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ABSTRACT

Aeronautic industry needs to use materials which combine lightness and high
mechanical characteristics, under static sollicitations as well as under
dynamic ones. In this last case, the study of fatigue behaviour of the mate-
rial becomes very important. High strength aluminium alloys such as 2024 and
7054 are a good choice and for that are usually used in such cases. Moreover,
these alloys are often shot peened to improve their fatigue strength.

The recording of acoustic emission allows to detect the three stages of damage
growth: plastic deformation of the surface, microcracks formation and macro-
cracking. The experiment pointed to the conclusion that the damage leading to
crack initiation occurs in the following manmer: cyclic cold working of the
surface together with a rapid evolution of residual stresses, stabilisation of
these stresses and a plastic deformation of the surface layers, appearance of
the first microcracks without any change in the residual stresses and then,
the ascendency of one or two macrocracks together with complete relaxation of
the macrostresses in the close neighbourhood of this macrocrack.

INTRODUCTION

We call fatigue of materials the general properties modifications during
¢ycles which can lead to failure. The materials behaviours studies during
fatigue, which are often carried out at macroscopic scale, either by S-N
curves (1), either by sollicitation modes studies (1), either by cycliec cold
working studies (2), must be completed at microscopic scale by crack ini-
tiation and crack propagation studies (3), (4) taking into account the ini-
tiation potential sites, their number and their types (5). The use of fracture
mechanic concepts allows, besides, to determine the maximum size of admissible
cracks (6) and to study crack propagation velocity as a function of parameters
such as R ratio and grains size 7).

In addition to these numerous parameters which operate upon materials beha-
viour, we must add residual stresses influence. These residual stresses, which
are the result of elaboration process and various thermal and mechanical
treatments, play an important role at macroscopic scale as well as at micro-
scopie one, and at the surface as well as under the surface. Different studies
give us an idea of what can be expected for stress distributions in subsurface
layers, for milling (8), (9) and more often for shot peening (10), (11), (12),
(13), (14).
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Concerning the residual stress influence upon fatigue behaviour of materials,
these residual stresses are superposed to service stresses so that allowable
stress can be increased or decreased; this superposition is only valid for
elastic behaviour. At macroscopic scale, Mattson and al. (15) have shown the
linear relation between residual stress at the surface and endurance limit.
Syren and al. (16) introduced an hardness factor to link bending fatigue
strength to residual stress (always by a linear relation), when Starker and
al. (17) show the influence of the initial distribution in the subsurface
layers. At microscopie scale, Evans and al. (18) separate the effect of
macrostress and microstrain in relation with hardness. Goto (19) was more
precise by giving a linear relation between endurance limit and the X-ray
diffraction peak width.

Concerning evolutions of residual stress during fatigue, it is generally
admitted that the stability of residual stresses depends on the hardness of
the material. Starker and al. (20), comparing two different states of the same
steel, or Schutz (21), comparing steel and aluminium alloy, show that harder
the material is more stable the residual stresses are. Apart residual
stresses, two parameters are usually taken into account in fatigue studies,
which are applied stress and R ratio (minimum applied stress/maximum applied
stress). Recent studies in this way (22), (23), (24) show that with these two
parameters, we can get relaxation or no relaxation of residual stresses, and
even an increase of residual stresses. Compressive residual stresses induced
by shot peening tend to show the same behaviour: relaxation at the first few
cycles, and then stabilisation until the end. At last, studies about evolu-
tions of microstrains, mainly japanese studies (25), (26), show that hardness
also influence strain at this scale and that we can saparate materials into
"annealed" materials and "cold worked" materials, according to their fatigue
behaviour.

