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Effect of end milling, grinding and tartaric-sulfuric anodizing

on the fatigue behavior of AA7050 alloy

Foued Abroug'? - Etienne Pessard’ - Guenaél Germain' - Franck Morel’

Abstract

The present study investigates the effect of the high-speed milling (HSM), grinding and anodizing processes on the high cycle
fatigue strength of the AA7050 aluminum alloy. These processes are systematically applied to certain aircraft components
as specified by aeronautical standards, to attain a good surface finish. In order to understand the effect of each process on
the fatigue strength, a vast experimental campaign consisting of fully reversed plane bending fatigue tests has been con-
ducted on specimens with different surface states. A polished batch, three milled batches with different surface roughness, a
grinded batch and two milled then anodized batches with different surface roughness have been tested. The results show that
the roughness must be highly degraded (Sa > 3 um) in order to impact the fatigue strength. It is also shown that anodizing
has slight beneficial effect on the fatigue strength in the high cycle fatigue domain studied. The experimental results show
a dependence of the fatigue strength on the surface roughness via the parameter \/S_a , previously proposed by the authors.

Keywords High-speed milling - Grinding - TSA anodizing - Surface roughness - High cycle fatigue

1 Introduction

In the aerospace industry, a large number of parts are manu-
factured via end milling. This process induces thermome-
chanical effects that can impact the surface integrity of the
part (surface roughness, residual stresses as well as work
hardening) and therefore its in-service life [1-3]. In addition,
surface defects caused by milling can be created, acciden-
tally or otherwise. These defects can cause stress concentra-
tions, which during service could lead to fracture. Hence, the
aircraft industry needs to define acceptability surface criteria
for milled parts prior to their usage.

The impact of the milling process on the fatigue behavior
of aircraft components has been the subject of several stud-
ies. One of the main results of these studies is that surface
roughness is the major factor controlling the fatigue behav-
ior of end milled AA7XXX parts [2]. Residual stresses and
microstructural changes have been found however to have
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a secondary role in terms of fatigue [3, 4]. Note that this is
not always the case, especially in rolling milling for which
the residual stresses could have an important effect on the
fatigue behavior [2].

Two main finishing processes are often applied to air-
craft components. Firstly, manual local grinding is done to
erase eventual surface defects or undesired surface rough-
ness. Although the term is the same, a lot of studies address
grinding using a grinding wheel [5-8], whereas grinding
using abrasive paper or a flap wheel is rarely addressed in
the literature, in particular from a fatigue strength point of
view [9, 10]. Nonetheless, these studies showed that grind-
ing results in a lower fatigue strength than that generated
by machining. Fatigue cracks for grinded parts were found
via FE analysis to initiate at the bottom of the grooves that
generate the highest stress concentration value [10].

Secondly, a surface treatment for aluminum alloy com-
ponents is applied with the aim of enhancing the corrosion
resistance. During the surface treatment, components firstly
undergo a pickling operation to erase the potential residual
stress gradient and hardening induced by milling at the upper
surface, as well as to chemically clean it. Then an anodizing
process is applied to cover the surface by a thin protective
oxide layer. The pickling operation removes less than 10
micrometers from the surface and results in a modification
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of its topography and could introduce pits during the pick-
ling process [11, 12]. The anodization does not systemati-
cally succeed in filling these pits with the alumina layer.
According to the literature [4, 11, 13], the surface treatment
often reduces the fatigue strength of the component, this
is the case for studies using chromic and sulfuric anodiz-
ing treatments. Some studies, on the other hand, show that
tartaric-sulfuric anodizing (TSA) preserves the high cycle
fatigue strength of the parts [13, 14], but studies on the HCF
of the TSA process remain rare in the literature [15]. The
chronology of the operations that AA7050 aircraft compo-
nents undergo is presented in Fig. 1.

The authors have presented in a previous study the effect
of surface roughness, induced by end milling, on the fatigue
behavior of AA7050 parts [16]. This paper showed that both
stress concentration and the size of the highly stressed vol-
ume induced by the surface topography control the fatigue
life of the components.

The aim of the present work is to study the effect of grind-
ing and the TSA process on the fatigue behavior of aircraft

Fig.2 Microstructure of the AA7050-T7451 alloy (RD = Rolling
Direction 0°, TD = Transverse Direction 90°, ND = Normal Direc-
tion)
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components. Three additional specimen batches are presented
in the present paper and tested in fatigue. These batches are
obtained either by manual grinding or by tartaric-sulfuric
anodizing, both complementary operations to the milling
process. The results are compared to previous results and
allow the impact on fatigue of these particular manufacturing
operations to be quantified. In addition to fatigue strength,
the damage mechanism of each batch is identified and dis-
cussed. A link between surface roughness and the fatigue
strength will also be established.

