the
* total damping of a structural system is only 3 - 4% of the

critical damping which can safely be neglected. Therefore

" equation 3.6 reduces to equation 3.10.

[M] (X} + [K]{x)} = (F(t)) (3.10)

In mathematically computing the system’s frequency

distribution the model was further reduced to the workpiece
only, because of the huge relative size difference between
the spindle and the workpiece used for the experiment.
Hence the end conditions of the workpiece on the spindle
side was taken as a fixed end support while on the pressure

? head side it was taken as simple support. Since the
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workpiece was relatively short, the steady rest normally
used for laterally supporting long ones was not used. Fig.
3.3b gives a plot of the natural frequency variation with
respect to the tool penetration of the workpiece i.e. the
first three modes are plotted as the tool bores through the

entire workpiece.

3.2.3 Boring Bar-Cutting Tool Assembly

The boring bar-cutting tool assembly is treated as a
single unit supported by a fixed support at one end and a
flexible support at the cutter end and the graphite sealant
position.

The model of the boring bar-cutting tool assembly is
done in the same way as the spindle-workpiece was done.
Modal analysis is performed on this system once the
stiffness properties of the graphite sealant |is
experimentally determined in chapter 5. The frequency
response and transient response of the system will be
shown.

The model of the boring bar-tool assembly can be
seen in Fig. 3.4. The model includes the torsional damper
as a stiffness and damper in the lateral mode, effect of
the graphite sealant is also seen as a damper and a
stiffness and also the effect of the cutter and the
workpiece which are taken as stiffness and damper of the
systemn.

In actual case since the boring bar used with the
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Fig 3.4 Model of the boring bar-—cutting tool assembly
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machine was not long and slender the operation of the
machine without the torsional damper was not critical.
Hence the computation of the model in Chapter 5 followed
the experimental analysis which was performed without the

torsional damper.
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CHAPTER 4

STABILITY ANALYSIS OF THE DEEP-HOLE MACHINE

4.1 Stability Analysis

The stability of the deep-hole drilling machine must
be studied carefully in order to ensure a good performance
of the operation. The bore surface finish totally depends
upon the degree of stability the machine maintains. A
highly stable machine results in a very well burnished
smooth bore, whereas an unstable machine gives a very bad
surface finish and a poor operating condition which may
eventually lead to a breakage of the tool.

The stability of the machine can be divided into two
categories and studied consecutively. The static stability
and the dynamic stability. Static stability mainly involves
the study of the cutting tool guidance and dynamic
stability involves the study of the stability related to
the systems dynamic response.

A statically stable system may or may not be
dynamically stable, whereas a dynamically stable system
ensures static stability. Therefore it is important to have
a dynamic stability analysis following a static stability
study.

Study of the static stability of the operation helps
in the initial design of the tool with its different

components. Dynamic stability analysis on the other hand
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helps to identify stable zones of operation. First the
static stability of the operation will be established.

4.2 Static Stability Analysis

Since the different components affecting the
operation in the deep-~hole machine are comparatively rigid
and well supported the study should be focused mainly on
the tool. Stability analysis of the tool should be done in
terms of the cutting forces and their balance.

The BTA~solid tool has a single cutter with steps on
one side of the tool and pads as shown in Fig 2.1. The
cutting force is balanced by the two pads placed at
approximately 178° and 276° from the cutting edge, measured
in the direction of tool rotation.

Since metal cutting forces fluctuate randomly the
stability of the machine should be ensured with a high
stability index wvalue so that there will not be any chance
of the operation passing into the unstable operation
condition. Another factor affecting the fluctuation of
guiding pads reactions 1is the friction coefficient
variation.

The cutting force not <considering the axial
component is balanced by the reactive pad forces. The line
of action of this force is moved to the center after the
torque is accounted for. The balancing reactive resultant
force must be collinear with the cutting force. For the

tool to be stable the reactive force must lie well within
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the range of the included angle of the pads.
A good stability analysis was given by Pfleghar
[41], where he defined the degree of stability (S d) as the
ratio of the sum of all so called holding torques to the
sum of tilting torques (eqn. 4.1). These torques consider
individual pad as the center of rotation or pivot point.
The holding torque is defined as the torque that
presses a pad to the bore surface whereas the tilting
torque is a tore that tilts the head around a pad in a
direction so as to separate the other pad from the bore

surface (Fig. 4.1). The degree of stability is given by:

- = holding moments (4.1)
d 2 tilting moments *

The degree of stability is computed for each pad
separately and the smaller of the two is considered as more
critical. Based on the above criterion three ranges of

stability degrees are identified and they are:;

Sd > 1 (stable) (4.2a)
s, =1 (indifferent) (4.2b)
S <1 (unstable) (4.2c)

The degree of stability greater than one implies

that the reactive resultant pad force will swing between



Holding

Holding
torque
Holding
torque
Ty = Te + 1,
Tilting
torque

a) Moment about Pl

Tilting
torque

Holding
T, = T + T, torque
Holding
torque '
Holding
torque

b) Moment about P2

Fig. 4.1 Stability analysis based on Pfleghar’s
approach.
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the two pads. Indifferent balance having the stability
degree equal to unity implies that ihe reactive resultant
force is passing through one of the pads. This is not a
good balance as it can easily degenerate into instability
under dynamic operating conditions. Finally for the degree
of stability less than one the tool is not statically
balanced (Fig. 4.2).