USED TECHNOLOGY

The study of acoustic emission linked to plastic deformation is a non destruc-
tive testing method which, through the use of an elastic wave, reveals the
harmfullness of what exists in the material. The signal obtained, at first
approximation, can be defined as the superposition of a continuous signal
associated to dislocation movements and a discrete signal linked to macro-
scopic and microscopic ruptures (fracture of precipitates, microcracking,
propagation of cracks, etc.). The' curve of the cumulative counting as a
function of the number of cycles, represented in bilogarithmic coordinates,
allows to distinct three phases of damage of the material (27). Zone I is a
non damaging =zone, zone II is a microscopic damage zone (initiation and
propagation of microcracks) and zone III is a macroscopie damage zone (ini-
tiation and propagation of macroracks) leading to rupture (figure 1). These
three zones are systematically found whatever the initial preparation of the
material is: only their limits change (28).
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Figure 1 - Acoustic emission definition

Stress measurement by X-ray diffraction is a non destructive method using the
property of X-rays to be diffracted by the crystalline structure of materials.
The use of this method (29), (30) leads to macroscopic stress by transforming
the variations of d(hkl) into a shift in the position of the diffraction peak
(using Bragg's law). It also allows to determine microstrains by studying the
diffraction peak shape. Indeed, plastic deformation of the material induced
cracking in the coherent flelds and an increase of their elastic deformation,
due to dislocations growth and pile default. This give a widening of diffrac-
tion peak. This study can be lead in a qualitative way by measuring the peak
width at middle height, or in a quantitative way, using Stokes's method and
Warren's models of peak shape (31).

EXPERIMENTAL PROCEDURE

Materials studied in this work are two high strength aluminium alloys, 2024
alloy (AU4G1 - AlCuMg2) and 7075 alloy (AZ5GU - AlZnMgCul,5). These two
alloys are studied in T351 state for 2024 alloy and in T7351 state for 7075
alloy, and their mechanical characteristics are given in the table on figure
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Figure 2 - Mechanical characteristics of 2024 and 7075 alloys

For the fatigue tests, chosen samples are unnotched parallelepipeds (160 mm
X 50 mm x 20 mm) taken from rolled sheet. We have to notice that the greatest
dimension of the sample is in the long transverse direction of rolling. For
each material, one single face of sample has been prepared in order to get
different states of stress in surface: shot peening (compres31ve residual

B e,



488

stresses), milling (tensile residual stresses) and electrolytic polishing
(nearly no residual stress) as a reference state.

The first stage has been the characterisation of initial geometrical stages
(surface roughness) and mechanical states (hardness and residual stresses) for
different samples. Residual stress has been determined by mean of X-ray
diffraction method, at and under the surface, at macroscopie and microscopic
scale. Diffraction conditions have been chosen as follows: KaCr radiation (A =
2.2897 A, 222 planes, 20 = 156.67°) with an affected depth of about 30 pm and
a K1 factor of - 98.5. Every stress has been measured in the longitudinal
direction of the bars, where residual stress is parallel to applied stress
during fatigue. :

The second stage was to determine the different damage zone limits by recor-
ding the acoustic emission during a three point bending fatigue test, lead
with a R ratio equal to 0.1. Two fatigue fields have been studied, low cycle
fatigue and high cycle fatigue. Low cycle fatigue tests were lead under a
500 MPa applied stress, with 10 Hz in frequency. For high cycle fatigue tests,
frequency was still 10 Hz but applied stresses have been chosen for an optimal
number of cycles at the failure for shot peened samples, around 1.E5 to
2.E5 cycles. It gives an applied stress equal to 440 MPa for 2024 alloy and an
applied stress equal to 340 MPa for 7075 alloy.

The following stage has consisted in interrupted fatigue tests in each of the
previously determined zones. In order to get more precision about the stress
relaxation during the first few cycles, points at 1, 5, 10 and 20 cycles have
been added in every result curves. -

RESULTS

The results of roughness measurements are as follows:

Shot peening Milling Polishing
2024 2.81 0.98 0.04
7075 7.63 0.99 0.05 Ra in pm

The difference in roughness values for shot peened specimens comes from a
difference in shot peening process: 2024 alloy is glass peened (FO.154, @ =
0.25 mm) and 7075 is shot peened with iron shots (F0.204, @ = 0.60 mm) .

The results of the initial state of stresses measurements are shown on figure
3. They show the following points.

At macroscopic scale:

- shot peening gives compressive residual stresses at the surface (- 300 MPa
for 2024 alloy, - 150 MPa for 7075 alloy) with a maximum below the surface.
It can also be seen that the shot peened affected depth is varying with the
nature of the shots and the material: about 300 pm for glass peened 2024
alloy and 400 pm for shot peened 7075 alloy.

