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Abstract

Because of its poor rigidity, a thin-walled casing can easily cause chatter during the cutting process, which seriously affects the
efficient processing of the casing, so some measures are needed to suppress the flutter. In this paper, a dynamic model of flexible
fixtures for thin-walled casings is presented. This model differs from the analysis of casings with rigid fixtures. A new flexible
fixture has been designed based on the principle of multiple dynamic vibration absorbers. A hybrid dynamic model of the lumped
mass method and the finite element method for thin-walled casings and flexible fixtures has been developed, and the effect of
flexible fixtures on the vibration suppression of thin-walled casings is analyzed. To verify the model, a typical thin-walled casing
is taken as an example, and the accuracy of the dynamic model is verified by the comparison between the modal test results and
the simulation results. The simulation and experimental results show that the model can effectively reflect the dynamic response
of thin-walled casings under the flexible fixture. With a flexible fixture, the corresponding amplitude of the frequency response of
the casing is reduced, and the frequency is shifted to the right. Through cutting experiments, it is found that the low-order
vibration amplitude of the system is reduced by nearly 20 times and the coupling vibration amplitude of the cutter and the
workpiece is reduced by nearly 5 times with a flexible fixture. Finally, it is also noted that flexible fixtures are an effective
measure to suppress casing flutter.
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1 Introduction

The casing is an important component of aero-engines.
Casings have complex shapes and structures and the charac-
teristics of thin-walled cylindrical parts. The primary casing
material is usually difficult to machine. Because of its poor
rigidity, high strength of materials, and difficult processing
characteristics, serious chatter may occur during processing,
which makes it difficult to meet the design requirements of
accuracy and surface quality. It also limits the processing
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efficiency of the casing. Therefore, suppression of chatter in
the processing of thin-walled casings and improvement of
manufacturing technology are challenging and a topic of ac-
tive research.

The efficiency of the actual processing of thin-walled
casing parts is often improved by various methods. Many
scholars have done much work for this purpose. For the
processing of thin-walled parts, they have focused mainly
on using multi-point supporting rigid fixtures, increasing
damping, optimizing cutting parameters, predicting cut-
ting chatter, active and passive controls, and other
methods [1-10]. Aoyama et al. [1] used low melting point
materials to support thin-walled flexible parts uniformly at
multiple points and restrained the elastic deformation of
parts during processing. Rai et al. [2] introduced a verifi-
cation model of a milling process based on the finite ele-
ment method. By considering the influence of fixture,
operation sequence, tool path, and cutting parameters,
the thin-wall deformation and elastic deformation of parts
during the milling process were simulated and predicted.
Gao et al. [3] noted that the stiffness of thin-walled curved

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-019-04696-w&domain=pdf
mailto:wxing292@163.com

4282

Int J Adv Manuf Technol (2020) 106:4281-4291

Fig. 1 Casing structure and
equivalent finite element model. a
Physical casing structure. b
Equivalent finite element model
of casing

() Physical casing structure

surface parts changes during processing. The choice of
different tool paths may cause complex machining defor-
mation, which affects processing quality. A deformation
control strategy based on tool path was proposed by
Kolluru et al. [4] and Rashid et al. [S], who studied the
effect of adding dampers to suppress chatter during mill-
ing. An active vibration control system was established by
Zhang et al. [6] with a laser displacement detector and a
voice coil motor (VCM). The vibration of a thin-walled
flexible workpiece was actively controlled. An active con-
trol loop for cutting tools was designed, which improved
the material removal rate of milling by one order of mag-
nitude. Parus et al. [7] also proposed an active control
system in which damping was introduced into the system.
The linear quadratic Gauss algorithm and a piezoelectric
actuator were used to suppress vibration in the cutting
process. The principle of feedback control is adopted in
active control, which can adjust the system continuously
and has strong adaptability, but the realization scheme is
complex. Liu [8], Zhang [9], and Li [10] made chatter
predictions for the cutting process of thin-walled parts,
and Zhang [9] used different flutter detection thresholds
based on workpiece geometry, tool path, and dynamic
characteristics to identify flutter. The current research
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(b) Equivalent finite element model of casing

