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Abstract 

All fabrication techniques utilized to manufacture metallic parts modify the surface integrity of the part. 

Complementary machining is a relatively recent machining strategy characterized by combining metal cutting and 

mechanical surface treatment. Typically, it implies that after conventional machining, the cutting insert is used reversely 

to modify the surface by local plastic deformation. To improve product performance, mechanical surface treatment is 

an additional phase in the manufacturing process chain that usually results in longer production times and higher costs. 

As a result, a variety of hybrid techniques have been created, such as complementary machining, which has the benefit 

of using conventional machine tools and their associated cutting tools. The study on complementary machining is 

reviewed in the article. The main focus is to assess the viability of complementary machining to modify surface integrity 

for enhanced properties by specifically establishing its effect on tool wear, surface roughness, microhardness, fatigue, 

microstructure, and residual stress state. 
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1. Introduction 

A component's desired forms can be produced within 

specified dimensional tolerances and surface quality 

standards using a variety of manufacturing techniques 

used in industry. The most important surface integrity 

parameters that are imparted by tools employed 

extensively in machining processes, and particularly for 

their finishing versions, are surface topography and 

texture [1]. In the sense that the proper manufacturing 

technique must be applied in order to get good 

functionally oriented surfaces, this needs to be looked at 

from two perspectives: the process control and the 

tribological function. The management of related texture 

types produced by different processes presents an 

opposing issue, too. The latter and the machine tools must 

both improve as a result of these techniques. 

Since the dawn of machining, the characterisation and 

analysis of engineering-surface texture have created a 

perplexing metallurgical problem that remains unsolved 

to date. Furthermore, when considering high-precision or 

functional performance requirements [2], the complexity 

of surface textures necessitates a comprehensive 

description both globally and at various levels. Surface 

texture has historically been utilized more as an indicator 

of process variation due to damaged machining elements, 

machine tool vibrations, tool wear, and other factors than 

as a gauge of machined component performance [1]. In 

industrial practice, a reliable method and the specification 

of the arithmetic average 𝑅𝑎, were deemed enough. 

New production tolerances have been imposed by 

evolving technological advancements, but a thorough 

understanding of tribological phenomena suggests the 

necessity of functional surface characterization, which 

would lead to an increase in parameters [2].  

Several studies have been carried out in the literature 

to provide a succinct and precise description of surface 
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texture, with a particular focus on the connection between 

profile characteristics and manufacturing process factors 

[2]. Surface topology, or the arrangement of textures 

according to their shapes, has been the subject of a 

thorough examination into the potential of several 

manufacturing research objectives. The following factors 

determine how difficult it is to achieve the necessary 

surface quality [3]:  

• The the connection between the necessary surface 

function and surface quality; 

• Choosing the production process and putting the 

ideal process parameters into practice; and 

• The the assessment of appropriate representative 

surface properties. 

The majority of modern technologies rely on the 

unique characteristics of certain solids for their processes 

to operate satisfactorily. These qualities are primarily bulk 

properties. These characteristics, however, are superficial 

characteristics for a crucial class of occurrences. Because 

its surface should perform several engineering roles in a 

range of difficult settings, this is important for wear-

resistance components [4]. The behavior of a material is 

influenced by its surface, contact area, and operating 

environment. A field of study known as surface science 

has developed to completely comprehand surface 

characteristics and they effects on the operation of 

different parts, apparatuses, and machines. 

Simply put, the outermost layer of an entity is called 

its surface. The transition layer between two or more 

entities that differ in any or both of their physical or 

chemical characteristics is referred to as an interface [4]. 

Any system with abrupt changes in density, crystal 

structure, orientation, chemical composition, and ferro- or 

para-magnetic ordering is said to have a surface or 

interface, according to Hudson [5]. Riviere [6] and Walls 

[7] discovered that high-resolution microscopy, along 

with physical and chemical techniques, can be used to 

closely investigate surfaces and interfaces. This insight 

led to the development and application of numerous 

testing devices, ranging from basic to quite complex. In 

order to satisfy their natural interest about surface and 

interface contact phenomena, humans have created these 

tools. 

Any type or degree of surface and interface interaction 

between two or more things can be studied within the field 

of surface science. Physical, chemical, electrical, 

mechanical, thermal, biological, geological, astronomical, 

and even emotional connections are all possible [8]. The 

classification of a number of significant regions within the 

various surface science topics is displayed in Figure 1. 

 

Figure 1. Important areas of surface science [4]. 

Surface engineering has existed for as long as people 

have used structural materials. From ancient times to the 

early 1970s, humanity has continuously developed 

surface engineering, often without consciously 

recognising the concept [9]. One of the most crucial 

methods for differentiating engineering goods based on 

their quality, performance, and life-cycle cost is surface 

engineering. The design of the surface and substrate as a 

functionally graded system to produce cost-effective 

performance improvements that neither component could 

achieve alone is known as surface engineering, and it has 

been used for more than ten years [4]. This activity is very 

multidisciplinary by definition (Figure 2).  

 

Figure 2: Important areas of surface engineering [4]. 

Managers in a variety of industry sectors are realizing 

more and more that the effective use of surface 

engineering requires an integrated strategy at the design 

stage that involves cooperation between surface and 

design engineers. The multidisciplinary field of surface 

engineering aims to improve the serviceability of 
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engineering components by customizing their surface 

characteristics. The ASM Handbook defines surface 

engineering as the “treatment of the surface and near-

surface regions of a material to allow the surface to 

perform functions that are distinct from those functions 

demanded from the bulk of the material” 

The multidisciplinary field of surface engineering aims 

to improve the serviceability of engineering components 

by customizing their surface characteristics. Surface 

engineering is the "treatment of a material's surface and 

near-surface regions to allow the surface to perform 

functions that are distinct from those demanded from the 

bulk of the material," according to the ASM Handbook 

[9]. King [10] states that the goal of surface engineering 

is to produce components with the following desired 

qualities or attributes: 

• Enhanced resistance to corrosion by means of the 

sacrificial protection or barrier; 

• Enhanced resistance to oxidation and/or 

sulfidation; 

• Enhanced resistance to wear; 

• Decreased losses of friction energy; 

• Better mechanical qualities, including increased 

toughness, hardness, or fatigue life; 

• Enhanced electrical or electronic characteristics; 

• Enhanced insulation against heat; 

• Enhanced biological characteristics; and 

• Enhanced visual appearance. 

Geometric characteristics like surface roughness and 

waviness, together with metallurgical physical features 

like microhardness, residual stress, and microstructure 

changes, are the fundamental determinants of surface 

integrity, a crucial parameter for assessing the surface and 

subsurface quality of components [11].  

In their publication: A new need for surfaces formed by 

material removal procedures, published in the 1960s, 

Field and Kahles [12] first proposed the idea of surface 

integrity. They then gave an outline of how machining 

affects surface integrity [13]. A minimum, standard, and 

extended data set were proposed as criteria for evaluating 

data, and the majority of the work on surface integrity 

evaluation techniques was completed in the 1970s [14]. 

This idea was once further advanced in 1989 by Tagazawa 

[15] through more in-depth investigation and substantial 

testing. 

According to research, a component's fatigue 

performance, wear resistance, and corrosion resistance are 

all directly impacted by surface integrity [16]. Novovic et 

al. [17], for instance, assessed how machined topology 

and integrity affected fatigue life. The findings 

demonstrated that longer fatigue life is the outcome of low 

roughness values. According to Kalisz et al. [18], high 

compressive stress and high hardness can work together 

to provide excessive wear resistance. According to 

Amanov et al. [19], AISI 304 specimens have a longer 

fatigue life when their compressive residual stress is 

increased. 

According to research, a component's fatigue 

performance, wear resistance, and corrosion resistance are 

all directly impacted by surface integrity [16]. Novovic et 

al. [17], for instance, assessed how machined topology 

and integrity affected fatigue life. The findings 

demonstrated that longer fatigue life is the outcome of low 

roughness values. According to Kalisz et al. [18], high 

compressive stress and high hardness can work together 

to provide excessive wear resistance. According to 

Amanov et al. [19], AISI 304 specimens have a longer 

fatigue life when their compressive residual stress is 

increased.  Srinvasan et al. [20] a machined surface 

containing a significant amount of microhardness is 

usually associated to a longer fatigue life as well as a 

lower wear rate and coefficient of friction. 