Following Pfleghar’s stability analysis the
BTA-solid tool used in the experiment was found to have a

stability degree of approximately 1.6.

4.3 Dynamic Stability Analysis

Study of the dynamic stability of the cutting
operation is a very important one. Even though the
BTA-solid boring tool is found to be a statically stable
tool, there are some machining defects that arise only as a
result of the dynamic instability. Therefore one can attain
a smooth operation only by identifying this unstable zones
of working and avoiding them.

The concept of dynamic stability can best be
understood by directly 1linking the systems natural
frequencies in axial torsional and lateral mocdes to the
exciting forces that might be induced and maintained in a
regenerative fashion as a result of metal cutting force
fluctuation and profile of surface being cut. As seen
previously, metal cutting forces are inherently random in

nature. In most cutting operations, where the new surface
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a) Stable balance
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Fig. 4.2 Balance as explained by Pfleghar.
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to be cut is the previously machined profile, there is a
periodic force component which is dependent on the profile
of the surface.

The periodic force component is a regenerative one
with a phase difference in the period for every revolution
of cut. This is due to the phase lag in the oscillation of
the depth of cut of the surface being machined from the
currently generated surface, as shown in Fig. 4.3.

In BTA deep-hole machining the geocmetry of the
surface profile to be cut is oriented in such a way that
all the three force components and torque come into
picture. The tendency of the random cutting force component
is to ~create a surface profile resulting in a
regeneratively maintained periodic force component. This
type of periodic component is dictated by the dominating
stiffness-profile combination, i.e. the direction with the

least stiffness for creating a wavy surface profile.

4.3.1 Axial Stiffness

The system’s axial stiffness can be considered as
the stiffness of the boring bar-tool assembly stiffness and
spindle-workpiece assembly stiffness. Due to the relatively
short workpiece and high rigidity of the spindle one can
assume the axial stiffness of the spindle-workpiece
assembly to be infinite. Therefore the axial stiffness of
the boring bar-tool assembly is only considered.

The random compnnent of the cutting force can be
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Fig. 4.3 The surface pattern as a result of chatter
in machining operations
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considered as an exciting input to the system. When the
system is axially excited by an impulse force it will
vibrate in all its modes before dying down. Since the
amplitude of the first or second mode is comparatively high
the tendency will be, to vibrate at its first natural
frequency. Hence, whatever surface profile variation
occurring in the axial direction due to axial force
fluctuation, the system will have a tendency to vibrate
near the first few natural frequencies in axial mode.

The boring bar-cutting tool assembly, however, is
too stiff in the axial direction to bring about a change in
the surface profile for most practical applications.
Therefore the axial force component fluctuation is not

dominant.

4.3.2 Torsional Stiffness

The torsional stiffness of both the assemblies of
the spindle-workpiece and boring bar-cutting tool are
critical. But since the boring bar-tool assembly is of
comparatively low stiffness, one can safely neglect the
spindle-workpiece assembly and concentrate on the latter.

The conditions of the boring bar-tool assembly in
torsional mode 1is critical as it involves angular
oscillation combined with axial feed. As in the case of
axial vibration the exciting force due to randomly varying
cutting force component is responsible for the system’s

torsional vibration. Once the system is excited in
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torsional mode it vibrates predominantly near one of its
first few natural frequencies. During half of the cycle of
vibration the cutter cuts little or no metal because of the
angular oscillation direction being opposite the rotary
motion of the boring bar-tool assembly. For the remaining
half, the cutter cuts more than the nominal depth mainly
because the axial feed is maintained constant even when the
cutter was in the first half of the cycle.

Therefore the torsional mode of vibration combined
with the axial feed motion is a critical phenomenon. This
condition might lead to chatter of the system which leads
to a deterioration of the tool and its eventual b1 zakage.
It depends upon the closeness of the frequency of the
periodic force component to the natural frequency of the
boring bar-cutting tool assembly in torsional mode.
Torsional <chatter in the deep-hole machine <can be
identified by the sharp whistling noise it makes while
machining.

Chatter normally occurring in torsional direction,
however does not affect the surface finish of the bore
except for deterioration of the tool. Most of the surface
defects reported have repetitive patterns that are odd
numbers per revolution and the frequency of lobe occurrence
is too 1low, as compared to the natural frequency in

torsional mode.
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4.3.3 Lateral Stiffness

The lateral stiffness also depends on the assemblies
of spindle-vorkpiece and boring bar-tool. As in the
previous cases, since the dominant assembly affecting the
surface finish of the workpiece is the boring bar-cutting
tool assembly, only it will be studied. Another factor for
concentrating on this assembly is the orientation of the
cutting edge with respect to the boring bar-tool assembly,
i.e. whatever input is given to the system in lateral mode
as a result of the cutting force fluctuation or surface
profile variation, it will be in a fixed direction relative
to the boring bar-cutting tool assembly.

The response of the system in lateral mode due to
excitation at the tool tip is complex to analyze as it is
difficult to model the end conditions at the tool tip
exactly. On the side of the cutting edge there is stiffness
due to the cutting force while, diametrically opposite, on
the side of the trailing pad there is stiffness due to the
burnishing action. These stiffnesses were analytically
modeled in chapter three. The model was simplified by
assuming the stiffness on the pad side to be comparatively
too big to affect the performance of the boring bar-tool
assembly.

