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Fatigue behaviour in a plastic strain-controlled
mode of an austenitic stainless steel treated
by explosive
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A surface-treatment technique using primary explosive was applied to a 316L type stainless
steel. Some characterizations of the induced mechanical or metallurgical effects are given
such as surface roughness, microhardness, residual stresses, microstructure. Fatigue tests
were performed in tension-compression in the plastic strain-controlled mode with
amplitudes in the range 1072 to 5 x 1072, The cyclic behaviour of the treated samples is
characterized by a higher cyclic stress amplitude than the untreated material and a shorter
fatigue life. The surface damage has been analysed by counting the secondary microcracks
after failure. The cyclic behaviour and the damage are discussed taking into account the
different induced effects and assuming the treated material to be a composite one, with

a highly strengthened surface layer and a quasi-untreated bulk.

1. Introduction

It is well known that fatigue cracks initiate at the
surface in homogeneous materials. So, to improve
their fatigue resistance, surface treatments that allow
them to keep their bulk properties are applied. Among
the industrially implemented surface-treatment pro-
cesses, shot peening is the most frequently used be-
cause of its simplicity and the important beneficial
results associated with compressive residual stresses.
However, the surface roughness of shot-peened mater-
ials is generally very high [1-5], introducing detrimen-
tal effects on machined specimens. Moreover, when
a shot-peened sample is cycled at a high level of stress
or strain, the beneficial residual stresses induced by
the treatment are quickly deleted [6]. In the last few
years, experiments have been undertaken with a new
technique using laser-induced shock waves, with good
results especially on the induced residual stresses
[3,5,7]. However, the use of this process on a large
scale remains difficult because of both the very limited
size of the treated area at each shock and the time
between two laser pulses. In addition, there would be
difficulties in treating non-planar or complicated
shaped samples. More recently, a new technique of
surface treatment using shocks has been perfected,
based on a primary explosive. The effects induced by
this treatment have already been published [8-14].
The aim of this paper is to report the first part of the
fatigue behaviour of a 3161 type stainless steel treated

with this process, when it is cycled in a plastic strain-
controlled mode.

2. Experimental procedure

2.1. Material

The studied material was an austenitic stainless steel
type AISI 316L (named ICL 167 SPH) whose com-
position is given in Table 1. It was used after heat
treating for 1 h at 1050 °C in vacuum (about 5 x 10™*
Pa) and water cooling. The samples (plane samples for
metallurgical investigations and cylindrical specimens
for fatigue tests, see [8,9,14] for shape and dimen-
sions), were first polished before the thermal treatment
and polished again before testing to remove the oxide
layer up to 1um diamond for plane samples and
0.25 um diamond for fatigue specimens. The mean
grain size was about 60 pm.

2.2. Surface-treatment technique

The explosive substance used for surface treatment,
based on a primary explosive (lead azide PbNy), is
composed of 95% (wt) PbNg and 5% of a mixture
of dextrin and nitrocellulose. Because the critical
thickness below which the detonation is unable to be
propagated is very low (~0.1 mm), the explosive
substance was applied in a thin layer, like a paint,
with a brush on the whole surface to be treated. The
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TABLE I Chemical composition (wt %) of ICL 167 SPH stainless steel

C Mn Si S P Ni Cr Mo Cu B N, Co As
0.022 1.69 0.31 0.002 0.023 11.90 17.45 2.25 0.110 0.009 0.069 0.190 0.004
detonation was initiated by a laser pulse at the periph- 0.5 T T
ery of the area which must be treated, then the deton- r . -
ation spread over the whole area concerned. The ex- 0.4 F .
plosive layer thickness deposited on the sample was in r . 1
the range 0.5-1.5 mm. The shock characteristics, pres- ~ 03 F ]
sure and time of pressure application, have been esti- E_
mated to be close to 3 GPa and 0.6-1.5 us depending o g2 f h
on the explosive thickness (see [13,14] for details). *
0.1F ]
2.3. Characterization of the induced oo 000 g