Peng et al. [11] classified factors that influence surface 

integrity into three main categories: 

1. cutting parameters: cutting speed, feed rate and 

depth of cut; 

2. tool parameters: tool wear, texturing, material and 

geometry; and  

3. cooling conditions: cooling medium, pressure and 

distance. 

Chen and Jawaid [21] looked into how titanium's 

surface integrity was affected by machining. The findings 

indicated that the roughness and microhardness of the 

machined surface tended to increase when titanium alloys 

were processed using uncoated carbide cutting tools, high 

cutting speeds, and feed rate.  Sun et al. [22] evaluated the 

surface integrity of titanium under end milling conditions. 

The results showed an increase in surface roughness as a 

result of the high feed rate. Furthermore, it has been noted 

that improvements in cutting speed are correlated with 

increases in the machined surface's hardness and 
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roughness. Ozel [16] found that low cutting speeds and 

feed rates should be implemented when machining 

titanium alloys 

Liang and Wang [23] and Khanna et al. [24] confirmed 

that tool performance is also a significant factor 

influencing surface integrity. A study on tool wear 

behaviour by Liang and Liu [25] showed that a titanium 

workpiece machined using fresh tools resulted in low 

surface roughness as compared to those machined using 

worn-out tools. Worn-out tools have been reported to 

result in a thicker plastic deformation layer [27], higher 

microhardness [28], and greater surface roughness [26] 

[29] compared to fresh tools. Additionally, they cause the 

residual stress to shift from compressive to tensile [30]. 

Astakhov [4] discovered that a number of flaws that 

compromise surface integrity are created and caused 

during part manufacture. They can be divided into two 

categories: manufacturing flaws and original material 

defects. The most frequent flaws discovered in practice 

are as follows: 

• Sharply defined interior or exterior separations 

are called cracks. Microcraks are those that 

cannot be seen with unaided eye without a 

magnificantion of 10x or greater  

• Phase transformations, re-crystallization, alloy 

depletion, decarburzation, and molten and re-cast, 

re-solidfied, or re-deposited  material, as in 

electrical discharge machining, are examples of 

microstructural changes brought on by 

temperature and high contact pressures in 

metallurgical transformation. 

• Temperatures, deformations, and process forces 

all contribute to residual stresses. 

• Shallow depressions are called craters. 

• The metal’s inclusions are tiny, non-metallic 

components or compounds. 

• The weakening of grain boundary due to 

corrosion or liquid-metal embitterment is known 

as an intergranular attack. 

• Pis are shallow surface depressions that are 

typically cased by physical ir chemical attacks.  

• In manufacturing, plastic deformation is a servere 

surface distortion brought on by high pressures 

from friction or tools. 

Various components in the manufacturing process 

require surface modification treatments, which can 

enhance service properties such as fatigue resistance, 

tribological performance, and corrosion resistance [31]. 

Thermal, thermo-mechanical, or mechanical surface 

treatments can be used to achieve these objectives. The 

latter, which cause plastic deformation of the surface and 

material layers beneath it, shall be referred to as surface-

modification processes from here on. Additionally, this 

causes a number of properties in this component region to 

change. Smoothing, geometric texturing, work hardening, 

compressive-residual stresses, or microstructural 

alterations like phase transition could be the primary 

characteristics of the surface modification process. 

Usually, a few of these impacts can happen at the same 

time, although at varying intensities. Jawahir et al. [26], 

for instance, discovered that geometrical changes will 

happen as a result, affecting the entire workpiece.  

The traditional technique known as mechanical-

surface treatment (MST) was first used when artisans 

forged helmets and swords while they were being shaped. 

The manufacture of weapons in the shape of gun barrels 

is also where the first use in the new period began [27]. 

But it may also have anything to do with the 

manufacturing of railroad axles and bearing bolts. 

Surface modification techniques such as shot peening 

(SP) [28],  surface mechanical attrition treatment (SMAT) 

[29], laser shock peening (LSP) [30], [31], and ultrasonic 

surface hardening [32] have been used to improve the 

mechanical properties of components, including wear 

resistance, fatigue life, and surface hardness. These 

improvements are distinguished by excessive density 

dislocations, refined grains, and high-strain rate plastic 

deformation brought on by severe impacts to the surfaces, 

which leave compressive residual stress in both the 

surface and subsurface regions. 

Figure 3 displays the schematics of the previously 

discussed surface altering techniques. Balls, usually made 

of metal, glass, or ceramic, are used in SP and SMAT to 

bombard a component, dimpling the surface and causing 

shock waves and local plastic deformation in the 

materials, as seen in Figure 3(a). By employing high-

energy-density, short-duration laser pulses to ablate a 

protective layer on a component's surface, LSP creates 

quickly expanding plasma. Metal undergoes plastic 

deformation due to a shock wave produced by the 
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expanding plasma confined between the surface and a 

clear confinement layer (Figure 3(b)). In ultrasonic 

surface hardening, a needle with a fixed tip or a rolling 

ball is moved to strike the surface at an ultrasonic 

frequency using an electro-mechanical ultrasonic 

transducer to generate ultrasonic vibrations (Figure (3c)). 

 

Figure 3. Ilustrations showing the three different of surface 

hardening methods: (a) SP and SMAT; (b) LSP; and (c) 

ultrasonic surface hardening [33]. 

Ultrasonic nanocrystal surface modification (UNSM), 

ultrasonic impact treatment (UIT), and ultrasonic surface 

rolling processing (USRP) are among the devices that 

operate on this concept.  

The technique known as shot peening (SP), which was 

first developed on Tilgham's patent in the 1870s, uses an 

unguided tool and discontinuous surface contact [34]. 

Sand that had been pressurized by centrifugal forces, 

steam, or air was used. As additional industrial uses 

developed and this approach improved from the 1920s to 

the 1940s, fatigue fatigue [35] [36] [37], stress-corrosion 

cracking, and corrosion fatigue [38] were all improved. 

Because it works well with components with intricate 

designs and thin walls, the SP process is regarded as one 

of the most popular and successful MSTs for aero-engine 

applications [39]. Investigating surface integrity features 

under SP treatment circumstances has attracted a lot of 

attention in recent years. For instance, Liu et al. [40] 

assessed the impact of SP pressure and time on the surface 

integrity properties of titanium alloys in collaboration 

with Xie et al. [41] [42]. The results showed that SP 

intensity increases surface roughness, compressive 

residual stress, and microhardness. Wu et al. [43] 

evaluated the impact of shot material, diameter, and SP 

intensity on the surface properties of titanium alloy. The 

findings showed that a ceramic shot with a diameter of 

1.08 mm and a peening intensity of 0.18 mm produces the 

best SP conditions. The characteristic curve of the residual 

stress field in titanium was examined by Li et al. [44] [45] 

for wet SP. 

Ultra surface rolling (USR), a mechanical surface 

treatment technique, has garnered a lot of attention lately. 

Static rolling and dynamic ultrasonic vibrations are used 

in the USR method to produce a smooth microhardness on 

the target surface [46] [47]. A rolling tool installed on the 

spindle of the computer numerical center (CNC) 

machining center is typically used for this procedure. In 

this procedure, the air-pressurized, ultrasonic vibrating 

rotatable rolling ball rolls and strikes the component 

surface [48]. Numerous investigations on this method 

focused on how it affected mechanical properties, 

gradient microstructure, fatigue characteristics, and 

surface integrity. The fatigue behavior of titanium alloys 

under ultrasonic impact treatment was examined by 

Dekhtyar et al. [49]. They discovered that titanium alloys 

treated under ultrasonic impact conditions had a much 

higher fatigue strength than untreated ones because of 

their increased surface integrity. Similarly, Liu et al. [50] 

discovered that the USR method produced significant 

lifetime improvements because of enhanced surface 

quality, work hardening, residual stress, and refined 

grains in the microstructure. The gradient crystalline 

structure of TC11 alloys under the USR process was 

examined by Zhao et al. [51], who discovered that a 

plastically deformed layer around 70 μm thick was 

produced with an improved fatigue strength in 

comparison to the untreated specimens. 

The LSP is a new and advanced MST technology that 

generates shock waves with high amplitudes (GPa), high 

energy (GW/cm2), ultra-short pulse widths 

(nanoseconds), and ultra-high strain rates (10-7s-1). 

