
Chapter 12
Experimental Investigations to Evaluate
Machining Accuracy
of Ultrasonic-Assisted Milling
on Thin-Walled Structures

Girish Chandra Verma, Pulak Mohan Pandey and Uday Shanker Dixit

Abstract Ultrasonic vibration-assisted milling (UAM) process is one of the most
recent advancements in the area of milling. In axial UAM process, milling cutter
is rotated and simultaneously vibrated in axial direction with high frequency and
small amplitude. As observed experimentally, the superposition of axial ultrasonic
vibrations in milling operation improved the performance of the process by reducing
cutting forces and enhancing surface quality. This study intended to evaluate the
machining accuracy of thin-walled structures milled with and without the assistance
of ultrasonic vibration. Two different types of thin-walled (with straight and curved
geometry) structures were machined by UAM and conventional milling to compare
theirmachining accuracy.Accuracy ofmachined componentswas assessed following
a reverse engineering technique. Experimental results indicated that the superposition
of axial ultrasonic vibrations improved the machining accuracy of the typical milling
process of up to 33%.

Keywords Axial ultrasonic vibration-assisted milling · Thin-walled structure ·
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12.1 Introduction

Accuracy in machining is one of the important requirements in the modern manufac-
turing era. The dimensional and geometric accuracy is one of the most key factors
affecting the functional performance of the product. Machining of parts having low
rigidity (thin-walled structure) with dimensional and geometric accuracy is a major
challenge for the existing manufacturing processes. Accuracy of the machined part
is highly dependent on tool paths and cutting strategies [1].
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Thin-walled structures have large aspect (height to thickness) ratio. A typical
example of thin-walled structure machining is the peripheral milling of a blade of an
impeller. The peripheral milling of such components is difficult, as varying cutting
forces periodically excite vibrations in cutter as well as the product. These process-
generated vibrations in milling process results in dimensional deviation and poor
surface finish [2]. Variation in the cutting force is the major cause of the vibrations
[3]. The vibrations become detrimental when the frequency of the cutting force
variation comes close to the natural frequency of the milling system. This results in
chattering, which has adverse effect on tool and workpiece [4].

Several advancements in the area of milling were made in the recent time to
improve the stability lobes [4]. One of the newly developed techniques is cryogenic
cooling during milling. Experimental studies [5, 6] showed that application of cryo-
genic cooling reduced the secondary shear zone length resulting in lower cutting
forces and improved tool life. Huang et al. [6] studied the effect of cryogenic cool-
ing on the stability lobes in milling of 7075-T6 aluminum alloy. Their experimental
results showed an improvement of 50–100% in stability limits.

Minimum quantity lubrication (MQL) has also been tried with milling in order to
improve the machining responses. Lee et al. [7] applied MQLmixed with nanoparti-
cles and found reduction in surface roughness and cutting forces. The experimental
results [8] confirmed that the formation of thin film in the secondary shear zone
reduced the friction, leading to a better machining performance.

Ultrasonic vibration-assisted milling (UAM) is another technique for improving
themachining performance. InUAM,milling cutter is rotated andvibrated simultane-
ously with high frequency and small amplitude [9]. However, most of the researchers
applied ultrasonic vibration to the workpiece in place of cutting tool [10–13]. The
effect of ultrasonic vibration-assisted cutting on different kind of materials like steel,
glass and brittle ceramics resulted in better surface finish, longer tool life and lower
cutting forces [9, 14, 15]. The researchers [10–12, 16] attributed these advantages to
intermittent cutting effect, which occurs during UAM for a certain range of machin-
ing parameters.

