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Residual Stresses Analysis in Ball end Milling of Nickel-Based Superalloy Inconel 718
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Inconel 718 is widely used in the aviation, space, automotive and biomedical industries because 
of its outstanding properties. Near-surface residual stresses that are induced by ball end milling in 
Inconel 718 can be crucial for the performance and service time of the machined parts. In this paper, 
the influences of cutting conditions, including the use of cutting parameters, cutting fluid and spindle 
angles, on the residual stresses in the ball end milling process of Inconel 718 alloy were investigated 
experimentally. X-ray diffraction measurements reveal that residual stress distributions are highly 
influenced by cutting parameters, especially the depth of cut and cutting speed. The milling operation 
with cooling induces more compressive stresses trend and the magnitude of the residual stresses increases 
in the tensile direction with the increase of spindle angles. These cutting induced effects were further 
discussed with respect to thermal- mechanical coupling theory and some observations made by optical 
microscopy. From this investigation, it is suggested that the machining process parameters are not the 
smaller the better for the control of residual stresses in the ball end milling process of Inconel 718.
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1. Introduction

Because of its high strength at high operation temperatures, 
good anti-corrosion property and low heat transmit rate, 
Inconel 718 is used extensively for aerospace and other 
components that operate at terrible working environments1. 
However, these properties are also responsible for its poor 
machinability. Low heat transmit rate leads to high cutting 
temperatures developed in the cutting area. High strength 
leads to very high cutting forces, around double of that 
when carbon alloy steels is cut2. As a result, relatively high 
residual stresses exhibit in the machined surface layers when 
machining Inconel 718. These critical structural components 
of Inconel 718 are generally finish machined by using ball 
end milling processing method with very small cutting 
parameters in order to obtain desired surface qualities.

The reliability of a precision component depends to a 
large extent on the distribution of residual stresses induced by 
machining3. The residual stress distribution on a component 
may cause distortion after releasing fixtures. Subhas et al.4 
have found that Inconel 718 is highly prone to dimensional 
instability because of the near-surface residual stresses 
induced by machining. This causes great difficulty for the 
control of dimensional instability. Furthermore, depending 
on the physical properties of residual stresses (compressive 
or tensile stresses), they could either enhance or impair 
the surface quality of a component. In machining, the 
thermo-mechanical properties of the material being machined 
will be the decisive factor for the final residual stress state5. 

Similar to the cutting forces and temperatures, the residual 
stress distribution is found to be highly affected by cutting 
conditions. Brinksmeier6 indicated that residual stresses are 
hypersensitive for variations of machining parameters, so 
they can be controlled by changing cutting conditions as well. 
Therefore, understanding the effects of cutting conditions 
on the formation of residual stresses becomes a research 
hotspot in the past decades.

