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The effect of machining strategies on the surface integrity have received minimal consideration as this fluid
situation develops, specifically, the machining induced residual stress generated in the material during milling.
This study investigates the presence of machining induced residual stress in Aluminum 7075 and its effects on
fatigue life. The testing consists of a layer removal process to measure residual stress followed by a three-point
bending fatigue test. The study finds that an increase in feed per tooth in combination with a reduction in cutting

speed increases compressive residual stress at the surface in the material. The fatigue testing concludes that this
increase in compressive stress improves fatigue life with varying effects on long crack and short crack

propagation.

1. Introduction

The influence of the manufacturing processes on material properties
has gone unnoticed during recent decades particularly in high-risk in-
dustries such as automotive, aviation, and aerospace [1-5]. Sectioning,
hole drilling, slotting, and contour methods are the most well-known
and common destructive testing methods for residual stress measure-
ments [6]. All these methods and other variations rely on the same
concept, the distortion of the component when the cut is induced.
Wheatley and Ohta [7] used an adaption of a destructive testing method.
In their proposed method, the residual stress was induced by welding
and then released through the layer removal method which involved
making several fine cuts to allow any residual stress to release. The
deformation created by the release of the residual stress is received by
strain gauges located on the opposing surface.

Milling is just one of the many ways residual stress occurs in a ma-
terial with other processes like welding, casting and heat treatment also
exhibiting the capability to create locked in stresses (residual stress) [8,
9]. In technical terms, residual stress is generated when the material is
loaded beyond its elastic limit causing the stresses to remain after the
external loading is removed [10-12]. Milling is susceptible to stress
generation from all three mechanisms however research has shown that

* Corresponding author.

the mechanical loading placed on the test piece is by far the most sub-
stantial stress influencing the alloy during machining. Zhang et al. [13]
investigated the effects of fire-induced high temperatures on the residual
punching shear strength of reinforced concrete flat-plate structures after
cooling and to examine the effectiveness of a detailing approach for
enhancing the post-punching load-carrying capacity. Gao [14] con-
ducted an exclusive study on the effect of initial residual stress on the
deformation of thin-walled aluminum components during machining.
Wang [15] employed both the layer removal method and a variation of
this method referred to as slope cutting in pre-stressed aluminum parts
with both initial and machining induced residual stresses. A numerical
study conducted by Huang [16] found a relationship between table feed
rate (V) and the residual stress. He found that as V increased so did the
maximum stress value. Wu et al. [17] studied effects of surface quality
and residual stress distribution via x-ray diffraction technique and
elastic-viscoplastic FEM. Wyatt et al. [18] concluded that compressive
residual stress is generated from the tool piece (mechanical loading)
while tensile residual stress is introduced from thermal loadings.
Compressive stress at the surface is preferable and in fact can increase
component life as it reduces working tensile stress and discourages crack
nucleation. Tian [19] implemented a sensitivity analysis on the residual
stress in two individual directions: x — parallel to the cut and y
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Table 1

Mechanical properties and chemical composition of the Aluminum test specimens.
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Mechanical properties

Tensile strength (MPa)

Yield strength(0.2% offset - MPa)

Elongation (%)

599 551 10
Chemical composition (%) Al Si Fe Cu Mn Cr Zn Ti Other
Base 0.4 0.5 1.2-2 0.3 0.18-0.28 5.1-6.1 0.2 0.15

Table 2
Machining Parameters for Residual Stress Measurement.
Parameter Unit Case 1 Case 2 Case 3 Layer
Removal
Cutting speed (Vc) m/min 251.00 375.00 500.00 132.00
Feed Rate (Vf) mm/ 1498.05 1865.10 1989.44  250.00
min
Spindle speed (n) rpm 4993.49  7460.39  9947.18  840.34
Feed per Tooth (Fz) mm 0.08 0.06 0.05 0.07
Feed per revolution ~ mm/ 0.3 0.25 0.20 0.30
(Fn) rev
Tool Diameter (D) mm 16.00 16.00 16.00 50.00
Number of Flutes 4.00 4.00 4.00 4.00
(Zn)
Cutting Width (W) mm 11.00 11.00 11.00 50.00
Coolant Yes/No  Yes Yes Yes Yes

—perpendicular to the cut. This favourable behavior was further verified
by another study conducted on carbon steel [20]. At a given point in the
milling run the residual stress in the feed direction (x-direction) was
found to be 912 MPa while the perpendicular direction was found to be
570.08 MPa. Similarly, Rao and Shin [21] conducted a study on the
high-speed face milling on Al7075. They reported that the induced
machining residual stress was very shallow with the maximum residual
stress always being within 40micron from the surface. Historically fa-
tigue life has been broken down into three phases: crack initiation, crack

