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Abstract: It has been proved that surface integrity alteration induced by machining process has a
profound influence on the performance of a component. As a widely used processing technology,
milling technology can process parts of different quality grades according to the processing conditions.
The different cutting conditions will directly affect the surface state of the machined parts (surface
texture, surface morphology, surface residual stress, etc.) and affect the final performance of the
workpiece. Therefore, it is of great significance to reveal the mapping relationship between working
conditions, surface integrity, and parts performance in milling process for the rational selection of
cutting conditions. The effects of cutting parameters such as cutting speed, feed speed, cutting depth,
and tool wear on the machined surface integrity during milling are emphatically reviewed. At the
same time, the relationship between the machined surface integrity and the performance of parts
is also revealed. Furthermore, problems that exist in the study of surface integrity and workpiece
performance in milling process are pointed out and we also suggest that more research should be
conducted in this area in future.
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1. Introduction

In today’s competitive manufacturing industry, the ultimate goal of manufacturers is to produce
higher-performance products at lower cost and in less time. At the end of the machining process
chain, thermomechanical coupling load has significant impact on workpiece surface property with
a direct link to functionality. To get a reliable machined component with high fatigue strength,
high wear resistance, and high dimensional accuracy are the goals of the machining process. It is
necessary to evaluate the effects of machining parameters, tool parameters, etc. on machined surface
performance capabilities.

The specified term surface integrity can be used to evaluate the machined surface properties
after manufacturing operations. There are mainly some aspects to describe surface integrity:
topography, metallurgy characteristics and residual stress. The topography is made up of surface
roughness, waviness and flaws. The metallurgy characteristics include grain size, plastic deformation,
microhardness, phase transformation, recrystallization, etc. [1].

The door to the study of machined surface integrity is opened by a review article written by
Field et al. [2]. The results show that surface integrity is the intrinsic property of surface hardening
conditions that are produced after processing [3]. Then, considerable research on machined surface
integrity was carried out [4–8]. The CIRP (The International Academy for Production Engineering)
published its keynote paper “Capability Profile of Hard Cutting and Grinding Processes” in 2005
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to guide the research of surface integrity; subsequently, a collaborative working group on surface
integrity and functional performance of components was established in 2008 [9].

The ultimate research goal of surface integrity is to get the component with high performance
capacity. In the cutting process, the finishing pass will define the thermos and mechanical state of
the machined surface. Surface integrity has a significant impact on several relevant characteristics of
the final functionality of the component, such as dimensional accuracy, friction coefficient, wear and
thermal resistance, and fatigue behavior corrosion, as shown in Figure 1. For example, the finished
component may lose efficacy for many reasons, such as changes in dimensions due to wear or plastic
deformation, deterioration of the surface finish, and cracking or breakage [10]. Therefore, it is important
to reveal the effect of the manufacturing process on finish part functionality.
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The definition of surface function differs depending on the operating performance of the surface.
For example, when translational surfaces are used as surfaces for the bearing inner and outer rings,
tribological functionality will become dominant. However, for the applications of dynamic loading
and cyclical stresses, fatigue characteristics may be a prime consideration in determining component
failure [11]. Therefore, in order to get the influence mechanism of cutting parameters on parts
performance, it is important to study the intrinsic relationship between the factors of surface integrity
and parts performance [6].

Milling has the advantages of high production efficiency and wide processing range, and it
is widely used in key fields such as aerospace, mold, automobile, and parts manufacturing [12].
To reveal the topic more clearly, the surface integrity and functionality of the part after the milling
process are focused on in this paper. The effects of the manufacture process on surface integrity
are discussed. Through the analysis research and the finite element modeling method, the surface
integrity can be better understood. Then, a review of the state-of-art research on finished component
functionality affected by surface integrity, such as surface topography, surface metallography, and
residual stress, is presented. In this review, the component functionality mainly includes fatigue
strength and wear resistance.