Most studies dealing with residual stresses focused on 
turning process because of its simple cutting mechanism. The 
effects of cutting conditions, including cutting parameters 
and tool properties, were investigated in detail by some 
researchers. Studies on machining Inconel 718 have shown 
that the residual stress profiles induced by turning are hook-
shaped distribution along the depth direction. Most studies 
indicated that the residual stresses generated by turning exhibit 
a tensile state at the machined surface. The tensile stresses 
decrease and quickly reach a compressive state with increasing 
depth and finally slowly return to the bulk stress state. Sadat 
and Reddy7,8 found that the maximum tensile residual stress 
value is enlarged with the increase in cutting speed (from 6 m/
min to 60 m/min). Sharman et al.5 conducted their research 
experimentally. The residual stresses induced by turning are 
found to be tensile at the surface, and the maximum values 
vary depending upon the cutting parameters. With increasing 
depth the tensile stresses quickly turn to compressive levels 
(within 50um) before slowly returned to bulk state (within 
200um). The residual stress profiles show the same trend in 
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both the directions of cutting and feed. But in all cases, the 
cutting direction results are slightly higher. What's more, they 
found that tool wear has the largest influence on residual 
stresses. Cutting with a worn tool resulted in higher surface 
tensile stresses. Schlauer et al.9 investigated experimentally 
the near-surface residual stress distributions induced by 
turning operation of Inconel718. Various cutting speeds and 
feeds have been employed to investigate their effects on the 
residual stresses. Tensile residual stresses with a maximum 
value of 1300MPa exhibit at the machined surface and turn 
rapidly into compressive state of up to -800MPa. Outeiro 
et al.10 investigated the influence of cutting parameters on 
residual stresses induced by dry turning of Inconel 718 and 
AISI 316L with uncoated and coated carbide tools. According 
to their results, high tensile residual stresses are found at the 
machined surface and compressive residual stresses are found 
in the sub-surface with a depth of 10-25 um. Peng et al.11 
studied the influence of cutting fluid and tool wear on residual 
stresses in turning of Inconel 718. Their results showed that 
tool flank wear has a decisive influence on residual stresses. 
Zhou et al.12 studied the residual stress distributions in turning 
of Inconel 718 with PCBN and Al2O3-SiCW tools. They 
found that the machined workpieces have depth profiles 
displaying residual stresses, with subsurface compression 
and surface tension generated due to localized heating and 
plastic deformation. Their results also showed that the 
residual stresses generated by both types of tools display 
the property of anisotropy, i.e. more tensile stresses occur 
in the cutting direction than in the feed direction, which 
agrees with Sharman's results. However, Bushlya et al.13 
found advantageous compressive residual stresses in the 
machined surface and sub-surface when turning Inconel 
718 at the cutting speed of 300m/min. Arunachalam et al.14 
also observed compressive residual stresses at the machined 
surface in face turning of Inconel 718 using CBN cutting 
tools at the cutting speed of 300m/min; the stresses, however, 
changed to tensile beyond this cutting speed. They have also 
reported that the depth of cut has a much stronger effect 
on residual stresses. Moreover, Outeiro et al.15 also found 
compressive residual stresses in the machined surface and 
sub-surface when the depth of cut was 2.5 mm and cutting 
speed was 175m/min.

All these studies about turning indicated that the near-
surface residual stress distributions originating from the 
machining operation turning are highly affected by cutting 
conditions. Another agreement is the hook-shaped distribution 
along the depth direction. However, no agreement has 
been reached about the nature of residual stresses at the 
machined surface.

There are far fewer studies about the residual stress 
distributions of Inconel 718 induced by milling. Aspinwall 
et al.16 investigated the influence of cutter orientation and 
workpiece angle on residual stress when high-speed milling 
Inconel 718 under finishing conditions. Mean compressive 
surface residual stresses up to 850 MPa measured parallel 

to the feed direction were obtained when machining using 
worn tools with a 0° workpiece inclination, while tensile 
stresses were obtained when machining with horizontal 
downwards orientation. Cai et al.17 investigated the residual 
stress profiles generated by end milling in directions both 
parallel and perpendicular to feed. High tensile stresses are 
found at the machined surface in both directions. Zhuang 
et al.18 investigated the residual stresses and cutting forces 
variation in flank milling. Tensile residual stresses were 
observed at the machined surface. They also found that the 
value of tensile residual stresses decrease with the increase 
of cutting speed and feed rate, the depth of cut has the least 
effect on the residual stresses in flank milling. Chen et al.19 
studied the effect of cooling on the residual stresses. It was 
found that tensile residual stresses were created on the milled 
surface, regardless of the use of coolant, however, the wet 
milling operation led to a lower surface tension and a reduced 
thickness of the tensile layer. Akhtar et al.20 studied the effects 
of cutting parameters on residual stresses when face milling 
Inconel 718. Compressive residual stresses were generated 
at low cutting speeds and an increasing trend toward tensile 
direction was observed with the increase of cutting speed and 
feed rate. Residual stresses were found to be least affected 
by the change in the depth of cut.