effects in the material

The effects induced in the material by the explos-
ive treatment have been investigated by different
means: (i) evaluation of the surface topography using
a Talysurf profile apparatus; (ii) microhardness
measurements with a load of 25 g on sections normal
to the treated surface; (iii) microstructure studies by
transmission electron microscopy (TEM) on thin foils
taken at different depths from the treated surface; (iv)
residual stress measurements on the surface and at
different depths by X-ray diffraction (see [12, 14] for
details on the X-ray diffraction technique).

2.4. Fatigue tests

Fatigue tests have been performed in a symmetrical
uniaxial push—pull mode on an electro-mechanical
machine at room temperature in air. They were per-
formed in plastic strain-controlled mode with a con-
stant plastic strain rate &, = 2x 107> s~ *. The range
of the cyclic plastic strain amplitude, Ag,/2, investi-
gated was from 1073 to 5x 1072 The Ac/2 stress
amplitude necessary to reach the applied plastic strain
was continuously recorded up to the sample failure.
Tests were conducted on the untreated material and
on specimens treated with 1 or 1.5mm explosive
thickness.

3. Results

3.1. Induced effects

The effects induced in the material by treatment have
already been reported in detail elsewhere [12-14] and
only the main results will be reported here.

3.1.1. Surface roughness

The roughness factor, R,, given by the arithmetic
deviation to a mean line, was close to 0.01 pm before
treatment. The evolution of the roughness factor after
treatment with explosive thicknesses in the range
0.5-1.5mm is given in Fig. 1 where it appears that
R, increases with the explosive thickness but remains
low, because even for a 1.5 mm explosive thickness, it
remains lower than 0.5 pm.
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Figure 1 Evolution of the roughness factor, R,, after treatment, as

a function of the explosive thickness: (@) after treatment, (O) un-
treated.
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Figure 2 Microhardness profiles on plane samples after treatment,
for different explosive thicknesses: (O) 0.5 mm, (¢) 0.8 mm, (x)
1.2 mm, (+) L.5mm.

3.1.2. Microhardness

The microhardness profiles of the samples treated
with explosive thicknesses between 0.5 and 1.5 mm are
given in Fig. 2 which also indicates the mean micro-
hardness value of the untreated material (200 HV).
The profiles of the treated materials are characterized
by high microhardness values with a maximum
located at about 20 pm in depth. The higher the ex-
plosive thickness, the higher was hardness throughout
the depth. It can be noted that the strengthening
reaches the rear face of the samples (5 mm thick). The
fact that the maximum of hardness is located at 20 pm
in depth and not at the surface is attributed to a
thermal effect due to the high temperature of the
detonation gases.

3.1.3. Residual stresses
The residual stresses measured on the sample sur-
face by X-ray diffraction are given in Fig. 3 for the
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Figure 3 Residual stresses at the surface of the samples after treat-
ment, as a function of the explosive thickness: (O) treated, (#)
untreated.
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Figure 4 Residual stresses at different depths from the surface, after
treatment with an explosive thickness of 0.5 mm.

untreated and polished material and for the different
explosive thicknesses. For the reference material,
the residual stresses are slightly in compression
( — 20 MPa) due to the polishing. On the other hand,
after treatment, the stresses are in tension with in-
creasing values in the range 160-370 MPa when the
explosive thickness increases. Fig. 4 gives the values of
the residual stresses obtained at different depths be-
neath the surface treated with a 0.5 mm explosive.
While at the surface, the residual stresses are in tension
(about + 160 MPa), below 10 pm in depth the stres-
ses become compressive and reach values of about
— 200 MPa at 25 um depth, then they decrease, to
become close to zero at 90 pm.