2. Part Functionality as Effected by Surface Topography

2.1. Machined Surface Topography Characteristic

The surface topography of any manufacturing process is a critical index. It is mainly affected by
geometric properties of the machining system for milling process. Choosing suitable cutting parameters
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for given tools, workpiece materials, and machine tools is an important step to get reasonable surface
topography. Because the two-dimensional parameters cannot properly represent the surface features
of milling, more and more attention is being paid to three-dimensional parameters today.

Considerable research has been performed to get suitable surface topography. Zhang et al. [13]
provided in-depth characterization and analysis of the three-dimensional topography of feed direction
and cross-feed direction in the hard milling process of AISI H13 steel (AISI is an abbreviation of
American Iron and Steel Institute), as shown in the Figure 2. The results show that better surface
morphology can be obtained by using higher cutting speed, lower feed speed, and lower cutting
depth. Wang et al. [14] studied the surface morphology and surface roughness in the milling process
of AlMn1Cu. Due to the high ductility of the AlMn1Cu material, the material flows plastically along
the side-cutting edge and meanwhile is extruded by the side-cutting edge to cause the material to
accumulate on the machined surface. With the increase of cutting depth and feed per tooth, the plastic
flow of the material along the cutting edge is strengthened, resulting in increased surface roughness.
However, with the increase of cutting speed, the plastic flow of the material is weakened along the
secondary cutting edge, resulting in that the surface roughness value decreases. Ghani et al. [15] found
that high cutting speed, low feed rate, and low cutting depth can be used to obtain ideal surface quality
in the semifinishing and finishing process of AISI H13 steel.
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Some scholars carried out the research of prediction of surface topography for milling process.
As established by experimental tests, the actual roughness values obtained usually deviates from
theoretical ones. There are several reasons accounting for this, such as runout of the milling cutter
tooth tips, rounding of the cutting edge, and irregularities of cutting edge [16].

In order to design a machining process for blades in turbine engines without prior experiment,
Denkena et al. [17] developed a model to predict the surface topography. The effect of stochastic
topography on the flow losses was investigated also in his research. The machined surface was
studied by combining the dynamic morphology with the random topography based on empirical data.
The results show that the random morphology has a great influence on the flow loss and therefore
cannot be ignored. Zhang et al. [18] proposed a milling topography simulation model considering tool
wear. The experimental results of cutting under plane and cylindrical surfaces are in good agreement
with the model prediction, which proves the correctness of the model. Irene et al. [19] established a
numerical model to predict the surface topography of milling process based on the contact relationship
between tool and workpiece.

Gao et al. presented an analytical model that considered the effects of tool geometry, cutting
conditions, and plastic flow measurements to predict surface topography [20]. Arizmendi et al.
established a surface topography prediction model considering tool vibration [21]. Lazoglu et al. [22]
established an analysis model for the surface topography of five-axis milling process considering
cutting parameters, number of cutting edges, and cutter runout.
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The cutting trajectory is another factor that should not be neglected in the prediction model of
surface topography. Based on the tool machining paths and the trajectory equation of the cutting
edge relative to the workpiece, Zhang et al. [23] developed an iterative algorithm for numerical
simulation of machining surface topography in multiaxis milling. Gao et al. [24] proposed a new
method to predict the machined surface topography with relative cutting edge trajectory equation.
Tan et al. explored the effects of different tool paths on the surface morphology, and the results are
shown in Figure 3. By comparing Sa and Rt values, it found that vertical upward is the optimal cutting
path [25]. Chen et al. [26] studied the effect of different angle combinations on the surface topography in
multiaxis milling. Better surface roughness could be achieved when rotation angles are 0 (positive lead),
60 (combination of positive tilt and positive lead), 90 (positive tilt), and 330 (combination of negative
tilt and positive lead). Lu et al. [27] studied the micrometer milling mechanism of Inconel 718 and
concluded that the status of the machined surface is determined by the profile of the cutter, the cutting
path of the cutter and the flexible deformation of the cutter. Therefore, the author comprehensively
considered these three factors to build three-dimensional surface topography and a surface roughness
prediction model. Compared with the experimental results, the maximum relative error of the model
is 10.9% and the average relative error is 6.8%. The results can be used as a reference for the prediction
of surface milling.
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By combining boundary intersection and mean squared error method, Brito developed the
prediction on surface roughness in AISI 1045 steel end milling process. The results showed that the
achieved optimum lessens the sensitivity to the variability transmitted [28]. Tangjitsitcharoen et al.
used the dynamic milling force ratio to predict the surface roughness of the ball milling process.
The model was verified by experiments. The results show that the model can predict the average
surface roughness accuracy up to 92.82% [29]. Also, some other research works were developed to
get reasonable surface texture [30,31]. Toh et al. analyzed the surface texture generation mechanism
under different tool paths by using the method of surface topography analysis, and obtained the best
surface texture when the workpiece was inclined at 75◦ for high speed milling and then determined
the optimized machining path [32].