Because of the complex geometric structure of milling 
cutters, milling process is more complicated and more 
affected by the cutting conditions than turning process. 
Also the influence mechanism of residual stress induced 
by milling with cutting conditions is more complex. The 
above review of the literatures reveals that most of the 
studies on residual stresses characterization of Inconel 718 
have addressed the issues in turning process, whereas very 
little is known on this subject in milling process. However, 
the machining of precision components which has a higher 
surface stress requirement usually employs milling process, 
especially ball end milling process as the finish machining 
method. It is thus evident that more studies should be done 
to understand the nature of residual stresses and to control 
these residual stresses in order to achieve a desirable residual 
stress distribution in ball end milling process.

This paper presents a comparative study of the 
characterization and the analysis of the near-surface residual 
stresses in Inconel 718 subject to ball end milling. The effects 
of the cutting conditions, including cutting parameters, 
spindle angles and cutting fluid, on residual stresses were 
analyzed and discussed experimentally.

2. Experimental Procedures

All the cutting experiments were conducted with down 
milling operation on a machine center with a SINUMERIK 
840D numerical control system. The material of workpiece 
was Inconel 718 with the chemical composition according 
to Table 1.
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Table 1. Inconel 718 chemical composition

Mn Si C Al Ti Mo Nb Cr Ni Fe

0.0006 0.0004 0.0025 0.0055 0.01 0.029 0.055 0.181 0.538 0.178

Table 2. Cutting parameters, spindle angles and their levels

Factor Unit Low 
level

Normal 
level

High 
level

Depth of cut mm 0.1 0.3 0.5

Width of cut mm 0.1 0.2 0.3

Feed rate mm/rev 0.04 0.06 0.08

Cutting speed m/min 40 60 80

Lead angle deg 10 30 50

Tilt angle deg 10 30 50

The workpiece before machining was relief annealed 
and aged to a nominal buck hardness about 45HRC with 
the density 8.24 g/cm3. The work material was prepared 
in 300*200 *20 mm blocks. A 20mm*20mm plane was 
finish machined on the workpiece with a new cutter for 
each cutting condition to obtain surface samples. The solid 
cemented carbide ball end milling tools (K44, Germany) 
with two flutes were used throughout the experiments. The 
diameter of all cutters was 10 mm. The helix angle was 
40° and the radius of the cutting edge was 0.04mm. Based 
on the previous work and recommendations of the tool 
manufacturer, the cutting parameters and spindle angles 
were selected as listed in Table 2.

A series of single factor experiments were conducted. 
Only one contrast experiment was conducted under dry 
condition while other cutting tests were conducted under 
the lubricants conditions to reduce the cutting temperature 
and tool wear, the water-based cutting fluid was applied.

As shown in Fig 1, the effective cutting speed Veff 
needs to be recalculated to maintain invariability due to 
the variation of effective cutting diameter if the values of 
spindle angles change.

					              (1)

As shown in Fig 2, X-ray diffraction was used to measure 
the state of residual stress in the machined surface and 
sub-surface. Measurements were taken on a Proto LXRD 
X-ray stress analyzer using Mn Ka radiation at 30 kV (16 
mA) to acquire the diffraction peak at a Bragg's angle. The 
sin2ψ technique involving 11 tilt angles with ψ = -25, -20, 
-15,-10,-5, 0, 5, 10, 15, 20, 25° was used to calculate the 
magnitude of residual stresses. Material removal by electro-
polishing was applied. Parameters of the electro-polishing 
method are shown in Table 3. A micrometer was used to 
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Figure 1. Ball end milling (ap: Depth of cut, ae: Width of cut, 
f: Federate, S: Rotational Speed, α: Lead angle, β:Tilt angle, γ: 
inclination angle of tool axis, D: Tool diameter, Deff: Effective tool 
diameter, Veff: Effective cutting speed)

Figure 2. The experimental set-up

ensure the consistency of depth below machined surface 
among the residual stress profiles. Moreover, the electrolyte 
was replaced for each cutting condition to eliminate the effect 
of electrolyte dilution. For each layer, residual stresses were 
measured in two directions: perpendicular (YY direction) 
and parallel to feed (XX direction), respectively.