2 The investigated material
and the experimental setup

2.1 The material

The investigated material is a 30 mm thick rolled sheet of
AA 7050 Aluminum alloy (Al Zn6CuMgZr) intended for
aeronautical applications. The chemical composition of the
AA7050-T7451 alloy (in Wt%) is: 6.027 Zn, 2.221 Cu, 1.847
Mg, 0.102 Zr, 0.039 Ti, 0.038 Si, 0.095 Fe, 0.01 Mn. The
microstructure of the sheet used is shown in Fig. 2. The rolling
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Fig.3 Al,Cu,Fe, Al Mg Zn Si and Mg,Si type intermetallic particles
at the surface of the AA7050 alloy



Fig.4 a Rumul Cracktronic
fatigue test machine, b a
zoomed view on the loading
zone and c stress distribution
resulting from plane bending

process generated a high degree of recrystallization. The areas
of consolidation of recrystallized and non-recrystallized
grains can be up to a few millimeters in length. The range
of grain sizes is between 5 and 300 um in the rolling and the
transverse directions, and between 5 and 50 um in the depth
direction (see Fig. 2). Intermetallic particles, mainly located at
the grain boundaries and in the recrystallized grains, are also
present. For the AA7050 alloy, the majority of these particles,
whose size can be up to 20 um in length, are of type Mg, Si
and Al,Cu,Fe. Particles of MgZn, and AlCuZn are also pre-
sent in the structure (see Fig. 3). These brittle particles are
known to be at the origin of the initiation of fatigue cracks in
aluminum alloys [17, 18].

Monotonic tensile tests have been conducted in accord-
ance with the ASTM E8M-04 and NF EN 2002-001 04-2006
standards to determine the mechanical properties of the
AA7050-T7451 alloy. The results are; Yield Stress of 475,
428 and 475 MPa; Ultimate Tensile Stress of 635, 496 and
538 MPa; and Tensile elongation of 12.3%, 13.9% and 11.9%
in the 0°, 45° and 90° direction relative to the rolling direc-
tion, respectively. The material is anisotropic, its behavior
appears to be similar in the 0° and 90° directions, whereas
the 45° direction has higher ductility with an elongation of
13.9%. Microhardness measurements conducted in the Nor-
mal Direction show slight variations around 157 Hv/0.5.

Fig.5 Geometry of plane bend-
ing sample

2.2 Experimental work

Fatigue tests have been carried out on a Rumul Cracktronic,
resonant fatigue testing machine (see Fig. 4) under the fol-
lowing conditions:

Fully reversed plane bending load (R = -1).

Test frequency : ~ 75 Hz.

Ambient temperature and pressure, ambient air.
Stopping criterion: frequency drop of 0.70 Hz corre-
sponding to the presence of a crack on the specimen
(crack larger than 5 mm), or 2x10° cycles reached.

The fatigue tests were carried out using the Staircase method
described by Dixon and Mood [19] and the ISO12107 stand-
ard [20]. The fatigue strength was assessed at 2x10° cycles
and a step of 10 MPa was used for the staircase. For the dif-
ferent batches, 10 to 15 samples are tested per batch. Speci-
mens that survived the staircase procedure were retested at a
higher load, in order to obtain an overview of the SN curve
shape in the finite fatigue life regime.

The nature of the fully reversed plane bending loads,
which implies the presence of a bending gradient, makes this
loading mode ideal to characterize the effect of the specimen
surfaces on the fatigue behavior (see Fig. 4). The geometry
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Table 1 milling conditions for

the AAT050 all Surface Spindle Feed per tooth Number of Tool’s nose Tool’s Tilt
e o
Y state (rpm) (mm/tooth/rd) teeth radius (mm) Diameter (mm) tool/piece
Ml.1 24 000 0.15 2 4 @10 0°
M4.2 10 000 0.55 2 0.8 @20 0.014°
MS5.5 10 000 0.55 0.8 @20 0.05°

of the specimen is shown in Fig. 5. All specimens are taken
from the middle of the sheet with the loading axis parallel
to the rolling direction. A 30° chamfer is machined on the
specimen edges to avoid crack initiation at the edges.

To identify the effect of the various manufacturing pro-
cesses on fatigue, different batches of specimens were pre-
pared. A first batch of polished specimens, referred to as
batch PO, is used as a reference to characterize the nominal
fatigue limit at 2x10° cycles of the material without surface
defects. Polishing was done using silicon carbide papers of
1200 and 2400 particle size, with water lubrication. After
polishing, 3D surface scans of the specimens were made
using a Bruker Contour GT-KO0-X optical profilometer and
the surface roughness Sa is found to be of 0.04 um.