(b)

Fig. 2. Residual stress measurement apparatus.
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Fig. 3. The experimental test set-up.

growth and fracture [22,23]. The crack growth phase can be broken into
two more distinct phases: small crack and long crack propagation. Lei
Zhu [24] understood this field of research was lacking and conducted
work on the study of small crack growth behavior with particular
attention being given to the machining induced residual stress. Suresh
et al. [25] defined the “small crack effect” which describes the differing
crack growth rate at the same stress intensity factor. This difference is
often higher than that of long crack characteristic which is often utilised
to predict fatigue life. Thus, the differing crack growth rate can cause
failure to occur before prediction. Other research also found that most of
the fatigue life is spent within this erratic small crack fatigue [26-29].
Due to the lack of available research articles on the influence of
machining induced residual stress parallels can be drawn between other
modes of residual stress such as shot peening. Shot peening is a cold
working process that creates severe plastic deformation and can be
applied to steels, stainless steels and aluminum [30-32]. In doing so it
creates large volumes of residual stress at the surface similar to that of
the machining induced residual stress. Cerny et al. [33] verified Bene-
detti results by also concluding an increase fatigue life on Al-7075 alloy
of up to 2.5 times of the un-peened specimen and also concluded that
more severe peening has a lesser effect on fatigue life. Gao et al. [34]
conducted research into the effect that surface enhancement had on
bending fatigue. They agreed that sub surface cracks increased when a
compressive residual stress was present on the surface, however they
could only assume that this was caused by the enhanced yield strength
created at the surface. Other research agreed that crack initiation was
common at the sub-surface when surface enhancement (compressive
residual stress) was applied however the fatigue life was still improved
by 36% [35]. Salvati et al. investigated crack closure and found that if
there were a single overloaded cycle it caused the crack growth rate to
retard and in the case of an overload/cyclic ratio of 0.7, there was a
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complete arrest of the crack growth before re-nucleation of the crack
[36]. Colombo et al. [37] supports previous work done by Salvati by
doing a direct comparison between cyclic loading and cyclic loading
with a single overloaded cycle. Tsukud et al. and Korsunsky et al. also
conducted similar research to find the same results with Tsukud de-
tailing that the compressive residual stress was prominent at higher
overload ratios [38]. Smith generated promising results by studying
effects of residual stress on fatigue life for 52,100 hard turned steel.
Smith stated that the hard-tuned specimen had a fatigue life over 56 000
cycles in comparison to a ground surface that was 27 360 cycles, he
elaborated by stating the worst hard tuned fatigue test of 16 000 cycles
still exceeded the average fatigue life of the grounded surface once
outliers were excluded [39]. Moussaoui conducted a comparison be-
tween an industry standard for machining and what he considered to be
optimal machining conditions with Vc = 50 m/min, d = 0.5 mm and Vc
= 32 m/min, d = 3.5 mm. Conversely Javidi et al. found that the stress
became more compressive as feed rate increased but noticed variations
in fatigue life based on the nose radius used on the tool [40].

There has been little research exploring the relationship between
machining induced residual stress and fatigue behavior amongst liter-
ature, leaving a vast area unchartered on this topic. In addition, the
influence of the milling induced residual stress on fatigue life of
Aluminum alloys has not been investigated yet. The focus of this study is
to constitute a definitive relation between residual stress profiles
generated by milling and resultant effects on fatigue life. The process
included two individual testing steps. First, the accurate measurement of
residual stress using layer removal. second, an indicative experimental
fatigue life using a three-point bending test.

2. Materials and methods

As extruded Al-7075-T6511 bar (50 x 25 x 400 mm?) was selected
as the test piece. This material has been well justified amongst literature
as one the most common aircraft grade aluminum’s that is at the center
of the fatigue failure issue being seen amongst various industries [41].
Mechanical properties and chemical composition of the tested speci-
mens are provided in Table 1Table 1.

The test piece was cut to a pre-specified length using a band saw.
During the experiments, each specimen was fastened to 95 N.m to
improve consistency and reduce error. The clamping force created by
the stud and nut arrangement is negligible for both the residual stress
and the fatigue life measurements. It was assumed that the layer removal
did not induce residual stress on the material. Fig. 1-a visualizes the
specimen used for the residual stress test. A similar specimen as shown in
(a)

Figure Fig. 1-b was manufactured for the fatigue testing. However,
the machining of the top surface differs by machining the entire surface
to the appropriate parameters detailed in Table 2. The strain gauges
were centered in the longest direction and evenly spaced in the shorter
direction. Fig. 1 illustrates where the 55 mm and 50 mm cuts will be
made down the center of the material.