The application of ultrasonic vibrations inmilling operation results in reduced cut-
ting forces and better surface finish [17, 18]. Experimental results [18] showed that
the application of ultrasonic vibration in different direction yielded different results.
Ko et al. [18] observed that the application of ultrasonic vibration in axial, feed as
well as cross-feed directions resulted in reduced cutting forces. However, vibration
in axial and feed direction resulted in high surface finish due to ironing effect [18].
Furthermore, axial vibration was found to be more advantageous as it provided flex-
ibility to perform UAM in any direction with uniform surface finish. Shen et al. [11]
evaluated the effect of ultrasonic vibrations in feed direction by measuring cutting
forces, surface roughness and chip morphology in UAM. Their experimental results
showed that application of ultrasonic vibration caused intermittent cutting, which
allowed cutting fluid to reach the processing area resulting in improved machining
responses. Li and Wang [19] studied the effect of process parameters on tool wear
and surface roughness in UAM of SKD61 tool steel. Their experiments showed that
using axial ultrasonic vibration improved the milling process by reducing tool wear,
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surface roughness and burr height. They also demonstrated that effect of ultrasonic
vibration decreased with increase in rotational speed.

In literature, there is no study on the effect of ultrasonic vibration-assisted milling
on the accuracy of thin-walled components. This work intends to fill up this research
gap by performing ultrasonic vibration-assisted milling on a thin-walled structure
and measuring the dimensional deviation after machining. Al6063 aluminum alloy
was chosen as a work material because of its use in heat conducting fins, which are
thin-walled structures. Two types of thin-walled structures (compound curved and
straight) were machined to evaluate the ultrasonic-vibration effect. These structures
were designed using Creo-parametric softwarewhosemachiningmodule was used to
generate the part program (in terms of G andMcodes) formilling. Optimized process
parameters from the literaturewere chosen formachining the structure. Further, point
cloud data of these structures were captured using reverse engineering technique and
compared with the designed CAD (computer-aided design) model. A 3D white light
scanner (Steinbichler, Comet 5 1.4 M) was used for the reverse engineering. The
cross-sectional view of the point cloud data and CAD showed that employing axial-
ultrasonic vibration in milling process improved its machining accuracy.

12.2 Design and Fabrication of Experimental Setup
and Design of Experiments

In order to perform theUAMwith axial vibration, an experimental setupwas designed
and fabricated. The setup consisted of an ultrasonic vibration-assistedmilling assem-
bly, which can bemounted on the head of CNC (computer numerical control) milling
machine. The assembly consisted of four major components as given in Table 12.1.

Brass provided rigidity to the horn and metalon provided electric insulation. Cop-
per rings provided on the collar were for electric connection to supply power to
piezoelectric crystal. The schematic diagram and actual photo of the designed and

Table 12.1 Description of all the major components of ultrasonic vibration-assistedmilling assem-
bly [20]

Component of the assembly Material of the component Purpose

Collar Metalon Acts as an attachment between
casing and collet

Casing Brass Acts as an attachment between
collar and tool

Tool HSS Acts as a apart of the horn and
performs cutting

Horn assembly AISI 316 Generates and transmits vibration
to the tool through horn
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(a) Schematic diagram (b) Actual assembly (c) Milling tool      

Collet

Copper rings

Collar

Brass casing

Horn

Tool

Piezoelectric 
ceramic

Fig. 12.1 Ultrasonic horn and tool assembly for end milling [20, 21]

fabricated assembly to perform ultrasonic vibration-assisted milling are shown in
Fig. 12.1 [20, 21].

The experimental setup for ultrasonic vibration-assisted milling mainly consisted
of the designed UAM assembly and three-axis vertical CNC milling machine. UAM
assemblywasmounted on the head ofCNCmillingmachine (HytechCNCmachines)
with carbon brush arrangement for the power supply.Workpiecewas rigidlymounted
on the CNC work table with the help of vice. Figure 12.2 shows the designed exper-
imental setup for UAM. Workpieces (of size 70 × 50 × 10 mm3) used in the exper-
iments were prepared from the same billet (made of Al6063 aluminum alloy) to
avoid any error due to difference in material properties. Also, the experiments were
performed in the same ambience with fresh tool (Table 12.2) to minimize the errors.

