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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Aerospace-grade alloys such as Inconel 718 are widely used in the airspace industry primarily thanks to their excellent mechanical properties at 
high temperatures. However, these materials are classified as ‘difficult-to-machine’ due to their high shear strength, tendency to work-harden 
and presence of carbide particles in their microstructure, which lead to rapid tool wear. In addition, low thermal conductivity of Inconel 718 
requires appropriate thermal management to prevent temperate-induced tool failure. Post-machining, it is important to assess structural integrity 
of machined parts. Machining-induced residual stresses in the machined part is an important parameter as it can be used to assess overall 
structural resilience and the propensity of a part to suffer fatigue failure. To improve structural integrity of machined parts, various non-
conventional machining techniques have been introduced over the years. Ultrasonically assisted turning (UAT) is a hybrid machining 
technique, in which tool-workpiece contact conditions are altered by imposing ultrasonic vibration (typical frequency ~20 kHz) on a cutting 
tool’s movement in a cutting process. Several studies demonstrated successfully the resulting improvements in cutting forces and surface 
topography. However, a thorough study on UAT-induced residual stresses is missing. In this study experimental results are presented for 
machining Inconel 718 using both conventional turning (CT) and UAT with different cutting speeds to investigate the effect on cutting forces, 
surface roughness and residual stresses in the machined parts. Our study indicates that UAT leads to significant cutting-force reductions and 
improved surface roughness in comparison to CT for cutting speeds below a critical level. The residual stresses in machined workpiece show 
that UAT generates more compressive stresses and reduces tensile stresses when compared to those in CT. Thus, UAT improves the overall 
machinability of Inconel 718. 
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/)  
Peer-review under responsibility of the International Scientific Committee of the 8th CIRP Conference on High Performance Cutting (HPC 
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Introduction 

Aerospace-grade alloys such as Inconel 718 are extensively 
used in the airspace industry primarily because of their 
excellent mechanical properties at high temperatures [1]. 
However, poor machinability of Inconel 718 makes it 
difficult-to-machine due to its low thermal conductivity, 

ability to work-harden and its tendency to adhere to tool 
material [2]. 

Components made of this Ni-based alloy are expected to 
work in severe environments, thus, assessing structural 
integrity becomes essential. Surface topography, and residual 
stress are important to define component quality [3]. It is well 
documented that residual stresses contribute directly to 
premature failure of components [4]. 

 

Available online at www.sciencedirect.com 

ScienceDirect 
Procedia CIRP 00 (2018) 000–000 

  
     www.elsevier.com/locate/procedia 

   

 

 

2212-8271 © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/) 
Peer-review under responsibility of the International Scientific Committee of the 8th CIRP Conference on High Performance Cutting (HPC 2018).. 

8th CIRP Conference on High Performance Cutting (HPC 2018) 

Effect of hybrid machining on structural integrity of 
aerospace-grade materials 

 Wei Baia,b, Anuj Bishtc, Anish Royb,*, Satyam Suwasc, Ronglei Suna, Vadim V. Silberschmidtb

  
aThe State Key Lab of Digital Manufacturing Equipment and Technology, School of Mechanical Science and Engineering, 

Huazhong University of Science and Technology, Wuhan, 430074, China 
  bWolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough University, Leicestershire, LE11 3TU, UK

cDepartment of Materials Engineering, Indian Institute of Science, Bangalore, 560 012, India  