The impact of the surface state introduced by high-
speed milling (HSM) is subsequently studied. Three milled
surface states were prepared. The first is representative of
the standard machined surface state achieved under opti-
mal end milling conditions. This batch is noted M1.1. The
other surface states are prepared using highly degraded
milling conditions and are denoted M4.2 and M5.5. The
milling conditions for the 3 batches have been discussed
in reference [16] and are summarized in Table 1.

In addition, a grinded batch was prepared by indus-
trial means, in the same conditions as the industrial com-
ponents. This batch, noted G3.8 (Fig. 6a), represents the

Fig.6 Grinding steps by industrial means, a vibrating grinder and
b straight grinder with a grit 40 and grit 80 sandpaper respectively

industrial surface condition obtained after grinding of
a milled surface defect. The specimens were manually
grinded using first a vibrating grinder with 40 grit sandpa-
per, followed by a second step with a straight grinder with
80 grit sandpaper (average grain size of the order of 400
um and 200 um respectively) (see Fig. 6). The abrasive
paper was changed at the beginning of grinding.

Finally, two batches made by end milling in the same
conditions as the M1.1 and the MS5.5 batches were prepared.
These two batches then underwent an anodizing treatment.
In order to respect the requirements of the REACH2017 pro-
gram to eliminate the use of hexavalent chromium for toxic-
ity reasons, the authors focused on the tartaric-sulfuric sub-
stitution treatment (TSA) and its contribution to the fatigue
behavior of the AA7050 substrate. The TSA surface treat-
ment was carried out according to the standardized indus-
trial process and was composed of a Turco-Smutgo pickling
and a tartaric-sulfuric anodizing operation. The complete
sequence is presented in Table 2. The anodized batches are
named MO0.9-TSA and M5.4-TSA. Table 3 summarizes all
the surface states prepared for fatigue testing.

2.3 Surface states characterization

The different surface states were scanned and analyzed
using the Bruker Contour GT-KO0-X optical profilometer.
The surface topologies are shown in Figs. 7 and 8. A large
difference is observed between the M1.1, M4.2 and the M5.5
surface states. The high feed rate values for the M4.2 and
MS5.5 batches generate a tool path leaving areas of high alti-
tude and generates high roughness, both on the total sur-
face (parameter Sa shown in Table 4) and over high peak
lines (parameter Ra,,,, shown in Table 4 and profiles shown
in Fig. 11). Figure 7 also shows the grinded surface scan
where the profile is mostly chaotic with scratches crossing
the width of the specimen. However, the all-over surface
roughness does not seem as affected as by the presence of
high peaks on the M4.2 and the M5.5 surface states. As for

Table 2 TSA surface treatment sequence of the AA7050-T7451 alloy

Soda pickling Degreasing Turco + rinsing + Soda (NaOH)
pickling for 3 min 45 + 10 sec

Pickling Pickling Smutgo + rinsing + Pickling Smutgo

Anodization tartaric-sulfuric solution of C,HsO¢H,SO,




Table 3 Summary of the different surface state batches for fatigue testing

TaBLE 3: Summary of the different surface state batches for fatigue testing.

Surface . 5 Samples
State Batch Notation Sa (um) Process Jbatch Topography
Polished PO 0.04 Manual polishing 15
milled s
(Standard) MIl.1 1.1 End milling 15
milled s
(degraded-1) M4.2 4.2 End milling 15
milled eqqe i
MS5.5 5.5 End millin 10 i
(degraded-2) 8 O
Grinded G3.8 3.8 Manual grinding 10
MO0.9-TSA 0.9 Milling + etching 15 --\-amx\«\\'i\\ . —
Anodized s
MS5.4-TSA 5.4 + anodizing 10

the chemical process, Fig. 8 shows an example of a specimen
from the M5.4-TSA batch post-anodizing surface treatment.
The 3D scans show that the surface topology is only slightly
affected on a macroscopic scale. However, on a more local
scale, pits can be observed at the surface and at the bottom
of the milling grooves.

For the anodized specimens, optical microscope and SEM
observations were made after each step of the surface treat-
ment process. The anodic layer has a thickness of between 2
and 3 um (Fig. 10c). After pickling, pits are created and are
located at the grain boundaries and within the recrystallized
grains (Fig. 10a). These pits can reach widths of the order of
15 um and depths of the order of 15 um (Fig. 10c). Networks
of small pits can be observed and are of length of the order
of 300 um (Fig. 10a). After anodizing, the anodic layer com-
pletely covers the pickling pits. No decohesion zone between
the substrate and the anodized layer was detected. The TSA
does not seem to affect the size of the pits created during the
pickling process (see Fig. 9). Figure 9 shows that the milling
grooves are still visible on the surface after the pickling and
anodizing processes.