Table 3. Parameters of the electro-polishing method

Chemical 
compositions

Methanol 200ml

Ethylene Glycol 
Monobutyl Ether 100ml

HCLO4 20ml

Electrolytic 
parameters

Voltage 20V

Current density 0.1-0.15A/cm2

Polishing rate 20nm/s

In this paper, σxx means the residual stresses in the direction 
parallel to feed while σyy means the residual stresses in the 
direction perpendicular to feed. The tool wear and surface 
roughness of the machined surface at the end of each test 
was measured using an Alicona Infinite Focus tool detecting 
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instrument. The surface roughness was measured at different 
locations of the machined surface and the average values 
have been reported.

3. Results and Discussion

A number of authors have reported that when turning 
with an unworn tool the residual stresses are tensile at the 
surfaces. With increasing depth beneath the workpiece 
surface the tensile stress rapidly drops and quickly reaches 
compressive levels before slowly returning to bulk values. 
However, no similar results have been found in the ball 
end milling process in this research. The nature of residual 
stresses on the surface of workpiece may be different and 
changes depending on the cutting conditions. Similarly to 
turning, the stress beneath the surface rapidly increases in 
the compressive direction and slowly returns to bulk values. 
The depth of residual stress layer is about 80um and the peak 
value of compressive stress appears at about 30um. What's 
more, the stresses generated by all cases display the property 
of anisotropy, i.e. more compressive stresses occur in the feed 
direction than in the direction perpendicular to the feed. In 
cutting zone, materials at the surface are subjected to high 
temperature and large forces, the temperature and forces in 
subsurface layer drop rapidly with the increase of depth. 
Thus, elastic deformation and plastic deformation occur with 
different scales, depending on distance from the workpiece 
surface. These materials have to achieve geometric and 
mechanical balance after machining, so the residual stresses, 
either compressive or tensile, is induced. High temperature 
is considered to generate tensile residual stresses while 
mechanical effect is responsible for compressive stresses. 
As to machining residual stresses, it is induced by conjoint 
thermal and mechanical deformation21-23, and the resultant 
stress state is determined by the specific cutting conditions. 
According to this theory, further discussions are committed.

3.1. Effect of cutting speed

The effect of cutting speed on the residual stresses 
generated by the ball end milling process is shown in 
Fig. 3. In general, when the cutting speed increases at 40-60 
m/min, the peak stress enlarges in the compressive direction. 
However, the residual stresses rapidly enlarge in the tensile 
direction at 60-80 m/min. A similar result was reported by 
Sharman et al.5, when turning Inconel 718 using new coated 
tools. As the cutting speed adjusts from 40m/min to 60m/
min, the drop in the tensile direction of residual stresses 
seen in this work can be explained when considering the 
increased chip flow rate and material softening associated 
with increasing cutting speed. Higher chip flow rates will 
reduce the amount of the heat generated in the cutting zone 
to diffuse into the workpiece and augment the amount of 
heat evacuated in the chip, this reduces the effect of the 
thermal load on the workpiece and therefore mechanical 

effects dominate, resulting in a more compressive residual 
stress regime. As the cutting speed continues to increase to 
80m/min, the residual stress values change in the tensile 
direction. This trend is expected because as cutting speed 
increases, machining becomes more adiabatic, i.e. the heat 
generated in the shear zone cannot be conducted away and 
so the metal is softened due to the temperature rise and thus 
the cutting forces are reduced. What's more, the enhanced 
cutting temperature and tool vibration will increase the tool 
wear (flank wear VB), as shown in Fig 4, it would still be 
sufficient to raise the temperature of the workpiece surface 
to a higher level and thus cause the higher tensile stresses. 
According to Altin et al.24 and Sharman et al.25, each cutting 
tool has a suitable cutting speed, the cutting speed above or 
below this suitable value will cause higher cutting temperature 
and more tool wear, which also explains the climb in the 
tensile direction of residual stresses at 60-80 m/min in this 
paper. Thus, the cutting speed should be carefully designed 
in order to obtain better residual stress state due to its strong 
influence on the residual stresses.