During the LSP process, the ablating layer—typically 

black tape—sticks to the target surface and absorbs laser 

light. Instantaneous creation and vaporization of a high-

temperature (>107 °C) and high-pressure (GPa) plasma 

occurs. Significant plastic deformation is caused by high-

pressure shock waves that propagate into the material's 

subsurface when a transparent layer, typically running 

water, stops the plasma detonation wave [52] [53].  

The mechanical characteristics, impact on surface 

integrity, fatigue characteristics, and microstructure of 

titanium alloys following LSP procedures have all been 

experimentally determined in a number of research 

conducted in recent years. For instance, Cellard et al. [54], 

assessed how LSP process parameters affected work 

hardening, surface topology, and residual stress for Ti-17. 

The findings showed that LSP process parameters have 

negligible effect on surface topology, no effect on work 

hardening, and a major impact on residual stresses. The 
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effects of LSP on TC17 alloy blades were examined by 

Zou et al. [55] and Qiao [56], who observed a notable 

improvement in microhardness and compressive residual 

stresses as well as the induction of high-density 

dislocations and refined grains, which improved fatigue 

life.  

In the last few years, several studies have focused on 

experimentally determining the mechanical properties, 

influence on surface integrity, fatigue properties and 

microstructure of titanium alloys after LSP processes. 

Cellard et al. [54], for example, evaluated the influence of 

LSP process parameters on residual stress, surface 

topology and work hardening for Ti-17. The results 

revealed that LSP process parameters have a significant 

influence on residual stresses, a minimal influence on 

work hardening, and no influence on surface topology. 

Zou et al. [55] and Qiao [56] investigated the effects of 

LSP on TC17 alloy blades, noting significant 

improvement in the microhardness and compressive 

residual stresses while inducing high-density dislocations 

and refined grains, thereby improving fatigue life.  

The mechanical characteristics, impact on surface 

integrity, fatigue characteristics, and microstructure of 

titanium alloys following LSP procedures have all been 

experimentally determined in a number of research 

conducted in recent years. For instance, Cellard et al. [54] 

assessed how LSP process parameters affected work 

hardening, surface topology, and residual stress for Ti-17. 

The findings showed that LSP process parameters have 

negligible effect on surface topology, no effect on work 

hardening, and a major impact on residual stresses. Zou et 

al. [55] and Qiao [56], investigated the effects of LSP on 

TC17 alloy blades and found that the induction of high-

density dislocations and refined grains, along with a 

significant improvement in microhardness and 

compressive residual stresses, improved fatigue life. 

Burnishing, on the other hand, relies on a tool's constant, 

directed contact with the material's surface. Burnishing 

was found to be associated with an increase in fatigue 

strength by Foppl and Heydekampf [57]. When Thum and 

Wiegand [58] statistically correlated burnishing and its 

impact on fatigue strength, they found similar results. 

 

2. Complementary Machining 

Several surface-modification methods have been 

created in recent years that are directly comparable to the 

technologies outlined above. Complementary machining 

is a new surface modification process in addition to the 

well-known ones like shot peening [27].  One method for 

quickly mechanically treating the surface of metallic 

workpieces is complementary machining [59]. The main 

feature of complementary machining is that the cutting 

tool is used to perform a mechanical surface treatment 

following machining. The cutting tool creates an elastic-

plastic deformation in the surface layer by moving across 

the workpiece surface in the opposite direction of the 

machining process.  

Immediately following the machining process, the 

complementary machining process strategy combines 

machining with the reversal of the cutting insert for a 

mechanical-surface change [60]. Significant plastic 

deformation is created on the surface layer during this 

operation because of the reverse-machining orientation, 

which could lead to grain refinement. In Figure 4, the 

contact conditions for this complementary machining are 

displayed.  

Figure 4. Complementary machining contact conditions 

include: a) machining and b) mechanical surface modification [60]. 

Orthogonal cutting is the basis for the nomenclature 

for machining, whereas mechanical surface modification 

is based on mechanical-surface treatment. During 

complementary machining, the process forces and 

maximum temperature are significantly impacted by the 

state-of-the-art microgeometry employed [60]. The 

resulting surface layer's states are thus greatly influenced 

by the state-of-the-art microstructure. However, a key 

obstacle in creating this process strategy is still designing 

a state-of-the-art microgeometry that can sustain the 

thermo-mechanical stress spectrum and that influences 

the surface layer states appropriately [60]. Although the 

creation of nanocrystalline surface layers is made feasible 
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by the state-of-the-art microgeometry, it is probable that 

the thermo-mechanical stress would influence this cutting 

edge and cause premature tool wear. 

 

1.1. Cutting edge microgeometry  

The angles and slopes of the cutting tools' edges and 

salient forces at their cutting sites are referred to as tool 

geometry [61], and are shown in Figure 5. The American 

National Standard B94.50-1975 [62] and ISO Standard 

3002/1 [63] are the two fundamental standards that cutting 

tool geometry complies with. Similar cutting tool 

geometry is defined by both standards, while the reference 

planes and notations differ significantly. Numerous 

angles and surfaces defined in several planes are included 

in tool geometry [64]. The work surface, which is the first 

surface of a workpiece that will be removed during the 

machining process, and the machined surface, which is 

the last surface of the machined workpiece, are the two 

fundamental surfaces that must be taken into account 

during machining, per ISO 3002/1. Therefore, it is 

essential to determine how cutting angles affect any 

output metrics that can be assessed in this account. The 

following describes the angles that are thought to be 

important during complementary machining and that 

could affect the surface finish [65]. 

 

1.1.1. Back rake angle 

The rear rake angle, measured in a perpendicular plane 

across the side cutting edge, is the angle created by the 

face of the single point cutting tool and a line parallel to 

the tool's base. Depending on the direction of the slope, 

this angle could be either positive or negative. When the 

slope face is facing uphill, the rear rake angle is positive; 

when it is facing downward, the back rake angle is 

negative. Chips are easier to remove from the workpiece 

at this angle. 

 

1.1.2. Side rake angle  

The side rake angle is the angle at which the face of 

the tool is tilted sideways. It is located between the surface 

of the flank immediately below the point and the line that 

descends from the point perpendicular to the base. When 

allowing space between the workpiece and the tool is 

required to avoid the workpiece rubbing against the tool's 

end flake, the side rake angle is taken into account. 

 

Figure 5. Schematic illustration of single point cutting tool 

[65]. 

1.1.3. Front clearance/back relief angle 

The angle at which the tool's face tilts sideways is 

known as the side rake angle. It lies between the line that 

descends from the point perpendicular to the base and the 

surface of the flank just below the point. The side rake 

angle is considered when it is necessary to leave room 

between the workpiece and the tool to prevent the 

workpiece from rubbing against the tool's end flake. 

 

2.1.1 Side clearance/relief angle  

The angle that separates the section of the side flank 

directly below the side edge from a line perpendicular to 

the tool's base and at right angles to the side is known as 

the relief angle. As the tool pierces the material, it helps 

to avoid interference. Its purpose is to create relief 

between the tool's flank and the workpiece's surface. 

 

2.1.2 Wedge/Lip angle 

The angle that separates the face from the flank is 

known as the lip angle. When the clearance and rake angle 

are at their lowest, the wedge angle is at its highest. Work 

on hard materials and a great depth of cut are made 

possible by a larger wedge angle.  

 

2.1.3 Tool signature of single point cutting tool 

Tool angles can be easily specified by using a 

standardized, condensed system called "Tool Signature" 

[66] (see Figure 6). The angles that a tool employs when 
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cutting are shown by this method. Additionally, it 

stipulates that the tool's active angles must be normal to 

the cutting edge. There is a catch, though: the system will 

only function properly if the tool shank is positioned 

perpendicular to the workpiece axis. 

 

Figure 6. Elements of tool signature [66]. 

Seven elements comprise the signature of a single 

point cutting tool, always stated in the following manner 

[66]: 

1. back rake angle (0°) 

2. side rake angle (7°) 

3. end relief angle (6°) 

4. side relief angle (8°) 

5. end cutting edge angle (15°) 

6. side cutting edge angle (16°)  

7. nose radius (0.8 𝑚𝑚). 

Typically, a tool signature only lists the numerical 

values of each component in the single point cutting tool, 

such as 0-7-6-8-15-16-0.8, omitting the symbols for 

degrees and millimeters. 

