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The influence of the hole surface integrity on the fatigue life of 2024-T351
aluminum drilled parts was investigated. Fatigue tests were conducted on
open-hole specimens, and a large campaign was carried out to characterize the
hole surface integrity (roughness measurements, hardness measurements,
metallographic observations, and residual stress analysis). An innovative
technique, the Hole Opening Comparative Technique, was set up in order to
analyze the residual stress state of the parts. In this study, strain hardening of

the hole subsurface seems to be the main factor influencing the fatigue behav-

ior, associated with a residual stress state of the part.
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1 INTRODUCTION

Parts of aircraft structures are mostly assembled using
fasteners (rivets or screws) introduced into holes
machined by drilling. Assembling an aircraft may require
several hundred thousand to several million drilling
operations depending on the aircraft size." These holes
for fastening are critical areas where fatigue damage can
be initiated because they are areas of high stress concen-
tration. The drilling procedure used for the machining of
the fastening holes can affect the fatigue life of the drilled
partz'4 since, according to the procedure, the hole surface
is subjected to different thermo-mechanical loads that
can induce differences in the hole surface integrity.’

Field and Kahles® were the first to introduce the con-
cept of surface integrity in a technical sense by defining it
as the inherent or enhanced condition of a surface pro-
duced in machining or other surface generation operation.
Since then, this definition has been completed by adding
the notion of surface functional performance. Thus,
according to Mondelin,” the surface integrity can be con-
sidered as a set of characteristics allowing a surface to be

qualified with regard to a given application. Regarding the
fatigue performance of a surface, it is well known that
the surface integrity includes the concepts of surface
topography, residual stresses, and the metallurgical con-
dition of the material subsurface (microstructure and
microhardness).

Extending the fatigue life of aircraft is one of the air-
craft industry's major concerns. This requires an under-
standing of the impact of the surface integrity on the
fatigue strength. Thus, several works have been carried
out in the past few decades to study the relationships
between the machining process parameters, the resulting
surface integrity, and the associated fatigue life for vari-
ous materials and machining processes. The reviews by
Novovic et al.,.> M'Saoubi et al.,’ and Pramanik et al.°
synthesize many of these works. The main conclusions
concerning the individual contributions of the surface
integrity parameters for commonly used materials (alu-
minum alloys, titanium alloys, steel, and nickel alloys)
are the following. The lower the surface roughness, the
longer the fatigue life'' as the micro-notches of a
machined surface induce stress concentration areas


https://orcid.org/0000-0003-2715-4213
https://orcid.org/0000-0002-4473-7827
mailto:alexandra.lacombe1@univ-tlse3.fr
http://wileyonlinelibrary.com/journal/ffe
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fffe.13441&domain=pdf&date_stamp=2021-02-27

where a local plastic strain field can be generated when a
stress is applied, thus defining a path for the crack.
Compressive residual stresses improve the fatigue
strength due to the crack closure effect, which slows
crack propagation.'*”** In contrast, tensile stresses reduce
the fatigue strength through the crack opening effect,
which facilitates crack propagation. The fatigue life
increases with the work hardening of the surface, which
increases the surface yield strength.'>'® These surface
integrity parameters have different impacts in the fatigue
failure: some influence crack initiation and some influ-
ence crack propagation'” (Table 1).

However, a machining operation impacts all the sur-
face integrity parameters mentioned above at the same
time, and some parameters depend on one another, so it
seems difficult to judge which parameter has a predomi-
nant influence on the others. Moreover, depending on
the level range considered for a parameter, its influence
on the fatigue strength can vary. For instance, according
to Siebel and Gaier,'® a reduction in the fatigue endur-
ance limit occurs only above a certain critical groove
depth. In addition, the impact of the surface integrity
parameters varies from one material to another. Koster'®
showed that the endurance limit of steels was dependent
on the surface roughness, whereas this was not the case
for Ti 6-6-2 and Inconel 718.

Thus, the question of the relationship between the
surface integrity and the fatigue strength seems very
broad and complex, and the conclusions of the works
cited in the reviews mentioned above cannot be general-
ized to all machining processes and to all materials. In
some fields, there are gaps in our understanding of these
correlations. This is the case for the hole surfaces
obtained by drilling processes in aluminum alloys, which
are the most widely used alloys in the aircraft industry. A
clear understanding of the impact of these surfaces'
integrity on the fatigue life of the drilled part is not yet
available, although it is required by the aircraft industry
to optimize the fatigue behavior of their assemblies.