focuses on prediction, and there are few studies on how
to control and suppress vibration. Tuysuz et al. [11] noted
that the dynamic response of thin-walled parts is related to
cutting path and tool position. A reduced-order time-do-
main dynamic update model based on finite element sub-
structure and perturbation methods was used to predict the
frequency variation of thin-walled blades along the mill-
ing path. The research mainly focuses on vibration control
of thin-walled flexible workpiece and adjusts cutting pa-
rameters to a certain extent. Up to now, vibration prob-
lems in thin-walled parts machining process are still im-
portant constraints and difficulty, which directly affect the
accuracy, efficiency, and upgrading of products and fur-
ther research is needed.

It is a meaningful exploration to control cutting vibra-
tion of thin-walled casing by innovative design of flexible
fixture. However, the research on the vibration of thin-
walled casing and fixture during the milling process is
insufficient, and the active design of flexible fixtures
lacks theoretical calculation and experimental basis.
Zeng et al. [12] pointed out that the chatter during the
milling process can be minimized by designing a reason-
able fixture position, a proper force acting mode, and a
limited number of fixture units, but the effect of the

Table 1 Modal analysis results
Order | Freq/Hz Mode Order | Freq/Hz Mode
diagram diagram
1 462. 08 4 923. 53
2 554.99 5 1342.70
3 790. 53 : @ 6 1807. 89
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Fig. 2 Schematic diagram of casing and the auxiliary flexible fixture

damping is not considered. In fact, the damping charac-
teristics of the whole workpiece-fixture system directly
determine the dynamic characteristics of the processing
system. Ma et al. [13] proposed a dynamic analysis model
to determine the influence of the damping coefficient on
the dynamic response of thin-walled workpieces during
processing. A semi-active control flexible fixture based
on magnetorheological fluid (MRF) was proposed to sup-
press the processing vibration. However, the above fixture
implementation scheme is complex and difficult to solve,
and may not be suitable for the requirements of engineer-
ing simplification. Therefore, it is necessary to study the
anti-vibration performance of flexible clamps for the pro-
cessing of thin-walled casings.

In this paper, a new flexible fixture has been designed
based on the principle of multiple dynamic vibration ab-
sorbers. A hybrid dynamic model of the lumped mass method
and the finite element method for thin-walled casings and
flexible fixtures has been developed. The effect of flexible
fixtures on the vibration suppression of thin-walled casings
is analyzed. Finally, it is verified by cutting experiments.

2 A dynamic model of flexible fixtures
for thin-walled casings

2.1 Design of a flexible fixture for a typical
thin-walled casing

The three-dimensional structure of a typical thin-walled cas-
ing is shown in Fig. 1a. The casing is positioned and clamped
by four bolts on the flange; the 3-2-1 principle is applicable to
it. The equivalent finite element model of the casing is shown
in Fig. 1b. The material is a superalloy with physical proper-
ties as follows: elastic modulus 199.9 GPa, Poisson’s ratio 0.3,
and density 8240 kg/m’>. The outer diameter of the casing is
412.70 mm, the inner diameter is 409 mm, the thickness is
1.85 mm, the height is 129.70 mm, and the mass is 10.664 kg.
The constraints set by the finite element model are zero dis-
placement constraints at the flange block at the bottom of the
casing. The natural frequencies and modal shapes of the thin-
walled casing are calculated by the block Lanczos method, as
shown in Table 1. By analyzing the modal modes of different
casing wall thicknesses (blank-roughing workpiece, semifin-
ished workpiece), it is found that the modal modes of work-
pieces have high similarity, which provides ideas for research
on vibration suppression and fixture design by similar
methods.