* Corresponding author. Tel.: +441509227637. E-mail address: A. Roy3@lboro.ac.uk  

Abstract 

Aerospace-grade alloys such as Inconel 718 are widely used in the airspace industry primarily thanks to their excellent mechanical properties at 
high temperatures. However, these materials are classified as ‘difficult-to-machine’ due to their high shear strength, tendency to work-harden 
and presence of carbide particles in their microstructure, which lead to rapid tool wear. In addition, low thermal conductivity of Inconel 718 
requires appropriate thermal management to prevent temperate-induced tool failure. Post-machining, it is important to assess structural integrity 
of machined parts. Machining-induced residual stresses in the machined part is an important parameter as it can be used to assess overall 
structural resilience and the propensity of a part to suffer fatigue failure. To improve structural integrity of machined parts, various non-
conventional machining techniques have been introduced over the years. Ultrasonically assisted turning (UAT) is a hybrid machining 
technique, in which tool-workpiece contact conditions are altered by imposing ultrasonic vibration (typical frequency ~20 kHz) on a cutting 
tool’s movement in a cutting process. Several studies demonstrated successfully the resulting improvements in cutting forces and surface 
topography. However, a thorough study on UAT-induced residual stresses is missing. In this study experimental results are presented for 
machining Inconel 718 using both conventional turning (CT) and UAT with different cutting speeds to investigate the effect on cutting forces, 
surface roughness and residual stresses in the machined parts. Our study indicates that UAT leads to significant cutting-force reductions and 
improved surface roughness in comparison to CT for cutting speeds below a critical level. The residual stresses in machined workpiece show 
that UAT generates more compressive stresses and reduces tensile stresses when compared to those in CT. Thus, UAT improves the overall 
machinability of Inconel 718. 
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/)  
Peer-review under responsibility of the International Scientific Committee of the 8th CIRP Conference on High Performance Cutting (HPC 
2018). 

 Keywords: Ultrasonically assisted turning; Machinability; Residual stress; Service performance; Inconel alloy 

 
Introduction 

Aerospace-grade alloys such as Inconel 718 are extensively 
used in the airspace industry primarily because of their 
excellent mechanical properties at high temperatures [1]. 
However, poor machinability of Inconel 718 makes it 
difficult-to-machine due to its low thermal conductivity, 

ability to work-harden and its tendency to adhere to tool 
material [2]. 

Components made of this Ni-based alloy are expected to 
work in severe environments, thus, assessing structural 
integrity becomes essential. Surface topography, and residual 
stress are important to define component quality [3]. It is well 
documented that residual stresses contribute directly to 
premature failure of components [4]. 

https://creativecommons.org/licenses/by-nc-nd/4.0/


164 Wei Bai et al. / Procedia CIRP 77 (2018) 163–166
2 Author name / Procedia CIRP 00 (2018) 000–000 

Ultrasonically assisted turning (UAT) is a promising hybrid 
machining process enhanced significantly in comparison with 
conventional turning (CT) techniques that yields improved 
machinability of various difficult-to-machine materials [5-10] 
as well as improved tool performance [11]. However, few 
researchers studied the effect of residual stresses of machined 
components produced with UAT. Sharma and Pandey [12] 
reported the effect with machining and vibration parameters 
on residual stresses in UAT of 4340 hardened steel. Nestler 
and Schubert [13] studied surface properties in UAT of 
particle-reinforced aluminium-matrix composites. Ahmed et al. 
[14] investigated hardness and residual stresses under 
machined surface in UAT of Inconel 718. Nanoindentation 
analysis demonstrated that the level of hardness of the surface 
layer in UAT was less than that in CT and closer to the 
hardness of the bulk material, which was also validated by Bai 
et al. [15]. However, they reported that the residual stresses in 
UAT were higher in comparison to CT. To the best of the 
authors’ knowledge, no experimental investigation of residual 
stresses in UAT was carried for Inconel alloy. 

In the current work, experimental investigation of 
machinability, especially for residual stresses generated by 
UAT in Inconel 718 is performed. Section 1 describes the 
experimental work, including details of the setup; and tools 
used, workpiece properties and experimental methodology. 
Experimental results such as cutting forces, surface 
topography and residual stresses are discussed in Section 2. 
The paper ends with some concluding remarks in Section 3. 

1. Experimental setup and procedures 

All experiments were performed on a modified lathe with 
the capability of CT and UAT as shown in Fig. 1. A coated 
cemented-carbide tool (DCMT 11T304-MF1105) was fixed 
on the ultrasonic machining device, which generated 
mechanical vibration with a frequency, f, of 18.11 kHz and 
peak-to-peak amplitude, App, of 8.4 μm. A three-component 
Kistler dynamometer (Type 9257B) was employed to measure 
the cutting forces. Since the acquisition frequency of the 
dynamometer (of 3.5 kHz) is much lower than the imposed 
ultrasonic frequency, the measured cutting forces were 
essentially averaged over time. Cutting forces in tangential, 
radial and feed direction represent the cutting, thrust and feed 
forces of the cutting tool. 