Meanwhile, there may be defect appearing on the machined surface in milling process. Common
surface defects are feed mark, tearing surface, and burr formation. Feed marks are produced by the
combined effect of tool rotation caused by cutting speed and tool movement caused by feed speed [33].
Feed marks on machined surfaces become more pronounced with increasing cutting speeds and tool
wear [34]. Tearing surfaces usually include smeared material, surface microvoids, scratches, and
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groove and pitting corrosion. The typical tearing surfaces is showed in Figure 4. Damage on the
machined surface in hard milling process of FGH95 PM superalloy was investigated by Du and Liu [35].
Their research results showed that several defects appeared on the machined surface at higher cutting
speeds. The results are significant for the prediction of component service life.
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When the tool moves along the feed direction, the workpiece material will flow laterally under
the combined extrusion action of the minor flank face and the machined surface causing smearing.
The surface microvoids are formed from the carbide particles of the workpiece material, the cutting
off of the cutting tools, and the deposition of the chip. The surface microvoids affect the mechanical
properties of the workpiece, so the surface microvoids should be avoided in the key components [36].

Also, burr defects are often observed in the area where the tool exits the cutting zone, and the
formation of burr is easy to cause stress concentration and reduce the fatigue life of the components.
Generally, the materials with low thermal conductivity and Young’s modulus are more likely to form
burrs on the cutting surface [37]. Under normal circumstances, the burr decreases with the increase of
cutting speed, and increases with the increase of tool wear [34].

Generally, cutting parameters with high cutting speed, low feed rate, and low cutting depth is
recommend for a good surface finish for milling process.

2.2. Fatigue Strength and Wear Resistance as Effected by Surface Topography

Milling process is generally applied to conduct finishing machining of sculptured surfaces,
therefore the machined component have very demanding specifications in surface topography for its
performance. The smoothest surfaces are desired in most milling processes, especially when the fatigue
life of the part being machined is high [38]. However, in some biomedical fields, it is desirable to have
rough surface morphology [39]. The surface structure is responsible for the mechanical functionality
of the component. Sometimes, even if the surface dimension and surface finish of a component
are well within the tolerance, there remains the possibility of lack of surface quality for a milled
surface. The reason is surface topography influences not only the mechanical and physical properties
of contacting parts, but also optical and coating properties of some no contacting components.

Because of the stress concentration caused by pits and groove, the characteristics of milling
morphology have important influence on its performance. Generally, rougher surfaces are expected
to encourage fatigue crack initiation. It is suggested that parameters such as Rt and Rz are more
appropriate than Ra in respect of fatigue strength, as they equate with adverse component surface
features [38]. Arola et al. [40] used surface roughness to estimate the effective stress concentration
coefficient of high strength low alloy steel workpiece. It was found that the fatigue strength decreased
with the increase of surface roughness at low stress level. Moussaoui et al. studied the factors that
affect the fatigue life of titanium alloys. They found that the surface roughness does not affect the
fatigue life of the workpiece [41]. Guo et al. found that the surface roughness has a slightly influence on
four-point bending fatigue life for end milling process of AISI H13 [42]. Li et al. [43] found that surface
roughness has little influence on fatigue life due to the small ratio between the ten-point surface height



Appl. Sci. 2018, 8, 2550 6 of 18

and the bottom curvature radius of surface gaps. Wang et al. [44] found that high surface roughness
leads to a high stress concentration coefficient, which reduces the fatigue life of the workpiece.

