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A method of predicting the best
conditions for large-size workpiece
clamping to reduce vibration

in the face milling process

Krzysztof J. Kaliriski, Natalia Stawicka-Morawska™’, Marek A. Galewski & Michat R. Mazur

The paper presents an innovative method of solving the problem of vibration suppression during
milling of large-size details. It consists in searching for the best conditions for clamping the workpiece
based on a rapid modal identification of the dominant natural frequencies only and requires repetitive
changes in the tightening torque of the clamping screws. Then, by estimating the minimum work

of the cutting forces acting in the direction of the width of the cutting layer, it is possible to predict
the best fixing of the workpiece. Application of the method does not require the creation and
identification of a computational model of the process or preliminary numerical simulations. The
effectiveness of this method was confirmed by the evaluation of the Root Mean Square (RMS) of the
vibration level in the time domain observed during the actual face milling process. The worst results
were obtained for the configuration of supports tightened with a torque of 90-110 Nm, and the best—
with a torque of 50 Nm.

The main reason of various problems in the machining process of large-size structures are the relative vibrations
of the tool-workpiece!. Their presence results, in order to prevent deterioration of the quality of the machined
surface, in the necessity to limit the overall productivity of machine tools>™*. Moreover, increased wear and, in
extreme cases, destruction of the tool or workpiece are observed’. In order to reduce the level of vibrations and
thus - to ensure the required surface quality, it was proposed a method of adjusting the rotational speed of the
tool to the optimal angle of phase shift between the inner and outer modulation of the thickness of the cutting
layer®, which speed also results from the condition of minimizing the work of cutting forces in the direction of
the layer thickness”®.

Machine tools developed specifically for large workpieces are characterized by the fact that the operation of
general engineering principles differs significantly from those used on conventional size machines. The demand
for the production of large parts is generally increasing, while the current scientific research results lag behind and
are usually far from the expected requirements in this field’. Numerous methods make it possible to search for
the optimal level of vibrations by considering mainly the phenomena observed in the direction of the thickness
of the cutting layer>~+71%!1_ The latter also applies to the issues of milling large-size objects, important from the
point of view of milling force prediction, machining dynamics including vibration suppression, as well as part
error and surface quality'. Machining deformation of structural parts was a serious issue in part quality control,
with particular emphasis on the machining sequence adjustment to control deformation by taking advantage of a
responsive fixture based machining method'% Deformation data can be monitored during the machining process,
so that the in-process state of the workpiece can be obtained online. Despite the promising results, in the future,
attention should be paid to adjusting the machining sequence to change the machining depth in each individual
layer, and adjusting the machining sequence for different kinds of part structures and more complex constraints.
Predicting the dynamics of a flexible workpiece is a critical factor in milling large-scale thin-walled structures,
and an efficient decomposition-condensation method was developed for this purpose'. The conducted material
experiments have shown that the proposed method, together with the dynamic model, can accurately predict
the stability of the milling process of structures with planes or curved surfaces. In the pocket milling process,
the most flexible point on the workpiece is the center wall area, and this is where the stability should be carefully
checked when planning the process. The above approaches are useful when chatter is predominant.
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Due to the more complicated nature of vibrations during the large-size milling process, the recommended
solution cannot be associated only with the chatter vibration phenomenon. Therefore, a dedicated approach
should take into account not only the natural frequencies accompanying the identified poles of the system, but
also the more important and more intense influence of harmonic frequencies of forced vibrations'*. Neverthe-
less, the importance of forced vibrations in the machining of large-size workpieces has already been noticed’,
and due to the variable thickness of chips and the discontinuous nature of the process, they always occur. While
the improvements in recent years have been amazing, there are still many challenges left, and plenty of room
for further research. Of all possible research topics, it can be concluded that those concerning the precision of
machining and the reduction of cycle time may have the highest priority®.

The subject of the paper is a method of searching for the conditions for minimizing the vibration level of a
tool-large size flexible workpiece, with the same technological parameters of the milling process, but with dif-
ferent workpiece clamping conditions, resulting in different stiffness. Thus, it is a special case of the formulation
of a problem specific to semi-active systems, although the control signals are not explicitly present here. The
problem of ensuring the correct stiffness of the machine tool foundation for machining large-size details has
been solved for example by the optimized sequence of tightening the anchor bolts for a given configuration of
the machine bed and anchor system'>. However, in order to improve the surface quality during the face milling
process, it is more important to optimize the mounting pattern of the workpiece on the machine table based on
the structure of variable stiffness'®. Also, various workpiece holders can affect energy consumption, tool wear,
and surface quality in milling operations'”. For example, increasing the stiffness of the spindle system in the
direction of the feed rate can effectively improve the stability in the up-milling process, while the opposite is
true in the down-milling process'®. Stiffness changes for the two degrees of freedom of a rather smaller milling
system are also performed by piezoelectric stack actuators acting on a rotating tool".