In the manufacturing sector, high productivity 

particularly the high dependability of machining 

techniques is crucial [67]. According to these 

requirements, one element that significantly affects tool 

life and the quality of a machined surface is the cutting 

edge's microgeometry. Cutting pressures, heat 

distribution, tool wear, surface roughness, residual 

stresses, and machining process stability are all impacted 

by the cutting edge's design. 

2.2. Cutting edge geometry 

To establish the influence of cutting-edge 

microgeometry during machining, it is essential to 

understand the microgeometry's design. Denkena et al. 

[68, 69, 70] and Wyen and Wegener [71] established the 

edge treatment description approach by defining four 

fundamental parameters (see Figure 7):  𝛿𝛼, 𝛿𝛾, ∆𝑟 and 𝜑.  

Both symmetrical and asymmetrical cutting edges are 

possible. Form-Factor: 

𝐾 =
𝛿𝛾

𝛿𝛼
 

Where: 

 K = Form-Factor; 

𝛿𝛾 = Cutting edge segment on the rake face; and 

𝛿𝛼 = Cutting edge segment on the flank face. 

The form-factor describes the direction of the profile 

slope towards the rake face (𝐾 > 1) or flank face 

(𝐾 < 1). 

 

Figure 7. Characterisation of the cutting-edge micro-geometry 

[68]. 

With regard to symmetric rounding (𝑘 = 1), the edge 

radius (𝑟𝛽) will be utilised instead 𝛿𝛾 and 𝛿𝛼. There are 

different types of microgeometry depending on the type 

of insert chosen, as seen in Figure 8: symmetric rounding, 

Κ = 1.0, with 𝑟𝛽 = 30𝜇𝑚 and asymmetric rounding; Κ = 

2.0, with Sγ =60 μm and 𝛿𝛼 =30μm, which are prepared 

plunge-face grinding and by brushing [69, 70]. 

As presented in Figure 8, microgeometries are 

characterised by the cutting-edge section at the rake face 

𝛿𝛾 and the cutting-edge section at the flank face 𝛿𝛼.  
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Figure 8. Cutting edges that have been discretized using 

plunge-face grinding (a) and continuously rounded using 

brushing (b) [72]. 

The optimal cutting-edge microgeometry for 

complementary machining was discovered by Zanger et 

al. [60] The thermomechanical strain on the cutting tool 

and the ensuing grain refinement in the surface layer were 

investigated. Three distinct form-factors were examined: 

K = 0.2, K = 1, and K = 2. During the experiment, a test 

bench similar to the one reported by Puls et al. [73, 74] 

was employed. Using an AISI 4140, quasi-orthogonal 

cutting tests were carried out on a MAG 5-axis mill-turn 

machine. The cutting tools were uncoated, and the initial 

cutting-edge radius was 𝑟𝛽 = 40±10  mm, with the z 

cutting wedge angle set at 90ᵒ. 100 m/min was the same 

velocity used for complementary machining and 

machining. The machining depth of cutting, however, was 

different from the complementary machining depth, 

which was 𝜕𝑐 = 120 µm and 𝜕𝑐,𝑠𝑡 =  20 µm, , respectively. 

The form-factor technique of Denkena et al. [70] was used 

to characterize the cutting-edge microgeometry, and it 

included a description of the average cutting-edge 

rounding S. 

 

2.2.1 Nanocrystalline surface layer 

The impact of microstructure on the surface layers for 

complementary machining was investigated throughout 

the experiment (Figure 9). As far out as 2.41 µm from the 

surface 𝑑𝑠, a nanocrystalline surface layer is visible. The 

bulk material with a grain size of 𝑑𝑔 >  1 µm comes after 

this layer, which is followed by a microcrystalline sheared 

layer.  

Following complementary machining, the thickness 

𝑠𝑔𝑟 of the grain refined surface layers with a 

nanocrystalline microstructure is shown in Figure 10. 

 

Figure 9. Examined the surface layer following 

complementary machining (using the form-factor K = 2 to cut 

the edge microgeometry) [60]. 

According to Segebade et al.  [75],  cutting edges with 

a form-factor of K < 1 can be used to achieve the thickest 

post-machining nanocrystalline surface layers. Less 

obvious nanocrystalline surfaces are produced when 

cutting edges with a form-factor of K > 1 are used.  

 

Figure 10. Thickness of the nanocrystalline surface layer that 

results from complementary and machining [60]. 

Complementary machining, however, can help with 

this. Nanocrystalline surface layers with a large and less 

variable thickness are produced by complementary 

machining. Only the application of a cutting edge with a 

form-factor K = 2 produces a marginally perceptible 

thickness.  

 

2.2.2 Thermo-mechanical load on cutting edge  

The thermo-mechanical load at the cutting edge-

workpiece contact face was examined using a FEM 

simulation. The temperature distribution at the tool during 

machining and related operations is displayed in Figure 

11(a). Plotting of the findings from the surface analysis of 

Figure 12 as a function of distance along the tool surface 

is depicted in Figure 11(b). 
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Figure 11. Process temperatures T at the tool (a) and 

schematic depiction for analysing the tool surface (b) [60]. 

 

Figure 12. Thermomechanical stress(𝝈𝒏, T), that results from 

machining and mechanical surface modification, sliding 

velocity vs predicted wear rate (dW/dt), and form-factors K = 

0.2 (a), K = 1 (b), and K = 2 (c)  [60]. 

In addition to the results presented in Figure 12, the 

change of microgeometries of the cutting edge was also 

evaluated for both machining and complementary 

machining. Figure 13 illustrates how the form-factor ∆K 

and the average cutting-edge rounding ∆S ̅ change for 

both machining and complementary machining when 

compared to the original cutting-edge microgeometries. 

Following machining, the form-factor K dropped and the 

average cutting edge rounding changed, resulting in a 

negative change in the form-factor ∆K for both form-

factors K = 1 and K = 2. All of the cutting edges got dull 

as a result. The use of uncoated cutting tools was the cause 

of this. The average cutting-edge rounding changed just 

slightly for complementary machining.   

 

Figure 13. Change of form-factor ∆𝑲 (a) and resulting 

average cutting-edge rounding ∆𝑺̅ (b) [60]. 

Together with the findings shown in Figure 12, an 

assessment of the cutting edge's microgeometries was 

conducted for both machining and complementary 

machining.  

Figure 13 illustrates how the form-factor ∆K and the 

average cutting-edge rounding ∆𝑆̅ change for both 

machining and complementary machining when 

compared to the original cutting-edge microgeometries. 

Following machining, the form-factor K dropped and the 

average cutting edge rounding changed, resulting in a 

negative change in the form-factor ∆K for both form-

factors K = 1 and K = 2. All of the cutting edges got dull 

as a result. The use of uncoated cutting tools was the cause 

of this. The average cutting-edge rounding changed just 

slightly for complementary machining. However, there 

was an increase in the change of form-factor ∆𝐾 when 

compared to machining for both form-factor K = 1 and K 

= 2. 
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2.3. Influence of complementary machining 

parameters 

The effect of advanced microgeometry on temperature 

and process forces, as well as process-induced surface 

layer grain refinement, was examined by Gerstenmeyer et 

al. [76] during the complementary machining of Armco-

Iron and AISI 4140. Two scenarios were used in the 

experimental effort to determine how form-factor K 

affected the surface layer states that resulted. The 

penetration depth 𝜕𝑐,𝑠𝑡  was kept constant at 20 µm for 

scenario 1, but the surface modification velocity vst 

fluctuated between 20 and 150 m/min. In this situation, 

the maximum temperatures and consequent grain size for 

AISI 4140 were used to determine how surface 

modification velocity affected the process forces. In the 

second scenario, the penetration depth varied between 10 

µm and 40 µm, but the surface modification velocity was 

kept constant at 150 m/min. Both Armco-Iron and the 

AISI 4140 were examined in the second scenario. 

Furthermore, based on 𝑟𝛽 = 40 µm, three distinct 

microgeometries of K = 0.2, 1, and 2 were examined.  

 

2.3.1 Penetration depth  

The surface modification force 𝐹𝑠𝑡 and passive force 𝐹𝑝 

for the various surface modification velocities and form-

factor K for a penetration depth of 20 µm are shown in 

Figure 14 and Figure 15. 

 

Figure 14. Surface modification force for 20 µm penetration 

depth and surface modification velocities for AISI 4140 [76]. 