2D roughness profiles were also collected for each surface
state and are shown in Figs. 11 and 12. Figure 11 shows the
surface profiles for the milled and grinded configurations.
The milling grooves are wider and deeper for the M4.2 and

MS5.5 batches when compared to the M1.1 batch, whereas
the grinding scratches appear to be sharper and less regular
(Fig. 11). Figure 12 shows an example of surface profiles
before and after surface TSA treatment (profile for the M5.5
and the M5.4-TSA batches). The general aspect remained
mostly the same, however, for the M5.4-TSA batch, the pro-
file has a rougher appearance after the chemical treatment.
As shown in Fig. 9, the anodizing process did not change
the surface appearance obtained after pickling. Hence, it
is assumed that the rough aspect shown in Fig. 12 is due
mainly to the pickling process. The role of anodizing is to
add a thin protective layer of approximately constant thick-
ness of around 3 um as shown in Fig. 10c.

The surface topography for the different surface states is
assessed via the Sa and Ra,,,, roughness parameters as shown
in Table 4. Sa offers an average roughness value for the entire
surface of the specimen and expressed via Eq. 1, whereas
Ra,,,. represents the maximum arithmetic roughness value
measured over the width of the gauge length of a specimen
and is expressed via Eq. 2. When comparing the Sa versus
the Ra,,,, values for the surface states of the M4.2, M5.5 and
MS5.4-TSA batches, it is observed that the M4.2 has a lower Sa
value than that of the M5.5 and M5.4-TSA batches. However,
its value of Ra,,,, is higher. As for the anodized specimens,
despite the presence of pits on the surface of the specimens



Fig.7 Surface topography of
milled and grinded specimens

(see Fig. 9), the surface roughness Sa before and after surface
treatment remain very similar. Sa values go from 1.1 um to
0.9 pum for the M0.9-TSA batch and from 5.5 um to 5.4 um for
the M5.4-TSA batch.

Sa = %//| Z(x.y) | dxdy (1)
S

l’l
Ra=l/ | Z(x) | dx 2)
L Jo

n

3 Experimental results
3.1 Fatigue test results

This section presents the fatigue test results for the different
batches presented in the previous section. The data is pre-
sented in the form of S-N curves. The results of the Staircase
fatigue tests are summarized in Table 5. In addition, in order
to understand the mechanisms that control the fatigue dam-
age of each surface state and roughness, SEM fractographic
observations and crack localization analyses are conducted.
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3.1.1 Fatigue strength of the polished reference state

For the polished reference state PO, the estimated fatigue
limit at 2x10° is 174 MPa with low scatter (see Table 5).
The associated standard deviation is estimated according
to Dixon and Mood [19] at 5.3 MPa (0.53 X step of the
StairCase).

As shown in Fig. 13, for 66% of the tested specimens
crack initiation is clearly located at the intermetallic par-
ticles. EDX analysis of these particles shows that they are
either Mg, Si or Al;Cu, Fe particles. For the rest of the cases,
cracks initiate from areas without visible particle, but rich
with Mg and Zn as identified via EDX analyses (Fig. 13b).
According to [21], the high concentration of these elements
may indicate the presence of nanometric precipitates of
MgZn,, which may be at the origin of the crack initiation.
The two mechanisms (particles or areas rich in additive ele-
ments) coexist at low and high loading levels.

3.1.2 Effect of milling on the fatigue behavior

After machining, the fatigue strength obtained for the M 1.1
state is equal to 159 MPa and therefore has a reduction of 15
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Fig.8 M5.4-TSA a specimen and b 3D surface scan with a zoom
over local pits

MPa compared to the PO reference state. The average fatigue
limit of the M4.2 state shows a greater decrease and reaches
141 MPa. The fatigue decrease is the most pronounced for
the M5.5 Batch (-55 MPa) compared to the reference state
PO. The associated standard deviation for all milled surface
states remains low, of the order of 5.3 MPa (see Table 5).
The S-N curves of the polished and milled batches are
shown in Fig. 14.

The slope of the S-N curves for the polished and milled
batches are similar. In addition, observation of the S-N
curves for the different batches shows that the fatigue
strength seems constant over a large number of cycles, which
suggests the existence of a fatigue limit asymptote. To verify
this hypothesis, a specimen of the M1.1 batch was loaded at
150 MPa (a loading step below the fatigue limit determined
by the StairCase method) for a very large number of cycles.
For this specimen, the test was stopped at 2.2 107 cycles and
no cracks were observed. This test validates the concept of

an endurance limit reached at 10° cycles for the AA7050
aluminum alloy tested in bending.