- the milling studied leads to tensile residual stresses on the surface and
affects a very thin layer of the material: both milling give almost similar
results (+ 50 to + 70 MPa at the surface). .

N
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At microscopic scale:

- it can be seen that we can mark the difference between shot peening and
milling: for a base metal state characterised by a peak width of 1.8°.20,
cold working due to milling is characterised by a peak width of 2.25°.26
(increase equal to 25 %) and cold working due to shot peening is characte-
rised by a peak width of 3.7°.20 (increase equal to 106 %). We can also mark
the difference between the two millings and between the two shot peenings,
not by the surface value but by the affected depth: 70 pm for milled 7075
alloy, 100 pm for milled 2024 alloy, 250 pm for shot peened 2024 alloy and
400 pm for shot peened 7075 alloy. These values are similar to the ones
found at macroscopic scale.

STRESS (MPa)
100.

% Miled7o7s ¥
-40. . . . . . Le
o . 0. W, 0. 0. 60 700,
DEPTH (micrometers)
PEAK WIDTH (degrees 20)
5.0 . . . . . .
Shot peened 2024 ©
4.0 4 Shot peened 7075 O
% Miled2024 v
30} &ty Miled 7075
)
SIS -
2.0‘% D" @om 000 © 4 ©
Pefremsngss o000 08 0
1.0
0.0 ' ;

O W 20 308 o S0 0. 700,
DEPTH (micrometers)

Figure 3 - Initial states of macrostresses and microstrains

The fatigue tests with recording of acoustic emission have given the results
shown on the three following figures. The first figure (figure 4) shows the
results in the case of the 2024 alloy as an example of cumulative counting
versus number of cycles. The second figure (figure 5) is a table in which
numeric results about the limits of the damage zones are given for both 2024
and 7075 alloys. These tests have confirmed the interest of shot peening on
fatigue life but they mainly show that shot peening with glass beads on 2024
alloy is more effective that shot peening with steel shots on 7075 alloy.
Indeed, for the glass peened 2024 alloy, the limits of damage zones are
clearly shifted toward larger number of cycles, sign of a delay in the begin-
ning of phenomena. In the case of shot peened 7075 alloy, the delay is less
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important. On the other hand, residual stresses from milling and polishing are
not different enough to give large variations in the limits of damage zones. A
last remark can be done about the results of acoustic emission. When they are
presented as apple-pie charts (figure 6), we can notice that except variations
due to uncertainty, every chart is identical: we can get the conclusion that
whatever the material or the surface preparation may be, the relative dura-
tions of damage zones remain the same, even in the case of shot peened mate-
rials.

et Nt=28000cycles
e

e Figure 4 ~ Damage zones recorded by
Nf=63000cyctes acoustic emission
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Figure 5 - Damage zones limits Figure 6 - Relative duration of damage zones

About interrupted fatigue tests, at first, only the surface residual stresses
have been measured for all cases. The results are shown on figure 7 for
macrostresses and on figure 8 for microstrains characterised by peak widths.
At macroscopie level, in low cycle fatigue, we can see that in all cases
except polishing where the initial residual stress is zero, there is an
important relaxation which happens at the very beginning of the cycling (the
points at 20 cycles, and even those at 5 cycles when they exist, show the
relaxation is finished yet). On the contrary, in the case of high cycle
fatigue (shot peened specimens), this relaxation is less important and seems
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to go on (no stabilisation). At microscopic scale, the three surface prepa-
rations have different behaviours: we can notice an "hardening" of milled
state (cold working and dislocation density increase during fatigue), a
"softening"” of shot peened state (cold working and dislocation density
decrease during fatigue) and an intermediate polished state nearly without
Yhardening" or "softening".