The residual stress measurement investigates three different
machining scenario’s spanning from a high-speed machining case to a
conventional machining case, as well as considering a non-machined
case. Fig. 2 illustrates the Residual stress measurement apparatus. The
machining parameters are detailed in Table 2 as well as the machining
parameters required for the layer removal process.

All cuts were made across the material rather than length ways down
the material. The machining procedure starts by selecting the Case 1
machining parameters that comprises of a low cutting speed and a high
feed per tooth/revolution. These two parameters are some of the most
indicative of residual stress highlighted in literature and form the
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Fig. 4. The testing apparatus; (a) Displacement and load pattern, (b) Force diagram, and (c) Bending moment diagram for three-point fatigue testing.



L. Berry et al.

10,00

20.00

Stress (MPa)

43,00

50.00

Forces in Mechanics 7 (2022) 100096

Depth into Material (mm}

10.00

Stress (MPa)

-40.00

50

(a)

Depth into Material (mm)

(b)

Fig. 5. Residual stress induced by machining as per (a) Casel, (b) Case2, (c) Case3, and residual stress in (d) un-machined case.

foundation of this procedure. The corresponding feeds and speeds are
consequential of the cutting speed and feed per tooth which were
calculated using Equations 1 —3. For Case 1, these magnitudes of cutting
speed (251 m/min) and feed per tooth/revolution (0.08 mm and 0.30
mm) were intended to induce the highest residual stress on the material
and were passed over the material several times to produce a 55 mm
wide pocket at depth of 1 mm. The tooling was then changed to a 50 mm
end mill and at this point the FLAB-5-23-1LJC-F strain gauges on the
opposing surface were recognized and the data was logged for the
following cuts. The successive cuts were ran using the parameters
defined in the layer removal column with the intent of only removing
the residual stress generated from the Case 1 cut. This was ensured by
aligning the parameters with work done by Wang who conducted layer
removal on 7075-T651 rolled plate. This method was employed to

determine the residual stress generated within 500 um of the surface.
500 pm has been identified in literature as the maximum influencing
depth of machining with some research indicating even lesser influ-
encing profiles [42]. To achieve the 500 um depth several cuts were
made at a depth of 50 um and repeated to effectively cover the entire
depth of the residual stress profile. A strain measurement was taken
between each cut. Later this strain measurement was used to determine
stress within the material by applying the stress strain relation used by
Wheatley [7]. Once completed the same procedure was carried out for
cases 2 and 3 as well as an additional case that does not receive any
induced stress but only layer removal.

Another important consideration that was made during the residual
stress test was levelness of material. This follows the complex design of
the test jig that was manufactured with the dual purpose of allowing the



L. Berry et al.

0.00

Forces in Mechanics 7 (2022) 100096

0.40 0.45 0.50
10.00
=
a
=
o 20,00
9
e
A
30.00
40.00
50.00
Depth into Material (mm)
10
0
0.4 0.45 0.5
10
™
a
]
w20
v
o
s
=
w

a0

A0

Depth into Material (mm)

Fig. 5. (continued).

Table 3
The magnitude of the surface residual stress in machining cases.

Machining case Compressive surface residual stress (MPa)

Case 1 45.95
Case 2 16.33
Case 3 8.14
Un-Machined 1.82

material to deflect without fouling or causing damage to the strain
gauges. However, it makes the material susceptible to being out of plane.
This resulted in an extra precaution being taken prior to any cuts being
made meaning the levelness of the test piece was checked with a
tolerance of 0.05 mm across the entire 400 mm length being set. The
fatigue life was assessed via a three-point bending test on a hydraulic
load frame. The test piece was set up in the jig to allow ease of fitment to
the Instron 1342 servo hydraulic UID controlled machine (Fig. 2). The
machine has the capability to apply cyclic loads within the range of 15

Hz up to 100 kN. However, the material will receive a fluctuating zero
based cyclic load at 2 Hz given the concerns around machine accuracy.
Fig. 3-a visualizes a displacement controlled test at a set point of 8 mm.
The 8 mm displacement equates to an approximate 46.2 kN dynamic
load and 3.97 kN.m at the first cycle (Fig. 3-b and Fig. 3-c). Naturally
this load decreases as the material degrades from the service. Pretesting
was required to ensure the frame, specimen, and load were appropriate
to cycle till failure efficiently and effectively. This was inclusive of
trialing different spacers, displacement amplitudes and frequencies. The
load frame was calibrated between each test and safety limits were
armed at 8.5 mm of displacement and 60 kN of force. Further efforts
were made by closely monitoring the specimen and machine readout to
reduce possibility of machine error. The loading was cycled till the
failure of the test piece. An exception was made for the un-machined
case where the material was placed machine side up to eliminate any
possible effects of the machining. The experiment was repeated three
times for each case, making for a total of 12 tests with every test being
logged in the form of displacement-load data. The testing apparatus is
shown in Fig. 4, each specimen was run until complete failure.
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3. Results and discussion
3.1. Milling induced residual stress