Setting high-speed milling conditions at spindle speeds of n
=5000-9000 r/min and end milling cutter teeth of z = 4-6, the
research focuses on the vibration mode and cutting stability of
thin-walled casings in the excitation frequency range of 300 to
1000 Hz. According to the results of finite element analysis,
the vibration modes of the casing in this range are up and
down extension (462.08 Hz), triangular extension (554.99
Hz), and quadrangular extension (923.53 Hz). The local mode
shapes of clamp holding points that correspond to the third
natural frequency are not the focus of this paper. According to
the results of finite element analysis, in addition to the flange
being positioned and clamped by four screws, an auxiliary
flexible fixture is designed as shown in Fig. 2. In general,
the fixture consists of five parts: rubber belt (rubber spring
damper), torsion spring (energy storage element), pressing
block, rotating shaft screw, and frame connecting rod.
Among them, the pressing block is in contact with the rubber

Fig.3 Equivalent dynamic model
of the flexible fixture
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Fig. 4 Equivalent dynamic model of the casing and the flexible fixture. a Finite element mesh model of the auxiliary flexible fixture. b Finite element
mesh model of the casing and the auxiliary flexible fixture. ¢ Equivalent dynamic model of the casing and the flexible fixture

ring under the pretightening force of the torsion spring and can
adapt to the change of the casing surface; the frame connecting
rod forms a polygonal structure to support the casing.
Considering the engineering simplification, the six connecting
rods form a hexagonal frame structure, which is tightly fixed
on the casing and the damping rubber belt.

2.2 Equivalent dynamic model of casing and flexible
fixture

The vibration absorption principle of the tuned mass damper
(TMD) is to connect the damper (including mass, spring, and
damper) to the main structure and transfer the energy of the
main structure to the TMD through inertia to reduce the vibra-
tion of the whole system. In the establishment of an equivalent
dynamic model of the flexible fixture, the coupling effect be-
tween the fixture and the thin-walled casing is not considered
and the casing is set as a rigid body. The characteristics of the
flexible fixture make it equivalent to a dynamic model
consisting of multiple dynamic vibration absorbers, as shown
in Fig. 3.

The equations of the abovementioned dynamic models can
be listed as shown in Egs. (2.1), (2.2), and (2.3).

MX =-KX-CX + ff,- + fin (2.1)
=1

mE; =~k (z; — X) —¢;(z;, — X) (2.2)

fi=k(z,— X) +c;(z;— X) (2.3)

Table 2  The relationship between torsion spring force and angle

Torsion spring angle Spring coefficient Rotation angle

225° 324.16 52.5°
270° 319.23 75°
300° 316.03 90°

@ Springer

In these equations, M is the mass of the casing struc-
ture; C and K are the damping and spring stiffness, re-
spectively; m;, c¢;, and k; are the mass, damping, and
spring stiffness of the damper; X is the vibration displace-
ment of the main structure; x; is the displacement of the
tuned mass damper; f; is the action force of a single tuned
mass damper acting on the casing structure; f,(¢) is an
excitation force imposed externally. By solving the above
equations, the parameters of multiple dampers can be ob-
tained quantitatively, and the vibration reduction effect of
the parameters of the flexible fixture on the casing can be
analyzed. However, actual engineering structures such as
thin-walled casings are more complex, and the vibration
of the casing and the vibration of the flexible fixture are
coupled. Here, the finite element model is used to calcu-
late and analyze. The finite element model of the flexible
fixture is shown in Fig. 4a. The finite element mesh mod-
el of the casing and the flexible fixture is shown in Fig.
4b.

The torsional force of the torsional spring of the actual
fixture mainly depends on its elastic coefficient. The tor-
sion spring is equivalent to the spring element, as shown
in Fig. 4c. The forces acting at different torsion angles are
shown in Table 2. From the table, it is seen that the force
produced by the torsion spring with an angle of 300° is
larger than at the lower torsion spring angles. The calcu-
lation shows that at a torsion spring angle of 300°, the
frictional force between the auxiliary fixture and the rub-
ber belt, and the rubber belt and the casing, is not less
than 118 N, which is more than 20 times the weight of the
auxiliary fixture. This ensures that the vibration-reducing
auxiliary fixture is firmly fixed in the required installation
position during the processing.