3.1.4. TEM observations

‘A detailed analysis of the microstructure observed by
TEM after treatment will be published elsewhere [15]
and therefore only the main points will be summarized
below: in all cases, the microstructure is characterized
by a profuse twinning with maximum density at 20 pm
depth (Fig. 5) and which follows the microhardness
profiles. Beneath 200 pm depth, the twins become
rather rare and are replaced by dislocations distrib-
uted in the form of dense walls generally along three
slip directions in each grain. The dislocation density
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Figure 5 Twin density evolution versus depth for different explos-
ive thicknesses: (O) 0.5 mm, (¢) 0.8 mm, (x) 1.2 mm, ( + ) 1.5 mm.

progressively decreases when depth increases. More-
over, for the highest explosive thickness (1.5 mm), at
the surface, a very thin layer (less than 1 pm thick) of
recrystallized grains with a mean diameter of about
30 um is observed before the beginning of the twins.

3.2. Fatigue results

3.2.1. Cyclic behaviour

The evolution of the stress amplitude, Ac/2, as a
function of the number of cycles in semi-logarithmic
diagrams are given for both treated and untreated
materials in Figs 6-8 for the plastic strain ampli-
tudes Ag,/2 = + 1073, +2x107% and +5x1073,
respectively, and for an explosive thickness of 1 mm.
For the amplitude of 1073, a test with a specimen
treated with an explosive thickness of 1.5 mm is added
(Fig. 6). For every plastic strain amplitude, the treated
material exhibits an increase in the mechanical prop-
erties compared to the reference state, in that the
stress amplitude at the first cycle is about 40-60 MPa
higher in the treated state; this behaviour persists
during the near totality of the fatigue life except for the
amplitude of 5x 1073, However, for each amplitude,
the fatigue life of the treated material is shorter than
the reference one (Table II). The cyclic behaviour of
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Figure 6 Cyclic behaviour of ICL 167 SPH stainless steel at a con-
stant plastic strain amplitude Ae,/2 = 1073 for three different states:
(<) untreated material, and specimens treated with an explosive
thickness of (@) 1 and (O) 1.5 mm.
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Figure 7 Cyclic behaviour of ICL 167 SPH stainless steel at a
constant plastic strain amplitude Ag,/2 =2x107? for the ({)
untreated material and (@) a specimen treated with an explosive
thickness of 1 mm.
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Figure 8 Cyclic behaviour of ICL 167 SPH stainless steel at a
constant plastic strain amplitude Ag,/2 = 5x 1072 for the () un-
treated material and (@) a spechmen treated with an explosive
thickness of 1 mm.

TABLE 11 Fatigue lives of ICL 167 SPH stainless steel for the
reference and treated states

Plastic
strain amplitude

Fatigue life

Untreated material Treated material

1073 72000 41360 with 1 mm
39400 with 1.5 mm

2x1073 126175 19750

5x1073 4200 3300

the reference state at every strain amplitude is charac-
terized by a primary stage during 10-20 cycles, fol-
lowed by a softening stage up to 5000 cycles for the
lowest strain amplitude and about 200 cycles for the
highest one. The stress level is rather stabilized during
the main part of the test, up to the fast decrease of
stress corresponding to the propagation of a macro-
crack leading to failure. In the treated material, the
primary hardening stage is shorter than in the refer-
ence state, but on the other hand, the softening stage
occupies about 90% of the fatigue life, so that the
stabilized stage is quite non-existent. The difference of
40-60 MPa between the curves of the treated and the
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reference materials at the first cycle slowly decreases to
30 MPa (or 20 MPa) for the lowest strain amplitude
(or for Ag,/2 =2 x 1073, but decreases more quickly
for the highest strain amplitude; in the latter case, the
difference becomes zero at half the fatigue life, then it
is inverted. Except for this last case, the cyclic stress
increase induced by the treatment is rather stable. The
Manson-Coffin curves (Ag,/2 — N¢, where Ny is the
number of cycles to failure) are drawn in Fig. 9 where
it clearly appears that the fatigue life of the treated
materials is shorter than that of the reference material
over the entire strain amplitude range studied. How-
ever, it can be noticed that the treated material is
subjected to an elastic strain amplitude (thus a total
strain amplitude) higher than the untreated one. If the
two materials are compared with the same stress am-
plitude, such as in Fig. 10, where Ac(N¢/2) corres-
ponds to the stress amplitude at half the fatigue life,
the treated material behaves better than the untreated
one; furthermore, the lower the plastic strain ampli-
tude, better is the behaviour of the treated material in
comparison with the reference one.