Lateral excitation results in the response of the
boring bar-tool assembly, at all its 1lateral mnatural
frequencies. However the first few modes are dominant

enough to show a pronounced effect on the surface of the
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bore. This phenomenon may be maintained in a regenerative
fashion or may die down depending upon operating conditions

and workpiece material.

4.3.4 Multi-Lobe Formation or Spiralling

The concept of multi-lobe formation can best be
explained by taking the bored surface finish and magnifying
the roundness error generated. If the bore has a tendency
to deviate from absolute roundness in lobe like fashion
regeneratively, then the phenomenon of spiralling is said
to occur. It usually has some lead angle along the length
of the workpiece.

Multi-lobe formation occurs as a result of the
relative positions of the cutting edge and pads. While
machining metal using defective tools, it is not uncommon
to come across spiralling phenomenon. These defective tools
affect the forces on cutters and pads tremendously, thereby
altering the effects of pads on the bore surface. The type
of defectiveness detrimental in the formation of spiralling
is identified experimentally in Chapter 5.

In the case of the BTA-solid tool, the pad playing
an important role in controlling the roundness error, is
the trailing pad which is the one placed diametrically
opposite to the cutter. This is because of its location. If
the circle-land tends to cut more on the bore surface, the
burnishing effect of the trailing pad is reduced. Similarly

if the circle-land tends to cut less the trailing pad will
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press on the bore wall resulting in a highly burnished
surface (Fig. 4.4).

The effect of the leading pad is not as pronounced
as that of the measuring pad with regards to roundness
error. However, the roundness error or multi-lobe formation
can be directly associated with the circle-land, trailing
pad and leading pad location.

The systems response to the impulsive excitation
force at the cutting edge will be in all its harmonics. But
the dominant one will be the first mode, ar’ some
favorable instances the second one could dominat .. .ever,
the response of the system is critical only until
spiralling pattern is generated.

The geometry of the BTA-solid boring tool shows that
the number of multi~lobes formed can only be in odd values.
It can be compared to the ordinary twist drill where the
corner formation is only in odd values [22,23]. Cronjager
et al [28] have shown the mechanism by which number of
lobes has to be odd. The number of times the tool
fluctuates per rotation has to be equally spaced between
lobes formed. Fig. 4.5 gives a good explanation why even
numbered corners cannot occur for this particular tool.

A typical characteristics of this type of multi-lobe
formation is that the lobes are visible to the naked eye.
This is mainly because the surface cut deep by the
circle-land does not get a chance to be burnished well

while both pads are riding over this surface. The sole
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in the BTA-solid tool.
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reason for the lobe formation is the circle-land being
guided into the bore surface by the pivoting action of the
leading pad.

The circle-land position with respect to the
circumference siould be the nominal size of the tool. If it
is not it will result in its digging into the surface
producing oversize or it will in its recess producing
undersize of the hole.

The experimental study of the spiralling phenomenon
has been done for different materials at different
operating conditions. The principles by which spiralling is
formed are analyzed and discussed in detail and followed by
the experimental justification in the next

chapter.




CHAPTER 5

EXPERIMENTAL STABILITY EXAMINATION OF BTA-SOLID TOOL SYSTEM

5.1 Dynamic Stability Assessment

Dynamic stability analysis of the BTA-solid drilling
tool was done experimentally on the machine modeled
mathematically in Chapter 3. Since the main aim of the
experiment was to correctly identify spiralling, favorable
conditions were chosen so that it can be induced by
machining at speeds and feeds giving rise to it and also by
using defective toonls.

The experiments were performed on the Schaerer lathe
which was retrofit to a deep-hole boring machine, by
introducing a pressure head and a drive unit along with the
coolant filtering and circulating system. This modified
machine has a length of 4m and the capability of machining
workpieces as long as 1lm and having an internal diameter of
up to 50mm.

The experimental procedure comprises three stages.
The first one is identification of the natural frequencies
of the boring bar-tool assembly, because it is critical to
the operation of the machine, the second one is the
machining of different specimens using BTA-solid tools, at
speeds corresponding to critical values of the system’s
frequency i.e. the natural frequency an odd multiple of the

relative speed of workpiece and tool and the third one is
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machining the specimens using a defective tool with its
circle-land slightly bigger than nominal size. To assert
the validity of the experiment different materials were
used as the workpiece, and the experiment repeated a number

of times for repeatability assessment.

5.1.1 Boring Bar Lateral Natural Frequency Determination

The boring bar is fixed to the drive unit and passes
through the pressure head. Since the exact cutting
conditions are required for modelling of the system the
tool was made to dig into the workpiece an amount equal to
the feed. A small attachment device was made from aluminum
to hold the accelerometer in place on the boring bar. This
accelerometer was connected to a charge amplifier which was
then connected to a personal computer with the help of an
analbg to digital converter (Fig. 5.1).

The main purpose of this set up was to determine the
natufal frequencies of the system. Hence the transient
response of the system was collected at a sampling rate of
400 data per second. This was done because of the
relationship of the Nyquist frequency to the sampling rate,
i.e. the maximum frequency of interest is less than 200Hz.