The lack of studies on the integrity of drilled alumi-
num surfaces may be explained by the fact that the thin-
ness of the layer of material affected by the machining

TABLE 1
fatigue failure'”

The influence of surface integrity characteristics on

Crack Crack
nucleation propagation
Surface roughness Accelerates No effect
Cold work Retards Accelerates
Residual compressive Minor or no Retards
stress effect

process makes the experimental characterization of the
surface integrity difficult. A preliminary finite element
study simulating the lateral cutting of a drilling process
in a 2024-T351 aluminum part was lead in order to pre-
cise this depth of subsurface material affected. The
finite element model developed for this study was a
mechanical model equivalent to the one developed by
Atlati*® and was developed with the Abaqus/explicit
software. The mechanical laws of material behavior and
friction, and the simulation strategy used, were based
on those employed by Atlati?® The study results
showed that the depth of the subsurface material
affected by plastic strain and residual stresses after
machining was a few tens of microns (Figure 1). This
depth is very small compared with the one usually
studied in the edge area of hole for fasteners in the
literature (a few millimeters).>*>'*

This paper investigates the impact of the hole surface
integrity on the fatigue life of a 2024-T351 aluminum
drilled part. This alloy was chosen because it is com-
monly used in the aircraft industry due to its low density
and its high fatigue performance. As axial and orbital
drilling processes can lead to different fatigue lives,**?
these two processes were considered in the study in order
to generate potential differences in hole surface integrity.
Axial drilling is the most common process for the
machining of a fastening hole in the aircraft industry and
is usually named “conventional drilling.” Orbital drilling
is a more recent process, corresponding to helical milling
(Figure 2), which has many advantages over the conven-
tional process, such as avoiding burr formation and
allowing better chip evacuation.”?

To carry out the study, fatigue tests and surface
integrity analysis (roughness measurements, hardness
measurements, metallographic observations, and residual
stresses analysis) were performed in order to identify the
parameters that control the fatigue life.

2 MATERIALS AND METHODS
2.1 Test specimens

Fatigue specimens were machined from 2024-T351 alu-
minum plates. This aluminum alloy is an Al-Cu-Mg
alloy which has been solution heat treated, control
stretched, and naturally aged. The mechanical character-
istics of the specimens are presented in Table 2.

Fatigue specimens were “open-hole” T-type elemen-
tary specimens (Figure 3) machined in such a way that
their longitudinal axis was aligned with the rolling direc-
tion of the 2024-T351 plate. The specimen width was
three times the nominal hole diameter (D), and its length
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TABLE 2 Minimum mechanical properties for 2024-T351
aluminum plate (NF EN 485-2+A1, 2018)

Rpo.2 (MPa) Ry, (MPa) A (%)
290 430 11

was 200 mm. The holes were obtained by a one-step
drilling operation followed by a deburring operation.

To generate potential differences in hole surface
integrity, axial and orbital drilling processes corres-
ponding to industrial applications were used. As different

Tool path

tools and cutting parameters are used with these pro-
cesses from one drilling diameter to another, two drilling
diameters were considered in the study: 6.35 and
9.53 mm.

The fatigue specimen thickness was chosen according
to industrial applications. It was 6.35 mm for the speci-
mens with D = 6.35 and 10 mm for the specimens with
D =9.53 mm.

According to Faurie et al.,** the stress concentration
factor in the working section (gross section minus hole
area) of the specimens was 3.5. The maximum stress in
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TABLE 3 Drilling parameters
D = 6.35 mm D =9.53 mm
Axial drilling Orbital drilling Axial drilling Orbital drilling
Nypindle 9000 40,000 4000 40,000
(rpm)
Noxp, (rpm) - 1500 - 1500
Vea 900 60 400 60
(mm/min)
V.(m/min) 180 610 120 1005
fa (mm/rev) 0.1 0.0015 0.1 0.0015
Tool Tungsten carbide helical ~ Tungsten carbide end Step helical tungsten carbide Tungsten carbide end
drill (2 tooth) mill (4 tooth) diamond coated drill (2 tooth) mill (4 tooth)
Dioo1 (mm) 6.35 4.855 9.53 8.00
Lubrication External MQL External MQL External MQL External MQL

the hole edge area is obtained by multiplying the stress in
the gross section by the stress concentration factor. The
value of the stress concentration factor considered in this
study ensured that the onset of cracking took place at the
hole edge.

