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Abstract

Brass alloy is widely used because of some attractive properties such as high electrical and thermal conductivity. But its fatigue per-
formance after surface treatment is not very well explored in literature. Thus, in the present work, particular emphasis was given to the
influence of surface treatment by shot peening on the fatigue life of brass alloy, throughout surface roughness and microstructural evolu-
tion. Fatigue tests were performed on unpeened, peened and peened then polished specimens. Various times of surface hardening treat-
ment as 30, 60 and 120 min were considered. Experimental results reveal that the fatigue life of peened brass alloy decrease for all stud-
ied hardening treatment conditions. Surface roughness and microstructural properties showed large sensitivity to the shot peening process

of brass alloy.
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1. Introduction

The majority of mechanical surface treatments enhance me-
chanical properties; in particular improve fatigue life of metal-
lic materials [1, 2]. Actually, shot peening is the most com-
mon surface treatment employed in industry in order to ame-
liorate the fatigue life of structural metallic materials [3, 4].
The improvement of fatigue strength by shot peening is well
studied for conventional materials, including stainless, marag-
ing steels, aluminium, titanium and nickel-based alloys [5-7].
However, only few works investigate the effect of shot peen-
ing on the fatigue performance of brass.

Benefits of shot peening are typically attributed to a combina-
tion of surface hardening by increased dislocation density, struc-
tural modification and introduction of compressive residual
stress after a heterogeneous plastic deformation on the surface
layer of the peened samples [8-10]. In fact, compressive surface
residual stress helps to expand the life of engineering compo-
nent by retarding fatigue crack initiation and growth [11, 12].
But, at the same time, several studies on residual stress relaxa-
tion by cyclic loading have been conducted [13, 14]. It was
shown that residual stresses are instable during loading and
relax continuously with increasing number of cycles [15, 16].
Stress relaxation is also accentuated with cyclic softening of the
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investigated materials; especially in the case of low cycle fa-
tigue loading where the percentage of residual stress relaxation
can exceed 50% during the few first cycles [17, 18].

In addition to stress relaxation, the beneficial effect of com-
pressive stress may be reduced by the surface damage associ-
ated with shot peening of a material [19]. Consequently, fa-
tigue life of structures is known to highly depend on the sur-
face quality, particularly, roughness. Effectively, in many
fatigue models, performance was often entirely attributed to
the amplitude of surface roughness parameters, in particular
the arithmetic average Ra [20-22]. In addition, for a given
roughness, residual stress only seems to have a slight influ-
ence on the fatigue life and the fatigue behavior is due to a
predominant effect of roughness [23]. Furthermore, it has
been identified that fatigue cracks generally initiate from free
surfaces, especially in short life regime, and then highly de-
pend on the surface topography [24]. Consequently, surface
roughness is the main factor affecting fatigue life especially in
the case of short life regime [25].

Considering all these studies, it was found that although that
fatigue life is heavily influenced by residual stress; both metal-
lurgical conditions of the material (microstructure and micro-
hardness) and the presence of surface irregularities play a key
role [26]. The deleterious surface state of shot peened surfaces
possibly counterbalances the beneficial influence of residual
stress [27]. We conclude that a competition between the det-
rimental and beneficial effects of shot peening emerges.
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Table 1. Chemical composition of brass (wt. %).

%Cu %Zn %Pb %Sn %Fe %Ni %Li
58.47 38.11 2.79 0.25 0.21 0.11 bal.

Table 2. Mechanical properties of brass by monotonic tensile tests.

Tensile strength 594 MPa
- - - S
Yield strength obtained employing the 0.2% 450 MPa
offset method
Young’s modulus 90 GPa
Fracture strain 9.5%

Fig. 2. Specimens geometry.

The main purpose of this research is to investigate the influ-
ence of shot peening surface treatment, in particular surface
roughness and microstructural evolution, on fatigue life of
brass alloy.

2. Experimental details

2.1 Sample preparation

In this study, the tested material is a brass containing an im-
portant percentage of lead. The chemical composition of this
material is given in Table 1.

The microscopic observation shows a duplex structure with
two phases (a + B'). o phase has a face-centered cubic (FCC)
structure, while ' phase has a centered cubic (CC) structure
(Fig. 1).

For industrial purposes, rounded specimens with a diameter
of 3 mm and a gage length of 25 mm were prepared for low
cycles fatigue tests and monotonic tensile characterization. An
example of such as specimen is represented by Fig. 2.

Monotonic characterization of the brass by tensile test was
made at room temperature and a strain rate of 10 mm/min
(é=6.6 x 10° s). Mechanical properties as measured are
given in Table 2.

