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Abstract The quality of titanium alloy parts in the aero-
nautical field demands great reliability, especially in fatigue
resistance. This is mainly determined by surface integrity,
which is in turn defined by geometrical, mechanical and
metallurgical parameters. The present article provides a
study of the influence that surface integrity has on the
fatigue life of Ti6Al4V. Milling plans of procedure gen-
erating widely varying surface integrities were performed
on fatigue test coupons. Four-point bending tests were then
conducted. No influence of the geometric and metallurgical
parameters was observed. Only the mechanical parameter
seems to have a preponderant influence on fatigue life.

Keywords Surface integrity - Residual stress - Ti6AI4V -
Fatigue life

1 Introduction

Fatigue is one of the main causes of damage to avia-
tion structures. It is produced when a cyclical variation in
mechanical stress appears, for example during the stages
of flight of an aircraft. The fatigue phenomenon is charac-
terised by three phases: the initiation of cracks, their prop-
agation and then final failure. Examination of the fracture
morphology shows that in most cases, crack initiation starts
on the surface and persistence of the crack then represents
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90 % of the part’s lifetime [1]. The surface integrity of parts
thus plays a major role in fatigue behaviour. The surface
integrity properties of a part can be significantly modified
by the manufacturing process, especially machining. This is
generally defined by three parameters:

— the geometric parameter: roughness

— the mechanical parameter: residual stresses

— the metallurgical parameter: the microstructure and
microhardness

The present study focuses on Ti6Al4V, a titanium allow
widely used in the aeronautical field, especially for appli-
cations requiring excellent mechanical resistance at high
temperature. Titanium alloys have a density 40 % lower than
steels and excellent resistance to corrosion. However, these
alloys are also known to be difficult materials to machine.
This is due to their strong mechanical resistance at high tem-
peratures, a relatively low modulus of elasticity, low thermal
conductivity and strong chemical reactivity [2-5]. The qual-
ity of titanium alloy parts in the aviation field requires great
reliability, especially in terms of fatigue lifetime, which is
largely dependent on surface integrity.

This article is part of a more general study on the influ-
ence of machining on the fatigue lifetime of titanium alloy
aviation parts. The study itself is broken down into two
stages covering firstly the influence of machining on surface
integrity and secondly the influence of surface integrity on
fatigue lifetime. This article investigates this second stage.
A review of the literature follows.

Novovic et al. provide a bibliographical study on the
effect of machining and surface integrity of the part on
the fatigue lifetime of parts for various materials, includ-
ing especially titanium alloys [1]. Novovic et al. provide a
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bibliographical study on the effect of machining and sur-
face integrity of the part on the fatigue lifetime of parts for
various materials, particularly titanium alloys. Despite some
discordant voices in the bibliography, the authors report
that, in most cases, some lower levels of surface rough-
ness lead to a better fatigue lifetime. In the domain of long
lifetimes, initiation of the crack constitutes 90 % of the
part’s fatigue lifetime. In the absence of residual stresses,
the roughness of the machined surfaces showing a rough-
ness R, greater than 0.1 pum has a major influence on
fatigue resistance. Conversely (for surfaces machined with
R, < 0.1 um), the roughness of the milled surface seems
to have a lesser effect on fatigue resistance. It can be seen
that the cracks initiate either due to persistent slip bands or
at the joints of grains. Finally, if the microstructure shows
inclusions of size greater than the surface roughness, it is
inclusions that will determine fatigue resistance rather than
roughness. Other studies have also shown the influence of
roughness on the fatigue lifetime, especially when it comes
to crack initiation [6, 7]. However, roughness cannot alone
explain the part’s fatigue behaviour [8]. Machining opera-
tions generate surface roughness or surface defects but also
residual stresses and hardening in the upper layer. These
parameters can influence the fatigue lifetime.

Residual stresses (RS) have generally been recognised
as one of the most influential surface condition factors
on a part’s performance, especially on fatigue lifetime. It
is essential to take residual stresses into account in many
cases of fatigue. The generation of residual tensile stresses
in a part can have negative consequences on fatigue resis-
tance and conversely, residual compression stresses can
considerably improve fatigue resistance [9—13]. Residual
compression stresses can delay crack propagation [14—17].
The residual stresses in the part are defined by a profile that
is usually characterised by the residual stress on the surface
and the maximum residual stress in the thickness of the part.
It is thus difficult to determine which of these two stresses
has the greater influence on fatigue lifetime [18]. The ben-
eficial effect of residual compression stresses on the fatigue
lifetime is established. However, they can diminish to the
point of disappearing by relaxation. This relaxation can be
produced for fatigue tests conducted at high temperature
or when the stresses imposed generate a plastic deforma-
tion. As stated in the bibliography, machining also generates
work hardening of the superficial layer.