 
Fig. 1. Experimental setup of ultrasonic machining assembly. 

Inconel 718, a high-strength corrosion-resistant nickel- 

chromium material, was used in our studies.  
Several experiments were carried out by varying the cutting 

speed, feed rate, depth of cut and vibration amplitude as listed 
in Table 1.   

Table 1. Cutting conditions of turning experiments. 

Exp. 
No 

Cutting 
speed 

(m/min) 

Feed rate 
(mm/rev) 

Depth of 
cut (mm) 

Vibration 
amplitude 

(μm) 
1 20 

0.08 
0.12 

8.4 

2 30 
3 40 
4 

20 

0.16 
5 0.25 
6 

0.08 

0.20 
7 0.28 
8 0.12 6.7 
9 4.9 

Cutting forces were recorded for each experiment and 
averaged to assess the nominal cutting force for each 
machining condition. Surface topography of the machined 
surface was analysed with an Alicona InfiniteFocus system.  
Residual stresses on the surface of as-turned samples were 
measured for both CT and UAT using an X-ray diffraction 
(XRD) based technique. The measurements were carried out 
with Bruker D8 discover using Co Kα radiation operating at 
40 kV and 40 mA. A sin2ψ method was used for calculation of 
uniaxial residual stress. 

2. Results and discussion 

2.1 Cutting forces 

The measured levels of cutting forces were compared in CT 
and UAT for various machining parameters (Fig. 2). Each set 
of machining parameter was carried out with axial turning 
with a distance of ~6 mm on the workpiece. Maximum and 
minimum forces obtained from a time-averaged cutting force 
plot were presented. Application of ultrasonic vibration 
brought a significant reduction in cutting forces, especially for 
the tangential force component. For cutting speed of 20 m/min, 
which is less than the calculated critical speed πfApp (=28.7 
m/min), a noticeable reduction in all force components was 
observed (Fig. 2(a)). The cutting force in CT decreased with 
an increase in the cutting speed from 20 m/min to 40 m/min. 
In contrast, the cutting force in UAT increased which an 
increase in the cutting speed from 20 m/min to 30 m/min, 
since higher speeds imply more tool time contact (less 
separation) for each vibratory cycle of the tool. When the 
cutting speed exceeds the critical speed, UAT essentially 
reduces to a CT process as tool separation vanishes 
completely. Thus, the extent of decline for cutting force with 
ultrasonic vibration decreased from 53% at 20 m/min to 22% 
at 30 m/min and 17% at 40 m/min. Analysis of varying the 
feed rate indicated, that the cutting and thrust forces in both 
CT and UAT increased with an increase in the feed rate (Fig. 
2(b)). However, the decline of the cutting force reduced form 
53% at 0.08 mm/rev to 29% at 0.16 mm/rev and 18% at 0.25 
mm/rev. With an increase in the depth-of-cut, a similar trend 
for the cutting force was observed (Fig. 2(c)). The reduction of 
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cutting force for greater depth of cut at 0.2 mm and 0.28 mm 
were only 25% and 28%, respectively. The effect of varying 
the vibration amplitude is shown in Fig. 2(d), where amplitude 
of 0 μm represents the CT process. Apparently, a reduction of 
cutting forces increased with an increase in the imposed 
vibration amplitude. In summary, an optimized set of 
machining parameters exists, with the cutting speed less than 
the critical speed, low feed rate and depth-of-cut with a large 
superimposed amplitude, to yield the highest force reductions 
in turning of Inconel 718. 

 
Fig. 2. Cutting forces in CT and UAT for various machining parameters. 