2.2 Shot peening process

The shot peening process consists in using C45 spherical

£% 4
Re =0.5
€ max—0.8% —-— -

£ min=0.4%

Fig. 3. Illustration of cyclic loading.

steel shot with a diameter of 0.5 mm on a rotating barrel at the
speed of 300 rpm. Specimen shot peening was applied for 30
min, 60 min and 120 min. Peening procedures were done to
full coverage.

2.3 Characterization of shot-peened specimens

Structural changes occurring in the near-surface regions
were characterized by micrographic tests using an optical
microscope. The observed surfaces were beforehand prepared
by mechanical polishing to 1200 grit SiC abrasive paper fol-
lowed by 3 pm and 1 pm diamonds. The chemical attack used
in this study consists of a solution of nitric acid (HNO3).

For comparison purposes and estimation of the contribution
of the surface treatment in terms of mechanical properties,
mechanical characterization of the unpeened and peened sam-
ples by monotonous tensile tests was carried out. Surface and
sub-surface Vickers hardness of specimens were measured
using a 402 MVD micro-hardness testing machine. Measure-
ments on the normal section of specimen were realized de-
scribing a profile from the surface to the depth.

Roughness measurements were carried out on a TR200 Sur-
face Roughness Tester.

2.4 Fatigue testing procedure

For the majority of applications, the industrial constituents
are subjected to structural deformations, particularly in the
zones of stress concentration. In this case, it is more suited to
consider the fatigue under load subjected to the control of
deformation to simulate the real load in the structure and also
to correlate better the cyclic mechanical behavior and the mi-
croscopic structures [28].

The structural and morphological modifications generated
by shot peeing which affect a layer on the near-surface, will
induce a cyclic behavior different from the basic material.
Low cycle fatigue tests under axial tensile-compression load-
ing conditions are carried out on non-treated samples and 30,
60 and 120 min treated ones. A triangular wave signal was
used for total strain control under strain ratio Re = 0.5; (Re =
€min/€max)- A constant strain rate & = 6.6 X 107 s was con-
sidered (Fig. 3).

To confirm results and to have a solid comparison, Wohler
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Fig. 4. Microstructural evolution of brass subjected to shot peening during three different periods: (a) reference state: non peened sample; (b) 30 min

peened sample; (¢) 60 min peened sample; (d) 120 min peened sample.
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Fig. 5. Monotonic tensile stress-strain curves of unpeened and 30 min-
ute peened materials.

curves of unpeened and peened (treated for 30 minutes) mate-
rials were constructed by scanning a margin of strain ampli-
tude from 0.2 to 1.4%.

To reveal the contribution of roughness generated by shot
peening on the fatigue life of the studied material, a slight
polishing of the circumferential surface of specimens was
performed in order to decrease roughness without suppression
of the near surface layer.

The idea consists in keeping the totality of the modified
layer to investigate just the effect of roughness. Fatigue tests
with the same parameters indicated previously are applied on
30, 60 and 120 min peened then polished specimens.

3. Results and discussion

3.1 Shot peening evaluation

Shot peening is a mechanical surface treatment which af-
fects the surface of the sample by getting modifications of the
microstructure, surface properties and mechanical properties.
An evaluation of these modifications is deemed necessary to
qualify the contribution of shot peening on fatigue life and
analyze experimental results.

3.1.1 Microstructural evolution

Fig. 4 shows micrographic observations revealed by optical
microscope after chemical attack on samples subjected to
different shot peening periods: 30, 60 and 120 min.
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Fig. 6. Fracture strain evolution as a function of the shot peening dura-
tion.

Shot peening generates modifications at a superficial layer
which thickness depends on the processing time (zones lim-
ited by dashed white lines, as shown in Fig. 4(b)-(d). The
thickness of this layer increases with a logarithmic evolution
as a function of treatment time from 20 pm for 30 min peened
samples to 60 um for 120 min peened ones. According to the
same figure, the change in grain shape is an indication of
structural modification due to compressive stress. Grains hav-
ing a globular shape at the beginning (Fig. 4(a)) become more
elongated after shot peening (Fig. 4(b)-(d)) and the peened
surface exhibits many created craters indicating the variation
of the roughness.

3.1.2 Monotonic characterization

The monotonic characterization of both unpeened and peened
materials gives a clear indication on the resulting mechanical
properties modifications of the material after shot peening.