Specifically, a fine equiaxial microstructure (fine grains)
leads to an increase in fatigue resistance in a vacuum. Con-
versely, for fatigue resistance in air, a bimodal microstruc-
ture is the most effective but it has small « grains of
about 6 um. Lamellar microstructures are the least effective.
The oxygen content of titanium alloy also plays a role in
fatigue resistance. Indeed, the more oxygen there is the bet-
ter fatigue resistance will be. The levels of oxygen influence
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precipitation and hardening mechanisms, thus improving
resistance to dislocations and improving fatigue resistance
[19]. Speed of crack propagation lamellar microstructure
provides the best results. It reduces the crack propagation
speed as it increases the tortuosity of the structure [20]. In
the case of crack initiation on the surface, a high density
of dislocation or hardening causes an improvement in the
fatigue lifetime by delaying initiation of cracks but acceler-
ates their propagation [16]. In conclusion, hardening of the
superficial layer makes initiation of cracks (90 % of the life-
time) more difficult and thus improves fatigue resistance of
the parts. However, due to the fact that hardening reduces
ductility, the crack propagation speed is increased. Finally,
the microstructure of the superficial layer is also an influ-
ential factor in fatigue resistance. This study addresses this
gap.

A number of studies have shown that fatigue life-
time is strongly influenced by the integrity of the surface
as described by geometric, mechanical and metallurgical
parameters. However, it is difficult to separate the respective
influence of each of these parameters due to their com-
bined effect. Most studies conclude that geometric defects
have a negative effect on the lifetime. Meanwhile, residual
stresses are extremely beneficial as they delay propagation
of cracks when they are in compression, especially in the
case where surface treatments such as peening are applied.
As for the increase in hardening, it tends to improve resis-
tance to crack initiation on the surface and reduce resistance
to crack propagation. Nevertheless, few studies can be noted
relating to the material under consideration (Ti6Al4V) that
connect surface integrity with fatigue lifetime. In partic-
ular, consideration for all the surface integrity parameters
(geometrical, mechanical and metallurgical) appears to be
lacking.

Fig. 1 Microstructure of Ti6Al4V alloy studied
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Table 1 Nominal chemical _
composition of Ti6A14V alloy Elément Ti Al \ Fe 0 C N H
(AFNOR L14-601)

% weight  Base 55—6.75 35-—45 < 0.25 <02 <0.08 < 0.05 < 0.01

2 Material and methods
2.1 Material

The material studied is an o + B two-phase titanium alloy,
Ti6Al4V. It is received in the form of plates that are obtained
by hot rolling and followed by annealing heat treatment.
Figure 1 shows the bimodal or duplex « + B microstruc-
ture. Phase « is shown in black and phase B in white. The
grain size « is about 15-20 pum. The chemical composi-
tion and mechanical properties are presented respectively
in Tables 1 and 2. The core hardness measurement (CHM)
was measured in the laboratory and averaged out over 120
measurements that were made in the core of a number of
coupons (max = 402.5 HV, min = 305.8 HV, Std. Dev. =
19.24).

2.2 Experimental setup and test conditions

Fatigue failure four-point bending tests were performed on
the test coupons shown in Fig. 2. Two chamfers were used to
eliminate sharp edges. To finish, they were polished by hand
to remove scratches from machining and the concentration
of stress generated by the edges of the chamfers. They were
taken from the plate so that the stress caused by four-point
bending was parallel to the direction T (Fig. 2). The tests
were conducted at ambient temperature, with a frequency of
7 Hz and a load ratio R=0.1. These tests explored a life cycle
domain around 10° cycles. Each coupon was milled with a
new cutter.

End milling was performed on a 3—axis milling machine
of the HURCO brand with a power of 10 kW. The cut-
ting tools used were of the ISCAR brand references ADKT
150524R- HM IC928 and ADKT 150540R-HM IC928,
named respectively T1 and T2. These cutters are carbide
grade 1C928 with a PVD TiAIN coating as recommended
for the machining of titanium alloys. These cutters are
currently used in the aeronautical industry. The difference
between the two cutters lies in the nose radius Re, which is
2.5 mm for T1 and 4 mm for T2.