Miling : @, =4,0,,=A . Polishing: q, =¢.0,=0 . Shot peening (LC.F.) : @, =0,0,, =0
. " " Shotpeening (HC.F) 5, =w, . =0
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Figure 7 - Surface macrostress variations
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Figure 8 - Surface microstrain variations

These results have been completed, in the case of shot peening, by measure-
ments in depth of the material. We are obliged there to separate low cycle
fatigue and high cycle fatigue. At macroscopic scale for low cycle fatigue, we
can see on figure 9 that stresses in subsurface layers show the same beha-
viour than surface stresses, i.e. relaxation in the first few cycles and then
stabilisation. On the contrary, in high cycle fatigue cases at macroscopic
scale, the relaxation of subsurface stresses is delayed and is happening
during all the fatigue test (figure 10). At microscopic scale, peak width
variations during low cycle fatigue in the shot peened layers show a "softe-
ning" behaviour for the two materials (points during fatigue are under the
curve of the initial state points) (figure 11). On the contrary, peak width
variations during high cycle fatigue in shot peened layers show a "softening"
behaviour for 2024 alloy and an "hardening" behaviour for 7075 alloy (figure
12). Nevertheless, we have to notice that these "softening" and "hardening"
behaviours are behaviours of a thin layer of shot peened materials.



492

STRESS (MPa) ) ' STRESS (MPa)
wo.} R ¥ 1 £ T 10 ‘[ T wis Ty
0. + 22y + + 2 + + St +
+ ¥—o—Ge—t + ﬁ ¥
o ' n)
-100. OSOGQbDO SL ? . ~100. %o
@V . .
200 g?ﬂa v . -0, 1% QY&? .
. " .
& O Endofzone2 * Ygﬁggi 0 Endofzone2 , ;
~300. V%; 8Enddm1 . -300. ° &;dzmﬁ .
0cydes . cycles
w0 o S0P o e . .. Ga=S00MPa _3 Wil ste
To. W 0. X0, &0, 0. 0. . %o, - To. 0. 0. 0. 400, S0 600 760
DEPTH (micrometers) DEPTH (micrometers)

Figure 9 - Macrostress variations in subsurface layers
Case of low cycle fatigue
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Figure 11 - Microstrain variations in subsurface layers
Case of low cycle fatigue

In a last time, we wanted to do again these measurements using Stokes's method
and Warren's model for peak treatment. For milled alloy, and moreover for shot
peened alloy, the initial deformation given by the process will hide defor-
mations created by fatigue process. The study of the size of coherent arrays
only allows to distinguish cold worked materials from other ones: 21.7 nm mean
valeur for shot peened 2024 alloy, 21.4 nm mean value for the same configu-
ration in high cycle fatigue test, 22.2 nm mean value for milled 2024 alloy
and 51.5 nm mean value for polished 2024 alloy.

T
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This result seems to be correct because cold working, which is shown by an
increase of dislocation density, reduce the array between two dislocation
creation process be.
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Figure 12 - Microstrain variations in subsurface layers
Case of high cycle fatigue
DISCUSSION

Apart some problems due to grain size in the subsurface layers of shot peened
materials and at the surface for other ones, the use of X-ray diffraction for
stress measurements can be done without any troubles. The use of a large
diffraction spot (# 4 mm or even 4 mm x 10 mm) allows us, for a great part of
measurements, to get away from local discontinuities. However, stress study on
cracks boundaries by mean of this technique needs more precautions and longer
measurement times. On an gther hand, penetration depth of Ko chromium radia-
tion in aluminium alloys (30 pm mean value) allows to get free from surface
roughness effects, what is interesting in the case of shot peening.

Fatigue tests with recording of the acoustic emission show that this measu-
rement technique was rather reproductive (zone limits are defined with a mean
precision of +/- 1 000 cycles, it means a relative error of 7 % in the most
unfavourable case), and usefull to detect the limits in time for some damaging
phenomenum. The use of this method is linked to the minimum size definition of
detectable default, which greatly depends on recording conditions and on
electronic detection threshold. Experiments carried out by other detection
techniques such as electric detection method or optical observation method,
allows to precise the validity of acoustic emission method and to fix the
macrocracks detection threshold to about 100 pm.