2.2 Procedures
2.2.1 Drilling processes

Drilling tests were carried out using a DMG DMU85eVo
machining center. In order to conduct orbital drilling
operations, a PRECISE France - ORBIBOT orbital spindle
was fixed on the Z-axis of the machining center. For this
drilling process, the machining was done in up-milling
(tool rotation and orbital rotation in the same sense).

The cutting parameters, the tools, and the lubrication
used for each drilling process and for each hole diameter
corresponded to industrial applications. They are pres-
ented in Table 3.

2.2.2 Fatigue tests

Fatigue tests were performed using a Schenk servo
hydraulic machine equipped with a 100-kN load cell, at
room temperature. The load was applied in the
longitudinal direction of the specimen as a cyclic

(sinusoidal) tensile-tensile load with a load ratio of 0.1
and a frequency of 20 Hz. Fatigue tests were carried out
for various stress levels in order to obtain S-N curves
(Wdhler curves). The maximum stress level applied in
the working section varied from 100 to 280 MPa.

2.2.3 Roughness measurements

Two-dimensional roughness parameters (Ra, Rq, Rz) were
measured along the height of the hole with a profilometer.
In accordance with [ISO 4288, 1996], these measurements
were performed with a cut-off length of 0.8 mm.

In order to complete the roughness results obtained
from the analysis of linear profiles, an analysis of the sur-
face roughness was also carried out. Three-dimensional
roughness parameter measurements (Sa, Sq, Sp, Sv, Sz,
Sdq, Ssk, Sku) were made using an ALICONA Infinite
Focus device, which is capable of performing noncontact
optical surface topology measurements through the focus
variation principle. A magnification of 10X and a vertical
resolution of 200 nm were used for the measurements.

2.2.4 Hardness measurements

Vickers microhardness measurements were made on the
hole surface of the fatigue specimens previously cut in
the working section (Figure 4). The indentations were



made with a load of 1 kgf and an indentation time of
15 s. Because of the cylindrical shape of the hole, a cor-
rective factor was applied to the results as recommended
by [ASTM E92-82].

In order to complete the microhardness results and to
identify the material depth affected by a variation in
hardness, nanoindentation tests were also conducted.
The indentations were made at mid-thickness of the
fatigue specimen in the (x,y) plane. To do this, specimens
were extracted from fatigue specimens and set in a resin
in order to be polished. They were polished manually
using emery papers with decreasing grit size (down to
4000 grit), then using diamond paste (1 pm), and finished
with OP-S suspension. The applied load and the size of
the indentation matrix were determined on the basis of
the results of the preliminary numerical study, which
predicted an affected material depth of a few tens of
microns (Figure 1). The indentation matrix was a matrix
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Nanoindentation test set-up (A) and example of a nanoindentation matrix (B)

FIGURE 5

of 5 x 20 indents equally spaced 5 pm apart, with the first
column located around 5 pm from the hole edge
(Figure 5). The indentation tests were performed, with a
diamond Berkovich indenter, as load-controlled tests
with a maximum load of 5 mN. Load-displacement cur-
ves obtained were analyzed using the Oliver and Pharr
method®® to determine the nanohardness HIT.

2.2.5 SEM-EBSD analysis

Previous works had shown that the electron back-scatter
diffraction (EBSD) technique could be used to localize
and estimate plastic strain through the analysis of local
changes in the crystal orientation.”®*’ This technique
was therefore used in the study to assess the strain
hardening state of the hole subsurface. The grain refer-
ence orientation deviation (GROD), which represents the
misorientation between a given pixel and the average
orientation of the grain, was studied as a plasticity
marker.

SEM-EBSD observations were carried out using a Feg
Jeol JSM 7100 F scanning electron microscope (SEM)
equipped with an Oxford Instruments Nordlys Nano
detector (Centre de microcaractérisation Raimond
Castaing, CNRS UMS 3623, Toulouse, France). They
were performed on a section at mid-thickness of the
fatigue specimen in the (x)y) plane, as for the
nanoindentation tests. The observed section was pre-
pared with a cross section polisher, to preserve the micro-
structure and avoid polishing artefacts. For the
measurements, the sample was tilted to 70° relative to
the incident beam, as in conventional ESBD analysis, and
a voltage of 20 kV was used. An area of 600 X 200 pm in
the hole edge area was scanned with a step size
of 0.5 pm.