After obtaining the well sampled data in time
domain, discrete Fourier transform was performed to obtain
the data in fregquency domain. Finally the power spectral
density was calculated from the Fourier transform and then

plotted against fregquency.
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The Fourier transform for the discrete data, which

gives a good insight into the general behavior of the
system in frequency domain, was calculated using the

following equation;

N-1
X(f) = nz x(nh)e

n=0

=i2nfnh (5.1)

where

N = number of relevant data collected
x(nh) = discrete data sampled at an interval h

f = frequency

Performing egqn (5.1) provides the Fourier transform

as shown
X(£) nN-1 .
X = k' _ z x(nh)e(-lznkn/m (5.2)
h n=0
where
_ _ k
fk— kf = —

k =0,1,2,...,200-1

The Fourier spectrum is a plot of the coefficients
of the Fourier series against frequency f. The absolute
values of xk are generally plotted.

The power spectral density function is a means of
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studying the overall frequency distribution. The plot of
this function vs frequency establishes the frequency
composition of the data, which bears an important
relationship to the basic characteristics of the physical
system involved.

The power spectral density for the discrete data is

given by the following equation;
_2h 2
P(f,) = 5—I% 1 (5.3)

Figs. 5.2-4 give a plot of the power spectral
density against frequency, computed using MATLAB software,
for the boring bar at different penetration into the
workpiece, namely at 25mm, 150mm, and 300mm respectively.
From the plots the frequency distribution can be obtained
and its variation along the length of the workpiece can be
observed as given in Fig. 5.5a.

The determination of the natural frequency
experimentally  helps in identifying the stiffness
characteristics of the graphite sealant between the boring
bar and the pressure head. This stiffness quantity can be
estimated from the plot showing different natural
frequencies vs stiffness values Fig. 5.5b [46]. After
giving an equivalent value to the stiffness provided the
sealant frequency variation is plotted for the entire tool
penetration of 600mm as chown in Fig. 5.6. The lateral

natural frequency distribution of the boring bar tool
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Fig. 5.5 Lateral natural frequency for different stiffness values
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assembly was found using the ANSYS finite element package
available on the VAX 8530 [48].

The lateral natural frequency plays a significant
role in the formation of spiralling. This was the main
reason why its accurate determination was essential in the

analysis of multi-lobs formation.

5.1.2 Formation of Spiralling Under Operating Conditions

It is common to come across odd numbered lobes or
multi-lobes under unstable drilling conditions, using the
twist drill. The same is true for deep-hole boring tools.
The geometry of the BTA deep-hole drilling tool is such
that it gives odd numbered lobes due to the location of the
cutter, the circle-land and pad being opposite each other.

The Phenomenon of spiralling has been reported by
previous researchers such as Sakuma et al [(25] and Stockert
et al ([28]. But the analysis reported by the two
researchers was contradictory to each other and none of
them have suggested a possible remedy to the problem.

One of the major factors proposed as influencing the
formation of spiralling is the position of the circle-land
relative to the nominal diameter of the tool. Tools with
circle-lands more than 25 to 50um oversize relative to the
leading pad measured from the center have a high chance of
yielding spiralling. For this reason an experiment
involving a tool with 50um oversize of circle-land from the

center was used to drill all the available materials.
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Another factor proposed as influencing the formation

of spiralling was the effect of lateral natural frequency.
Based on odd number of lobes formation, namely 3, 5 and 7,
the experiment was conducted such that one of the major

™ or 3™ coincided with

natural frequency namely the 1", 2
an odd spiralling frequency per revolution, which is one of
the above numbered values (3, 5 or 7) for every turn. This
implies that the spiralling frequency (number of lobes per
revolution times number of revolutions per second)
coincides with the lateral natural frequency.

The following equation gives a relationship between

the natural frequency, relative rpm and number of lobes

formed.

n = — 2 (5.4)

fn = lateral natural frequency (hz)
n = number of lobes formed

n, = relative velocity in revolution per minute

Figure 5.7a shows the critical frequency
distribution for different rpms.

While actually performing the experiment, there were
a number of limiting factors:

a) The surface cutting speed had to be adjusted
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within a range so that cutting is stable.
b) The boring bar had to be fixed in order to take
response of the system while it was machining.
c) Available speed for the workpiece changes
discretely so that finding a match for the frequency
with respect to the number of turns per minute was

difficult.

Restricted by the above conditions the machining was
done at the three available speeds such that the first few
natural frequencies coincided with a possible number of
lobes, including even and odd values as shown in fig. 5.7a.

The natural frequency distribution of the boring bar
in lateral mode is plotted as shown in figs. 5.7b, 5.8a and
b in relation with five number of lobes formation for the
available speed. Table 5.1 gives the amount, the natural
frequency should be, in order to obtain the number of lobes
shown on the left side. The rpm of the workpiece is given
in three steps as it is the available recommended value of
operation in the range, i.e., circle-land speed between
60m/min and 100m/min for the materials used [32].

Five types of workpiece materials were available,
four of them are of similar nature, in that their
machinability rating is comparatively low, whereas the the
fifth one has lead added to it to increase its
machinability to 160%. The workpiece materials used are as

given in table 5.2.
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Table 5.1. Value of natural frequency for the
given lobes at the available rpm.

No. of workpiece speed (rpm)
| lobes 740 922 1152
3 37 46 58
5 62 77 96
7 86 108 134

All the above specimens were cut at 0.60m length and
prepared for machining by chamfering at the ends so that
they fit on the reception plate of the pressure head. The
outside diameter of the workpiece was 31.75mm and the
inside diameter of the hole was 25.4mm.