According to the tensile stress-strain curves represented by
the Fig. 5, the yield strength and the tensile strength of peened
material are larger than those of unpeened material. This result
indicates the presence of compressive residual stress. The
fracture strain (A%) decreases considerably after shot peening
from 9.5% for the unpeened alloy to 6.9% for the 30 min
peened alloy (Fig. 6). This is probably due to the impact of
surface state.

The Young modulus, which is an intrinsic property of the
material, remains invariable.
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Table 3. Thickness of the affected layer according to shot peening
duration.

Shot peening duration (min) 30 60 120
Transformed thickness (um) 80 120 130
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Fig. 7. Micro-hardness evolution as function of distance from surface
for different shot peening duration.

3.1.3 Micro-hardness profiles

To determine the thickness of the near-surface affected by
shot peening, Vickers micro-hardness measurements from the
surface to the depth of specimen were realized.

Results are given in Fig. 7 and the thicknesses of the trans-
formed layer are included in Table 3. The hardness decreases
gradually as the position moves away from the surface. We
use the intersection of both slopes (dashed black lines) appear-
ing on the profile of micro-hardness to determine the trans-
formed layer thickness.

This superficial layer is very large in comparison to micro-
structural modification appearing just on a small layer which
not exceeds 60 um for 120 min peened samples. The width of
plastic deformation appears less propagated than the work
hardening.

3.1.4 Roughness surface characterization

Another particularity of mechanical surface treatments is
the generation of a new surface state as it was shown by mi-
crostructural observations.

In the case of shot peening, a deterioration of the surface
state is frequently observed [29]. In this study, the arithmetical
roughness values (Ra) of peened samples show an important
variation compared to the roughness of unpeened ones. A
large increase is recorded after shot peening. The initial
roughness measured on unpeened specimens is 0.8 um while
that measured on peened specimens exceeds 6 um and de-
pends on the processing time (Fig. 8). The variation of rough-
ness is important. Roughness seems to be an influencing pa-
rameter to consider in this study.

3.2 Shot peening effects on cyclic behavior

Superficial mechanical treatment induces plastic deforma-
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Fig. 8. Roughness variation as function of shot peening duration.
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Fig. 9. Maximum and minimum stress values as function of number of
cycles of unpeened and peened brass during: (a) 30 min; (b) 60 min;
(c) 120 min.

tion on the superficial layers of samples and introduces modi-
fications of stress distribution via generation of residual stress.
Furthermore, this type of treatment generates various degrees
of roughness. This roughness creates stress concentration
zones generating a localized plastic strain area and then, privi-
leged sites of cracks initiation [30].

The low cycle fatigue performance before and after shot
peening, under tension-compression (axial) loading, is given
by Fig. 9. It is noticed that the number of cycle to failure (Nf)
decreases after shot peening. The more the treatment duration
increases, the more the number of cycles to failure decreases.

A clear difference in number of cycles to failure appears by
comparing the unpeened (430 cycles) and 120 min peened
alloy (70 cycles). Furthermore, it should be mentioned that
peened and unpeened specimens exhibit a pronounced linearly
decrease of mean stress with the number of cycle which can
be attributed to a cyclic softening phenomena.

To confirm decrease of fatigue life at various strain ampli-
tudes, Wohler curves of unpeened and 30 min peened material
was realized (Fig. 10). Experimental results show that the life
curve of unpeened material is situated above that of the shot
peened one. This result confirms the previous observations in
various loading conditions.

It is known that the fatigue life of a material subjected to
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Table 4. Plastic strain amplitudes as a function of the duration of shot
peening.

Peening duration (min) 0 30 60 120
Ag, (%) 0.603 0.637 0.690 0.709
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Fig. 10. Low cycle fatigue life curves.
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Fig. 11. Hysteresis loops of unpeened brass, 30 min, 60 min and 120
min peened samples.

cyclic loads depends on the amplitude of the generated plastic
strain Ag,. For this reason, hysteresis loops were plotted and
the amplitudes of plastic strain were determined at approxi-
mately the half-life of each specimen (Fig. 11). Plastic strain
amplitudes as measured are given in Table 4. The measures
were released with reference to a graphical method [31] based
on Eq. (1):

Agr/2 = (gmax - gmin )/2 = gp + gn (1)

where Ag, denotes the total strain amplitude, &,,, is the maxi-
mal strain, &, is the minimal strain, €, is the plastic strain and
€, is the elastic strain.

Results are presented in Table 4 (Ag, =2 g,).

Firstly, it is noted that a low variation of the plastic strain
amplitude accompanies the fatigue life evolution after shot
peening of the studied material. Such variation does not justify
the important diminution of the fatigue life.