As for the damage mechanisms, the principally observed
crack initiation mechanism for the M 1.1 surface state is the
initiation at the intermetallic particles. This is observed
at high and low cycles domains. At high stress amplitude
loading level, multiple crack initiation sites are observed.
This result agrees with the observations made by [22] on
an AA7050 alloy. Only one of the 15 tested specimens did
not have a particle at the initiation site at a high cycle level
(Fig. 15b).

In the case of the M4.2 surface state, two damage mecha-
nisms are present depending on the loading level. Interme-
tallic particles are present at the crack initiation sites at a
low stress amplitude (or number of cycles higher than 3.10°
cycles) (Fig. 16a). However, no particle could be observed
at the crack initiation sites at high stress amplitudes (or low
number of cycles) (Fig. 16b). It should be noted that, at high
stress amplitude, some specimens show multiple crack ini-
tiation sites without intermetallic particles.

For the M5.5 state, SEM fractographic observations led
to the conclusion that in the majority of cases, crack initia-
tion occurs from an intermetallic particle (Fig. 17a), at high
and low level stress amplitudes (or low and high number
of cycles). Of the ten observed specimens, two do not have
particles at the crack initiation site (an example is given in
Fig. 17b). For these two specimens, the crack initiated at
the area of the highest roughness (and highest peaks) on the
surface. Both mechanisms occur at low and high number
of cycles.

A first conclusion can be drawn from the fractographic
results. The principal crack initiation mechanism for the pol-
ished and the milled surface states is initiation from interme-
tallic particles. As the overall surface roughness increases,
fatigue life decreases. The role of intermetallic particle is to
locate the crack initiation via the stress concentration that
it generates.

In a previous study [16], the authors presented a spe-
cific method that makes it possible to precisely locate the
position of the crack initiation site with respect to the sur-
face topology of the milled specimens. This method led
to the observation that crack initiation for these batches
occurs randomly over the gauge length of the specimens,
and rarely in the areas where the arithmetic roughness is
maximum. However, for the batches with high surface
roughness Sa, cracks are systematically located at the bot-
tom of the milling grooves, but are randomly distributed
along the bottom of the groove at areas of low and high
linear roughness alike (see Fig. 18). From this, it can be
concluded that linear roughness is not a suitable parameter
to relate to the fatigue behavior [16].



Fig.9 Surface state after a pick-
ling and b TSA anodizing
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Fig. 10 SEM observations of
surface defect groups of a a
pickled, b an anodized speci-
men and ¢ (fractography of a
specimen with a TSA anodizing
layer of around 3 um

3.1.3 Effect of grinding on the fatigue behavior state in the high cycles domain. However, the S-N curve of

these two configurations seems to differ in the low cycles
For the grinded surface state G3.8, the fatigue strength is ~ domain for which the grinded state has a slightly reduced
157 MPa (see Fig. 19) and is very similar to the M1.1 milled  fatigue life. It seems that the grinding scratches are more
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Fig. 11 2D roughness profiles for the milled and grinded batches
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Fig. 12 The impact of TSA anodizing on surface roughness profile (M5.5 batch before and M5.4-TSA batch after surface treatment)

harmful in the low cycle fatigue domain (i.e., for higher
stress amplitude).

For the grinded G3.8 batch, cracks initiate from the sur-
face grinding scratches. These scratches can be up to 10 um
in depth and several millimeters in length (Fig. 20). In 6
out of 8 cases, no intermetallic particles are observed at the
initiation site. At high stress amplitudes, multiple crack sites
were identified. In some cases, crack initiation occurs at the
corner of the specimen due to the scratch’s harmfulness (2
out of 8 observed cases).

These observations as well as the fatigue strength results
make it possible to draw several conclusions. Firstly, the
scatter associated with the fatigue strength is significantly
greater than previous surface states (see Table 5). This could
be due to the surface topology, which is rather chaotic com-
pared to the periodic roughness profiles seen on the previ-
ous batches. Secondly, the significant change in the surface
topology causes a change in the damage mechanism whereby
crack initiation occurs less frequently at intermetallic par-
ticles. Instead, cracks initiate due to the stress concentra-
tion generated at the grinding scratches. Despite the chaotic
nature of the grinded surface, the global surface roughness
Sa is similar for all the specimens and is lower than the Sa
values for the M4.2 and MS5.5 batches, which could explain

the higher fatigue strength (157 MPa). Also, it seems that
the difference in the surface roughness between the M1.1
and the G3.8 batches does not have much of an impact on
the fatigue resistance in the high cycle domain although the
surface roughness goes from 1.1 um to 3.8 um. This could
be due to the fact that scratches, although sharp and long,
have depth smaller than the average grain size of the studied
material in the depth direction (see Fig. 11).