The strain was continuously recorded by the strain gauges therefore
required extensive screening to obtain the most correct result. The strain
gauges typically showed a randomized result with multiple peaks and
settle points. Screening was critical to obtaining the settled point to be
recorded. This data was used to develop the corresponding stress dis-
tribution at each layer removal cut using Equitation 4. The residual
stress profiles are shown in Fig. 5 which correspond to the Case 1, Case 2,
Case 3, and Un-machined case, respectively.

(b)

6. Relation of Induced residual stress to fatigue life (cycles) in machined and un-machined test specimens.

Figure, all residual stress profiles for machined cases conformed well
to the proposed residual stress profile identified in the literature [11].
The generated profiles show a large compressive stress at the surface
occurring within 0.05 mm in all three cases, followed by a subsurface
balancing tensile layer. This tensile layer is induced the outer
compressive layer to counter the cutting tool load. With this considered
it is obvious that the case 1 exhibited the largest mechanical load, fol-
lowed by the case 2 and the case 3. The magnitude of the surface residual
stress in each case is summarized in Table 3. The table details the
reduction in compressive residual surface stress from 46 tol6 and then
to 8 MPa for Case 1 to Case 3, respectively. This is while cutting speed
increases from 251 to 375 to 500 m/min and feed per revolution
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Fig. 6. (continued).

decreases from 0.3 to 0.25 to 0.2 mm/rev. This notable pattern between
cases aligns with the trends identified by Wu who proposed that an in-
crease in cutting speed would reduce residual stress while an increase in
feed per tooth would increase the residual stress [17]. Machining pa-
rameters used in Case 1 were similar to work conducted by Wang [15].
The results of Wang’s roughing cut revealed surface residual stress of
over 120 MPa at approximately 0.05 mm deep into the material. Both
Case 1 and Wang’s project used cutting speeds of 251 m/min, a feed rate
of 1500 mm/min, a width of cut of 11 mm and a depth of cut of 1 mm.
However, surface residual stress reported by Wang was over 120 MPa at
approximately 0.05 mm deep into the material which is remarkably
different form the residual stress measured in the Casel (~46 MPa) at
the same location. A difference of over 74 MPa is exhibited when
compared to residual stress outlined in Table 3. Further investigation
shows that Wang’s work implemented a 2 flute 16 mm cutter while case

1 used a 4 flute 16 mm cutter. As these two scenarios are both conducted
at the same cutting speed and feed rate it would mean that case 1 would
see a reduced feed per tooth. This comparison proves that by increasing
feed per tooth, residual stress within the material is increased. In addi-
tion, this can be closely compared to Wu’s work as an increase in feed
per revolution allied with an increase in feed per tooth [17]. Thus, the
results found in this residual stress measurement proves that an increase
in feed per tooth increases residual stress.

3.2. Fatigue life

Fatigue life analysis was carried out on the three machining cases
and the non-machined case identified in Table 2. Three-point bending
fatigue test was iterated three times in each case to ensure the reliability
of the results. The relation between maximum residual stress at the
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Fig. 6. (continued).

surface and the fatigue life is depicted in Fig. 6.

Fig. 6 concludes that an increase in surface residual stress corre-
sponds to an increase in fatigue life. However, an anomaly was seen in
case 2 where the residual stress was 16.33 MPa with a fatigue life of
9272 cycles. This can be attributed to the fact that the material was
affected by another surface integrity factor or there was a fault in the
testing apparatus, hence why this point was excluded from the average
trend. Maximum residual stress was found to have significant influence
on the fatigue life. The average of maximum residual stresses achieved at

(b)

Fig. 7. Microscopic image of typical fatigue failure of (a) machined and (b) un-machined specimen.