2.2.6 Residual stress analysis

Current techniques for residual stress evaluation (X-ray
diffraction and incremental hole drilling) were first con-
sidered for the study of the residual stress state of the
part. However, these techniques were difficult to imple-
ment due to the cylindrical shape of the hole, the large
grain size of the material, and the thinness of the
material layer affected by residual stresses in the hole
edge area.

Therefore, a novel strategy, the Hole Opening Com-
parative Technique (HOCT), which is suitable for the
analysis of residual stresses for thin material layer
affected in the hole subsurface, was set up. This method
is based on the splitting method*® which is usually used
to assess the residual stresses in thin-walled tubes.?® The
HOCT consists in introducing a slot along the half of
the working section of the fatigue specimen that opened
the hole and measuring the specimen deformation

Slot machined

by EDM  ~,

induced by this material removal which indicates the
level and sign of residual stresses (Figure 6A). The speci-
men deformation level indicates the residual stress level:
the greater the residual stress state in the hole edge area,
the greater the specimen deformation after the opening
of the hole. The shape of the deformation profile
indicates the residual stress sign: a convex profile corre-
sponds to tensile residual stresses, whereas a concave
profile corresponds to compressive residual stresses
(Figure 6B).

Thus, the HOCT allows to evaluated the residual
stress state in the hole edge area in drilled open-hole
T-type specimen in a qualitative way and can be used as
a quick comparative test. Moreover, the quantitative
analysis of the residual stresses could also be possible
through the development of a numerical model which
could determine, using the inverse method, the residual
stress state corresponding to the specimen deformation
induced by the HOCT.

C
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Specimen for the residual stress analysis with the HOCT (A) and shape of the deformation profile according to the residual



The different steps of the HOCT are given below:

1. Drilling of a hole in a specimen assumed to be free of
residual stresses;

2. Measurement of the profile of the specimen after
drilling;

3. Machining of the slot by Electrical Discharge Machining
(EDM);

4. Measurement of the profile of the specimen after
machining of the slot;

5. Analysis of the residual stress state of the specimen
through the measured specimen deformation.

In this work, the material studied is the aluminum
alloy 2024-T351. With the treatment T351, the material is
stretched a controlled amount for stress relief after being
solution heat treated. Therefore, in this study, the fatigue
specimens can be assumed to be free of residual stress
before the drilling operation. Besides, with the HOCT,
the machining of the slot is done by EDM which avoids
introducing significant levels of residual stress in the
specimen. Thus, the specimen deformation measured is

D = 6.35 mm
1.1
— Axial drilling
40 Orbital drilling
w 0.9
a
0 0.8 \
@
© 0.7 \
v
N :
© 0.6
£
S 05 \
0.4 bk o o o
0.3
10* 10° 10°
Number of cycles to failure, N
(A)
D = 6.35 mm
1.2
1.0
0.8
E 0.6
0.4
0.2 EEm Axial drilling
[0 Orbital drilling
0.0

assumed to be essentially related to the residual stresses
introduced during the drilling operation.

In the HOCT procedure, the specimen deformation is
evaluated through the measurement of a profile shape
before and after the material removal. As the residual
stresses are assumed to be much greater in the radial and
orthoradial directions than in the axial direction, the
specimen deformation induced by the HOCT is measured
in the (x,y) plane. The measured profile is oriented along
the longitudinal direction of the specimen and located at
mid-thickness of the specimen on the side opposite the
machined slot (Figure 6A). In this study, the profile mea-
surements were performed with an ALICONA Infinite
Focus device.

3 RESULTS

31 Fatigue life

For reasons of confidentiality, fatigue test results

are presented in Figure 7A,B as semi-log S-N curves

D =9.53 mm
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0.0

FIGURE 7 Wohler curves obtained for D = 6.35 mm (A) and D = 9.53 mm (B) and corresponding AFI results (C,D)



(Wohler curves), with S corresponding to the normalized
stress in the working section of the specimen and
N corresponding to the number of cycles leading to fail-
ure. Power trend curves are plotted on these graphs. In
the same way, the values of the surface integrity parame-
ters presented in the following sections (roughness,
microhardness, and nanohardness) are also normalized
by their maximum value.

S-N curves obtained for D = 6.35 mm show no differ-
ence in fatigue strength between the two drilling pro-
cesses. In contrast, S-N curves obtained for D = 9.53 mm
show a significant increase in fatigue life for the speci-
mens drilled by the axial technique. This gain in fatigue
life can be observed for all stress levels but is greater for
the lower ones.