3.1.4 Effect of TSA anodizing on the fatigue behavior

Surprisingly, the fatigue resistance is enhanced for the two
anodized surface states. A gain of 15 MPa in the fatigue
strength is observed for both the 0.9-TSA and 5.4-TSA
batches, compared to the same batches without the surface
treatment. Figure 21 presents the S-N curves for the two
surface states before and after surface treatment. This sur-
prising result is in agreement with the few results of the
literature addressing this issue [13, 14], where the tartaric-
sulfuric treatment was found to preserve fatigue strength.

Table 5 Fatigue test results for the different surface states batches.
6~,and o, are the average fatigue strength and the standard deviation
respectively

Table 4 Surface roughness characteristics for the different batches Surface Fatigue strength Tested
Surface State Sa (um) Ra,,,. (um) State Sa (um) o_,(MPa) o- (MPa) Specimens
PO 0.04 0.04 PO 0.04 174 53 15

MI.1 1.1 1.02 MI.1 1.1 159 53 15

M4.2 42 9.27 M4.2 42 141 53 15

M5.5 5.5 7.1 M5.5 5.5 119 53 10

G3.8 3.8 4.24 G3.8 3.8 157 9.5 10
MO0.9-TSA 0.9 1.04 MO0.9-TSA 0.9 175 11 15
M5.4-TSA 5.4 7.25 M5.4-TSA 5.4 134 5.3 10
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Fig. 13 Fractographic analysis of the PO surface state: crack initiation at a an Al,Cu,Fe type particle, b no particles but presence of Mg, Al and

Zn elements

After anodizing, the results of the M0.9-TSA batch are more
scattered, with a standard deviation of approximately 11
MPa.

As for the damage mechanisms for the anodized surface
states, SEM observations of the M0.9-TSA surface state
show that the crack initiation sites are located at the pick-
ling pits. As shown in Fig. 22, these pits are of different
sizes and shapes and can achieve lengths of approximately
88 um (i.e., pit clusters in Fig. 22b) and depths around 30
um. For the M5.4-TSA batch, crack initiation always occurs

280

from a defect, either at pickling pits at the extreme surface
for 50% of cases (see Fig. 23), or at intermetallic particle a
few micrometers below the surface (see Fig. 24). Note that
the pits are generated due the dissolution of the aluminum in
the intermetallic particles during the pickling operation [11].
As seen in Fig. 25, the position of the crack initiation sites
are randomly located at the bottom of the milling grooves.
The stress concentration generated by these grooves, and
moreover by the presence of a defect (pitting or particle)
controls the crack initiation for the anodized batches.
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Fig. 14 S-N curves of different surface states obtained by polishing and end milling



Fig. 15 M1.1 state: crack initiation from a a particle and b without an observable particle

Based on these observations and the fatigue test results, it
can be concluded that the TSA process has very little effect
on the surface topology and roughness of the substrate. Also,
the fatigue damage mechanism remains unchanged before
and after the surface treatment. Furthermore, despite the
large pits observed on some specimen failure surfaces, the
fatigue strength of the anodized batches is slightly better
than those without surface treatment. This can be explained
by the presence of the anodic layer that adheres perfectly to
the substrate and probably improves the resistance to crack
initiation. Note that no evidence of decohesion between the
anodic layer and the substrate was detected on all of the
analyzed fractographies for TSA anodized specimens. Note
also that the TSA anodizing process does not seem to affect
the pit population and morphology generated by the pickling
process (see Fig. 9). For the rest of the analysis, we will
make the assumption for all the batches that only the surface
condition controls the fatigue strength. This assumption is
slightly conservative for the TSA batches as it neglects the

positive impact of the anodic layer on the behavior for these
batches.

It is clear, based on the results presented above, that the
end milled and grinded surface topologies are quite complex
and difficult to describe by a roughness parameter measured
over a line (Ra, Rt, Rz ...). As shown on a previous paper
[16], several other parameters (Sq, Sz) and/or their combina-
tion (Souto-lebel’s parameter [23]) were tested against the
observed fatigue behavior, however, the surface roughness
Sa seems to be the best roughness parameter to characterize
the effect of the surface topology on the fatigue behavior of
the end milled parts. Figure 26 shows the evolution of the
fatigue strength as a function of the Sa parameter on a bi-
logarithmic graph. This graph is inspired by the Kitagawa-
Takahashi diagram typically used to represent the evolu-
tion of the fatigue strength as a function of the defect size
measure at the initiation site [24]. As can be seen in Fig. 26,
for low Sa values (below around 3 pm) the fatigue strength
seems to be defined by a plateau and not very sensitive to the

Fig. 16 M4.2 state: crack initiation from a a particle and b without an observable particle



Fig. 17 MS5.5 state: crack initiation from a a particle and b without an observable particle

Sa value. Above the critical value of Sa of 3 um, the fatigue
strength has higher sensitivity to the surface roughness. Note
that for the 2 batches with anodized surface states M0.9-TSA
and M5.4-TSA, the link between fatigue strength and the
surface roughness Sa (Fig. 26) seems to follow the same
trend as the batches without the surface treatment.