After trying the three available rpms on the 1lathe
at variable feed spiralling was formed only in 5 lobes, at
a particular speed (740rpm), for a limited length while
using slightly wora tools. The length was dictated by the
natural frequency variation. This means as 1long as the
natural frequency was coinciding with the frequency of the
lobe occurrence the phenomenon of multi-lobe formation was
mzintained. But once this frequency has changed due to
penetration of the tool-boring bar assembly the 1lobe
formation was terminated. Spiralling was being formed for
all the materials except the AISI C12L14. This is mainly
because the material has a very good machinability rating

(160%), implying that the random component of cutting is



Table 5.2 Workpiece materials and their properties.

Average
Steel Yielad Ultimate Application
Designation Strenggh Strengg.h
N/mm N/mm
general purpose
structural quality
ASTM A36 250 480 steel used for tie
rods, brackets,
frames, etc.
general purpose
machinery steel
AISI C1020 230 425 used for bolts or
hammer forgings.
for high speed
production of
AISTI Cl2L14 465 540 bolts, nuts,
fasteners, etc.
medium carbon
AISI C1045 425 615 steel used for
axles, shafts,
bolts, etc.
high carbon
steel used
AISI C1095 515 1015

extensively for
making springs.

not high enough to induce vibration. Spiralling formed due

to lateral bending frequency was occurring even when the

length of the workpiece was reduced by half, supporting the
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theory explained in Chapter 3, i.e. the frequency of the
boring bar-tool assembly is critical. Also the tool
condition affected the formation of spiralling a great
deal. Worn out tools used yielded spiralling at the given
speed irrespective of the material and feed, whereas a
reground tool was not giving spiralling in four of the five
materials used and even in the f£ifth one it gave spiralling
at low feeds only. Again the reason for this being that
this material was the one with the 1least nachinability
index of 55%.

The response of the system measured during the
occurrence of spiralling was analyzed and plotted to give
the power spectral density as shown in Fig. 5.9. The spiral
plot done using the Talyrond roundness measuring device for
holes with spiralling is as given in Fig. 5.10.

The other mechanism by which spiralling was
generated, was while machining with a tool having its
circle-land oversize by about 50um relative to the two pads
arcund the circumference of the +tool. 1In this case
spiralling was formed at all operating speeds for all the
workpiece materials except one (Cl12L14) and the lobes were
along the whole length of the specimen. This fact showed
that the spiralling in this case is not frequency dependent
as in the first case.

These occurrences lead to an investigation in
analyzing the factors affecting the formation of spiralling

in detail.
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Fig. 5.10 Polar plot of multi-lobe hole
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5.1.3 Factors Affecting Spiralling

Spiralling in its entirety is a very complex
phenomenon. While conducting the experiment, there were a
number of factors observed that affected spiralling.

1) Tool bluntness

2) Position of pads

3) The relative position of circle-land on the
circunference.

4) The coincidence of the natural bending frequency
with appropriate number of 1lobes (five in BTA-solid boring
tool).

5) Workpiece material properties.

5.1.3.1 Tool Bluntness

Blunthess of the cutting edges affects the cutting
action of the tool a great deal. The major effect is that
the cutting force increases. This implies that the steady
state, periodic and random component of the cutting force
increase proportionally. Hence if the workpiece is rotating
at an angular speed which equates the spiral frequency to a
dominant natural frequency that is varying five times every
rotation, it could lead to spiralling.

In the experiment conducted a freshly ground tool
that was stable degenerated into giving spiralling only
after about the first fifty percent of its 1life, provided
the other conditions affecting the formation of spiralling,

especially coincidence of lateral natural frequency with
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spiralling frequency, were met.

5.1.3.2 Location of Pads

In BTA tools the relative location of the pads and
cutter is of great importance. The number of lobes formed
are dictated by the relative position of the circle-land
and pads. Since spiralling occurs when tool pivots about
the leading pad forcing the circle-land to dig deep into
the workpiece, the pad opposite to the circle-land will not
burnish the surface because it is lifted. While this occurs
the leading pad acts as a moving pivot point rolling along
the bored surface.

Measurement of the angle between the circle-land and
leading edge of the leading pad indicates that the value is
approximately one fifth of 360° circle. This supports the
idea that spiralling occurs as a result of a pivoting
action on the leading pad forcing the circle-land to dig

into the bore surface.

5.1.3.3 Location of Circle-Land

The relative 1location of the circle-land with
respect to the pads is important in the formation of
spiralling. The circle-land should be on the circumference
of the circle formed by the pads. If the circle-land is a
undersize then the bore will result in a smaller dimension
(undersize) . However if the circle~land is oversize then

there is a higher possibility of spiralling as it will dig
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into the workpiece on and off continuously.
Spiralling formed as a result of the circle-land
being oversize was persistent for the entire length of the
hole and degenerated into spiralling irrespective of the

relative speed used.

5.1.3.4 Lateral Natural Frequency of Boring Bar

The lateral natural frequency of the boring bar-tool
assembly affects the cutting if it coincides with five
cycles per revolution. The reason being that spiralling in
BTA-solid tools occurs only in five 1lobes due to the
geometry of pads and cutter location.

Performing deep-hole drilling at a certain speed
where the 1lateral natural frequency coincides with five
cycles for every revolution will result in the bar
vibrating at its natural frequency for the duration the
coincidence lasts. This implies that the chance of

spiralling is increased when this occurs.