Roughness was measured using a Mahr type Perthome-
ter PGK 120 roughness meter. Three roughness criteria (ISO
4287) were considered: the arithmetic roughness Ra corre-
sponding to the mean deviation of the profile; roughness
Rt, the difference between the maximum height value and
the minimum height value within the evaluation length; and
roughness Rz, which is the height of irregularities in mean
roughness over 10 points.

Measurement of residual stresses (RS) was performed
using the X-ray diffraction method (DRX) on a SET-
X brand goniometer. Only surface residual stresses were
measured, along the feed direction. The residual stresses
measured were parallel to the stress induced by the fatigue
4-point bending test.

As far as the metallurgical parameter is concerned, a pre-
vious study [21] has highlighted the difficulty involved in
measuring microhardness with significant dispersion caused
mainly by the very nature of the o« + S two-phase tita-
nium alloy material. Focusing on the microstructure, no
phase change or plastic deformation under the surface was
observed. However, the literature [22] reveals the existence
of a fine hardened layer very close to the milled surface
(< 10 — 15 pm). In order to take this into account, a new
criterion was sought for the metallurgical parameter with
the chord width (noted CW). The diffraction peak (obtained
by DRX) allowing the stress condition in a given volume
of material to be observed also gives data on the level of
dislocations or hardening in it through the width of the
diffraction peak or the chord width [23]: the rate of dislo-
cation or hardening increases with an increase in the chord
width. Analyses of these peak widths provide a wealth of
data and are thus to be studied closely. Recent studies are
beginning to study this issue [24, 25].

Roughness and residual stresses were used as a basis
to determine the milling plans of the procedure to con-
duct fatigue tests. To do so, it was decided to correlate
low/high roughness values and low/high residual stress val-
ues in compression in order to observe their influence
on the fatigue lifetime. The chord width was also taken
into account. In total six milling plans of procedure were

Table 2 Physical properties of

Ti6Al4V alloy Rm Rpo,2 A Kic p A CHM
(MPa) (MPa) (%) (Mpa./nt) (g/em™3) (W.m~ /K1) (HV)
900-1160 830 8 39 443 7 335.65
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Fig. 2 Fatigue specimens 63 29
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Table 3 Measurement of
parameters of surface integrity Response
Specimen Ra Rt Rz RS CcwW
N° (pm) (pem) (pem) (MPa) )
1 0.312 3.166 1.992 —264 1.819
2 0.684 4.596 3.79 —261 1.991
3 0.38 3.11 2.342 —292 1.794
4 0.412 30.134 2.49 —114 1.406
5 0.47 3.73 3.038 —-215 1.282
6 0.528 3.242 2.842 0 1.747
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Fig. 3 Roughness Ra depending on the fatigue life time to 0y,4x1 and oy,4x2
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Fig.4 CW depending on the fatigue life time to o,,4x1 and o,4x2
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10°
Cycles to failure (Nf)

Fig. 5 RS depending on the fatigue life time: o4y 1ocal
Omax applied + RS

retained (Table 3). These were derived from a much broader
test campaign. Each plan of procedure was tested for two
levels of loading: level 1 (0,,4x1) and level 2 (0;,4x2). These
were determined in order to obtain a lifetime of between 107
and 10° cycles. For each level, two coupons were tested. In
total, 24 fatigue tests were conducted.

3 Results and discussion

No significant influence of roughness Ra on the fatigue life-
time was observed (Fig. 3). Surfaces with high levels of
roughness generated long fatigue lifetimes and for widely
differing roughness values very close fatigue lives were also
seen. The same observation can be made for Rz and Rt. This
tends to prove that roughness does not influence the fatigue
lifetime in the present instance.

As for the chord width (CW), there was no observation
of a significant effect on the fatigue life (Fig. 4). Indeed,
in some cases, low chord widths gave better lifetimes than
larger chord widths. Fairly close lifetimes can also be seen
with different chord widths.

Conversely, the effect of residual stresses seems to have
a preponderant effect on lifetime. Indeed, the more they
are subject to compression, the better the lifetime. Pursuing
this hypothesis, it was considered that the maximum local
stress (Omax local) ON the surface could be a good indicator
of the effect of the residual stresses. This stress is defined as
follows:

6]

Omax local = Omax applied + RS

Measurement values for the residual stresses result from
the integral value of stresses over a depth of about 30 um
(depth of penetration of the X-rays). The maximum local
stress corresponds to the estimated loading on the volume
of material corresponding to that depth.