In order to understand the effect of the treatment on
the cyclic behaviour of the two states, treated and
untreated materials, a study of the surface damage was
performed.
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Figure 9 Manson—Coffin curves of ICL 167 SPH stainless steel for
the (O) treated and (<) untreated materials.
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Figure 10 Cyclic stresses Aa/2 at half the fatigue life as a function
of the plastic strain amplitude Ag,/2 of ICL 167 SPH stainless steel
for the (M) treated and (O) untreated materials.



3.2.2. Surface damage

The examination of the sample gauge length by scann-
ing electron microscopy (SEM) after cycling to failure
allows the modes of deformation and cracking, both
on reference and treated specimens, to be emphasized.

The surface of the reference material is character-
ized by a high density of intense slip bands generally
straight and with sizeable extrusions. For the lowest
strain amplitude, the deformation is very heterogen-
eous from one grain to another one. When the strain
amplitude increases, both the number of grains with
slip bands and the density of these bands increase.
Microcrack initiation is located in the intense slip
bands, then the microcracks propagate from one grain
to another by changing slip-band systems, so that the
microcrack remains macroscopically normal to the
stress axis. The propagation is thus mainly trans-
granular [16].

The surface of the explosive-treated material is
characterized by a cracking with very few slip bands,
especially for the lowest strain amplitude, even in the
near proximity of the main crack (Fig. 11). However,
some slip bands can be hidden by the adherent resi-
dues of the detonation products which appear locally
in Fig. 11. In spite of the few visible slip bands, the
microcrack initiation is mainly transgranular. For the
higher strain amplitudes, the microcrack initiation is
still predominantly transgranular, but the cracking
exhibits a more ramified aspect (Fig. 12), especially for
Ag,/2 =5x 1073 where some grains are saturated
with microcracks (Fig. 13).

A quantitative analysis of the surface damage con-
sisted in counting the secondary microcracks on the
gauge lenigth after the fatigue test was performed on
every sample. Moreover, every microcrack was meas-
ured and classified according to its length, by classes
of 30 um (half of the mean grain gize). All these
data enable the total density of secondary microcracks
(indicated in microcracks per square millimetre) to be
calculated and histograms of the microcrack density
in each length class to be drawn. Table III gives the
total secondary microcrack densities as a function of
the plastic strain amplitude for the two states of the
material, and Fig. 14 shows the evolution of these

Figure 11 Scanning electron micrograph showing the main crack
and secondary microcracks without slip bands in the treated mater-
jal (1 mm explosive thickness), after cycling at Ae,/2 = 1072,

Figure 12 Scanning electron micrograph showing microcracks
with a ramified aspect in the treated material after cycling at
Ag,/2=2x1073.

Figure 13 Scanning electron micrograph showing the main crack
and a grain saturated with short microcracks in the treated material
after cycling at Ag,/2 = 5x 1073,

TABLE III Total secondary microcrack density as a function of
the plastic strain amplitude for the two states of the material

Total density (microcracks/mm?)