Secondly, this shows that an important relaxation of resid-
ual stress happened, in a way that similar amplitudes of plastic

strain were measured at the half-life of cycles for all tested
specimens. In fact, as mentioned in literature, the compressive
residual stress can be beneficial for fatigue life provided that
they are stable. The residual stress may get relaxed during
loading [32]. The main relaxation of residual stress normally
takes place in the first cycle, followed by gradual relaxation
during the lifetime [33, 34]. It is associated with dislocation
movement and correlated to the plastic strain amplitude and
number of cycles [35]. Then the behavior of the brass on fa-
tigue loading which exhibits a cyclic softening justifies its
relaxation and the similar measurements of plastic amplitudes
of deformation.

These observations have made it possible to consider that
other factors can be at the origin of the fatigue life evolution as
a function of shot peening duration and will have a serious
effect on the fatigue performance of these materials.

For this purpose, by evaluating the modifications brought to
peened material, it is noted that an important roughness varia-
tion of the tested specimens is registered. For this reason, we
study the influence of the surface state of peened specimens
on the low cycle fatigue life.

3.3 Surface state contribution

In addition to samples tested before and after shot peening,
another series of low cycle fatigue on peened then polished
specimens was led to show the influence of roughness on the
fatigue performance. The polishing of peened samples was
made in such a way as we regenerate the initial surface state of
unpeened samples and we keep the near-surface layer intact.

Curves of cyclic softening of unpeened, peened and peened
then polished samples are represented below in Figs. 12 and
13. To correlate the axial fatigue behavior to the effect of the
surface state, measures of roughness are given in Tables 5 and
6. The same approach is applied to 30 min (Fig. 12 and Table
5) and 120 min peened specimens (Fig. 13 and Table 6).

Experimental results illustrated by Figs. 12 and 13 show
that the number of cycles at failure of peened then polished
material increases compared to the peened material. In this
case, the variation of the number of cycles at failure can be
attributed to the roughness of tested specimens.

However, their life is still lower than that of the unpeened
one. This is due to polishing which is not made in an equiva-
lent way on the entire tested specimen. There are some persist-
ing craters at the extremity of the gage length which cannot be
well polished.

Consequently, for our experimental conditions, the surface
state of a brass alloy is an important factor which influences
significantly the fatigue life performance of the treated mate-
rial. We conclude that shot peening, as being a mechanical
treatment of surface, does not lead necessarily to the im-
provement of fatigue life which can result from the introduc-
tion of residual stress in compression. Shot peening can intro-
duce privileged sites of cracks initiation due to roughness
increase and thus less fatigue resistance especially for material
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Table 5. Roughness measures of unpeened brass, 30 min peened
samples, 30 min peened then polished samples.

Treatment Unpeened 30 min 30 min pf:ened then
peened polished
Roughness Ra 08 6.1 08
(pm)

Table 6. Roughness measures of unpeened brass, 120 min peened
samples, 120 min peened then polished samples.

Treatment Unpeened 120 min 120 min PBEned then
peened polished
Roughness Ra 08 83 08
(pm)
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Fig. 12. Maximum and minimum stress values as function of number
of cycles of unpeened samples, 30 min peened samples, 30 min peened
then polished samples.
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Fig. 13. Maximum and minimum stress values as function of number
of cycles of unpeened samples, 120 min peened samples, 120 min
peened then polished samples.

presenting a cycling softening during fatigue test.

4. Conclusions

For industrial purpose, an experimental study on the effect
of surface hardening treatment generated by shot peening on
the low cycle fatigue life of brass alloy was established. Re-
sults revealed that the cyclic behavior of peened brass is dif-

ferent compared to unpeened material and that fatigue life
corresponding to the number of cycles at failure decrease after
shot peening.

A very low variation of the plastic strain amplitude is noted
after shot peening. This shows that an important relaxation of
residual stress was happened in a way that we get back
equivalent plastic amplitudes of deformation after a certain
number of cycles. Such variation justifies that compressive
residual stress does not contribute intensely on the fatigue life
of brass alloy.

In addition, we can conclude that the fatigue life of materi-
als which exhibit cyclic softening after hardening treatment is
more affected with:

- The surface state of mechanical structures by means of a
significant elevation of the roughness that changes the local
stress concentration compared to unpeened surfaces. The lar-
ger the surface roughness, the larger the strain concentration
and then the lower fatigue life.

- The microstructural state by the compaction of the two
phases a and f' in the near-surface layer.

The surface state is then an important factor in fatigue per-
formance of the material especially for those presenting a
cycling softening during fatigue test.
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