The outcomes were consistent with those of 

Gerstenmeyer et al. [77] and Zanger et al. [60]. Surface 

modification velocities affect process forces. The findings 

validated that process forces rise when form-factor K is 

less than 1. Denkena et al. [72] reported a similar finding, 

stating that a dull cutting edge produces greater process 

forces than a sharp edge. Form-factors K < 1 are 

considered dull cutting-edge microgeometry for 

complementary machining, while K > 1 are considered 

sharp. Process forces differ significantly between these 

two types of cutting edges, with an enhanced form-factor 

having no effect on the process forces.  

 

Figure 15. For AISI 4140, passive force is required for surface 

modification velocities and penetration depths of 20 µm [78]. 

Figure 16 displays the heat produced during 

complementary machining for form-factors K = 0.2 and 2 

with a penetration depth of 20 µm. The results showed 

that, in contrast to form-factor K < 1, which raises the 

temperature of a larger volume of material, form-factor K 

> 1 produced local concentrated temperatures.  

 

Figure 16. Temperature T of penetration depth of 20 µm and 

surface modification velocity of 150 m/min for AISI 4140 

[76]. 

The highest temperature for 𝜕𝑝 = 20 µm with various 

surface modification velocities for AISI 4140 is shown in 

Figure 17. The findings showed that form-factor K and 

temperature were directly correlated, with an increase in 

form-factor leading to an increase in temperature. 

significant temperatures were also a result of significant 

surface modification velocities. This resulted from the 

impact of surface modification velocity on the model's 

two heat sources, plastic deformation and friction. With 
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high surface modification velocity, both sources 

increased. 

 

Figure 17. Maximum temperature T for AISI 4140 penetration 

depth of 20 µm and surface modification velocities [76]. 

Following surface modification by complementary 

machining, the resulting grain size, 𝑔𝑠 is displayed in 

Figure 18 in relation to the initial state. The findings 

indicate that temperature has a significant impact on grain 

refining. Only high surface modification velocities (𝑣𝑠𝑡 > 

100 m/min) result in notable grain refinement, as Figure 

18 illustrates. This is why the second simulation series 

used simulations with a constant surface modification 

velocity 𝑣𝑠𝑡 = 150 m/min. There was variation in the 

penetration depth (𝜕𝑝). 

 

Figure 18. For surface modification velocities and penetration 

depth (𝝏𝒑) of 20 µm for AISI 4140, the grain size is 𝒈𝒙 [76]. 

 

2.3.2 Surface modification velocity 

Figure 19 and Figure 20 display the process force for 

Armco-Iron for a range of form-factors, penetration 

depths, and surface modification velocity of 150 m/min. 

The results clearly show that, for Armco-Iron, form-factor 

has no discernible effect on process forces under 

complementary machining circumstances. However, with 

AISI 4140, process forces increased as penetration depth 

increased. Higher passive forces were produced by a 

form-factor of K < 1 for the passive force than by a form-

factor of K < 1. The region impacted by the passive force 

expanded as a result of the larger contact area. 

 

Figure 19. Surface modification force for Armco-Iron at 

varying penetration depths and a constant surface modification 

velocity of 150 m/min [76]. 

 

Figure 20. Passive force for varying penetration depths 𝝏𝒑 for 

Armco-Iron and a constant surface modification velocity of 

150 m/min [76]. 

 

2.3.3 Form-Factor  

The process force results from Armco-Iron's 

complementary machining followed a similar pattern to 

AISI 4140 (Figure 21 and Figure 22). These findings 

clearly show that the surface modification force is not 

significantly impacted by the form-factor. On the other 

hand, form-factor K > 0.2 data showed that passive force 

might be reduced. For K > 1, however, this remained 

constant. Armco-Iron's complementary machining 

showed a similar pattern, albeit AISI 4140 is more 

vulnerable to the effects of different form-factors.  
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Figure 21. Surface modification force for AISI 4140 at 

different penetration depths and a constant surface 

modification velocity of 150 m/min [76]. 

 

Figure 22. Passive force for AISI 4140 at varying penetration 

depths and a constant surface modification velocity of 150 

m/min [76]. 

In comparison to Armco-Iron, the process forces 

obtained during the complementary machining of AISI 

4140 were twice as high. These outcomes are consistent 

with those of [77], which was caused by Armco-Iron's 

higher ductility and lower strength in comparison to AISI 

4140. 

Figures 23 and 24 display the maximum temperatures 

for the different form-factors as well as the penetration 

depths for Armco-Iron and AISI 4140 at a surface 

modification velocity of 150 m/min. The findings show 

that higher plastic deformation at high penetration depths 

results in higher temperatures. Remarkably, low passive 

forces and a higher thermal load were obtained with a 

form-factor of K > 2. High passive forces and a lower 

thermal load were noted for form-factor K < 1. A 

significant amount of heat was produced under 

complementary machining settings because AISI 4140 

required more mechanical work than Armco-Iron. This is 

because AISI 4140's great strength caused plastic 

deformation, which produced a considerable amount of 

heat. 

 

Figure 23. Maximum temperature for Armco-Iron at different 

penetration depths and a constant surface modification 

velocity of 150 m/min [76]. 

 

Figure 24. Maximum temperature for AISI 4140 at different 

penetration depths and a constant surface modification 

velocity of 150 m/min [76]. 

Figure 25 displays the resultant grain refinement in 

AISI 4140 surface treatment for different form-factors 

(0.2 and 2), surface modification velocity of 150 m/min, 

and penetration depth of 40 µm. The findings shown that 

lower grain sizes can be achieved with equal penetration 

depth and surface treatment velocity for form-factor K > 

1. 

 

Figure 25. Penetration depths of 40 µm for AISI 4140, grain 

size data for form-factor K = 0.2 and 2, and surface 

modification velocity of 150 m/min [76]. 

The resulting grain refinement for different form-

factors and penetration depths is displayed in Figure 26. 

The results show insignificant grain refinement, which is 

probably because Armco-Iron's surface modification was 
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carried out at much lower temperatures than AISI 4140. 

Temperature has a major impact on grain refining, as was 

previously seen under the specified limits. Temperatures 

are higher for form-factor K > 1 than for K < 1. As a result, 

the grain size gets smaller. Lower temperatures and, as a 

result, less grain refinement are obtained because form-

factor K < 1 generates less heat through plastic straining. 

 

Figure 26. The final grain size is determined by the beginning 

grain size for AISI 4140 and Armco-Iron at different 

penetration depths and a constant surface modification 

velocity of 150 m/min. [76]. 

 

2.4. Effects of complementary machining on 

output parameters 

2.4.1 Tool wear   

Tool wear, as described by ISO 3685 (1993): Tool-life 

testing with single-point turning tools, is a gradual 

degradation of tool material or deformation that causes a 

tool to alter shape during cutting [63]. Tool wear 

significantly affects not just tool life but also the final 

product's quality in terms of surface integrity and 

dimensional accuracy. When it comes to machining 

materials that are difficult to machine, like titanium, these 

factors are even more important.  

The impact of different tool types on tool wear during 

AISI 4140 complementary machining was examined by 

Schwalm et al. [59] Both uncoated and PVD-coated 

rhombic tools with a nose radius of rn = 0.8 mm and a 

wedge angle of 90° were employed (Type I). The 

uncoated tool's initial average cutting edge rounding was 

S̅ = 6.13 ± 3.21 µm, and its initial form-factor K was 0.96 

± 0.31. For this type of coated tool, the form-factor was K 

= 1.14 ± 0.25 and the first average cutting edge rounding 

was S̅ = 25.14 ± 6.46 µm. Conversely, Type II PVD-

coated cutting tools were employed, which had a nose 

radius of rn = 0.4 mm and a nose angle of 55°. On the rake 

face of these instruments was a chip former. The 

following process settings were used: 100 m/min cutting 

velocity; 10 m/min surface modification; 100 µm cutting 

depth; 10 µm penetration depth; and 0.16 mm/rev and 

0.0045 mm/rev feed rates for the microgeometry and 

machining. Tensile tension can cause sensitivity because 

uncoated tool-type I has a slight initial rounding of the 

edge. Significant friction is created during 

complementary machining, which imposes tensile forces 

on the cutting edge. Lubrication assists in decreasing 

tensile forces on the cutting edge by reducing friction in 

the cutting zone. Additionally, lubrication can keep the 

cutting edge from breaking. The uncoated tool-type I's 

rake face exhibits a notable breakout. There are several 

minor surface adhesions and no obvious chipping marks 

on the cutting edge when comparing the three cutting 

tools. 