Ae,/2 Reference state Treated state

1073 12 27 (1 mm explosive
thickness)
62 (1.5 mm explosive
thickness)

2x1073 23 67 (1 mm)

5%1073 29 160 (1 mm)
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Figure 14 Evolution of the total secondary microcrack densities in
the two states of ICL 167 SPH stainless steel as a function of the
plastic strain amplitude: (O) untreated, (@) treated.

densities with the strain amplitude. For the reference
state, the microcrack density increases with the strain
amplitude but seems to be saturated for the highest
strain level with a density value of about 30 micro-
cracks/mm?. On the contrary, for the treated material,
the microcrack density drastically increases with the
strain amplitude, to reach 160 microcracks/mm? for
Ag,/2 =5x1073.

The histograms corresponding to the three plastic
strain amplitudes are shown in Figs 15 and 16 for the
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Figure 15 Histograms showing the secondary microcrack distribu-
tion in the untreated material for the three plastic strain amplitudes.
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Figure 15 Continued.

untreated and treated states, respectively. The refer-
ence state is characterized by the usual distribution
with a maximum density in the second section [17, 18]
and a low density of short microcracks (length
< 30 pm). On the other hand, in the treated material,
the number of microcracks shorter than 30 pm is
considerably higher than in the reference state for the
three strain amplitudes. The examination of the length
classes between 30 and 120 pm shows microcrack
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Figure 16 Histograms showing the secondary microcrack distribu-
tion in the treated material for the three plastic strain amplitudes.
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Figure 16 Continued.

densities higher in the treated material than in the
reference one, especially for the highest strain ampli-
tude. Beyond 120 um, the densities of microcracks are
rather similar except for the lowest strain amplitude
where they are higher in the treated material.

3.2.3. Evolution of the microhardness
after cycling

Before cycling, the reference microhardness value of
the untreated material was 200 HV. After cycling, the
fatigue specimens were cut perpendicular to the stress
axis at a distance of 2 mm from the main crack and
microhardness measurements were performed from
the outer surface to the centre of the samples with
a 25 g load. After cycling, for the untreated material,
an increase of the microhardness was noted due to
cyclic strengthening. The corresponding mean micro-
hardness values, constant along the profile, were
225HV for Ae,/2 =107, 240 HV for Ag,/2 = 2x
1073, and 290 HV for Ag,/2 = 5x 1073,

The microhardness profiles obtained on a treated
specimen cycled at the three plastic strain amplitudes
are given in Fig. 17. For Ae,/2 = 1073, the aspect of
the microhardness profile is not very different from the

300 " L L L L R B P Rt
O i
Lyt

. i
280 % -
g 260 ioﬁ: 7
o - ’.:6300 ]
; 240 $rsasd AAAOO o s N _
T [ * an ]
IR - S 1
220 [~ LA AR *
200 ITEETTET AN T0 BN SR BTSN A NI SR A

0 500 1000 1500 2000

Depth (um)

Figure 17 Microhardness profiles on a mnormal section of
(A, O, +, @) treated and ( +, A, ®) untreated specimens after cycling
at a constant plastic strain amplitude Age,/2 = (®) uncycled, (A, ®)
1073,(0,A) 2x107 3% and (+, +)5x 1073

uncycled and treated material profile. However, its
maximum is less high than in the uncycled material.
For Ag,/2 = 2 x 103, the maximum microhardness is
not located near the surface but at about 100 um
depth. For Ag,/2 = 5x 10>, the microhardness pro-
file is completely modified: the microhardness is mark-
edly lower at the surface than at a great depth. The
higher the plastic strain amplitude, the higher was the
decrease of the microhardness after cycling in the
surface layers. This phenomenon can be explained by
the extent of the surface damage in the treated and
cycled material, because at failure, the secondary
microcrack density reaches values of 67 or 160 mm ~2
for Ae,/2=2x10"2 or 5x 1073, respectively. The
presence of voids in such a quantity (see Fig. 13) thus
leads to an apparent reduction of microhardness. On
the other hand, the microhardness profiles of the
lowest strain amplitudes are located above the corres-
ponding value of the untreated and cycled material,
while for the highest strain amplitude the microhard-
ness profile is located below the corresponding value
of the untreated and cycled material. This fact can be
related to the cyclic behaviour (see Figs 6-8) where it
appears that the treated material exhibits higher cyclic
stresses than the untreated material for the lowest
strain amplitudes and inversely for the highest strain
amplitude. However, the differences between the
curves of the treated and uncycled sample, that treated
and cycled at 1073, and that treated and cycled at
2% 1077 in the area 100-300 um, are not significant
and can be due to measurement and treatment scatter-
ing, because there is probably no hardening induced
by cycling in this area, the microhardness of the
treated and uncycled sample being already higher
than the microhardness of the untreated and cycled
samples at the amplitudes of 1073 and 2 x 1073,