2.2 Surface roughness and topography 

As an important indicator of surface quality, surface 
roughness of a finished component was assessed by repeating 
the measurements at least three times to obtain averages and 
standard deviation. Comparison of surface roughness Ra for 
both CT and UAT with different machining parameters is 
shown in Fig. 3. Based on the measurements in Fig. 3(a), 
surface roughness increased slightly in CT and UAT with an 
increase in the cutting speed from 20 m/min to 40 m/min. 
When varying the feed rate, the magnitude of Ra increased 
significantly for both CT and UAT (Fig. 3(b)). In addition, the 
reduction of Ra with ultrasonic vibration decreased from 47% 
at 0.08 mm/rev to 34% at 0.16 mm/rev, then 17% at 0.25 
mm/rev. This is due to the fact that the lower feed rate 
induced a shorter distance of adjacent tool path and lower 
residual height, which ultimately reduced greatly due to the 
polishing effect (the reciprocating motion of tool flank on the 
machined surface) in UAT. The depth-of-cut did not affect 
surface roughness visibly in CT (Fig. 3(c)). But for UAT, a 
larger depth-of-cut led to higher surface roughness. Thus, the 
reduction for machining with ultrasonic assistance reduced to 
25% at 0.28 mm. For the varying vibration amplitude, the 
comparison of surface roughness is shown in Fig. 3(d). It is 
evident that the larger amplitude led to a greater reduction of 
surface roughness.  

Surface topography of machined samples was observed 
with laser microscope and the 2D fields are shown in Fig. 4. 
The colour bars demonstrate that UAT produced lower 
average residual height of the machined surface. 

 
Fig. 3. Surface roughness in CT and UAT for various machining parameters. 

 

Fig. 4. Comparison of surface topography in: (a) CT; (b) UAT. 

2.3 Residual stresses 

Residual stresses were measured using XRD on the 
machined sample surface; the detailed results are given in Fig. 
5. Five different incident angles were measured in each test 
and stress was determined by the sin2ψ method. The gradient 
of the inter-planar spacing vs. sin2ψ curve showed a good 
linear relationship in each test. Tensile residual stresses were 
generated during both CT and UAT of Inconel 718 alloy. At a 
cutting speed of 20 m/min, feed rate of 0.08 mm/rev and 
depth-of-cut of 0.12 mm the tensile residual stress of 769.7 
MPa was measured in CT. In contrast, the application of 
ultrasonic vibration at 8.4 μm led to a lower tensile residual 
stress of 435.9 MPa. Thus, UAT can reduce the tensile 
residual stress of machined surfaces for Inconel 718 alloy, 
improving their fatigue resistance. The microcipping action of 
the cutting tool during UAT probably induces compressive 
stresses during the machining process thus reducing the 
otherwise tensile residual stress from standard turning 
operations. Additionally, other vibration modes may have 
been excited with the driving frequency, generating small-
amplitude vibrations in the radial and feed directions. It is 
known that mechanical impacts in radial direction can cause 
compressive residual stress. Consequently, the lower tensile 
residual stress was measured on machined surface in UAT. 
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Fig. 1. Experimental setup of ultrasonic machining assembly. 

Inconel 718, a high-strength corrosion-resistant nickel- 

chromium material, was used in our studies.  
Several experiments were carried out by varying the cutting 

speed, feed rate, depth of cut and vibration amplitude as listed 
in Table 1.   
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Cutting forces were recorded for each experiment and 
averaged to assess the nominal cutting force for each 
machining condition. Surface topography of the machined 
surface was analysed with an Alicona InfiniteFocus system.  
Residual stresses on the surface of as-turned samples were 
measured for both CT and UAT using an X-ray diffraction 
(XRD) based technique. The measurements were carried out 
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40 kV and 40 mA. A sin2ψ method was used for calculation of 
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reduces to a CT process as tool separation vanishes 
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feed rate indicated, that the cutting and thrust forces in both 
CT and UAT increased with an increase in the feed rate (Fig. 
2(b)). However, the decline of the cutting force reduced form 
53% at 0.08 mm/rev to 29% at 0.16 mm/rev and 18% at 0.25 
mm/rev. With an increase in the depth-of-cut, a similar trend 
for the cutting force was observed (Fig. 2(c)). The reduction of 

 Author name / Procedia CIRP 00 (2018) 000–000  3 

cutting force for greater depth of cut at 0.2 mm and 0.28 mm 
were only 25% and 28%, respectively. The effect of varying 
the vibration amplitude is shown in Fig. 2(d), where amplitude 
of 0 μm represents the CT process. Apparently, a reduction of 
cutting forces increased with an increase in the imposed 
vibration amplitude. In summary, an optimized set of 
machining parameters exists, with the cutting speed less than 
the critical speed, low feed rate and depth-of-cut with a large 
superimposed amplitude, to yield the highest force reductions 
in turning of Inconel 718. 