Figure 27 shows the cutting edges of coated and 

uncoated tools following complementary machining. 

During complmentary machining in dry conditions, 

uncoated tool-typee I failed. Starting at the cutting edge, 

a significant breakout can be seen on the rake face of the 

uncoated type I tool. There are only minor surface 

adhesions and no obvious chipping marks on the cutting 

edge as compared to the two coated tools.  

 

Figure 27.  Tool wear following complementary machining 

can be classified as either a) uncoated type I, b) coated type I, 

or c) coated type II without lubrication [59].  

The brittle nature of the tool is demonstrated by the 

shell-shaped breakout on the rake face. The tool 

substrate's edge microgeometry and microstructure may 

be to blame for this (Figure 28). A type I tool's hardness 

is greater than that of a type II tool. A type I tool's grain 

structure is also coarser, according to a direct comparison 

of the microstructure. 

There are no apparent breakouts on the flank side, 

which comes into continual contact with the workpiece 

during complementary machining. Compressive stress 

that does not cause breakouts on brittle cutting materials 
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is primarily directed to the flank side. Breakouts along the 

rake side are the outcome of the procedure, which creates 

tensile strains at the cutting edge. 

 

Figure 28. a) Tool-type I and b) tool-type II microstructures 

[59]. 

Following complementary machining with uncoated 

tools under wet cutting conditions, Figure 29 illustrates 

how the form-factor and cutting-edge rounding changes 

cause the cutting-edge microgeometry to fluctuate. There 

are no noticeable changes in the average cutting-edge 

rounding at a surface treatment velocity of 100 m/min. 

The average cutting-edge rounding increased at lower 

surface treatment velocities (10 and 50 m/min). This was 

explained by the higher adhesion tendency brought on by 

the friction coefficient and uncoated tool. Tool wear may 

rise as a result of stick-ship-like effects brought on by the 

increase in adhesion tendencies.  

 

Figure 29. Cutting-edge microgeometry with fst = 0.045 

mm/rev and 𝝏𝒔𝒕  = 10µm following complementary machining 

with an uncoated tool-type I in wet cutting circumstances [59]. 

Figure 30 shows the cutting-edge microgeometry after 

complementary machining using coated tool-type I under 

dry cutting conditions (a) and under wet cutting 

conditions (b). These results prove the observations 

presented in Figure 28.  

As a result of the coatings, minimal tool wear was 

observed for both complementary machining under wet 

and dry conditions. In contrast to higher surface treatment 

velocities, when a slight improvement in cutting-edge 

microgeometry was found, no appreciable changes in 

cutting-edge microgeometry were observed at 10 m/min. 

During complementary machining, the cutting-edge 

microgeometry changes in the area in contact, as 

previously observed in Figure 27(a). An increase in 

surface treatment velocities yields high temperatures. 

Also, this thermal load on the cutting-edge leads to tool 

failure, and high temperatures in the cutting zone increase 

adhesion tendencies and therefore high surface roughness 

values. This trend is proven by Figure 30(b).  

 

 

Figure 30. Advanced microgeometry following 

complementary machining (a) with a coated tool type I 

without lubrication and (b) with lubrication at a fst = 0.045 

mm/rev and ∂st = 10 µm [59]. 

For 10 m/min, minimal changes to the form-factor and 

the average edge rounding can be seen. However, when 

increasing the surface treatment velocity to 100 m/min, a 

significant change in cutting-edge microgeometry is 

noticed. The average rounding of the cutting edges 

increases during machining and complementary 

machining. In the same dimensions, the form-factor is 

reduced; this reduction shows wear on the flank face,  

suggesting that lubrication has no significant impact on 

wear and its position. There is a possibility that no 

lubricant will enter the cutting zone due to the high 

circumferential speed. When compared to complementary 
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machining in dry cutting circumstances, a modest increase 

in wear is more noticeable in the machining region. The 

lubricant's cooling action may be affected in certain 

circumstances. Conversely, process pressures are raised 

and thermal softening is reduced. Additionally, cooling 

causes a high temperature differential at the cutting edge, 

which puts stress on the substrate. This effect can be 

linked to an increase in surface roughness levels in 

addition to tool wear. Zanger et al.'s FE simulations [60] 

further demonstrated that following machining, the form-

factor drops and the average cutting edge rounding rises. 

Figure 31 shows the cutting-edge microgeometry after 

complementary machining with coated tool-type II under 

dry cutting conditions (a) and wet cutting conditions (b).  

 

 

Figure 31. Advancement in microgeometry following 

complementary machining (a) with coated tool-type II without 

lubrication and (b) with lubrication at fst = 0.045 mm/rev and 

∂st = 10 µm [59]. 

When comparing the results obtained for tool-type I to 

those for tool-type II, it is clear that the changes of the 

average edge rounding and form-factor are not 

significantly dependent on the change in surface treatment 

velocity for tool-type II.  For tool-type II, the influence of 

the lubrication on tool wear was minimal. 

 

2.4.2 Surface roughness 

In surface engineering, creating high-quality surfaces 

is a crucial step. Surface roughness affects wear 

resistance, corrosion protection, fatigue, and the quality 

and efficacy of succeeding coatings as well as the finish 

quality of decorative layers.  

Schwalm et al. [59] investigated the impact of tool 

types on surface roughness during complimentary 

machining. Relevant roughness values for industrial 

applications, Ra, Rz, and Rt, were tactilely evaluated in 

the axial direction in compliance with DIN EN ISO 4287 

[79]. The results of the roughness values (Ra, Rz, and Rt) 

after machining are shown in Figure 32. Roughness values 

were lower when using coated tools for machining than 

when using uncoated ones. When using tool-type I 

machining, the coated tool's Ra value was more than 40% 

higher and its Rz value was 30% lower than that of the 

uncoated ones. When using tool-type II for machining, a 

similar finding was seen. Thus, it is evident that during 

milling, microgeometry affects topography. Surface 

roughness levels are also influenced by the cutting edge's 

microgeometry and the condition of the tool surface. It 

was discovered that the coating on the rake face might 

lower cutting forces and chip compression by lowering 

friction in the cutting zone. This results in a more uniform 

surface by making chip creation easier and facilitating a 

consistent chip flow. When compared to uncoated tools, 

this lowers the standard deviation of the Rz and Rt values. 

 

Figure 32. Surface roughness following unlubricated 

machining at vc = 100 m/min, fst = 0.045 mm/rev, and ∂st = 

100 µm using coated and uncoated tools n [59]. 

Most notable, however, is the low standard deviation 

for tool-type II, which incorporates a chip that was 

previously on the rake face and further promotes simple 

chip flow. Additionally, the coated tools' first average 

cutting edge rounding is notably larger. For tool-type I, 

the coated tool's average cutting-edge rounding is three 

times higher than the uncoated tool's. Compared to the 

uncoated tool type I, the coated tool type II has an average 

cutting-edge rounding that is more than five times higher. 

The rounding of the cutting edge also affects the topology 

after machining. Tools with greater edge rounding can 
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yield improved topology, as demonstrated by Fulemova 

and Janda [80]. 

Figure 33(a) displays the surface roughness values that 

were obtained for complementary machining in dry 

cutting conditions. The pereentages shown show how 

complementary machining after machining reduces 

surface roughness levels. Because of the tool's quick tool 

wear, no significant results were obtained during the 

complementary machining utilizing uncoated tool-type I. 

The absence of results was caused by the inability to 

process the specimens. For every process parameter, it 

was discovered that low surface roughness values were 

achieved during complementary machining. The findings 

showed that an increase in surface treatment velocity 

resulted to higher surface roughness values for the coated 

tool types I and II. This behavior was particularly 

noticeable for tool-type I, where Ra and Rz values were 

observed to nearly double as the surface treatment 

velocity was raised from 10 to 100 m/min. It was 

discovered that when surface treatment velocities rose, so 

did standard deviations.  The findings of comparing the 

surface roughness values produced by tool-type I and 

tool-type II revealed that tool-type I produced somewhat 

lower roughness values. 

Figure 33(b) displays the surface roughness values that 

were obtained for complementary machining in wet 

cutting conditions. Uncoated tool-type I could be utilized 

in these cutting conditions. The tools exhibited nonlinear 

behavior under wet cutting conditions. The results showed 

that surface roughness values and standard deviations 

increased with increasing surface treatment velocities for 

tool-type I. However, tool-type II showed no discernible 

difference. Additionally, it was noted that lubrication did 

not significantly alter the topology of the coated tools. 