Previous studies [22, 23] suggested that machining accuracy of thin-walled struc-
ture depended on the cutting forces and the structure stiffness. Therefore, to com-
pare the machining accuracy of UAM and conventional milling (CM), optimal set
of milling parameters (for lower cutting forces) were chosen. These optimized set of
process parameters (Table 12.3) are based on the previous experimental results [21]
(Fig. 12.3).

The ultrasonic power in all the UAM experiments was kept at 1200 W (20 µm
amplitude). The tool path was planned in such a way that in final pass side milling
with optimized machining parameter can be performed on the thin-walled structure.
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Workpiece

Milling tool

Horn

Power supply

Fig. 12.2 Experimental setup for UAM

Table 12.2 Specification of the tool used in the experiments [20]

Tool material Diameter (mm) No. of tooth Helix angle Rake angle Clearance angle

HSS 3 4 30o 10o 5o

Table 12.3 UAM parameters
used in the experiment

Rotational speed Feed rate Radial depth of cut

2625 RPM 10 mm/min 0.2 mm

Fig. 12.3 CAD design of the thin-walled structure, a curved and b straight

In order to evaluate the effect of ultrasonic vibration assistance on the machining
accuracy, two different types (straight and curved) of thin-walled structure were
machined with and without the ultrasonic vibration assistance. After machining, burs
and chips were removed from all the machined components for the measurements.
Figure 12.4 shows the thin-walled structures machined by UAM and CM.
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Fig. 12.4 Machined thin-walled structures: a straight structure machined with UAM, b straight
structure machined with CM, c curved structure machined with UAM and d curved structure
machined with CM

12.3 Measurement and Comparison

In order to measure the accuracy of the machined thin-walled structure, reverse
engineering methodology was used. Reverse engineering refers to the process of
creating the CAD model by acquiring the surface data (by using point cloud data)
of an existing part using a scanning or measurement device. White light scanner
(Steinbichler, COMET 5) (Fig. 12.5) was used for the reverse engineering in the
present case. The obtained CAD models were further used for the inspection of the
accuracy of the machined components.

By measuring the deviation of the machined components with respect to CAD
model, the accuracy was compared. Polyworks®16 software was used for comparing
the obtained point cloud data with the CAD (for G code generation) model. CAD and
point cloud data were further superimposed on each other to evaluate the deviation.
Furthermore, average deviation at the top and bottom sections was calculated from
the sectioned view. Table 12.4 shows the average, maximum and minimum deviation
obtained at the top and the bottom portion of both type of thin-walled structure

White light scanner

Point cloud data

Workpiece

Fig. 12.5 Setup for reverse engineering
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Table 12.4 Comparison of dimensions (all dimensions in mm)

Straight (UAM) Straight (CM) Curved (UAM) Curved (CM)

CAD dimension 0.8 0.8 0.8 0.8

Average measured
dimension (at top)

0.862 0.885 0.832 0.848

Maximum measured
dimension (at top)

0.867 0.893 0.838 0.856

Minimum measured
dimension (at top)

0.856 0.878 0.828 0.842

Average measured
dimension (at bottom)

0.792 0.790 0.788 0.787

Maximum measured
dimension (at bottom)

0.790 0.788 0.786 0.785

Minimum measured
dimension (at bottom)

0.793 0.792 0.790 0.788

machined by UAM and CM. It can be seen that the deviation in the thin-walled
structure is higher at top as compared to the bottom. It is due to bending of thin-
walled structure during machining, resulting in higher deviation at the top and lower
deviation at the bottom [24]. It can also be observed from the results that deviation at
the top is higher for straight thin-walled structure as compared to curved thin-walled
structure (for both UAM and CM). Low rigidity of straight thin-walled structure
caused more bending during machining and resulted in much thicker section at the
top. However, at the bottom, the deviation is almost equal and it is very less as
compared to deviations at the top section.