4. Discussion

For the three plastic strain amplitudes, the cyclic
hardening curves (Figs 6-8) show the effect of the
induced strengthening and the stability of this treat-
ment, especially for Ae,/2 = 107> and 2 x 10~ where
it persists up to failure, contrary to what is generally
observed after shot peening [6]. The cyclic behaviour
is partly explained by the mechanical properties of the
highly strengthened layers on about the first 300 um
where, as we have already shown [10], the yield
strength is estimated to be close to 850 MPa instead of
250 MPa in the untreated material. In these layers, the
microstructure is mainly composed of numerous twins
[13,14]. A detailed analysis of the microstructure will
be published elsewhere [15]. Now, in order to under-
stand the behaviour of the treated material during
a cycle, we will consider it to be a composite material
with a thin hardened outer part and the untreated
bulk. So let us consider such a treated specimen cycled
with an applied plastic strain amplitude, Ag,; the
resulting total strain amplitude, Aer, is identical in the
bulk as well as in the highly hardened surface layers.
However, the plastic strain amplitude in each part, the
bulk and the surface layers, is not identical to the
applied Ag,, as is schematically illustrated in Fig. 18
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Figure 18 Schematic drawing showing the plastic strain amplitudes
of the treated and untreated samples in the bulk and in the highly
strengthened surface layers.

and explained below. This figure shows the hysteresis
loops (o—¢) of the untreated material (with a fine and
continuous line) and of a hypothetical fully treated
material — as in the first 300 um which then exhibits
a high yield strength of about 850 MPa [10].

Now, a specimen treated as in the previous para-
graphs and cycled with the same total strain ampli-
tude, Asy, described by the vertical lines, which
corresponds to the total isodeformation of the two
parts of the treated specimen, will show a hysteresis
loop similar to that drawn with a thick line. The
intersection of the vertical lines with the prolongation
of the hysteresis loop of the untreated material, em-
phasizes the fact that the plastic strain amplitude, Ag,,
in the bulk of the treated material is increased com-
pared to the applied Ag,. On the contrary, for the
same total strain amplitude, the hysteresis loop of the
fully treated specimen shows that the plastic strain
amplitude, Agy, in the surface layers is markedly lower
than the applied Ag,.

Therefore, the fact that the fatigue lives of the
treated samples are shorter than that of the untreated
specimen when they were tested under plastic strain
amplitude could be explained by several factors:

(i) the irregularities of the treated surface, as can be
seen with the measurement of the R, factor (see Fig. 1),
favour the initiation of microcracks;

(ii) in the treated material, the residual stresses at
the surface are in tension which tends to lower the
fatigue life by making microcrack initiation easier;

(iii) the very high cyclic stress of the treated speci-
mens compared to the untreated ones;

(iv) as described in the above paragraph, the plastic
strain amplitude in the bulk of the treated sample is
higher than that of the untreated specimen and, as
a consequence, microcrack propagation which is gov-
erned by the plastic strain amplitude [19] is enhanced;

(v) the surface layers of the treated material are
composed of numerous twins, and it is known that
such a structure makes initiation and propagation of
microcracks easier [20].