Figure 26 makes it possible to identify two distinct
regions. The first region is a plateau corresponding to rough-
ness values smaller than approximately Sa = 3,1 um. In this
domain, the fatigue strength is constant and is not affected
by the surface roughness. The plateau is set, in this study, at
the level of the reference batch PO, with a fatigue strength
of 174 MPa. This threshold level seems to be a physical
property below which no effect in terms of HCF occurs.
Similar thresholds, presented in terms of Rz, were reported
in [25, 26] for various steels. As mentioned previously, the
grooves and scratches on the surface of the batches below

this threshold are smaller than the average material’s grain
size, which could explain their associated fatigue strength.
In the second region of the graph, the progressive decrease
in the fatigue strength can be directly linked to the sur-
face roughness Sa via a power relation. The slope of the
straight line in log-log space defining this relation is -0.5
(op = 313.8a717?).

4 Modelling of the surface states obtained
via end milling process to link surface
roughness to fatigue strength

In this section, the authors attempt to generate numerically a
surface state that reproduces the experimental state obtained
for the M4.2 and the M5.5 batches, using the milling param-
eters presented in Table 1. The aim of the simulation is to

wirl

e

-1

Fig. 18 Crack initiation positions for specimens of a M4.2 and b M5.5 states. The red circles represent crack initiations from an intermetallic
particle, whereas the green triangles represent crack initiaions whithout an observable particle



Fig. 19 S-N curves of the end 280
milled M1.1 and the grinded
G3.8 configurations
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link the milling conditions to the surface roughness and
hence to the fatigue strengths shown in Fig. 26. For the
simulations, only the macro geometrical aspects are consid-
ered. Other aspects such as residual stresses or microstruc-
tural effects are not considered, as their effect on the fatigue

N (cycles)

strength are deemed to be secondary in our case, based both
on the literature [2-4] and on the results of this study. Let’s
recall that residual stresses as well as hardening can have an
effect on the fatigue strength in different conditions (case of
rolling milling [2]).

Grinding groove

Mag- 3/0X 200 pm WD =~ 13.8 mm EHT - 15.00 kV Signal A - SE2

Fig.20 Crack initiation from grinding scratch: surface scan of the grinded face a before and b after cracking and ¢ a SEM fractographic obser-

vation of the initiation site
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Fig.21 S-N curves showing the influence of TSA on the fatigue strength: a M0.9-TSA batch and b M5.4-TSA batch

Based on the work of Godreau et al. [27], in order to
realize the simulation of milled surfaces, the following three
steps are required:

Design of the tool.

e The movement of the tool while machining respecting
the milling condition (rotational speed, feed rate, angle
between the spindle axis and the milled surface).

e Extraction of the milled surface.

The simulations were conducted using the geometry and the
milling conditions of the milling tool presented in Table 1.
The simulated surface is 7mm x 1.1mm which corresponds
to the width of the upper surface of the specimen and twice
the Feed rate, respectively. As for the displacement of the
tool, for each point M of the surface of the tool, for which
the coordinates are (P,; Py; P,), the trajectory is defined by:

P(6) P, cos(@)cos(a) — sin(0) cos(0)sin(a) ZF.6
P; @] = Py * | sin(@)cos(a) cos(0) sin(@)sin(a) | + 261'
P; ) P, —sin(a) 0 cos(a) 0

3)
where 6 = the spindle rotation angle, @ = the orientation
angle between the tool and the workpiece and P’(0) = the
new coordinates of point M on the surface of the tool.

Post-processing is then applied to extract a trajectory gen-
erated by the tool’s displacement. A second and final post-
processing makes it possible to discretize the simulated (x,y)
plan to the desired resolution (in this case a resolution of 10
um is used). The trajectory is then superimposed on the grid.
Within each square of this grid, the minimum value in the z
direction of the trajectory is selected. This value will lead to
the realization of the simulated milled surface. A point cloud
is finally extracted and visualized via Vision64 software.