The machined surface morphology affects the fatigue performance of the final assembly, especially
when the crack initiation life is noteworthy [45,46]. Therefore, many works have been done to
explore the effect of surface topography on part performance. The traditional two-dimensional
surface roughness does not adequately characterize the effect of surface properties on the fatigue
performance, while the three-dimensional topography can provide a more accurate correlation with
fatigue behavior [47–49].

Performance and reliability of engineering components can be enhanced by selecting appropriate
3D topographic characteristics [50]. Novovicetc et al. investigated the effected of surface and subsurface
condition on the fatigue life of Ti alloy workpiece. Their research results indicated that the surface
topography, in particular texture direction, showed a strong correlation with the fatigue life of
workpiece [51]. Piska et al. [52] studied the effect of progressive milling process on the surface
morphology and fatigue properties of 7475-T7351 high-strength aluminum alloy. The results show
that the surface topography is not the right factor affecting the fatigue properties of aluminum alloys.

When the roughness level is the same, the milling surface has a higher fatigue limit than the
grinding surface. The reason is that the surface grooves produced by milling process are more
random [53]. Huang et al. [54] studied the effect of different tool paths on the fatigue life of AISI H13
high speed milling process. It was noted that different tool paths lead to the difference of microscopic
stress concentration caused by the orientation morphology, which affects the fatigue performance of
the workpiece.

The surface integrity after machining directly affects the life and reliability of the workpiece, so
it is important to study the effect of different surface integrity on the friction and wear properties
of the workpiece surface to improve the service life of the workpiece. Sedlaek et al. [55] studied
the relationship between surface roughness parameters and friction and wear properties of mold
surface. The results show that the friction coefficient is inversely proportional to the surface roughness
under the condition of dry friction, and the change trend is opposite in the lubrication conditions.
Menezes et al. [56] studied the effect of surface texture on friction coefficient and adhesion wear in
friction pair. The results show that the friction coefficient and adhesion wear are mainly influenced
by the surface texture, which is independent of the surface roughness. Magri et al. [57] studied the
relationship between surface morphology and wear resistance during die milling. They found that
the best tribological performance was that composed of microcavities generated by similar and high
values of fz and ae. The surface topography under four cutting conditions and the die wear results is
shown in Figure 5.
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Figure 5. Four types of surfaces topography and die flash land after forging [57]. Profiles of the die
flash land surfaces under (a) condition 1, (b) condition 2, (c) condition 3, and (d) condition 4; Die flash
land after forging under (e) condition 1, (f) condition 2, (g) condition 3, and (h) condition 4.
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After milling processes, surface topography has a direct impact on part functional performance,
especially in respect of fatigue life and wear resistance. The reason is the surface topography has close
relationship with surface frictional characteristic and stress distribution of milled surface. To get a good
performance part, the surface topography should be selected according to the application condition
of workpiece.

3. Part Functionality as Effected by Surface Metallurgy

3.1. Machined Surface Metallurgy Characteristic

In milling of high hardness material or difficult–to-machine metal material, high stress, strain rate,
and temperature will have a severe impact on the machined surface. The microscale and nanometer
scale existing on the machined surface will change under the interaction of large strain, high strain
rate and high temperature [58,59]. The property changes include microstructure change, plastic
deformation. Many research works have been done on process mechanics and surface integrity due to
the complex coupling between phase transformations and loading in milling process [60]. Generally,
the depth of microstructural alteration has been observed to increase when the cutting speed, feed rate
and tool wear are increased.

For milling process, Elbestawi et al. investigated the microstructural alterations in high speed
milling of hardened AISI H13 using PCBN (Polycrystalline Cubic Boron Nitride) ball-nose end tools.
They found that the formation of phase transformation layer was dependent on tool edge preparation
and tool wear [61].