Because the connecting rods of fixture frame are de-
signed with a lightweight and high rigidity material, their
mass is less than 5% of the casing mass, their rigidity is
higher than that of the thin-walled casing by more than
two orders of magnitude, and their deformations are
neglected. Therefore, to simplify the analysis, the frame
consisting of connecting rods is equivalent to a rigid
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element. The mass of fixture truss and other parts is
equivalent to the mass element distribution applied on
elastic rubber rings, where the lumped masses are located
in the action area of the inclined plate. The rotating shaft
is connected by a screw, which is tightened and simplified
to be integrated with the connecting rod. The rubber
spring damper, as an internal support, has certain rigidity
and adaptability to the inner wall of the casing. Under the
pre-pressure of the torsion springs and the pressing
blocks, it may produce large deformation. In the equilib-
rium state, rubber spring has produced pre-denaturation
and supported the thin-walled casing. In this case, the
deformation caused by external cutting vibration belongs
to a small deformation state, which satisfies the hypothe-
sis of small deformation to a certain extent and can be
equivalent to linear elastic vibration.

Thus, a hybrid dynamic model of the lumped mass
method and the finite element method for thin-walled cas-
ings and flexible fixtures has been developed, as shown in
Fig. 4c. In the simulation process, the elasticity of the
clamp is adjusted by adjusting the elastic coefficient of
the torsion spring, and the damping of the whole system
is measured by modal test. Then, the damping ratio is
calculated by the half power bandwidth method of the
spectrum diagram. In this paper, the damping ratio of
the auxiliary flexible fixture system is 3.6%, and that of
the non-auxiliary fixture system is 0.16%.
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Fig. 7 Experimental device diagram

3 Effect of a flexible fixture on the dynamic
response of a thin-walled casing

The frequency response of nodes is simulated in different
positions of the outer ring of the casing when the knife tip acts
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Fig. 6 Comparison of frequency response analysis results of node 5421 under two working conditions
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on TCP 1 (shown in Fig. 4). Under the same constraints, two
working conditions were compared: one with a flexible fixture
and the other without a flexible fixture. The results of the
frequency response analysis of each point without a flexible
fixture are shown in Fig. 5 and that of each point with a
flexible fixture is shown in Fig. 6.

The results of frequency response analysis shown in Fig. 5
a and b at each point of the two working conditions are com-
pared as shown in Fig. 5c. With the flexible fixture, the cor-
responding amplitude of the frequency response at each point
of the casing decreases, and the frequency shifts to the right.
Among them, the peak value and frequency change of the
frequency response curve are the first, the second, the fourth,
and the sixth order.

Consider node 5421 as an example to compare the
results. As shown in Fig. 6, the first peak frequency of
node 5421 with flexible fixture shifts from 461 to 524 Hz,
and the peak value decreases by 1/3. The second peak
frequency shifts from 553 to 606 Hz, and the peak value
decreases by 2/5. The fourth peak frequency shifts from
921 to 956 Hz, and the peak value decreases by 1/2. The
sixth peak frequency shifts from 1757 to 1811 Hz, and the

Effective value :1(&8[11/.‘{‘)

(a) Vibration of torsional spring force acting region

peak value does not change. Considering that the corre-
sponding frequency of machine tool flutter is not more
than 2000 Hz and that the results of the frequency analy-
sis are truncated at 2000 Hz, other higher order frequency
response results are not the focus of this paper and are
ignored.

4 Analysis of cutting experiments
4.1 Vibration analysis of casing during cutting

To analyze whether the designed auxiliary fixture can change
the dynamic characteristics of the whole structure, cutting ex-
periments were carried out to verify the change of the mass,
stiffness, and damping of the whole structure.

The D165 high-speed milling machine has the advantages
of high cutting speed, high processing efficiency, and suitabil-
ity for the processing of thin-walled parts used in aviation. A
D165 high-speed milling machine is selected as the experi-
mental platform. The experimental device is shown in Fig. 7.
To obtain the vibration signals of the tool and the casing, two

m/s?

Effective value =194m /s ?

(b) Vibration of the nontorsional spring force region

Fig. 9 Vibration during milling. a Vibration of torsional spring force acting region. b Vibration of the nontorsional spring force region
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Fig. 10 Tool frequency response curve and vibration signal of each tooth. a Tool frequency response curve. b Vibration signals of each tooth

accelerometers are embedded outside the tool spindle, and
four accelerometers are installed on the surface of the casing.
Two accelerometers are also installed in the torsional spring
area and the nontorsional spring area to measure the difference
in vibration amplitudes between the torsional spring force and
the nontorsional spring force. Simultaneously, in order to ob-
tain adequate data to analyze the frequency components dur-
ing tool rotation, a sampling frequency of 216 kHz is selected
to collect acceleration signals. Because the casing is a hard-to-
machine superalloy, the cutting parameters are o, = 0.5 mm

@ Springer

and a, = 0.2 mm. The spindle speed of the machine tool is
6000 r/min. A carbide 4-tooth end milling cutter with TiC
coating is used for milling. The cutting length of the cutter is
25 mm, the total length of the cutter is 75 mm, and the diam-
eter of the cutter is 10 mm.