 
Fig. 2. Cutting forces in CT and UAT for various machining parameters. 

2.2 Surface roughness and topography 

As an important indicator of surface quality, surface 
roughness of a finished component was assessed by repeating 
the measurements at least three times to obtain averages and 
standard deviation. Comparison of surface roughness Ra for 
both CT and UAT with different machining parameters is 
shown in Fig. 3. Based on the measurements in Fig. 3(a), 
surface roughness increased slightly in CT and UAT with an 
increase in the cutting speed from 20 m/min to 40 m/min. 
When varying the feed rate, the magnitude of Ra increased 
significantly for both CT and UAT (Fig. 3(b)). In addition, the 
reduction of Ra with ultrasonic vibration decreased from 47% 
at 0.08 mm/rev to 34% at 0.16 mm/rev, then 17% at 0.25 
mm/rev. This is due to the fact that the lower feed rate 
induced a shorter distance of adjacent tool path and lower 
residual height, which ultimately reduced greatly due to the 
polishing effect (the reciprocating motion of tool flank on the 
machined surface) in UAT. The depth-of-cut did not affect 
surface roughness visibly in CT (Fig. 3(c)). But for UAT, a 
larger depth-of-cut led to higher surface roughness. Thus, the 
reduction for machining with ultrasonic assistance reduced to 
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Fig. 3. Surface roughness in CT and UAT for various machining parameters. 

 

Fig. 4. Comparison of surface topography in: (a) CT; (b) UAT. 

2.3 Residual stresses 

Residual stresses were measured using XRD on the 
machined sample surface; the detailed results are given in Fig. 
5. Five different incident angles were measured in each test 
and stress was determined by the sin2ψ method. The gradient 
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the cutting tool during UAT probably induces compressive 
stresses during the machining process thus reducing the 
otherwise tensile residual stress from standard turning 
operations. Additionally, other vibration modes may have 
been excited with the driving frequency, generating small-
amplitude vibrations in the radial and feed directions. It is 
known that mechanical impacts in radial direction can cause 
compressive residual stress. Consequently, the lower tensile 
residual stress was measured on machined surface in UAT. 
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Fig. 5. Influence of parameters on residual stress in CT and UAT. 

A reduction of tensile residual stresses was obtained with 
the increasing cutting speed in CT (Fig. 5(a)). However, the 
residual stress was maintained at various cutting speeds in 
UAT. A decline of surface residual stresses with various feed 
rates in both CT and UAT is shown in Fig. 5(b). A higher feed 
rate led to a larger cutting force (Fig. 2(b)), thus mechanical 
loading generated more compressive residual stresses. Fig. 5(c) 
shows that no visible changes of residual stresses occurred 
with a varying depth-of-cut in both CT and UAT, as many 
researchers reported with other materials [16, 17].   

3. Conclusions 

A study of the effect of a hybrid machining technique with 
ultrasonic vibration on machinability and structural integrity 
of Inconel 718 alloy was performed with various machining 
parameters. Noticeable improvements in machinability of 
Inconel 718 were obtained using UAT. The major conclusions 
of the study are as follows: 
• Appropriate machining parameters, with a cutting speed 

below the critical speed, a low feed rate and a depth-of-cut 
along with higher vibration amplitude can reduce the 
cutting force significantly in UAT.  

• UAT improves surface roughness notably for various 
machining parameters. The reduction of surface roughness 
by UAT decreases with increases in the feed rate and the 
depth-of-cut.  

• From an XRD analysis, UAT generates more compressive 
stresses and reduces the overall tensile stresses when 
compared to those in CT.  
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