The developed method presented in this paper is different from the ones described in the above-cited lit-
erature because it is assumed that the dominant direction of vibrations is the width of the cutting layer, which
has a significant impact on the quality of the product. Minimizing the work of cutting forces in the direction
of the layer width corresponds to the best conditions for clamping the workpiece, because in the case of stable
machining (no self-excited vibrations), minimizing the level of tool-workpiece vibrations in this direction is of
key importance for obtaining the required accuracy and quality (roughness) of the machined surface. This was
confirmed by the results of experimental tests of the face milling process presented in the article. The original
works cited earlier’® concern the minimization of the cutting forces, but in the direction of the layer thickness.
This prevents the loss of stability and the formation of self-excited chatter vibrations. The considerations of this
article concern stable machining; chatter vibrations do not occur at all here. Hence, the subject of works®® is not
applicable in the current considerations. It is much more important to minimize vibrations towards the width of
the layer. The authors are not familiar with the previous literature studies on the optimization of cutting condi-
tions related to the work of cutting forces in the direction of the layer width.

Methods

The proposed method consists in determining the best conditions for clamping the workpiece with the use of
rapid modal analysis of the workpiece, performed only to identify its dominant natural frequencies. However,
the effective application of the developed solution requires the provision of repeatable conditions for fixing the
object, e.g. by measuring the tightening torque of the mounting screws with a dynamometric spanner. The pro-
posed method of determining the influence of the tightening torque consists in linking its value with the natural
frequencies of the object mounted on the machine table, identified on the basis of the experimentally determined
Frequency Response Function (FRF). It is a credible assessment because experimental tests have shown that the
condition of fastening repeatability is met, especially when determining the frequency of the maximums of the
FREF characteristic. In this way, it is possible to experimentally determine, for a given workpiece, a family of static
characteristics "tightening torque - natural frequencies", showing the influence of the tightening torque on the
dynamics of the tested system. The latter also makes it attractive from an economic point of view. Due to the
fact that knowledge of the computational model of the machining process is not required, the implementation
of the solution can take place with minimal financial outlays. The prior approach of completely loosening and
re-tightening the next screws® is of less practical importance due to the risk of failure to repeat the fastening state.

The developed innovative solution is based on (Fig. 1):

® Measurement of impulse vibration characteristics (FRFs) in a previously selected part of the workpiece
mounted on a machine tool and determination of the frequency of the dominant peaks in the amplitude
spectrum;

® Determination of the best variant of clamping the workpiece from the condition of estimating the minimum
work of cutting forces in the direction of the width of the cutting layer. This is an original, so far unpublished
proprietary approach. It is an extension of the idea presented in the patent description®!, due to taking into
account the work of cutting forces coming from a finite number of teeth of the tool currently in contact with
the workpiece;

e Implementation of the machining process according to the best variant of the workpiece clamping.

The motivation to calculate the work of the cutting force in the direction of the width of the layer (correlated
with the depth of cutting) is due to the fact that this direction is consistent with the direction of normal vibra-
tions to the machined surface, the level of which directly determines the surface quality (geometric accuracy,
roughness). The lower the vibration level in the direction of the layer width, the better the quality of the machined
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Figure 1. Scheme for finding the best conditions for fixing the workpiece by minimizing the work of cutting
forces.

/
A ! Fu2 ¥z
Yo

Fyl‘l v Go

: )’11" /

~——\
workpiece

7 i
T PoA
Ly 1
i/ i |Be
R i %
oD ! "
/n ! B;
Vv Py
R '

Figure 2. Scheme of a face milling of a large-size flexible workpiece.

surface is observed. This was confirmed by the results of experimental tests (vibration measurements) during
the considered milling processes.