Both thermal and mechanical effects attribute to the plastic deformations significantly. Mechanical
effects play a major role in the hardening of materials, while thermal effects play a major role in
the softening of materials. Moreover, the rubbing effect of flank face on machined surface play an
important role in its generation. That is why the tool wear increases from initial condition to its life
value, the changed microstructure turns to be deeper. The effects of cutting speed and tool wear
on the surface microstructure were investigated when milling titanium alloy Ti-1023 [34]. When
VB = 0 (Tool wear value), the cutting speed has no effect on the phase transition or deformation of the
machined surface, as shown in Figure 6a. Tool Wear has a significant effect on the plastic deformation
and the depth of microstructure of the machined surface, as shown in Figure 6b.

The reasonable selection of cutting parameters in the finishing process does not cause the change
of the structure type of the machined surface. The reason is the contact area between the cutting tool
and the machined surface is so smaller that the maximal temperature of the machined surface would
be lower than the austenitizing temperature of workpiece material [62]. The similar results were found
by Li and Zhao [63] and Devillez et al. [64].

Extensive experimental work has been conducted to get an ideal surface metallurgical for
machining process. However, indispensable hardware is needed for this method. So the modeling for
machined surface microstructure has attracted wide attention [65–69]. Unfortunately, few research
works focused on the milling process are found.

After high-speed milling of Ti-6Al-4V and Ti-834, the microstructural subsurface damage in the form
of intense slip bands was identified by Thomas et al. Due to a reduction in fatigue crack initiation resistance,
the microstructural subsurface damage could degrade the in-service properties of workpiece [70].
Shyha et al. [71] studied the influence law of cutting fluid supply system on metallurgical characteristics,
and concluded that cutting fluid had little influence on the microstructure and deformation layer of
cutting subsurface; cutting speed was a key factor affecting microstructure. Li et al. [72] carried out an
experimental study on hard milling of AISI H13 steel, and the results showed that the nanohardness
and plastic deformation depth of the machined surface increased with the increase of the grinding
radius of the cutting edge. Liu et al. [73] conducted an experimental study on the AA7150-T651
aluminum alloy. It was found that the severe shear strain caused by the mutual friction between the
workpiece and the cutter resulted in a high deformation layer near the surface area.
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Generally, if the temperature generating on the milled surface is higher than austenitizing
temperature of workpiece material, then there will be phase transformations layer appearing on
the milled surface. Combining with mechanic load in milling process, the thermal load will make the
surface and subsurface metallurgy change. Additionally, the effect of tool should not be neglected.
Because the cutting tool will cut-out and the tool will cut-in during the milling process, the thermal
and mechanic loads applied to the workpiece do not remain the same. So, the relationship between
surface metallurgy characteristic and cutting parameters should be investigated future.

3.2. Wear Resistance and Corrosion Resistance as Effected by Surface Metallurgy

The microstructural alterations in the material cause the surface layer to exhibit different material
behavior, and these alterations include phase transformations and plastic deformations. After the
workpiece is machined, the behavior and property of surface is different with the interior of the bulk
material. So, the subsurface microstructure has a crucial impact on the performance of the final part.
There are controversial standpoints about whether the formation of phase transformations is beneficial
to the application. It is more brittle than bulk material, so the appearance of the white layer usually
worsens the product’s service life [74]; therefore it is important to prevent its occurrence or at least
predict how it would affect the final product.

There is similar pattern of higher hardness on the milled surface because of microstructural
alteration. In the production process, the effect of hardening layer can be eliminated when the cutting
depth is greater than the hardening layer of the workpiece, but it is difficult to realize [75]. Minimizing
or eliminating the phase transformations layer would improve the machined surface quality and
fatigue strength. Microhardness is a comprehensive index characterizing the microstructure of surface
materials, which can be used to characterize the effect of microstructure on fatigue performance.
Related research shows that the increase of microhardness in a certain range can improve the fatigue
life of workpieces [76,77].

Fellah et al. [78] found that crystallite and grain size play a controlling role in friction coefficient
and wear rate. The smaller the grain size, the higher the wear resistance. Zhao et al. [79] studied the
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friction characteristics of the machined surface of titanium alloy and found that the wear resistance of
the workpiece material increases gradually with the increase of hardening degree and grain refinement
degree of the machined surface. Huang et al. [80] studied the friction and wear behavior of milling
AISI D2 steel. It is found that the subsurface grain deformation induced by machining is helpful to
improve the wear resistance of the workpiece. At the same time, it is pointed out that the depth of
deformation zone and grain boundary inclination angle can be used as the evaluation index of wear
resistance to some extent.