The RMS value is used to measure the vibration ampli-
tude during milling, as shown in Fig. 8. According to the
measured acceleration RMS value, the RMS value of the
vibration signal after fixture installation is 5.1 times lower
than that without the fixture and 1.5 times lower than that
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Fig. 11 Three-dimensional spectral array obtained from the short-time FFT of the acceleration signal. a Three-dimensional spectral array of the short-
time FFT of the acceleration signal with fixture. b Three-dimensional spectral array of short-time FFT of acceleration signal without fixture

Fig. 9. From the results of the analysis, it can be seen that
the vibration amplitude of the torsional spring force action
zone is approximately the same as that of the nontorsional
spring force action zone, which effectively ensures the

with only the rubber belt. To better determine the role of
torsional spring force in restraining vibration, the vibration
of torsional spring force area and nontorsional spring force
area during the milling process is analyzed, as shown in
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consistency of processing and further improves the pro-
cessing accuracy. As an aside, it is also seen that the tor-
sional spring force increases the stiffness and damping near
the action point area.

4.2 Coupling analysis of tool and workpiece

Analyzing the dynamic coupling response between the tool
and the workpiece is an important means to detect the effect of
vibration suppression. By forced excitation, the frequency re-
sponse curve of the tool used in the experiment is shown in
Fig. 10a. In the cutting process, the coupling of the vibration
between the cutter and the workpiece can be clearly seen by
analyzing the vibration signal of the milling cutter, as shown
in Fig. 10b.

By amplifying the acceleration signal of the vibration ofthe
workpiece, the vibration of each tooth of the cutter during
milling can be clearly seen. As seen from Fig. 10b, the interval
between each tooth of the cutter is 2.4 ms, while the milling
time of the cutter is 0.01 s. Therefore, the time interval for the
coupling analysis between the cutter and the workpiece is set
to 1.4 ms, so that the coupling vibration of the workpiece and
the cutter can be clearly observed, from when the cutter con-
tacts the workpiece, until the cutter leaves the workpiece. The
three-dimensional spectra of the milling process under three
working conditions are shown in Fig. 11.

Analysis of Fig. 11 shows that the vibration amplitude of
the clamp is reduced by nearly 20 times, and the coupling
vibration amplitude of the tool and the workpiece is reduced
by nearly 5 times than that of the clamp without fixture.

5 Conclusion

In this paper, a hybrid dynamic model of flexible fixtures for
thin-walled casings is proposed, which analyzes the chatter
associated with cutting thin-walled casings. A typical thin-
walled casing has been taken as an example, and the influence
of flexible fixture on the vibration suppression performance of
the thin-walled casing is analyzed. The accuracy of the dy-
namic model is verified by comparing the modal test results
with simulation results.

The simulation results show that the model can effectively
reflect the influence of a flexible fixture on the dynamic re-
sponse of a thin-walled casing. With a flexible fixture, the
peak value of the frequency response curve at each point of
the casing decreases, and the frequency shifts to the right. The
cutting experiments show that the low-order vibration ampli-
tude of the flexible fixture system is reduced by nearly 20
times, and the coupling vibration amplitude of the tool and

@ Springer

the workpiece is reduced by nearly 5 times than without the
fixture.

The actual test results are affected by the clamping position
and contact state, the rigidity of the flexible fixture frame, the
rubber thickness, and the elastic force of the torsion spring
during the processing of the casing. This analysis simulates
several typical states. Under similar clamping conditions, the
influence of a flexible fixture on the frequency response of
each point of the casing is studied. For practical engineering
applications, different working conditions have been consid-
ered for calculation and comparison.
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