Because of the cutting edge's microgeometry, the process 

was sensitive to lubrication and surface treatment 

velocities during the complementary machining with type 

II tools. Tool-type II achieves a greater deformation 

gradient in the feed direction than tool-type I because of 

its smaller nose radius. However, more tool revolutions 

are needed for tool-type I in order to produce the same 

surface deformation. 

 

 

Figure 33. Surface roughness after complementary machining 

a) without lubrication; and b) with lubrication at fst = 0.045 

mm/rev, and ∂st = 10 µm [59]. 

Gerstenmeyer [78] also investigated the influence of 

complementary machining on surface roughness. The 

resulting surface roughness values for machining and 

complementary machining are illustrated in Figure 34. 

The results show that the varying feed rated for machining 

and complementary machining influenced the topology 

(Figure 34a). The groove spaces generated are in line with 

the feed rates 𝑓𝑐, and 𝑓𝑠𝑡. The feed rate used for machining 

is 3 x larger than that for complementary machining, 

explaining why the groove spacing 𝑠𝑚,𝑐 for machining is 

3 x larger than the groove spacing 𝑠𝑚,𝑠𝑡 for 

complementary machining. After complementary 

machining, the resulting topology was significantly 

irregular compared to the topology generated during 

machining. The area roughness 𝑆𝑧 is comparable for both 

machining and complementary machining. Therefore, it 

can be claimed that because of the abnormalities, the 

maximum heights are equivalent. Based on the findings, 

it was determined that complementary machining can cut 
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the final roughness values in half.  Lienert et al. [81] found 

similar outcomes when they looked into how piezo 

peening affected surface roughness.  

 

Figure 34. Following machining and complementary 

machining at vst = 10 m/min, the resulting topography (a) and 

roughness at vc = 100 m/min, and fc = 0.5 mm of AISI4140 

[78].  

Gerstenmeyer et al. [77] investigated the use of 

complementary machining as a surface modification 

strategy. Complementary machining was studied utilizing 

a brittle material (AISI 4140) and a ductile material 

(Armco-Iron) in order to gain a better understanding.The 

cutting speed was kept constant at 100 m/min, while the 

surface treatment velocity varied from 60 to 100 µm. The 

depth of cut and the penetration depth was 60 µm and 20 

µm, respectively. The resulting surface roughness (Ra and 

Rz) for AISI 4140 is shown in Figure 35. After the 

machining was concluded, the surface roughness values 

were found to have increased slightly compared to the 

initial values. This increase was soon reduced by the 

implementation of complementary machining. The 

surface roughness values were adjusted into the range of 

Ra = 0.14 µm and Rz = 0.75 µm.  

Armco-Iron was also subjected to complementary 

machining. Figure 36 shows the outcomes of ten 

repetitions of the surface treatment in these studies.  The 

surface roughness values were found to fall between Ra = 

0.86 µm and Rz = 5.8 µm following the initial surface 

treatment. Surface roughness was reported to be 

decreased to Ra = 0.18 µm and Rz = 1.11 µm as a result 

of successive surface treatment repetitions. Plastic 

deformation in the surface layer was identified as the 

cause of this decrease in the surface roughness rating. 

Thus, surface imperfections can be minimized or 

eliminated. The formation of burrs, which might affect the 

specimen height, is another effect of repeated surface 

treatments. This phenomenon was also noticed in [60]. 

 

Figure 35. Surface roughness Ra and Rz for AISI 4140 [77]. 

 

Figure 36. Surface roughness Ra and Rz for Armco-Iron [77]. 

 

2.4.3 Microhardness and passive force 

Gerstenmeyer et al. [77] also analysed the 

microhardness HV after complementary machining. The 

microhardness HV 0.01 at a depth of s = 150 µm below 

the workpiece surface is represented by the numbers 

below. The microhardness for the various surface 

treatment velocities for Armco-Iron is shown in Figure 37. 

For a 𝑣𝑠𝑡 of 60m/min and a  𝜕𝑝𝑠𝑡 of 20 µm, no visible 

change in microhardness was observed when compared to 

the initial values. For other penetration depths (5, 10 and 

25 µm),  microhardness increased up to 104 HV 0.01. For 

a 𝑣𝑠𝑡 of 100m/min and a  𝜕𝑝𝑠𝑡 of 5 µm, the microhardness 

was constant. The microhardness was found to be 118 HV 

for 10 µm and 108 HV 0.01 for 20 µm. This was as a result 

of the plastic deformation process that takes place after 

complementary machining, resulting in strain hardening 

of the surface layer.  

Based on these outcomes, it is evident that the 

penetration depth at low surface treatment velocities has 

minimal influence on microhardness. A significant 
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change in microhardness was only observed at high 

surface treatment velocities. However, no change in 

microhardness was observed for a 𝑣𝑠𝑡 of 100 m/min and a  

𝜕𝑝𝑠𝑡 of 25 µm when compared to the initial values. This 

can potentially be attributed to the high rate of plastic 

deformation and the surface layer's subsequent rise in 

temperature. 

 

Figure 37. Microhardness HV 0.01 for different surface 

treatment velocities for Armco-Iron [77]. 

Figure 38 displays the passive force for Armco-Iron at 

different surface treatment velocities. The findings 

indicate that the particular passive force rises with 

penetration depth. High loads and a significant of plastic 

deformation were encountered by the surface layer due to 

high process forces. According to Zanger et al. [82], 

process temperature rises at the surface layer, reducing 

flow stress. Armco-Iron and other ductile materials are 

susceptible to this. Heat-induced softening of a material 

could be accelerated. 

 

Figure 38. Particular passive force for Armco-Iron at various 

surface treatment speeds [77]. 

Figure 39 displays the microhardness for AISI 4140 at 

different surface treatment velocities. When compared to 

the initial values, no discernible change in microhardness 

was seen at a vst of 60 m/min and a ∂pst of 10 µm. The 

microhardness was found to have reduced from the 

starting state for ∂pst of 5 µm. There was a small increase 

in microhardness at penetration depths of 20 µm and 25 

µm. There was no discernible change or reduction in 

microhardness when the surface treatment speed was 

increased to 100 m/min. Schulze et al. [83], obtained 

similar results, who established the impact of cutting 

speed on surface layer microhardness HV. Microhardness 

HV increased only at a penetration depth of 5 µm. As 

previously mentioned, the penetration depth causes higher 

plastic deformation in the surface layer, which raises the 

process temperature and causes the material to thermally 

soften. When taking the process forces into account, this 

softening becomes more apparent. 

 

Figure 39. Microhardness HV 0.01 for AISI 4140 at various 

surface treatment velocities [77]. 

Figure 40 displays the passive force for Armco-Iron at 

different surface treatment velocities.  

 

Figure 40. Particular passive force for AISI 4140 at various 

surface treatment speeds [77]. 

The findings confirmed that process forces increase in 

proportion to penetration depth. On the other hand, 

process forces drop as surface treatment velocity 

increases. This is consistent with the outcomes of Armco-

Iron's complementary machining in [82], but it differs 

from the outcomes of AISI 4140's complementary 
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machining in [82]. The decreased penetration depth is one 

explanation for this discrepancy in outcomes. 

Additionally, when sliding velocities increase, the 

coefficient of friction decreases, which explains the 

declining process force [84].  

 

2.4.4 Fatigue  

Tension-compression measurements were performed 

following both machining and complmentary machining. 

Figure 41 displays the generated S-Ne curves. The fatigue 

limit for machining (Figure 41(a)) was recorded at 317 

MPa at 5% fracture probability, 374 MPa at 50% fracture 

probability, and 469 MPa at 95% fracture probability. For 

machined AISI 4140, these fatigue limits are regarded as 

modest. Nevertheless, the machined workpiece's surface 

layer states exhibit low nanocrystalline surface layer, high 

tensile residual stresses, and substantial surface roughness 

values, all of which contribute to its poor fatigue strength. 

  

Figure 41. S–N curves and fatigue limits (a) after machining; 

and (b) after complementary machining [78]. 