Cutting process dynamics.
piece (Fig. 2), was carried out based on the following assumptions

A dynamic analysis of the face milling process of a large-size flexible work-
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e The spindle, together with the milling cutter (tool) fixed in the holder, and the table with the workpiece,
are separated from the machine tool structure. The constant spindle speed is n, while the feed speed of the
workpiece is v. The remaining parts of the milling machine are recognized as ones whose influence can be
neglected”*10.

e Only the ﬂex1b11ity of the workpiece is considered. The latter applies in particular to a large-size flexible
workpiece processed with a rigid tool**.

® Coupling Elements (CEs) are used to model the dynamic interaction of the cutting process between the edges
of the selected teeth and the workpiece.

® An effect of first pass of the tooth’s edge along cutting layer causes proportional feedback, and the effect of
multiple passes causes delayed feedback additionally.

Mechanistic modeling of the cutting force is applied to estimate the components of the cutting force .

Thus, for instantaneous contact point between the chosen tool edge and the workpiece (idealized by CE no. 1),
proportional model of the cutting dynamics is included®*. In contrast with the previous considerations”?, the
three-dimensional proportional model of the machining process dynamics was adopted'*. Based on this model,
the cutting forces depend proportionally on instantaneous cutting layer thickness h(t), and also on instantaneous
cutting layer width b,(t); both of them vary in time. According to the direction of the action, we separate cutting
force component F,; acting along nominal cutting speed v,, cutting force component F,, acting along cutting
layer thickness, and additionally—cutting force component F,;; acting along cutting layer width. These cutting
force components are described by relationships'***:

kabi () (t), hy(t) > 0 A by(t) > 0,
Eyn(6) :{ hi(t) < 0V by(t) <0, M

3 wunkabi(Oh(t), hi(t) > 0 A bi(t) > 0,
Bp(t) = { 0, : hi(t) <0V bi(t) <0, @

uikabi®)hi(t), h(t) > 0 Ab(t) > 0,
Fyis(t) = { 0 hi(t) < 0V by(t) < 0, @)
where:
bi(t) = bp — Ab(t), (4)
hi(t) = hpi(t) — Ah(t) + At — 7)), 5)

bp—desired cutting layer width, b, = a,/sin,, Ab(t)—dynamic change in cutting layer width for CE no. L, hp(t)—
desired cutting layer thickness for CE no. I, hp,(t) = f, sink, cosg,(t), Ah(.)—dynamic change in cutting layer
thickness for CE no. ], k;—average dynamic specific cutting pressure for CE no. I, yj, p;;—cutting force ratios
for CE no. [, as quotients of forces F,;, and F,;;, and forces F;; and F,;, 7—time-delay between the same position
of CE no. /and of CE no. /-1, a,—desired depth of cuttmg, K —cuttlng edge angle, y,—rake angle in orthogonal
plane of the edge, «, clearance angle in orthogonal plane of the edge, ¢,(f)—immersion angle of tooth no. , i.e.
angular position of CE no. I, f,—feed per tooth; f, = vf/ (zn), z—number of teeth of the mﬂhng tool.
The description of cutting forces for CE no. [ in six-dimensional space takes the form'*:

Fi(t) = F)(t) — Dp(H) Awi(t) + Doy(t) Awy(t — 1), (6)
where:
Fl(t) = COl(Fyll (t)) FylZ(t)) FylS(t)) 07 0) 0)) (7)
F)(t) = col(kabphpi(t), ik abphpi(t), wiskgbphpi(t),0,0,0), (8)
0 kg(bp — Abi(t))  kathpi(t)
Dy () = | O #ekatbp = Abi(®) piokahpi(t) 033 ©)
P 0 wiskg(bp — Abi(t)) jizkghpi(t) ’
03><3 03><3
0 ka(bp — Abi(t)) 0
0 kg (bp — Abi(t)) 0 0343
Doi(t) = >
O =1 0 piska(bp — Aby(1)) 0 (10)
03x3 033
Aw;(t) = col(gu(t), Ahy(t), Ab(1),0,0,0), (11)
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Aw(t — 1) = col (qz(t — 1), Ahy(t — 1), Aby(t — 1),0,0,0), (12)

and: g, (¢)—relative displacement of edge tip and workpiece along direction y;, at instant of time ¢, g (t — 77)- rel-
ative displacement of edge tip and workpiece along direction yj, at instant of time t—;.