In the aircraft industry, the fatigue performance of a
structure is commonly evaluated by the Airbus Fatigue
Index (AFI), which corresponds to the stress S associated
with a forecast fatigue life of 100,000 cycles. Thus, AFI
values were determined for all configurations from S-N
curves. They are shown in Figure 7C,D (as values nor-
malized by the maximum AFI value obtained).

For D = 6.35 mm, similar AFI values can be observed
for both drilling processes, whereas for D = 9.53 mm, a
gain in AFI of 15% is visible with the axial drilling
process.

The fracture surfaces were observed for all drilling
configurations. No difference in failure mode was noted
between the different configurations. For all specimens,
the crack initiated in the hole edge area and the fracture
surface was divided into two distinct zones: the crack
propagation zone and the final fracture zone (Figure 8).

Thus, the drilling configuration can have a significant
influence on the fatigue strength of the drilled part, but it
has no impact on the failure mode of the specimen. The
differences in fatigue life observed between the drilling
configurations were probably related to differences in the

hole surface integrity. Characterization test results of the
hole surface integrity are presented in the following
sections.

3.2 Roughness measurements

Among all the roughness parameters measured, only the
results of arithmetic average height of profile (Ra), which
gives an average indication of the overall surface topolog-
ical state, are presented here. They are shown in
Figure 9.

For all drilling configurations, the measured Ra
value complies with the aeronautical specification. No
correlation can be established between the Ra results
and the fatigue test results. A significant difference in
Ra is observed between the two drilling processes for
D = 6.35 mm whereas no difference in fatigue life is
noticed between the two drilling techniques for
this hole diameter. This is probably related to the
relatively low Ra values measured compared to the
aeronautical specification. The Ra values are not high
enough to have an impact on the fatigue strength of
the part.

The possible relationship between the hole roughness
and the fatigue life results was also studied for all the
other 2D and 3D roughness parameters measured. No
obvious correlation between the roughness parameters
and the fatigue strength of the drilled part can be
highlighted from this analysis. As for Ra, this is explained
by the low measured values of the 2D and 3D roughness
parameters which do not indicate a degraded surface tex-
ture. In this study, the drilled hole surfaces seem to have
a fatigue behavior corresponding to the first domain of
the Kitagawa diagram.*® This domain, which is associ-
ated to small defect sizes, corresponds to a negligible
influence of the defect size on the fatigue strength and to

Final fracture zone

Crack propagation zone

FIGURE 8 Example of a fracture surface



a crack initiation controlled by the microstructural state
of the material.

Thus, in this study, the hole roughness is not a major
factor influencing the fatigue life of the drilled part. That
is why the further characterization of the hole surface
integrity focuses on the internal aspects of surface
integrity.

33 Hardness measurements
After analysis of the topographic aspects of the hole

surface integrity, the metallurgical and mechanical
aspects were investigated. The Vickers microhardness

D = 6.35 mm

measurements carried out in this framework are pres-
ented in Figure 10.

For D =6.35mm, holes obtained by axial and
orbital drilling processes have similar microhardness
levels, whereas for D =9.53 mm, a significant differ-
ence in microhardness level is observed between the
two drilling techniques. For this diameter, a gain of
29% in microhardness level can be seen for axial
drilling.

These results show a correlation of fatigue life results
with microhardness measurements: the increase in hole
microhardness for axial drilling at D = 9.53 mm seems to
explain the gain in fatigue life observed for the same
configuration (Figure 7).

D =9.53 mm

1.4 1.4
HEm Axial drilling EEm Axial drilling
1.2 3 Orbital drilling 1.2 =3 Orbital drilling
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FIGURE 9 Roughness average results for ( A) (B)
D = 6.35 mm (A) and D = 9.53 mm (B)
D = 6.35 mm D =9.53 mm
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I I
0.4 0.4
0.2 B Axial drilling 0.2 B Axial drilling
3 Orbital drilling 3 Orbital drilling
0.0 0.0
FIGURE 10 Vickers microhardness results ( A) (B)
for D = 6.35 mm (A) and D = 9.53 mm (B)




To study this result further, nanoindentation tests
were performed. The test results are presented in
Figure 11 as graphs showing the variation of the
nanohardness according to the distance from the
hole edge.