It can also be seen from the results that the deviations in the thin-walled produced
by UAM are less as compared to those produced by CM. This is due to the lower
average cutting forces inUAMwhich causes lesser deflection in thin-walled structure
and milling tool during machining. As suggested by many researchers [10–12, 16,
21, 25], the lower cutting force in UAM is mainly due to intermittent cutting effect.
From the previous theoretical studies [21, 25], it was found that cutting force in the
UAM reduced up to 50% and it depended on the amplitude of vibration. However,
in present condition an improvement of 33% in dimensional accuracy (in the case of
curved structure) was achieved with application of ultrasonic vibrations (of 20 µm
amplitude). Further, to obtain how deviation varies throughout the machined com-
ponent, variation between point cloud data and CAD was mapped (Figs. 12.6a, b,
12.7a, b). Figures 12.6 and 12.7 show the comparison results (3D and cross section)
for straight and curved thin-walled structure.

Figure 12.6a, b shows the mapped deviation in the straight thin-walled structure
prepared by UAM and CM (gray color for prepared CAD and colored for STL from
reverse engineering). Maximum and minimum deviation is also shown in Fig. 12.6c,
e for UAM and Fig. 12.6d, f for CM. The result shows that in both the cases the
deviation on themachined thinwall is the highest at the edge (93µm for conventional
milling and 67 µm for UAM) and lowest at middle portion (78 µm for conventional
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(a) (b)

(c) (d)

(e) (f)

Max. deviation=94μmMax. deviation=67μm

Min. deviation=56μm Min. deviation=78μm

Max. deviation=56μm

Min. deviation=67μm
Min. deviation=94μm

Max. deviation=78μm

Fig. 12.6 Comparison results for straight thin-walled structure a. with UAM, b. with CM, c. max
deviation at the edge with UAM, d. max deviation at the edge with CM, e. min at the middle with
UAM, f. min at the middle with CM

milling and 56 µm for UAM). This is due to higher stiffness at the middle portion
as compared to the edge which resulted in lower dimensional deviations at middle
portion. However, due to lower rigidity at the edges thin wall is more susceptible
to deformation. Therefore, reduction in milling forces (due to vibration assistance)
has more effect at the edges which results in higher improvement in the dimensional
accuracy.

Figure 12.7a, b shows the mapped deviation in the curved thin-walled structure
prepared by UAM by CM. Maximum and minimum deviations are also shown in
Fig. 12.7c, e for UAM and Fig. 12.7d, f for CM. It was also verified from the com-
parison of curved thin-wall structure that application of ultrasonic vibration resulted
in lower deviations in the machined thin-walled structure. The result also shows that
in both the cases the deviation is highest at the edge (56 µm for conventional milling
and 38 µm for UAM) and lowest at middle portion (42 µm for conventional milling
and 28 µm for UAM) similar to straight thin wall.
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(a) (b)

(c) (d) 

(e) (f)

Max. deviation=56μmMax. deviation=38μm

Min. deviation=28μm Min. deviation=42μm

Min. deviation=28μm Min. deviation=42μm

Max. deviation=38μm Max. deviation=56μm

Fig. 12.7 Comparison results for curved thin-walled structure, a. with UAM, b. with CM, max
deviation at the edge with UAM, d. max deviation at the edge with CM, e. min at the middle with
UAM, f. min at the middle with CM

12.4 Conclusions

In this work, reverse engineering technique was used to compare the dimensional
accuracy ofmilled thin-walled structures and has been foundvery effective in evaluat-
ing the machining accuracy. The machining accuracy of UAM is higher as compared
to conventional milling, resulting in more accurate thin-walled structure. Maximum
improvement of 33% in machining accuracy was achieved in case of curved thin-
walled structure and is mainly due to ultrasonic-vibration assistance. The deviations
at the bottom are lesser as compared to top portion and have insignificant effect of
ultrasonic vibration assistance.
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