Figure 5 shows the evolution of this stress corrected
according to the fatigue lifetime (Nf). A regrouping of all
the experimental points can be seen whatever the milling
plan of procedure they represent on a curve. It can also be
seen that an asymptote emerges around 380 MPa. A power
type law (2) allows this evolution with low dispersion to be
described (R = 0.85).

Omaxlocale = 1,535 X 108Nf_1’105 +362,2 2)

In order to estimate a fatigue model, a logarithmic graph
is plotted with Nf calculated as a function of an experimen-
tal Nf (Fig. 6). The model is considered to be valid if the
experimental points are included between Nf/2 and 2Nf. A
good estimation can be seen for shorter lifetimes but as soon
as 7.10° cycles are exceeded, the model estimates the values
less successfully. However, they remain within the tolerance
interval.
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Fig. 7 Fracture morphology of the test 1 0y,4x1 : @ observation stage I and II, b detail of the zone of initiation (stage I)

Figures 7 and 8 show the fracture morphology, observed
under the SEM, for two milling plans of procedure: test
1 (long lifetime) and test 6 (short lifetime). On the frac-
tographies, the stage I initiation zone delimited by the white
ellipse can be distinguished as can stage II, corresponding
to the propagation of long cracks. Stage I is characterised by
splitting facets indicating a brittle failure (Figs. 7b and 8b).
Stage II also corresponds to splitting. It can be seen that the
initiation zone is bigger for the longer lifetimes (high com-
pression residual stresses) than for shorter lifetimes (low
compression residual stresses) (Figs. 7a and 8a). No dis-
placement of the zone of initiation at depth was observed in
the long and short lifetimes. The breakage mechanisms are
the same for all the fatigue test coupons, that is, very close
to the surface.

According to the state of the (compressive or tensile)
residual stresses, they can either enhance or diminish the
fatigue lifetime. Indeed, the test coupons with higher com-
pression residual stresses are associated with the longest
fatigue lifetimes. This phenomenon has been observed in
other studies [18, 26].

As far as the present study is concerned, residual stresses
can modify either the speed of propagation of cracks and/or
local loading that is often considered to be an average stress.
Over long lifetimes, the initiation period practically overlaps
with the lifetime of the coupons. If residual stresses have
an effect, it is likely that this will be exerted on initiation.
This will mainly consist of a local lowering effect of the
mean load. For example, a nominal stress of 700 MPa on a
coupon whose residual stresses are —300 MPa will produce
the effect on the surface of a maximum load of 400 MPa.
The present study’s results show such an effect. For short
lifetimes, however, the initiation period is short in relation to
the propagation period. Propagation models will generally
be more appropriate to describe the lifetime. In this case, for
the residual stresses to react, they need to slow down prop-
agation of the crack, which is also what is observed in the
tests. The effect of the mean load also exists in this instance,
but the period of propagation of the crack in the zone sub-
jected to compressive stresses will have to be distinguished
from the deeper zone where they disappear. The descrip-
tive model proposed is global for the entire amplitude of

Fig. 8 Fracture morphology of the test 6 ;,4x1 : @ observation stage I and II, b detail of the zone of initiation (stage I)
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lifetimes explored and has to be refined to better describe
the switch from short to long lifetimes. Even if globally all
points of the curve shown in Fig. 6 are within the admitted
tolerance band, two zones above and below 7.10° cycles can
readily be distinguished.

4 Conclusions

The influence of surface integrity on fatigue lifetime was
studied. The conclusion that can be drawn from the results
is as follows:

— the geometric (roughness) and metallurgical (chord
width) parameters appear not to influence fatigue life-
time, while the mechanical parameter (residual stresses)
does indeed seem to be determinant.

— A regrouping of all the experimental points can be seen
whatever the milling plan of procedure they represent
on a curve. The residual stresses appear to provide the
best indicators, especially those in compression through
their modifying the local load of the test coupon sur-
face. Compressive residual stresses are beneficial to the
fatigue lifetime.

— A phenomenological model was proposed that provides
an appropriate description of fatigue behaviour. A good
estimation can be seen for shorter lifetimes but as soon
as 7.10° cycles are exceeded, the model estimates the
values less successfully but always in the tolerance
interval.

— It can be seen that the initiation zone is bigger for the
longer lifetimes (high compression residual stresses)
than for shorter lifetimes (low compression residual
stresses). It was also noted that the failure mechanisms
were qualitatively identical over all the fatigue test
coupons; each initiation was very close to the surface.
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