The corrosion resistance of 7050-T7451 aluminum alloy processed by high speed milling was
studied. It is found that the surface corrosion damage of the workpiece is determined by the interface
energy between the grains and the degree of hardening [81].

Additionally, Kim et.al. used two different methods to estimate the effect of cooling methods on
hot forging die service life against plastic deformation and abrasive wear. They found that the die
service life depended on abrasive wear, rather than the plastic deformation of the die, for a specific
cooling method [82]. To enhance the functional properties of the machined surface, roller burnishing is
an effective approach as it changes the microstructure of surface and subsurface [6].

The alterations of surface metallurgy have an important impact on part functional performance.
Also the effects of surface metallurgy on part performance are complicated in different application
conditions. To get better performance of milled workpiece, the effect of phase transformations and
plastic deformations in surface metallurgy should be considered comprehensively.

4. Part Functionality as Effected by Surface Residual Stress

4.1. Residual Stress Characteristic on Machined Surface

Residual stresses are stresses that remain in a solid body after the external loading (mechanical
and thermal) has been eliminated [83]. At the same time, the microstructure changes of machined
surface can also cause residual stress [84]. Some scholars have studied the basic principle of residual
stress caused by machining [33,85,86]. As far as 1982, Brinksmeier et al. have conducted such research.
They reported the causes of residual stresses in machining process [87]. The final state of residual
stress on the component has close relationships with other surface integrity factors, such as surface
topography, subsurface microstructure, and topological states of a machined surface.

Considerable research on residual stress has been done for milling process. Titanium alloy is
widely used in aerospace industry because of its high mechanical strength, chemical resistance, and
thermal conductivity, so it is very important to control the distribution of residual stress. Sun et al.
studied the surface integrity in the process of Ti-6Al-4V milling by the experimental method. It was
found that the compressive residual normal stresses in the cutting and feed direction increase with
the increase of cutting speed. Meanwhile, it is found that the compressive residual normal stress in
feed direction is larger than that in cutting direction [88]. Rao et al. studied the milling of Ti-6-Al-4V
titanium alloy and concluded that the compressive residual stress increased with the increase of feed
and the cutting speed had no effect on the compressive residual stress [89]. For milling process of
Inconel 718 with carbide K20, the increase of milling speed will enhance the tensile stress at the surface
and compressive stress beneath the machined surface.

Aspinwall et al. used experimental methods to study the effect of tool positioning and workpiece
angle on machining performance during milling Inconel 718. Compressive residual stress is generated
in horizontal upward cutting and tensile residual stress is generated in horizontal downward cutting.
The reason is that horizontal upward has a relatively low cutting speed, so the local temperature of the
machined surface is lower. The influence of tool wear and cutting direction on residual stress is shown
in Figure 7 [90]. Jiang et al. investigated the effects of tool diameters on the residual stress in the milling
process of a thin-walled part. They found that the distribution of residual stress was more uniform as
the tool diameter increased [91]. For milling process of nickel alloy and titanium alloy, many research
results indicated that increasing cutting speed will bring about the tensile residual stresses tend to
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become more compressive [92]. Axinte et al. studied the residual stresses in the feed direction during
milling AISI H13. It is found that cutting speed and feed per tooth are important factors affecting
the residual stress on the surface [93]. When AISI H13 steel is hard milled by coated cutting tools,
the investigated result of in-depth residual stress distribution showed that microstructural changes
deeply affect the residual stress and that they have to be accurately taken into account during the
process design [94]. Wang et al. [95] studied the effects of cutting parameters, cutting fluid, and spindle
angle on residual stress during milling of Inconel 718 alloy. The results show that the cutting depth
and cutting speed have great influence on the distribution of residual stress, and the residual stress in
the tensile direction increases gradually with the increase of the spindle angle.
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Although the experimental method can directly reflect the relationship between the distribution
of residual stress and cutting conditions, it has higher cost and longer period. Therefore, it is urgent to
develop a predictive model of residual stress distribution in milling process. Jiang et al. [96] used finite
element simulation to study the distribution of residual stress in high-speed peripheral milling, and
found that the cutting thickness had a significant impact on the tangential residual stress. Li et al. [97]
used the finite element method to study the effect of cutting depth on the residual stress in milling, and
pointed out that the residual stress can be reduced by optimizing the cutting depth of thin wall parts.
Liang et al. [98] established an exponential decay function considering the flank wear, tool inclination,
and depth of cut to predict the compressive residual stresses distribution of the milled TC17 alloy
(An alpha-beta titanium alloy). Fergani et al. [99] used Neumann–Duhamel principle to establish the
regeneration prediction model of residual stress in multipass machining under thermomechanical
loading. Considering the three-dimensional instantaneous contact state between the milling cutter
and the workpiece, Wan et al. [100] established the theoretical model for predicting the residual stress
in the milling process. At the same time, it was observed that the thermal load had a relatively weak
effect on the residual stress.