iterations for each case was taken and it was found fatigue life-residual
stress relation could be closely approximated to an exponential formula
described by y = 5E-05¢%9022% Fig. 7 demonstrate the failure surface for
the machined and un-machined cases. Noticeably the machined speci-
mens initiate cracks from the corner of the specimen while the un-
machined specimen initiates cracks from center of the bottom surface.
This behavior was consistent across all specimens. It is proposed that the
compressive residual stress generated in the surface relocates the crack
initiation sites from the center of the material to the corners. This occurs
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Table 4
Long crack fatigue and initiation/short crack fatigue cycles.
Case 1 (Cycles) Case 2 (Cycles) Case 3 (Cycles)
Test 1 Initiation/Short Crack Fatigue 5624 - 4197
Long Crack Fatigue 1054 9272 778
Test 2 Initiation/Short Crack Fatigue 5458 4514 4430
Long Crack Fatigue 1136 702 652
Test 3 Initiation/Short Crack Fatigue 4642 5601 6135
Long Crack Fatigue 1342 658 408
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Fig. 8. Ratio of long crack fatigue and short crack fatigue/initiation.

due to the surface gaining an improved fatigue life causing the crack to
initiate from the side of the material near the lower surface.

Table 4 differentiates between long crack and short crack initiation/
propagation. This was determined visually where any identifiable crack
that was over 500 um in length was considered as a long crack. The
number of cycles before long crack identification was assumed to be
either short crack propagation or initiation. This is a common trouble
amongst literature where initiation and short crack propagation are
difficult to distinguish between. Fig. 8 details the percentage of long
crack and short crack propagation/initiation for each case. A common
trend of an increase in ratio of short crack propagation to long crack
propagation within a given case is seen in Fig. 8. Specifically, in case 1
the short crack propagation increases from 78% to 83% to 84% as the
magnitude of cycles increases between each test. In Case 2, short crack
propagation increases from 87% to 89% between tests. A similar trend
was seen in Case 3 where the short crack propagation increases from
84% to 87% and to 94% between tests. This trend is specific to an in-
crease in number of overall cycles within the chosen machining sce-
narios. Given that the behavior occurs within a single case it is unlikely
that this due to residual stress. Other surface integrity factors could be
suggested as the cause of this trend with surface finish and microstruc-
ture being considered. The only likely cause for an alteration in surface
finish would be tool wear however the effects of tool wear on surface
roughness is unclear. Fig. 9 illustrate the individual trends of the short
crack fatigue and the long crack fatigue against the surface residual
stress, respectively. It should be noted that the un-machined case was
excluded from the results since the cracks propagated from the bottom
surface could not be identified. The individual results for short crack
fatigue do not show any obvious relation to surface residual stress
however when the average fatigue life is assessed there is a slight

10

increase in fatigue cycles of 321 cycles between case 1 and case 3. This
shows some signs of retardation of small crack propagation due to the
increased surface strength within 0.5 mm of the surface. Contrary to this
there is a noticeable increase in Fig. 9-b that suggests surface residual
stress increases fatigue life for long crack propagation. Between Case 3
and Case 1. The average number of cycles increases by 565 cycles which
is over double the long crack fatigue of case 3. This phenomenon is not
consistent with literature that tends to see an increase in short crack
fatigue in the presence of compressive surface residual stress. It is sug-
gested that despite statements made in literature residual stress can
improve long crack fatigue but may be dependent on geometry. This
suggestion stems from the idea that the crack initiates on the edges/sides
of the machined surface where the residual stress would have minimal
impact on these areas. But the crack is required to propagate across the
bottom surface that exhibits large compressive stress thus slowing the
long crack propagation across the surface.

4. Conclusions

This main focus of the present study is investigating the influence of
manufacturing processes on the fatigue life of aluminum alloys in high-
risk applications. In particular, milling of Al7075 alloy was studied with
substantial consideration being made from literature regarding the
influencing of machining parameters and the effects the corresponding
residual stress has on the fatigue life. This was determined by con-
ducting a residual stress measurement of the induced residual stress
from three different machining cases as well as considering an un-
machined case. This was done by utilizing the layer removal method
that has been widely used amongst literature. Next a three-point
bending fatigue test was carried out to determine the fatigue life and
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Fig. 9. Residual stress in relation to (a) short crack fatigue, and (b) long crack fatigue.

its correspondence to the induced residual stress in the material. Once
the relevant result interpretation was complete the following conclu-
sions were made:

By increased the cutting speed reduces surface residual stress in a
material while increased feed per tooth increases surface residual
stress. Also, machining induced residual stress improves fatigue life
in the low cycle regime and can be approximated to an exponential
relation.

Machining induced residual stress is more influential on long crack
propagation than short crack propagation/initiation.

Compressive residual stress on the surface can relocate the crack
initiation to a site that is un-machined if the new site is under greater
stress than the summation of the loading and residuals stress at the
original site.
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