Fig. 22 MO0.9-TSA: crack initiation from pickling pits



Fig.23 MS5.4-TSA : crack initiation from a pickling pit

Réduction de bruit = Moy. Trame

Fig.24 MS5.4-TSA : crack initiation from an intermetallic particle

Fig.25 M5.4-TSA: positions of
the crack initiation sites at the
bottom of milling grooves

Two configurations are tested, the first represents a
slightly tilted tool and is used to reproduce the M4.2 sur-
face state (tilt angle of 0.014°) (see Table 1). The second
configuration has a tilt of 0.05° in order to reproduce the
MS5.5 surface state. When considering a tool diameter of (320
mm, a slight tilt is capable of greatly modifying the surface
state. Figure 27 shows 3D comparison between the real and
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simulated surface states, while Fig. 28 presents 2D rough-
ness profiles taken at different positions of the generated
surface states for these two tilt configurations. The altitude
at the bottom of the milling marks varies from one groove
to another due to the tool/part tilt. The altitude difference
between the peaks and the bottoms of the grooves is up to
47 pum for the simulated roughness profiles. It can be seen
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that the generated surfaces successfully describe the global
surface geometries. However, differences due to irregulari-
ties at a lower scale can be observed between the experimen-
tal and numerical roughness profiles. Figure 28 shows that
the numerical profiles have greater depth and height when
compared to the real profiles at different positions (i.e., at
0.7 mm along the x axis for the M4.2 batch). This difference
results in much higher predicted surface roughness values

Sa (um)

than the experimentally measured values for the M4.2 and
the M5.5 surface states. The estimated Sa value is 6 um
for the M4.2 state and 8.3 um for the M5.5 state. This is
approximately 30% and 33% higher than the experimental
values, respectively.

According to similar studies such as [28-31], this differ-
ence is provoked mainly by the physical imperfections of
the machining system. Factors such as cutting tool vibration,
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Fig. 27 Comparison between 3D profiles of a the M4.2 and b the M5.5 surface states (red frame) and the simulated surface states (green frame)
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Fig. 28 Comparison between 2D roughness profiles of a the M4.2 and b the M5.5 surface states and the simulated roughness profiles

defects in the homogeneity of the work piece material, unde-
formed chip thickness variation, built-up edge and tearing
of the work piece material play roles at different levels in
altering the generated profile and hence the global surface
roughness. Random wrinkles can also be generated depend-
ing on the tool’s tilt and the rate of material’s extraction at
the front and the back of the cutting tool [32].

When correlating the surface roughness obtained via sim-
ulations with the fatigue strength results shown in Fig. 26,
the error in the predicted Sa values results in conservative
predictions for the fatigue strength of around 18% for the
M4.2 batch (115 MPa instead of 141 MPa) and 16% for the
MS5.5 batch (100 MPa instead of 119 MPa). Since the offset
is similar for both batches, it could be taken into account
in the simulation, once verified on a test batch, for better

fatigue strength prediction. The knowledge of the mill-
ing cutting conditions makes it possible, via the proposed
method, to predict the surface roughness and therefore,
based on the modified Kitagawa diagram, to predict the
fatigue strength for the AA7050. This tool can be very useful
for predicting fatigue life from a wide variety of tool paths.

5 Conclusions

This paper presents a comprehensive experimental study
into the effect of surface state on the fatigue strength of the
AA7050 alloy. The different surfaces studied are: polished,
end milled with 3 different levels of roughness, grinded, and
two end milled configurations followed by a tartaric-sulfuric
anodizing treatment.



The results of the fatigue tests as well as the associated
damage mechanisms observed for each surface state have
been presented. The main conclusions are as follows:

— The fatigue behavior of the AA7050 alloy is linked
to the global surface roughness, described by the Sa
parameter. The arithmetic roughness Ra is not suit-
able to describe the fatigue behavior of end milled and
grinded surfaces.

— For the milled surface states, an increase in surface
roughness results in a decrease in the fatigue strength.
However, it is necessary to highly degrade the surface
roughness in order to observe a decrease in the fatigue
strength of the AA7050 alloy.

— The grinding process generates a chaotic surface state,
increases scatter in the fatigue strength and modifies the
damage mechanism. After grinding, the average high
cycle fatigue strength is similar to the standard milled state
MI1.1.

— The tartaric-sulfuric anodizing treatment (TSA) has a
very small influence on the topology of the substrate and
the surface roughness. The damage mechanism remains
the same as the milled batches. Surprisingly however,
the anodized batches have slightly better fatigue resist-
ance, regardless of the initial surface state. This result
is in agreement with the small number of publications
in the literature that address this issue [13, 14].

— The modified Kitagawa diagram, combined with the
numerical simulations of the surface topography, makes it
possible to establish a link between the cutting conditions,
the surface roughness and hence the fatigue strength.
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