5.1.3.5 Workpiece Material

The workpiece material affects the formation of
spiralling a great deal. If the material is easy to cut and
random component of the cutting force is comparatively low
then the chances fur the formation of spiralling is
reduced. However, if the material is not easy to machine by
virtue of its mechanical properties then it gives one of

the favorable cutting conditions for the formation of
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spiralling.

5.1.4 Mechanism for the Occurrence of Spiralling

The mechanism by which spiralling formation occurs
is prirarily the same, even though there are two major
causes initiating it. One of the factors is the effect of
natural frequency while the other factor is the effect of
circle-land. These two can be identified by the length of
the spiral along which it occurs. If the spiralling is as a
result of the circle-land being oversize then spiralling
occurs along the entire length of the hole, whereas if it
is due to the lateral natural frequency then it will be
there for only a short depth until the change in natural
frequency, due to tool penetration, occurs.

Formation of spiralling as a result of the lateral
natural frequency can be explained as follows:

1) The random component of the force on the trailing
pad has to be high enough to induce excessively high load
fluctuation on the cutter along the circle-land such that
the boring bar-tool assembly is excited at one of its
modes. Despite the fact that new tools have a comparatively
low reaction force on th trailing pad, Griffith explains
that this is not the case for worn tools. The force on the
trailing pad for worn out tools was experimentally found to
be almost equal to that on the leading pad [47]. Therefore
this explains the reason why spiralling is predominantly

occurring for worn tools.
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2) The excitation in the trailing pad-circle-land
direction tends to bring excessively high 1loads on the
leading pad, as a result of an increase in cutting force,
causing the trailing pad to be 1lifted from the surface
while the circle-land digs into the bore wall.

3) Due to high forces, the tool tends to tilt around
the leading pad in the circle-land direction reducing the
load on the trailing pad and cutting deeper into the bore
surface.

4) This tilting occurs until the leading pad has
passed over the peak as shown in fig 5.11, then the cutter
comes back to its original position because of the
excessive radial force due to the circle-land digging in.

5) Because of the location of the circle-land and
pads this digging in and coming back to its original
position of the tool happens 5 times per every revolution.
This is the main reason why spiralling formed while using
BTA-solid boring tool gives only 5 lobes.

Spirals formed in the hole propagate at some lead
angle along the bore length. It was found that the lead
angle was inversely proportional to the rov.ndness error,
i.e., the lower the roundness error the higher the lead
angle, and inversely the higher the roundness error the
lower the lead angle. Even though this phenomenon was
observed for most drillings the spiral angle cannot be
systematically explained and predicted at this level.

Hence, if the size of the peak is comparatively high the
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a) Initial position

b) Final position

Fig. 5.11 Leading pad orientation while spiralling
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phase difference will be very small resulting in a very low
lead angle. If the peak is comparatively small the phase
shift will be high resulting in a high lead angle.

The BTA-solid deep-hole boring tool is very stable.
In fact according to Pfleghar’s stability criterion it is
the one with maximum stability index as compared to other
BTA tools. However, in dynamic sense the situation is
totally different. The friction coefficient which is
occurring between the pads and the workpiece is assumed to
be constant and it is normally given values between 0.2 and
0.3. However some researchers have reported friction
coefficients as high as 0.6 [47). Static resultant force
direction variation relative to friction coefficient on the
different pads has been shown in the second chapter
(Fig. 2.6)

Close examination of bored surface frequently gives
an irregular cut of the surface at random. No researcher
has so far come up with logical explanations, as to why,
the above mentioned phenomenon occurs. This could be mainly
because of the unpredictability of the Coulomb’s friction
coefficient. Another possibility not so far mentioned is
the stick=-slip phenomenon which may occur between the
leading pad and the bore surface, instantaneously, as a
result of high forces coming on the pad.

In the BTA-solid boring tool the cutter and pads
location is such that the forces coming on the leading pad

is almost twice as much as that on the trailing pad. From
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the equations derived in Chapter 2 relating the different
instantaneous forces to the resultant instantaneous force,
one can see that the variable component of the forces will
also be in this proportion. Considering the random
component of the cutting force as the impulse input for the
excitation of the boring bar-tool assembly, the transient
response of the system can be studied. The transient
response of the system dies down in the the first few
dominant modes such as the third, second and finally the
first. Depending upon the relationship between the lateral
natural frequency and spiralling frequency, identified as
the product of number of lobes per revolution and number of
revolutions per unit time, rpiralling occurs at one of the
lateral natural modes.

The spiralling occurrence observed for most of the
cases formed happened at the second natural frequency of
the boring bar-tool assembly (62Hz), and lasted only for a
short length of the workpiece, as long as it remained
around this region. But right after the lateral natural
frequency was altered due to longitudinal travel of the
boring bar-tool assembly, the spiralling phenomenon
stopped, supporting the theory of bending natural frequency
affecting spiralling.

5.1.5 Prevention of Spiralling

The experimental results show that the spiralling

phenomenon is a complex one and it needs a number of
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factors to be satisfied before it actually begins to occur.
The favorable factors leading to spiralling involved the
digging of the circle-land into the bore wall (Fig. 5.12).

The circle-land is an essential part of the tool
which one cannot avoid. It is responsible for cutting the
the correct hole size while drilling. Hence one should come
up with a plan to prevent the circle-land from digging into
the bore wall more than what it should.

The digging action of the circle-land can be avoided
by preventing it from going sideways with the help of guide
pads right behind the circle-land. This ensures that the
previously cut and burnished surface will prevent it from
moving radially outward into the surface of the bore wall.