The fatigue limit for complementary machining was 

518 MPa at 5% fracture probability, 559 MPa at 50% 

fracture probability, and 622 MPa at 95% fracture 

probability. (see Figure 41(b)). A high load amplitude (𝜎𝑎 

= 700 MPa) resulted in a similar fatigue strength for both 

machining and complementary machining, with the 

number of cycles between 104, and 105. The benefits of 

complementary machining on fatigue are evident in the 

decrease of load amplitudes. The number of cycles 

achieved for complementary machining for a load 

amplitude of 𝜎𝑎 = 650 MPa are between 105 and 106 

whereas machining resulted in a number of cycles lower 

than 105. For load amplitude of 𝜎𝑎 = 600 MPa, a 

significant improvement in the number of cycles (above 

106) was achieved for complementary machining, 

whereas machining could only achieve this number of 

cycles at a load amplitude of 𝜎𝑎 = 400 MPa. After 

complementary machining, increases of approximately 

63%, 49% and 35% were noticed for a 5%, 50% and 95% 

probability of fracture, respectively. Surface layer states 

are improved as a result of the increased fatigue strength. 

Because of the mechanical surface treatment, the 

microstructure in the surface layer exhibits a notable grain 

refinement. 

 

Figure 42. Fractography of (a) a machined; and (b) 

complementary machined specimen of AISI 4140 [78]. 

Figure 42 displays a fractography of a machined and 

complementary machined workpiece. Following 

complementary machining, a fracture is started beneath 

the surface for load amplitudes less than σa = 700 MPa. 

Nevertheless, there was no discernible correlation 

between the load amplitude and the distance to the 

surface. Surface cracks appeared for stress amplitudes 

greater than σa = 700 MPa. Therefore, the high load 

amplitude is not tolerated by surface layer states. For all 

load amplitudes, the crack was started at the surface 

during machining. The 5% S-N curve for complementary 

machining can be compared to the S-N curve of piezo 

peening, shot peening, and burnishing in order to 

characterize these results in accordance with earlier 

studies on fatigue strength  [81]. 

Figure 43 shows a comparison of the various 5% S–N 

curves for different mechanical surface treatment 

processes (piezo peening, shot peening, burnishing and 

complementary machining). It can be seen that 

complementary machining has a similar level of high 

cycle fatigue strength as compared to shot peening.  An 

examination of the complementary machining S-N curve 

shows an increase in the transition into low cycle fatigue 

ranges, and therefore, the transition into low cycle fatigue 

range can be compared to that achieved by the burnishing 

process. Contrary to this, no significant changes in fatigue 

strength are observed when comparing complementary 

machining to piezo peening. The piezo peening S-N curve 
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performs better in both the high and low cycle fatigue 

range. However, the primary disadvantage of these 

mechanical surface treatment methods is the requirement 

for an additional tool, which raises manufacturing costs 

and time. Given the ease of use and lack of extra 

equipment, the fatigue strength attained by 

complementary machining might be considered 

extraordinary in this respect.  

 

 

Figure 43. Comparison of AISI 4140 q&t 5% S-N curves; 

axial loading, stress ratio R = -1; processes: burnishing, shot 

peening, piezo peening, and complementary machining; based 

on [81]. 

 

2.4.5 Microstructure 

The microstructure produced by AISI 4140's 

machining and complmentary machining was assessed by 

Gerstenmeyer et al. [78] (Figure 44).  

 

Figure 44. Microstructure (a) after machining and (b) after 

complementary machining using FIB technique and 

metallographic analysis [78]. 

Following machining, ne appreciable modifications 

were seen. Grain refinement at the surface layer was noted 

when the focused ion beam (FIB) technology was applied. 

A nanocrystalline surface layer with an average grain size 

of gs < 100 nm and an accomplished thickness of 1.68 µm 

was found when the FIB measurement was analyzed. A 

significant gradient of grain size characterizes the 

transition zone between the bulk material and the grain 

refined surface layer. According to Jawahir et al. [85], a 

surface layer that is impacted by machining is common, 

while the bulk material immediately beneath the surface 

layer is unaffected. 

Following complementary machining, a much thicker 

grain refined surface layer was observed (Figure (44b)). 

The full thickness could not be measured with the FIB 

technique due to metrological limitations. The 

metallographic study was able to visualize the surface 

layer's microstructural alterations. Following 

complementary machining, the surface layer is 

characterized by a thick nanocrystalline layer down to 

1.51 µm. A transition zone that is 20 meters thick comes 

next. A microcrystalline microstructure (MC, average 

grain size 0.1 < gs < 1 m) is discernible in the transition 

zone. The bulk material is obtained by taking into account 

these two surface layers. As previously mentioned in [60], 

the mechanical surface treatment procedure for 

orthogonal machining causes plastic deformation, which 

alters the surface layers' microstructure. Grain size 

changes up to the nanoscale occur when complementary 

machining is used in the turning process. 

 

2.4.6 Residual stress  

The effect of complementary machining on residual 

stresses and work hardening was examined by 

Gerstenmeyer et al. [78]. The X-ray diffraction method 

was used to assess residual stresses in accordance with the 

sin2φ approach [86]. Figure 45 displays the residual stress 

and work hardening findings. Tensile residual stresses 

over 430 MPa were attained at the surface for machining 

(Figure 45a). At a depth of z = 75 µm, the residual stresses 

in the farther course drop to at least -250 MPa. There was 

no discernible residual tension at a depth of z = 250 µm. 

 Surface tensile residual stresses persisted during 

machining regardless of lubricant use, most likely as a 

result of heat produced in the separation zone. The 

residual stress profile showed a similar tendency in both 

the axial and transverse directions. The surface 

experienced compressive residual pressures following 

complementary machining. A maximum of -1190 MPa 

was discovered for a depth of z = 20 µm, with residual 

stresses of -1066 MPa observed in the axial direction. At 
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a depth of z = 50 µm, these strong compressive residual 

stresses remain constant. As the distance from the surface 

grew, the compressive residual stresses dropped to 450 

µm. At the surface, transverse residual stresses of -440 

MPa were detected. For a depth of z = 250 µm, an increase 

in compressive residual stresses (-550 MPa) was 

observed; after this depth, the compressive residual 

stresses decreased and were eventually impossible to 

measure for a depth of z = 450 µm due to low surface 

treatment velocity, penetration depth, and lubrication use. 

Heat generation has no effect on the residual stresses. The 

workpiece's plastic deformation during the surface 

treatment procedure was blamed for the compressive 

residual stresses that were produced. For a depth of z = 

250 µm in the transversal direction and z = 250 µm in the 

axial direction, these high compressive residual stresses 

are nearly linear. The residual stresses that occur are 

consistent with the findings of [81]. 

 

Figure 45. Residual stress (a), and work hardening (b) after 

machining and complementary machining [78]. 

The resulting work hardening after machining and 

complementary machining is shown in Figure 45(b). 

When evaluating the surface minimal differences between 

the component states were noticed. For both strategies, the 

work hardening is almost 4.5ᵒ, although the work 

hardening is a bit higher for complementary machining. 

The further courses of work hardening indicate a clear 

variation between the component states. After machining, 

at a depth of 𝑧 = 150 µm, no changes in the work 

hardening occur at nearly 2.5ᵒ, which is in line with the 

residual stresses obtained (Figure 45(a)). After 

complementary machining, a larger depth effect of the 

work hardening was seen than from the machining 

process. An increase in depth resulted in a decrease in 

work hardening. This was in line with the results obtained 

from the residual stress observed in the transversal 

direction (Figure 45(b)), as the course decreased to a 

depth of  𝑧 = 350 µm to a value of the work hardening of 

2.5ᵒ. 

 

3. Conclusion  

The main findings from the work on complementary 

machining are as follows. 

Complementary machining is more effective when 

conducted with a cooling lubrication system. Coated tools 

are appropriate for this process strategy, but the tool 

microgeometry significantly influences process 

sensitivity and the resulting surface layer states. 

Because of the plastic deformation in the surface layer, 

complementary machining can produce grain refinement 

and minimize surface roughness. Surface roughness 

measurements Ra and Rz demonstrate this machining 

strategy's conditioning potential. Furthermore, the 

resulting roughness is significantly influenced by the 

velocity of surface treatment. 

Cutting edge microgeometries with form-factors K ≥ 1 are 

recommended for better results. Complementary 

machining can increase surface hardness HV, even in 

ductile materials. It can also achieve high compressive 

residual stresses. 

Furthermore, complementary machining can significantly 

enhance fatigue limits compared to results after 

conventional machining. In comparison to the surface 

modification force Fst, the advanced microgeometry also 

significantly affects the passive force Fp. 
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