For D = 6.35 mm, nanohardness results show a simi-
lar material depth affected by hardness variation, around
15pm for both drilling processes. In contrast, for
D =9.53 mm, a significant difference in material depth
affected is observed between the two drilling techniques.
The material depth affected for orbital drilling seems to
be very small (less than 5 pm), whereas it is around
40 pm for axial drilling. Also, during indentation tests for
the specimen corresponding to axial drilling at
D =9.53 mm, the first indents column induced quite
small, irregular prints from which no hardness value
could be calculated. This indicates that the nanohardness
value of the hole subsurface obtained for this configura-
tion seems to be high.

These results highlight the thinness of the subsurface
material layer affected by the drilling operation of a
2024-T351 aluminum part, in agreement with the numer-
ical model. The nanohardness results are in accordance
with the microhardness results. The hole hardness seems
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FIGURE 11

to be a major factor influencing the fatigue behavior of a
drilled part with a positive influence.

34 SEM-EBSD analysis

In order to identify the phenomena responsible for the
difference in hole surface hardness, a metallographic
analysis was carried out. In this framework, GROD maps
of the hole edge area obtained through SEM-EBSD
analysis (Figure 12) were analyzed.

The GROD map obtained for axial drilling at
D = 9.53 mm shows a significant material depth affected
by grain misorientations, around 40 pm depth. This
affected material layer varies slightly according to the
grains. In contrast, almost no grain misorientation, or
only some a few microns deep, is observed for the other
drilling configurations. A material layer affected by grain
misorientation corresponds to a strain hardened material
layer. This means that axial drilling at D = 9.53 mm
induces a significant strain hardening of the hole subsur-
face compared to other drilling configurations.

These results explain the microhardness and
nanohardness results. The increase in hardness in the
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hole surface and subsurface, for axial drilling at
D =9.53 mm, seems to be due to the significant strain
hardening of the material in the hole edge area. This

assumption is strengthened by the fact that the affected
material depths identified with the nanoindentation tests
and with the SEM-EBSD tests are the same.

GROD Angle [*]
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FIGURE 12 GROD maps obtained
with the SEM-EBSD analysis
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FIGURE 13 Specimen deformation obtained with the HOCT for D = 6.35 mm (A) and D = 9.53 mm (B)



3.5 Residual stress analysis

The residual stress state of the drilled part, which,
according to the literature, can also have a significant
impact on the fatigue life,"** was investigated through
the novel HOCT technique. Specimen deformations
obtained with HOCT are presented in Figure 13.

No deformation of the specimen is noticed after the
material removal for the case of axial and orbital drilling
at D=635mm and the case of orbital drilling at
D =9.53 mm. However, significant specimen deforma-
tion is observed for axial drilling at D = 9.53 mm. This
means that this drilling configuration induces significant
residual stress fields in the hole edge area compared to
the others.

These results show a correlation of the fatigue test
results with the residual stress state of the material. A
high fatigue quality index is associated with the presence
of significant residual stresses in the hole edge area.
Furthermore, a high residual stress state is associated
with high hole hardness.

4 DISCUSSION

This study focuses on drilling processes corresponding to
industrial applications, that is to say, using optimum
tools and cutting parameters in order to obtain high sur-
face quality in accordance with the industrial specifica-
tion. For this study case, the hole roughness is not a
major factor influencing the fatigue life of the drilled
part. In accordance with Siebel and Gaier,'® it seems that,
below a given limit, which could be the aircraft specifica-
tion here, the hole roughness does not significantly
impact the fatigue behavior. However, if the roughness
reaches high values, its influence could be significant.
This confirms the importance of the roughness specifica-
tion for these aluminum alloys.

In contrast, the hole hardness has a significant posi-
tive influence on the fatigue life of the drilled part in this
study. A variation in hardness can be related to several
factors. It can be related to mechanical loading inducing
the strain hardening of the hole subsurface and to ther-
mal loading inducing material transformations, and for
nanohardness, it can also be related to the residual
stresses induced by thermomechanical loading. Regard-
ing the impact of the thermal loading, the temperatures
reached during an aluminum drilling operation do not
seem to be high enough to induce a phase transforma-
tion.' Besides, an SEM analysis of the precipitation state
of the hole subsurface, conducted as part of the study,
showed no increase in the number or size of the precipi-
tates, which could reflect precipitation hardening, for the

case of axial drilling at D = 9.53 mm. Thus, it seems that
the thermal loading involved during drilling of a
2024-T351 aluminum part has no significant influence on
the hole surface integrity. Regarding the impact of the
mechanical loading, the SEM-EBSD analysis showed a
significant material depth affected by strain hardening
for the axial drilling process at D = 9.53 mm. Thus, it
seems that, in our study case, the mechanical loading
involved in drilling controls the hole surface integrity.