In this experiment the attempt to prevent spiralling
was first made by inserting a guide pad behind the worn out
cutter that was yielding spiralling (Fig. 5.13a). The tool
was then used to machine under the exact same conditions
that resulted in the formation of spiralling. Since the
circle-land was prevented from digging into the workpiece,
spiralling was avoided in all the specimens. Since the
force expected on this pad is relatively small for stable
cutting, a comparatively small pad size can be used as
shown in the figure.

The next improved tool was a completely modified
version and made with a pad at the circle-land (Fig.
5.13b). This tool was used to machine many specimens and

satisfactory results were obtained. The polar plot obtained
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a) Pad inserted below circleland

b) Pad ground behind circleland

Fig. 5.13 Picture of modified BTA-solid tools




a) Tool with third pad inserted.

circle land magnified

b) Tool with pad ground behind
circle land.

Fig. 5.14 Modified BTA-solid tools
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using a Talyrond, the roundness error measuring device,
given by Fig. 5.14a and b, shows the difference between the
holes made by the newly modified tool and the regular
BTA-solid boring tool.

In this chapter the deep-hole boring machine system
was experimentally tested for dynamic response and the
formation of spiralling was identified and explained. The
remedies for spiralling prevention were suggested and
justified experimentally. The final chapter (gives

conclusion and recommendation for further research work.
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CHAPTER 6

SUMMARY AND CONCLUSION

6.1 Conclusion

The major aim of this thesis was to identify
spiralling and give possible remedies for it. In some of
the cases of spiralling the phenomenon was repeatable for a
constant speed and in some instances it was not dependent
on the speed. The repeatable spirals were formed for a
limited hole depth only, while the random spiralling was
present throughout the entire depth of the workpiece.

Since the tool is rigidly connected to the boring
bar, any forced input arising from the cutting action
occurs at a fixed relative position on the boring bar-tool
assembly. Because of this phenomenon, the study of the
model of the boring bar-tool assembly was important. Since
the workpiece was relatively more rigid, the r' :d to study
in depth the model of the workpiece-spindle assembly did
not arise.

The first step of the investigation was the
identification of the lateral (bending) natural frequencies
of the boring bar-tool assembly which was experimentally
performed. The next stage in the work was to run the
machine at speeds that multiples of the lateral natural
frequencies of the boring bar-tool assembly for different

workpiece materials. As shown by experimental results in
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Chapter 5, spiralling was induced only at five lobes and it
occurred reneatedly for different materials at the same
operating conditions. It was also shown that spiralling can
occur for any speed while using a defective tool having its
circle-land slightly oversize.

It was also shown that spiralling can be prevented
by modifying the BTA-solid tool. This was done by inserting
an additional small pad behind the cutter to prevent its
digging deep into the surface of the bore wall or by
modifying the BTA-solid tool by giving the circle-land a
pad.

The spiralling phenomenon can be prevented by
avoiding critical frequencies and ensuring that the tool is
in good condition. However since the lateral natural
frequencies change over the length of the workpiece a great
deal, especially for 1long workpieces, there is a
possibility o€ one of the fundamental frequencies
coinciding with spiral frequency.

The modified BTA-solid tool with a third pad behind
the circle-land ensures that spiralling will not occur by
preventing it from digging the bore surface. The major
advantage of this tool is that one can operate at any speed
even at speeds where the natural 1lateral frequency
coincides with the appropriate spiral frequency.

Another way of preventing the spiralling phenomenon
is having the circle-land slightly undersize relative to

the position of the pads on the circumference of the tool
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(50um). However this was tested only for some materials
with low shear strength and there is no guarantee that
spiralling will not occur at all. Consequence however would

be a serious drawback associated with the bore undersize.

6.2 Application in Industry

The results of this investigation are of great
importance for industry dealing with deep-hole boring
equipment. Since spiralling accounts for the scraping of
highly expensive parts being manufactur.-d, it is crucial
that the phenomenon be identified and solved at machine
shop floor.

Application of the remedies of prevention of
spiralling phenomenon is simple and inexpensive. The third
pad introduced behind the cutter was comparatively small in
size. Since for most applications the current trend is to
use disposable indexable carbide inserts the pad could be
manufactured as an integral part of the outer cutter. ‘This
will prevent the circle land from digging deep into the
surface of the bore and yield a better surface finish. The
modified type BTA-solid tool will be easy to manufacture
accurately as it can be ground after the cutting edges and
pads are brazed on the body.

Tools with disposable indexable insert are bound to
have errors in size. Hence, this approach will ensure that
spiralling will be prevented even for defective tools

having circle land oversize due to prevention of digging in
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of circle land.

6.3 Recommendations for Future Work

This inve ‘igation mainly concentrated on the
BTA-solid boring tool. Apparently the BTA-solid boring tool
is not the only tool that yields spiralling. There are a
number of BTA tools that may yield spiralling at various
lobe numbers. It will be advantageous to investigate those
tools by undertaking similar study to identify the
mechanism by which spiralling is generated.

This work can be further extended by trying to find
an exact correlation between the material properties,
bluntness of the tool and spiralling, so that it can be
predicted without doubt. However the remedy recommended for
solid boring tools, as it has been proven experimentally,
will serve as a universal means for spiralling prevention.

The slight drawback associated with a third pad as
suggested is that run-out error could occur if the starting
bushing is slightly misaligned. This however could be an
advantage if the bushing is accurately aligned because

run-out will be minimal due to a three point guidance.