Minimizing the work of cutting forces. A method is being sought to minimize the level of tool-work-
piece vibrations. The only source of energy supporting the vibration is the work of forces in the cutting process.
Hence, one should strive to meet such process conditions that the work is minimal. If the number of j; teeth of
the cutting tool is taken into account, we determine this work from the relationship”®:

i
L(t) = Z/FlT(t)dsz, (13)
I=1

and then, after considering the expression (6):
i
T
Lty=>_ / ((F,O(t)) — Awl (DL () + Aw] (1 - mD&(r))dAwl. (14)
I=1

The above equation is universal, because it takes into account the work of cutting forces in different directions,
as well as the non-stationarity and non-linearity of the computational model. The latter considerably complicates
the problem of searching for an unambiguous condition for minimizing the vibration level. To deal with this, it
is proposed to make some simplifications, namely:

e Consideration of the temporary stationary positions of the teeth of a cutting tool with a uniform pitch, rela-
tive to the workpiece in the extreme unfavorable case. Of course, this is a certain simplification of the time-
varying milling process, because we intend to operate a description that ignores the change of the structure
conﬁguration over time;

® Assuming the hypothesis that the level of vibration of the workpiece in the direction normal to the machined
surface is determined by the work of the cutting force of edge no. [ in the direction of the width of the layer
y13> and the work in the other directions, i.e. thickness of the layer y,, and cutting speed y;,, is omitted;

e The influence of dynamic changes in layer thickness (see, Eq. (5)) is ignored, i.e. hj(t) = hp;(t). Observations
made during the measurement of vibrations of the tested cases of milling flat surfaces showed that in each
of them we are dealing with stable machining; chatter vibrations do not occur at all. The above justifies the
desirability of ignoring the regenerative vibrations in the direction of the layer thickness, in particular the
regeneration effect of the trace, which is a potential cause of loss of stability and the occurrence of self-excited
chatter vibrations;

® In the case of machining large-size workpieces, the vibration level in the direction of the layer width is much
lower than its nominal value, i.e. |[Ab;(t)| < bp;

e From the mathematical point of view, the energy dissipation effect was omitted in the considerations.

Based on the above assumptions, the instantaneous layer thickness depends only on the kinematic cutting
conditions, i.e. it is a function of the frequency of the cutting edge entering the material:

. 27n 2
hpi(t) =fzsm|<rcos(ﬁt +o+d- 1)7), (15)

where: ¢;—immersion angle of tooth no. 1 (i.e. angular position of CE no. 1), being in contact with the workpiece,
and the expressions (11) and (12) will take the forms respectively:

Aw(t) = col(gy(t),0, Ab(1),0,0,0), (16)

Aw(t — 11) = col(qa(t — 17),0, Abi(t — 17),0,0,0). (17)
Then we calculate the differential of expression (16), that is to say:
dAw(t) = col(0,0,dAb(1),0,0,0). (18)

After taking into account equations (7), (8) and (14), (15), (16), (17) and (18), the work of forces after taking
into account j; cutting edges in the cutting process will take the form:

i

. 2mn 2 |Ab (1) <D,

L(b) =Z/M3lkdlfz sin k, cos <Wt—|—(p1 +(d- 1)7)(bD—Abl(t))dAbl(t) =P
=1

i
2 2
= Z/M31kd1fz sin k,bp cos <6—Ont +o1+1- 1)7)dAbl(t).
I=1
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We observe here a complex state of vibrations excited by variable forces, depending on changes in the direc-
tion of the thickness of the layer with the frequency of the cutting edge entering the material, and in the direction
of the layer width—with a combination of natural vibrations of the tool-workpiece, i.e.:

iOt
Abi(t) =) Abiy(t), (20)
a=1
where:
Abiy (t) = ADY, sin(wgt), (21)

Ab),, wg—amplitude and angular frequency of natural vibration component no. o, observed for tooth (CE) no. I.
Calculating the differential of expression (20), we get:

I im
dAbi(t) = dAb(t) =Y Abp,wacos(wat)dt, (22)

a=1 a=1

and subsequently—work of cutting forces:

i iy
. 2nn 2
L(t) = ZE_I /I,L3lkdlfz sin, bp cos (Wt +o1+ (- 1)7) ag_l Ab?aa)o, cos (wy t)dt
N @
2 2
= § E //L31kd1fz sinKrbDAb?awa cos (%t +o1+ 10— 1)—7[) cos(wgy t)dt.
z

a=1 =1

Due to the complex nature of the exciting force, it is impossible to separate the steady-state forced vibrations
and transient vibrations in the cutting process. The above means that the assigned work (23) has a periodic
character. Thus, if the optimality conditions are determined for an assumed undamped system, they will also be
met when energy dissipation occurs in the system.