Residual stress is a crucial factor to evaluate surface integrity of the milled workpiece. In milling
process, distribution of residual stresses is marginally affected by the cutting speed and tool wear
state. Also, its residual distribution has close relationship with cutting strategy in milling process.
To get reasonable distribution of residual stresses, the cutting parameters should be optimized with
consideration of tool parameters.

4.2. Fatigue Resistance as Effected by Surface Residual Stress

The residual stress has an important effect on the mechanical properties of the workpiece. Residual
stresses directly influence the deformation of workpiece, such as static and dynamic strength and
chimerical and electrical properties, as shown in Figure 8. It is well known that surface finish and
residual stress can significantly affect the antidestructive ability of the component under high cyclic
fatigue load.
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Compressive residual stress is usually advantageous to the fatigue life of machined parts, while
residual tensile stress is the opposite. The tensile residual stress will enlarge or contribute the extension
of microcrack. When the crack increases to a certain extent, it will cause workpiece failure. So,
it is necessary to remove tensile residual stresses occurring during machining process. In view of
the high speed milling process of Ti-10V-2Fe-3Al, Yao et al. [101] found that the fatigue life of the
workpiece is more sensitive to residual stress than surface roughness. Similar results were found by
Moussaoui et al. [41].

Influence of milling process on the fatigue life of Ti6-Al-4V was investigated by Moussaoui et al.
They found that residual stress has a more preponderant influence on fatigue life than geometric
and metallurgical parameters [102]. Huang et al. [55] studied the effect of different tool paths on the
fatigue life of AISI H13 high-speed milling process. The results show that the different tool paths
lead to the difference of effective residual stress, which results in different fatigue performance of the
workpiece. Meanwhile, it is found that the influence of effective residual stress on the fatigue life of
the workpiece is greater than that of the orientational surface topography. Yang et al. [103] studied the
effect of residual stress on the fatigue life of workpieces during milling of Ti-6Al-4V. The results show
that increasing the compressive residual stress can effectively improve the fatigue performance of the
workpiece. However, when the workpiece surface material produces plastic deformation, the effect of
residual stress will disappear.

Residual stress is a crucial factor to evaluate surface integrity of the milled workpiece. In milling
process, distribution of residual stresses is marginally affected by the cutting speed and tool wear
state. Also, its residual distribution has close relationship with cutting strategy in milling process.
To get reasonable distribution of residual stresses, the cutting parameters should be optimized with
consideration of tool parameters. If the distribution of residual stresses is not reasonable, it can be
modified due by mechanical loads (static or cyclic) or thermal exposure [104].

The influence of residual stress and microstructure on the fatigue life of the workpiece was
studied by F. Ghanem et al. By comparing electro-discharge machining (EDM) with the milling
process, they found that the surfaces prepared by EDM showed a tensile residual stress at the surface.
The milled surfaces showed a near-surface compressive residual stress, which is favorable for fatigue
crack resistance, and the comparison result is shown in Figure 9 [105]. Three-point bending fatigue
tests of the notched specimens revealed a loss of 35% in fatigue endurance in the case of EDM.