3.2. Effect of coolant

As shown in Fig 5, when cutting without cooling, the 
residual stresses parallel and perpendicular to the feed 
both keep an upward tendency in the tensile direction. The 
residual stresses on the surface increase about 100Mpa in the 
tensile direction. Without cooling, higher cutting temperature 
occurs in the cutting area and more heat is transferred to 
the workpiece, resulting in more thermal stress. In contrast, 
the use of coolant lowers friction and augments the heat 
removal from the surface, thus resulting in the dominance 
of mechanical effects. It indicates that the thermal stress 
induced by ball end milling is mainly tensile stress, while 
mechanical effects resulting in compressive stress. This 
result is consistent with previous studies13,21. As stated in the 
literature review, the resulting stress state after machining 
is a combination of thermal and mechanical effects, with 
thermal effects producing more tensile stresses.

3.3. Effect of DOC (depth of cut)

A number of workers have found that the increase 
in DOC results in a trend towards higher and deeper 
compressive residual stresses, due to the generation of 
higher cutting forces. However, in the present work, with 
the increase in DOC, the peak stress firstly enlarges in the 
compressive direction (DOC: 0.1mm-0.3mm) and then turns 
to enlarge in the tensile direction (DOC: 0.3mm-0.5mm), 
as shown in Fig 6.

The reason for this phenomenon is the thermal mechanical 
coupling mechanism of residual stresses generation. When 
the DOC adjusts from 0.1mm to 0.3mm, the enlargement 
results in an increase in the cutting forces and cutting 
temperature. However, the dominant residual stresses 
mechanism is the increase in the cutting forces. As reviewed 
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Figure 3. Residual stress profiles for different cutting speeds, (a) σxx, (b) σyy, (ap=0.3mm, ae=0.2mm, f=0.06mm/rev, lead angle=10°, tilt 
angle=0°, new tool, with cooling)

Figure 4. Tool wear with different cutting speeds

previously, high temperature is considered to generate tensile 
residual stresses while mechanical effects are responsible for 
compressive stresses, so the final state is a stress increase 
in the compressive direction. In contrast, when the DOC 
adjusts from 0.3mm to 0.5mm, more heat is generated and 
it is harder for the coolant liquid to reach the cutting area. 
Since Inconel 718 has a poor thermal conductivity, with 
the progress of machining, the temperature rises due to the 
continuous cutting action of the tool, which results in the 

thermal effects predominating over the mechanical effects. 
The rise in the cutting temperature dominants the increase 
in the tensile direction. Thus, it is not the smaller the better 
in DOC for the control of residual stresses.

3.4. Effect of WOC (width of cut)

As seen in Fig 7, the width of cut does not have an 
appreciable effect on the generation of residual stresses. 
One phenomenon that we should pay attention to is that the 
nature of residual stresses perpendicular to the feed direction 
changes from compressive to tensile with the value increasing 
in WOC, which is unfavorable for the surface fatigue life. 
In the finish ball end milling of components, the given 
range of WOC would be very small because of the limit of 
surface roughness, as WOC has a significant impact on the 
surface roughness in ball end milling. The effect of WOC 
on the surface roughness is shown in Fig 8. Dissimilar to 
the effect on residual stresses, the effect of WOC on surface 
roughness is significant. The value of surface roughness 
increases with the increase of WOC due to the increasing 
values of cusp height. Thus, in order to improve machining 
efficiency, larger WOC is always preferred in the given range 
of ball end milling.

Figure 5. Residual stress profiles for different cooling conditions, (a) σxx, (b) σyy, (ap=0.3mm, ae=0.2mm, Veff=60m/min, f=0.06mm/rev, 
lead angle=10°, tilt angle=0°, new tool)
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Figure 6. Residual stress profiles for different DOC, (a) σxx, (b) σyy, (ae=0.2mm, Veff=60m/min, f=0.06mm/rev, lead angle=10°, tilt angle=0°, 
new tool, with cooling)

Figure 7. Residual stress profiles for different WOC, (a) σxx, (b) σyy, (ap=0.3mm, Veff =60m/min, f=0.06mm/rev, lead angle=10°,tilt angle=0°, 
new tool, with cooling)