Based on Eq. (23) we calculate the work of the cutting forces of i teeth being in contact with the workpiece
during one period of only harmonic vibrations with angular frequency wy:

21

o

i
. 2ntn 27T
Ly = Z / warkaif, sin K,bDAb?aa)a cos (Et +o1+ 10— 1)7) cos (wq t)dt
I=1

. (24)
i wg
2 2
= Z watkqf; sin K,szAb?awa /cos (%t +o1+1- 1)—71) cos (wy t)dt.
=1 ; z
After transformation, the definite integral in formula (24) will take the form:
2
T2 2
/cos Lnt +o1+ 10— 1)—7{ cos(wqt)dt
60 Z
0 (25)
1 4&’—0" _ [4n’n 27 ) 2
= - > sin +o1+1—-1)— ) —sin{e; +1—-1)— ) |.
2 (2%! ) _ a)é 60wy zZ zZ

Hence, after taking the dependence (25) into account, the work of the cutting forces (24) will be:

i n 2
30 4 2 2
Ly = E uykdlfzsinkrbDAb? Wo - —2 . sin rn +o1+1- l)i —sin| ¢ + (1 — l)i .
= TR e N\ ’ :

(26)
If we assume the duration of the process T, then the work of component no. & performed during this time
will be:
~ T Twg
Ly = Z)ELO[ = o L. (27)

The duration of the process T should be relatively short so that the assumed instantaneous positions of the
tool edges do not change significantly.

On the other hand, the work performed by all the components i, during the duration of process T will take
the form:
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Figure 3. Research object: (a) workpiece assembly, (b) simplified scheme, accelerometers and fastening screws
positions are highlighted.

o T o Tf ioc i n A7
_ o _ 1 : 0 2 30 :
L= E lL(X = E ILO(wa =5 g E waikaifzsink,bp Ab, w;, P . <51 (60 )
xX= =

=1 [=1 (W)z — Wy

2 1Y, Znf2 (2
—sin ((pl + (- 1)771))} f Z Z |:;L31kd1fzsmkrbDAb ( %;gf—fo? (Sll’l ( 0% +o1+ - 1)—)

x=1 [=1
. 2w
—sin ((pl + (- 1)7>>},

wherein: w, = 27f,, and f, is the frequency [Hz] of vibrations of component no. c.

Assuming identical and unchanging values of the coefficients kg and w3 for all milling cutter teeth, i.e.:
U3 = 3 = const, kg = kg = const, we will obtain a transformed function of the work of cutting forces in the
direction of the layer width:

(28)

_ L

I=— -
fz ;/.3lkd51n|<r (29)

and then, after taking into account the dependency (28), following cost function:

iy

ZZbD N n)fa_f {sin{zg—fn-l-cpl—l-(l—l)z?ﬂ}—sin{(pl—l-(l—l)z?n}}. (30)

a=1 I=1

Minimizing the cost function (30), due the natural frequencies fy,o = 1,. .., iy, which results in an estimate
of the minimum work of cutting forces in the direction of the width of the layer, makes it possible to predict the
best configuration of the workplece mounting. With the exception of the hard to determine and therefore gener-
ally estimated values of AbY,, the others are explicitly defined on the basis of the properties of the milling process.