Tool wear is an unavoidable and complicated phenomenon occurring in machining process,
which has a direct impact on residual stress on milled surface. For milling process, many workpiece
materials contain carbide particles in their structure. As the cutting tool wears, some carbide particles
in workpiece are removed from the machined surface sometimes, then there will be direct effect on the
surface quality of the machined surface. Generally, tool flank wear was found to have the most effect
on distribution of residual stress in high speed milling process.
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Considerable research has been performed to get the effect of tool wear on part functionality.
The effects of tool wear on surface integrity and fatigue life during milling was studied by Guo et al.
They found that surface roughness is generally higher in the step-over direction than the feed direction
and that tool wear does not necessarily affect the fatigue life within a certain range (0.2 mm) [106].
Also, fundamental relationship between tool wear and fatigue was related by them. They found that
compared with the sharp tool, the worn tool up to flank wear (0.12 mm) only slightly reduces the
average life from 1.23 × 106 to 1.16 × 106 cycles. Rougher surfaces are expected to encourage fatigue
crack initiation. While Guo found that the surface roughness also has a slightly influence on four-point
bending fatigue life for end milling of AISI H13 [42], and the effect of tool wear on workpiece fatigue
life is shown in Figure 10.
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The residual stress on milled surface will directly influence the generation and extension of crack
on surface, and that will have a direct impact on fatigue life of workpiece. Generally, compressive
residual stress contributes to the improvement of fatigue life. Tool wear has a direct impact on the
residual stress of the milled surface, so tool wear is another important factor that influences the fatigue
life of component in milling process.

5. Conclusions and Outlook

The optimization and control of machined surface integrity is the key technology to ensure the
functional performance and service life of parts. The effects of cutting parameters such as cutting
speed, feed speed, cutting depth, and tool wear on the machined surface integrity during milling
are emphatically reviewed. At the same time, the research progress of the relationship between the
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machined surface integrity and the component use performance is also revealed. Researchers have
made extensive research on the influence of machined surface integrity on fatigue properties and
obtained a series of research results. However, there are still some urgent problems to be solved.

1. The effects of surface integrity on performance were mostly determined by experiments and
could not be revealed effectively at the mechanism level.

2. No uniform standard has been formed to assess the effect of surface integrity parameters on
fatigue performance, which limits the optimization of process parameters and the improvement
of service performance of workpieces.

3. The local performance change, design, and service performance state of the parts could not be
organically combined to form an interconnected mode.

4. Combined with the current research status and engineering application requirements,
the following aspects can be emphatically studied in the future.

5. To strengthen theoretical research on fatigue performance optimization. The existing optimization
models assume that the surface integrity evaluation indices (surface morphology, residual stress,
microhardness, and metamorphic layer thickness) have the same effect on fatigue performance,
so the weight of the coefficient of the optimization model is consistent. In order to make the
optimization result more accurate, the corresponding mathematical analysis method can be
considered to distinguish the weight of various indexes.

6. To strengthen the research on modeling technology of machined surface integrity and workpiece
performance. The analytic model of residual stress of workpiece surface during milling is still
a difficult problem. The reason is that the change of chip thickness on cutting edge is more
complicated, which results in the nonlinear gradient distribution of cutting force and cutting
temperature in machining process. Only some physical factors (vibration, tool/workpiece
deformation, and cutting force) are considered in the analytical model of surface topography,
while tool wear and the characteristics of interrupted cutting are not taken into account, so there
is still a large error in the simulation results.

7. Development of new milling processes. The reasonable selection of process parameters directly
affects the machined surface integrity and controls the workpiece performance. How to develop
a new milling process based on different machining systems, processing environment, workpiece
materials, and performance needs to be further explored.

8. The relationship between the design-manufacturing-service performance of parts is explored.
A complete interconnected mode of design, manufacturing, and service performance evaluation
of parts was established.

9. The theoretical analysis and experimental research on the response relationship between high
temperature fatigue, vibration fatigue, corrosion fatigue performance, and surface integrity of
processing under environmental conditions are further improved.
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