Figure 8. Surface roughness for different WOC

3.5. Effect of feed rate

As seen in Figure 9, the feed rate does not have a 
significant effect on the generation of residual stresses in the 
feed direction. It is quite different with some studies about 
turning that found significant effect of feed rate on residual 
stresses. The main reason might be the very small range of 
feed we choose because of the poor machinability of Inconel 
718. One obvious phenomenon appearing in the direction 

perpendicular to the feed is that the residual stresses on the 
surface increased about 200Mpa in the tensile direction with 
the federate adjusting from 0.04mm/rev to 0.06 mm/rev and 
reduced about 100MPa with the federate adjusting from 0.06 
mm/rev to 0.08 mm/rev. This phenomenon indicates that the 
dominant residual stresses mechanism changes from higher 
cutting temperature to higher cutting forces with the increase 
of feed. Correspondingly, Akhtara20 also have found that the 
increase of feed rate results in a trend towards higher and 
deeper compressive residual stresses, due to the generation 
of higher cutting forces.

3.6. Effect of spindle angles

As shown in Fig 10 and Fig 11, spindle angles have 
significant influences on residual stresses. As the effective 
cutting speeds remain the same value, the increase of spindle 
angles only changes the state of cooling and the stiffness 
of cutting system. It becomes harder for the cutting fluid to 
reach the cutting area with the increase of spindle angles, 
which leads to the rise of cutting temperatures and more heat 
transfer to workpiece. Thus, as shown in Figure 10, when 
the lead angle adjusts from 10 to 50°, more heat is generated 
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Figure 9. Residual stress profiles for different feeds, (a) σxx, (b) σyy, (ap=0.3mm, ae=0.2mm, Veff=60m/min, lead angle=10°, tilt angle=0°, 
new tool, with cooling)

Figure 10. Residual stress profiles for different lead angles, (a) σxx, (b) σyy, (ap=0.3mm, ae=0.2mm, Veff=60m/min, f=0.06mm/rev, tilt 
angle=0°, new tool, with cooling)

Figure 11. Residual stress profiles for different tilt angles, (a) σxx, (b) σyy, (ap=0.3mm, ae=0.2mm, Veff=60m/min, f=0.06mm/rev, lead 
angle=0°, new tool, with cooling)

and the stiffness perpendicular to the feed direction remains 
the same, which makes the residual stresses perpendicular to 
the feed direction increase in the tensile direction. The same 
phenomenon is observed for the residual stresses parallel to 
the feed direction when the tilt angle adjusts from 10 to 50°. 
However, when the lead angle adjusts from 10 to 50°, the 
stiffness parallel to the feed direction decreases. This induces 
more cutting chatter, resulting in more mechanical effects 

and a more compressive residual stress regime. When the 
lead angle adjusts from 10 to 30°, the effect of the thermal 
load dominates the increase of residual stresses in the tensile 
direction. In contrast, the mechanical effect dominates the 
increase of residual stresses in the compressive direction 
when the lead angle adjusts from 30 to 50°. It is of the same 
principle for the residual stresses perpendicular to the feed 
direction when the tilt angle adjusts from 10 to 50°.



Wang et al.1688 Materials Research

4. Conclusions

This paper presents a new knowledge on residual 
stresses generated in the ball end milling process of one 
major difficult-to-machine materials: Inconel 718. Case 
studies were performed in order to establish the influence 
of cutting conditions on the residual stresses through a 
series of experiments. Under all the cutting conditions, 
measured residual stresses show that the thickness of residual 
stresses layer maintains about 80um below the machined 
surface. The state of residual stresses is highly influenced 
by cutting conditions. The results indicate that thermal 
effects developed in ball end milling produce more tensile 
stresses in the workpiece, while mechanical effects induce 
more compressive stresses. Also, the results show that the 
machining process parameters are not the smaller the better 
for the control of residual stresses in the ball end milling 
process of Inconel 718 superalloy.
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