6.4 Summarz

The major find of this thesis on spiralling can be
listed as follows:
1) The phenomenon of spiralling can be identified by

the clear marks visible twisting along the length of the
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hole, in the form of a helix.

2) The BTA-solid tool yields spiralling only in five
lobes for the given geometry of the tool and never gave
lobes other than five.

3) The two mechanisms for the formation of
spiralling were identified based on experiments on
different materials, however the location of the cutters
and the pads was the dominant factor in the number of lobes
formed.

4) A major factor affecting the formation of
spiralling is the relative nosition of the circle-land on
the nominal circumference of the hole i.e. a slight
oversize of the circle-land (50um).

5) Another major factor affecting spiralling is a
combination of natural frequency, bluntness of the tool and
material with low machinability index. If the lateral
natural frequency of the boring bar-tool assembly coincides
with the spiralling frequency then chances that spiralling
will occur are very high.

Based on the above findings, the only logical
solution to this problem was given in the form of a pad
behind the cutter which prevents spiralling and also
improves the surface finish by preventing the circle-land
from digging in deep into the bore wall surface.

The results of this investigation with relatively
small size tools are equally applicable to large size tools

as well, including for trepanning applications. The
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improvement suggested will prevent spiralling and yield a

smooth surface finish dirrespective of the cutting

conditions.
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APPENDIX A

THE FINITE ELEMENT MODEL AND MODAL ANALYS:S

This appendix gives the derivation of the finite
element method and modal analysis based on the finite
element method approach.

Taking into consideration a single element whose end
conditions are given as shown in Fig. Al the deflection of
the element at any distance x from 0 and at any time t is
given by eqgn. A.1, this equation was derived using the

assumed modes method.

u(x,t) = Ty (x) u(t) (A1)
1=1

where the function wi(x) satisfies the boundary

conditions given by:

¥, (0) = 1, Wi(0) = y(L ) =¥ (L) =0
¥5(0) = 1,  w,(0) = y,(L ) = ¥,(L,) =0

(A.2)
V(L) =1,  ¥(0) =y¥(0) = yi(L.,) =0
V(0 =1, W, (0) = y,(L,,) =¥ (L ) =0
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a) Beam loading

¥, (x) |

b) Shape function

Fig. A.1 Shape functions for transverse deformation of a beam
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Assuming that the finite element is loaded in shear

only the equation of equilibrium is given as:

(E,,I_,u)” =0 (A.3)

The general solution of equation A.3 is given as:

u(x) = ¢, + Ca[ X ] + c3[ - ]2 + c4[ X ]3 (A.4)

where x/Lst was used to keep the dimensions of the
constants the same. Substituting the four sets of boundary
conditions of eqn. A.2 into egn. A.4, the shape functions

given by equation A.5 are obtained.

¥, = x - ZL“[ xﬂ]z + ( ’I““]a
(A.5)
b= 3 (3] 2]

The kinetic energy and the potential energy of the

element are derived from the specified displacement
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functions properties of the element such as the cross
sectional area, density, elasticity and moment of inertia.

Therefore the kinetic energy is:

_ 1 : .2
T=— J‘pA"(wxu‘) dx
. 4 4 .
=—X ZMuu (A.6)
2 1=1 1=1 131
1
where MU = gpA“wledx (A.7)

Similarly the potential energy expression is derived
from the elements stiffness properties and given as:
1
1

= — "L 2
v 2 gEstIst(wle) dx

1
- Klju‘u-’ (A.8)

1

where l(U = .‘I)‘E“Istwiwjdx (A.9)

Finally the Lagrange’s equation will be used to
write the equation of motion of the element.

d_{.al‘.]_ﬂ + & oo (A.10)

dt a(;l aq  8q
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Using the Lagrange’s equation on the element the
mass matrix and stiffness matrix can be calculated to give

equations (A.11) and (A.12) respectively.

156 22L 54 -13L
st [

2 2
pA' t.th. 4L-t 13th -BLnt
[M] = 230 156 -22th (A.11)
SYM 4Lit
12 6L -12 6L
5t 55
EstIst 4Lﬁt -6Lnt ZLst
[K] = —_— 12 -GL“ (A.12)
Lst SYM e 2

Applying the direct stiffness method which implies
that, since the work and energy of a structure are scalar
quantities, the total strain energy of the beam or
structure is the sum of the strain energy contributions of
all of its elements, the individual matrices of the
elements can be assembled.

For this particular example the assembly brings
together two adjacent matrices by adding the elements
(3,3), (3,4), (4,3) and (4,4) of the first matrix to (1,1),
(1,2), (2,1) and (2,2) of the second matrix respectively.
Similarly elements (3) and (4) of the first force vector
are added with elements (1) and (2) of the second force
vector. Performing this assembly sequentially results in
the finite element equation consisting of the mass matrix

and stiffness matrix.
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Solving the above linear sets of equations gives a
number of eigen values and eigen vectors. The eigen vectors
also known as the natural modes are assembled in columns to
form the modal matrix. Using this matrix to transform the
equations to the principal coordinate system q, by
premultiplying with its transform and post multiplying with
the original matrix, the mass and stiffness matrices,
provides a set of decoupled equations.

The above decoupled equations can be easily solved
and transformed to the original coordinate system to give

the mode shapes in world coordinate.