Results
The experimental research concerned the investigation of the dynamic behavior of a large workpiece (total dimen-
sions 2061 x 1116 x 540 mm, mass 370 kg) made of STW22 03M steel (Fig. 3a). The mechanical properties of
such steel according to the European Standard PN-EN 10111:2008 are: yield strength Ry, = 170-360 MPa, tensile
strength R,, = 440 MPa, elongation A = 22-28 %. And its chemical composition is: C—max. 0.12%, Mn—max.
0.6%, P—max. 0.045%, S—max. 0.045%. The workpiece, selected from the common production program of
one cooperating industrial company, was clamped on the table of the MIKROMAT 20 V portal milling center.
During face milling of two surfaces 1 and 2 (Fig. 3b), relative vibrations at the conventional point of contact S
(Fig. 2) of the workpiece and tool were investigated only for the milled surface 1. The dimensions of the surfaces
were: length—1778.5 mm, and width—58 mm (Fig. 4). Full face milling of surface 1 was first performed by the
tool starting from the vicinity of accelerometer 22 to accelerometer 25. The next step was down milling by the tool
moving in the opposite direction (i.e. starting from the vicinity of accelerometer 25). These two passes formed
one complete operation. Milling was performed using a Sandvik R390-044C4-11M060 face milling cutter with a
diameter of ¢44 mm, containing 4 indexable inserts R390-11 T3 08M-PM 1130 with a nose radius of 0.8 mm, a
helix angle of the main cutting edge of 12° and a cutting edge angle of x, = 90°. In fact, in the construction of the
cutting force models (Fig. 2), some simplifications have been made, which, however, did not have a significant
impact on the results obtained in the article. And so, the omission of the non-zero nose radius resulted in an
error in the radial position of the assumed CE no I (i.e. R=D/2=22 mm) not exceeding 3.6%, and the omission
of the non-zero helix angle - an error in determining the maximum immersion angle ¢,(t) in the direction of the
mill axis (along a,=1 mm) not exceeding 1.1°. These simplifications did not affect the estimation of the cutting
force work function (30) at all.
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Figure 4. A scheme of face milling of surface 1. The left side of the drawing concerns the full milling pass, and
the right side—the down milling pass. The assumed stationary positions of the teeth (CEs) being in contact with
the workpiece are marked with numbers in circles.

In* was described the applied configuration of the measuring equipment and the sampling frequency of all
signals was 10 kHz (during cutting experiments) and 15 kHz (during modal tests).

In order to determine the dominant vibration frequencies for different fixing conditions and to select the
best one, it is necessary to measure and register the data obtained from modal tests. The measuring points were
selected in such a way as to be able to record measuring signals mainly along the milled surface. And so, accel-
erometers 22, 23, 24, 25 and 32 were placed inside the workpiece along surface 1. Changes between subsequent
support configurations consisted in tightening the fastening screws (I-IV) with the same torque measured by
dynamometric spanner. The remaining (eleven) supports of the workpiece were not marked in Fig. 3b, and the
values of their tightening torques were not changed during experiments.

Modal identification. Experimental modal tests of the workpiece were performed with the use of modal
hammer for a series of impacts induced close to accelerometer 32. The values of FRF were determined using the
H3 estimator (the average of standard H1 and H2 estimators). The FRF resolution was 0.5 Hz.

There are shown the force-displacement FRFs and the coherence functions for surface 1 (Fig. 5) when research
object was fastened with selected torques ranging from 50 to 130 Nm. The scope of changes in the tightening tor-
ques of fasteners of the workpiece, defined in this way, due to the tests carried out under production conditions,
resulted from the program of activities of the industrial partner. Hence, the search for the best mounting variant
was possible from a finite set of fasteners at various tightening torques used in production practice. Consequently,
it was not possible to extend the range of potential tightening torques in the scope of the planned tests. During
the analysis of surface 1, the focus was on data from the accelerometer 32 located in the center of the surface. The
reason is that the vibrations in the assumed area should be the greatest during machining. Hence, their reduction
should be decisive due to the overall level of vibrations when milling the entire surface. The frequencies in the
vicinity of the expected harmonic frequencies in relation to the frequency of the teeth entering the material and
the other potential natural frequencies of the workpiece were assumed as significant. This selection was made
on the basis of knowledge about the planned tool rotation speed n = 1300 rpm, the previous modal analysis of
the workpiece and the frequency analysis of former machining cases.

From the point of view of the analysis of vibrations occurring during machining, the most important are the
forms of low-frequency vibrations, especially those that cause significant displacement values. For the tested
workpiece, these frequencies are up to 500 Hz. On the other hand, the coherence function for frequencies below
75 Hz are low and these spectral ranges are practically useless from the point of view of identifying dominant
frequencies.

Minimizing the work of cutting forces. For the purpose of minimizing the work of cutting forces, the
related cost function described by the formula (30) was used. In Table 1 are presented, for milling of surface 1,
the calculated values of this cost function at the different tightening torques of fastening screws in the range
from 50 to 130 Nm, and dominant frequencies in the amplitudes displacements’ spectra, after double integration
of the accelerations recorded with accelerometer 32. For an extremely unfavorable configuration of the cutting

teeth, here are assumed (Fig. 4), in case of full milling—z = 4, iy = 7,4 = 2, ¢, = —45° = —7, but in case of
down milling—z = 4,i, =7,ij =1, ¢ =22° = 212778. Minimum value of the cutting forces’ work along direc-

tion of the cutting layer width was obtained by tightening all four fixing screws with a torque of 50 Nm (bold
values) and maximum—by tightening them with a torque of 110 Nm (values underlined).