Therefore, the increase in hole hardness for the alu-
minum alloy studied is essentially related to the strain
hardening of the hole subsurface, which is induced by
the severe mechanical loading applied on the machined
surface during the drilling process. The positive influence
of the hole hardness on the fatigue life can then be
explained by the increase in yield strength in the hole
edge induced by the strain hardening, which slows
damage generation (crack initiation) in this area.

HOCT results showed that a significant hole hardness
induced by strain hardening is associated with a signifi-
cant residual stress state of the part. Severe mechanical
loading applied to the machined surface simultaneously
generates high plastic strain and high residual stresses.
The residual stresses can remain in the part because of
the strain hardened material layer. Thus, it seems diffi-
cult to dissociate these two aspects. In order to study the
impact of the residual stress on the fatigue strength in
greater depth, it would be interesting to develop a numer-
ical model capable of using the inverse method to deter-
mine the residual stress state corresponding to the fatigue
specimen deformation obtained with the HOCT.

For the aircraft industry, it would be interesting to
identify a surface integrity characteristic that would be
quite easy to evaluate, as an indicator of the fatigue
strength, in order to be able to assess the fatigue life of
aircraft structures easily. The correlation between the
hole surface microhardness and the fatigue strength of
the drilled part has been demonstrated in this study, and
the measurement of this surface integrity characteristic
seems relatively accessible: it does not require surface
preparation, the test time is short, and the cost of the
device is moderate. Thus, the Vickers microhardness
could be identified as an indicator of the fatigue strength
for aluminum 2024-T351 drilled parts.

5 CONCLUSIONS

In order to identify the surface integrity parameters that
control the fatigue strength of a 2024-T351 aluminum
drilled part, fatigue tests were carried out on open-hole
specimens and the surface integrity of the holes was char-
acterized with a study scale and techniques suitable for



aluminum drilled surfaces. An innovative technique for
the residual stress evaluation of aluminum drilled parts,
the HOCT, was implemented. The main conclusions of
the study are as follows:

« For hole roughness levels obtained with industrial dril-
ling processes, the hole roughness has no significant
influence on the fatigue strength.

« The hole hardness has a significant positive influence
on the fatigue life and could be identified as a fatigue
strength indicator for 2024-T351 aluminum aircraft
drilled parts.

« The increase in hole hardness for a 2024-T351 alumi-
num drilled part is mainly due to the strain hardening
of the subsurface material, induced by severe mechani-
cal loading during the machining process.

« A high hole hardness is associated with a significant
residual stress state of the part in the hole edge area.

The study focused on the fatigue life of open-hole
specimens as a first step, in order to avoid the phenom-
ena associated with the introduction of a fastener (impact
of the tightening torque, impact of the assembly clear-
ance or interference level, etc.). In future works, it would
be interesting to study the fatigue life of assemblies of
drilled parts with fasteners, to assess the influence of the
hole surface integrity in this case.

Finally, in order to be able to improve the fatigue life
of aircraft structures, the influence of the drilling
process (tool geometry, cutting parameters, associated
thermomechanical loading) will have to be studied in
more detail in order to develop a drilling process generat-
ing optimum hole surface integrity.
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NOMENCLATURE
A ultimate elongation
D nominal hole diameter

Dioor tool diameter

fa axial feed per tool rotation

HIT nanohardness calculated using the Oliver and
Pharr method

HV1 Vickers microhardness measured with an
applied load of 1 kgf

Nor orbital rotation speed

Ngpindgle  spindle rotation speed

r tool edge radius

R, arithmetic average height of a profile

R ultimate tensile strength

Rpo yield strength

Ry root mean square height of a profile

R, mean peak to valley height of a profile

Sa arithmetic average height of a surface

Saq root mean square gradient of a surface

Sku kurtosis of a surface

Sp maximum peak height of a surface

Sq root mean square height of a surface

Sek skewness of a surface

Sy minimum valley depth of a surface

S, maximum height of a surface

Ve cutting speed

Via axial feed rate
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