The results of this study bring some complements in the observation of fatigue
behaviour of aluminium alloys. It is confirmed that shot peening brings a
profit in life time of parts submitted to fatigue (+ 20 % for 7075 alloy,
+ 30 % for 2024 alloy). But it has also been shown that this benefit depends
on shot peening conditions and that there could exist an optimum treatment.
The idea of efficiency of shot peening has been pointed out by the determi-
nation of the damage phases: in a "good" shot peening, all the limits of zones
are clearly shifted toward a higher number of cycles (for example, in 2024
alloy case, + 50 % at the end of zone I, + 40 % at the end of zone II and at
last + 30 % at the failure).
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This benefit and this efficiency of shot peening can be explained by a lot of
remarks about residual stresses and surface roughness. In the case of glass
peened 2024 alloy, surface stress value is higher, as well as maximum stress
value under the surface, and this maximum stress is closer to the surface.
Moreover, its surface state is better and crack initiation sites are less
numerous. At last, we can notice that the relative durations of damage zones
stay at constant values whatever the material or its preparation be: zone I
last on about 15 to 25 % of total time of failure, zone II last on about 35 to
45 % and the rest is for zone III.

Concerning variations of residual macrostresses during fatigue tests, the
results are in complete agreement with the previous published studies. The use
of the records of acoustic emission has allowed the determination of the three
stages in the evolution of surface residual stresses:

- a quick relaxation of the stresses, more or less important as a function of
the initial residual stress and of applied stress. A 500 MPa applied stress
causes a 40 % fall in the 2024 residual stress and a 25 % fall in the 7075
residual stress, for low cycle fatigue. For high cycle fatigue, a 440 MPa
applied stress causes a 30 % fall in the 2024 residual stress and a 340 MPa
applied stress causes a 10 % fall -in the 7075 residual stress.

- a stabilisation lasting until the initiation of the first macrocracks
(microcracks initiation and propagation are not visible for X-rays),

- a continuation of this stabilisation except in the close neighbourhood of
cracks where there is a complexe relaxation of macrostresses.

It must be however specified that in this last phase, the evolutions are not
well known particularly because of the X-ray diffraction conditions. The drop
of residual stress can happen in a very short time before failure or be
limited in a very tiny zone, unaccessible with present experimental techni-
ques. Thus, measurements have been done on broken specimen and they show that
at one millimeter from the failure, residual stresses reach 40 MPa and we can
imagine a higher tensile strength near the crack tips at the very last cycle.

The previous mentioned steps at the surface are also found in depth for shot
peened specimen, in low cycle fatigue tests. We must note that the way back to
zero is different for 2024 and 7075 alloys: in case of 2024 alloy, we can see
a plateau in subsurface layers. This can be partially explained by the diffe-
rence between yield stress values and by the difference between 0a - Oys
values, as we can observe on the next figure (figure 13). On this figure, ce
shows the flow limit value. At first cycle, this value is equal to monotonous
yield stress, but little by little, it will reach cyclic yield stress. For
7075 alloy, we shall get ocys < oe < Omys (in fact, measurements during low
cycle fatigue tests show that the results are rather ocys # Oe #f omys). On the
contrary, for 2024 alloy, the same tests show that cyclic yield stress raise
to a 420 MPa value, it means 20 % more than monotonous yield stress. In this
case, we get omys < Oe < Ocys.
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At last, it is very likely that, as the maximum value of coémpressive residual
stress under the surface and as this maximum position in depth, roughness
given by glass peening compared with the one given by shot peening allows to
explain a part of the longer life of 2024 alloy. For example, we can think
that if we could improve surface roughness of shot peened 7075 alloy by mean
of polishing or by mean of a second shot peening with glass beads without any
change in stress repartition or stress value, we could get an increase of life
time of specimen. We can see on next figure (figure 14) that his process is
fully possible and can keep all favourable effects of shot peened residual
stresses. This point is confirmed by results obtained from mechanical polished
specimen. As it can be seen on next figure (figure 15), a very good surface
state associated to surface residual stresses which are in light compression
gives a better life time than one of shot peened specimen. The following step
of this study, work in process in this time, will consist to make comparisons
possible between the two alloys, by conducting tests on shet peened 24 alloys
with steel shots and on glass peened 7075 alloy. The first results shown on
are encouraging ones.
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CONCLUSION

The study of low cycle fatigue behaviours of materials, although not represen-
tative of numerous real cases, presents many advantages. The test times are
short, the phenomena are shorter and their interpretations can be more or less
easily transposed to high cycle fatigue studies. The use of acoustic emission
allows to link the evolutions of residual stresses to a concrete damage
phenomenum. Although there is a need of additional results, the study has
shown very well the different stages of the evolution of residual stresses in

a

fatigue sollicitation.
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