It follows from the above considerations that the best predicted condition for mounting the workpiece on the
machine table results from tightening the mounting screws with a torque of 50 Nm.
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Figure 5. Force-displacements FRFs and coherence functions for surface 1 for all mounting screws tightened
with the torque of: (a) 50 Nm, (b) 70 Nm, (c) 90 Nm, (d) 110 Nm, (e) 130 Nm.

Tightening torque [Nm] | 50 (70 [ 90 (10 130
Spindle speed 7 [rpm] 1300
by, Ab)), [mm] 1.0,0.03
f, [Hz] 1330 |1335 |1335 |1335 | 1340
£, [Hz] 1736 |1740 |1750 |1755 |1725
f, [Hz] 2245 |2265 |2315 |2350 2345
£, [Hz] 240.5 |2480 |2505 |2520 |2515
£, [Hz] 2615 |2630 |2650 |2650 |2655
. [Hz] 3140 | 3155 3170 |3185 |3185
£, [Hz] 3850 | 3650 |3710 |373.0 |3726
_ Full milling
L[mm? rad/s]

~22.99 ‘ ~22.94 ‘ ~22.76 ‘ -22.67 ‘ -2273
= Down milling
L[mm? rad/s]

~12.91 ‘ ~12.89 ‘ —1281 ‘ ~12.76 ‘ ~12.79

Table 1. Values of the cost function (30) for milling of surface 1.
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Figure 6. Displacements of vibrations of the workpiece during full milling, obtained on the basis of
measurements from accelerometers located along surface 1 at tightening the mounting screws with a torque of:
(a) 50 Nm, (b) 110 Nm.
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Figure 7. Displacements of vibrations of the workpiece during down milling, obtained on the basis of
measurements from accelerometers located along surface 1 at tightening the mounting screws with a torque of:
(a) 50 Nm, (b) 110 Nm.

Some attention should be given to trying to solve the problem by finding the overall contribution of the FRFs
at the tooth passing frequency based on the modal testing results, and then finding the minimum value by com-
paring the FRF values at different clamping torques. However, modal FREF tests are performed on a workpiece
that has not yet been machined. Then the FRF maxima correspond only to the natural frequencies of the object,
and the amplitude corresponding to the frequency of the cutting edge entering the material and its harmon-
ics may be located in another, less recognizable place of the characteristic. The possibility of its determination
depends on: sensitivity of the FRF characteristic and spectrum resolution. The sensitivity of the FRF characteristic
determined in this way to changes in the fixing conditions in places that do not correspond to the maxima of
this characteristic is low and thus prevents a reliable identification of the best fixing conditions. Especially since
the characteristic is reproducible for the same mounting conditions, but only in terms of the frequency values
corresponding to the maxima. However, it is not repeatable in terms of FRF amplitudes. In addition, the limited
resolution of the spectrum (on the order of 0.5 to 2 Hz, depending on the object and measurement parameters)
seriously reduces the chance of “hitting” the FRF characteristic in the amplitude corresponding to the frequency
of the cutting edge entering the material. And the rounding to the abscissa corresponding to the nearest one
resulting from the spectral resolution may indicate another, non-optimal fixture. Moreover, since the vibrations
of the tool-workpiece are supported by the work of the cutting forces, depending on the instantaneous thickness
and the instantaneous layer width (formula (30)), all the frequencies occurring in this formula are important, not
only those related to the frequency of the cutting edge entering the material and its harmonics. The estimated
work of the cutting forces depends on all of these frequencies.

Implementation of the face milling process for different cases of the workpiece mounting. In
order to assess the accuracy of predicting the best conditions for fixing the workpiece, signals of vibration accel-
eration during the process of face milling of the surface of a large-size workpiece were recorded (Fig. 3b). Then,
the displacement plots were obtained by double integration of the recorded signals. The depth of cutting was
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Full milling Down milling

Tightening torque [Nm] (50  [70  [90 [110 [130 |50 [70 o0 [110 [130
Sensor no Displacements [p m] Displacements [ m]

22 0.388 |0.528 |0.415 |0.405 |0.217 |1.120 |1.326 |1.036 |1.058 |0.620
23 0.629 |0.737 |0.904 |0.732 |0.663 |1.478 |2.009 |2.121 |2.555 |1.949
32 0.838 | 1.001 |1.217 |1.061 |0.983 |2.107 |2.774 |2.893 |3.381 |2.624
24 0.673 [0.702 |0.771 |0.706 |0.592 |1.570 |2.042 |2.068 |2.154 |1.678
25 0.338 [0.332 |0.288 |0.342 |0.194 |0.634 |0.876 |0.734 |0.674 | 0.480
Average 0.573 |0.660 |0.719 |0.649 |0.530 |1.382 | 1.805 |1.770 |1.964 |1.470

Table 2. RMS values of the vibrations’ displacements during full and down milling of surface 1 for different
fixing conditions. Best results are shown in bold, but adverse results are underlined.

a, =1 mm, the rotational speed of the tool was n=1300 rpm, and the feed speed was v;= 600 mm/min. During
the measurements, a very low level of vibrations was observed, apart from the tool entry and exit zone which did
not exceed 2 g (acceleration) and 2 um (displacement).

In Figs. 6 and 7 are shown the time plots of vibration displacements for example variants of fixing workpieces,
where Root Mean Square (RMS) values are marked for the areas recognized conventionally for the vicinity of a
given accelerometer. The displacements were determined by double integration of the acceleration signal (the
signal filtered with an ideal high-pass filter with a cut-off frequency of 25 Hz) for each of the 5 accelerometers
placed along the machined surface.

With regard to the application of RMS, one could of course consider using other quantities to evaluate the
vibration level in a face milling process. It should be noted, however, that the analyzed process is non-stationary
and strongly non-linear, which results in a complex state of relative vibrations of the tool-workpiece. Therefore,
other evaluation methods, based on e.g. in steady state frequency analysis, they are not applicable here. The RMS
of displacements is the best and most accurate measure of the vibration level assessment in the problem under
study. Its value is strongly correlated with the parameters characterizing the quality of the machined surface. The
higher the RMS value, the worse the geometric accuracy and surface roughness are'*.

The RMS results of the vibration displacements are summarized in Table 2. The obtained results of the tool-
workpiece vibration measurements in the face milling process confirm the accuracy of predicting the best fixture
of the workpiece under the condition of minimizing the work of cutting forces in the direction of the layer width.
For full milling of surface 1, the prediction results are consistent with the RMS values of displacement from
accelerometer 32 (the best RMS 0.838 pum versus 1.217 um for the adverse scenario). In the case of down mill-
ing, in addition to the readings of accelerometer 32 (the best RMS value 2.107 um compared to 3.381 um for the
adverse variant), this compliance is additionally confirmed by the average RMS displacements obtained on the
basis of the readings of all accelerometers on the surface (the best RMS value 1.382 um compared to 1,964 um
for the adverse case). The worst results were obtained for the configuration of supports tightened with a torque
0f 90-110 Nm, and the best - with a torque of 50 Nm.

Conclusion

An innovative method of solving the problem of vibration suppression during milling of large-size details by
predicting the best conditions for clamping the workpiece on the milling machine table is developed in the
paper. A successful solution is obtained at the off-line stage, just before the routine milling process, based on a
mechanistic model of the cutting process and determination of the dominant amplitude peaks in the spectra
obtained as results of modal tests.

Consideration of the stationary positions of the cutting tool with a uniform teeth pitch, in relation to the
workpiece in extremely unfavorable cases, turned out to be useful from the point of view of the search for opti-
mal conditions for clamping the workpiece. It was not a significant obstacle to replace the time-varying milling
process with a description that ignored the structure configuration changes over time. Despite the adopted
assumptions regarding the stationarity of the computational model of the milling process, the minimization of
the cost function, which result in the estimation of the minimum work of cutting forces in the layer width direc-
tion (30), enables effective prediction of the best configuration of the workpiece mounting.

The obtained results of tool-workpiece vibrations in the face milling process, evaluated on the basis of the
RMS values of vibrations in time domain, confirm accuracy of predicting the best conditions for fixing the work-
piece. The effectiveness of the tool-workpiece vibration supervision was confirmed in the process of industrial
milling of large-size details, based on the clamping conditions determined in the off-line approach.
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