In order to verify these points, two specimens were
treated with a 1.5mm explosive thickness then
polished to remove a layer of 40 pm from the first one
and 75 pm from the other one. These removals allow
the surface to be subjected to high stresses in compres-
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sion for the first one, and stresses close to zero for the
second one, if it is assumed that the residual stresses in
depth after a treatment with 1.5mm are not very
different to those of material treated with 0.5 mm
explosive. In Fig. 4, it appears that after a removal of
40 pm, the residual stresses are in compression (about
— 150 MPa) while at the surface they are in tension
(about + 160 MPa), and at 75 pm in depth, they are
very slightly in compression { — 35 MPa). Now it is
well known that residual stresses in compression tend
to delay the microcrack initiation and to prevent their
propagation [2].

The curves giving the evolution of the cyclic stress
amplitude of the treated samples are not given, be-
cause they are similar to that shown in Fig. 6 for
the material treated with an explosive thickness of
1.5 mm. This behaviour is not surprising because of
the very low thickness of the removed layers in com-
parison with the whole treated thickness. The fatigue
lives and the values of the cyclic stress at half the
fatigue life are given in Table IV.

As mentioned above, the cyclic stress evolution of
the polished specimens after treatment is not different
from that of the treated one and thus the cyclic stress
amplitude at half the fatigue life is identical for the
three tests (275 MPa). On the other hand, the fatigue
life of the specimen polished of 40 pm is increased.
This increase can be related to the compressive resid-
ual stresses present at the surface after a removal of
40 um. The increase of the fatigue life (51 000 cycles as
against 39 400 cycles) can also be partly due to the
better surface due to the polishing (R, close to zero as
against 0.45 pm). However, the fatigue lives of the
treated and the polished material are still shorter than
that of the untreated material. This is explained by
the fact that at 40 or 75 um depth, the twin density is
high after a treatment with an explosive thickness of
1.5 mm, as shown in Fig. 5, and then initiation and
propagation of microcracks are made easier along
twin boundaries. This -point is confirmed by the
analysis of the surface damage as explained in the next
paragraph.

The histograms giving the crack distribution at fail-
ure on the specimens treated with 1.5 mm explosive
thickness then polished before cycling are given in
Fig. 19. The total microcrack density is lower on
the polished specimens, especially after a polishing of
40 pum. As the histograms are similar beyond a length
of 120 pm, the difference in the total density between
the three samples comes from the first three classes. In
the first class, the microcracks of the two polished

TABLE IV Fatigue lives and cyclic stresses at half the fatigue life
of treated samples with or without subsequent polishing

Specimen Fatigue life Ac/2(Ng/2)
' (MPa)
Treatment with 1.5 mm 39 400 275
Treatment with 1.5 mm 51 000 275

+ polishing 40 pm
Treatment with 1.5 mm 39 460 275

+ polishing 75 um
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Figure 19 Histogram showing the secondary microcrack distribu-
tion in the treated material with an explosive thickness of 1.5 mm

for a plastic strain amplitude Ag,/2 = 1073, and a total density of

62 mm ™2,

specimens are only a third of those of the unpolished
specimen. However, on the specimen polished for
75 pm, the microcrack density in the second and third
classes is higher than that observed on the specimen
polished for 40 um or on the unpolished specimen.
These facts can easily be correlated, on the one hand,
with the surface roughness which is better on the
treated and polished specimens (R, close to 0.01 um
instead of 0.45 um), and on the other hand, with the
residual stresses which act on the short cracks (length
less than 120 pm on the surface, i.e. depth less than
50-60 pm because the ratio between the depth of
a crack and its visible length on the surface is close to
0.4-0.5 [21]). In the case where the residual stresses
are in compression at the surface (specimen polished
for 40 um), the microcracks in the first classes are less
numerous than those on the unpolished specimen. The
compressive residual stresses delay the microcrack
initiation and slow down their propagation through
the whole compression depth (40-50 um) which cor-
responds to microcracks of about 100 um in length at
the surface. On the other hand, if the polishing brings
to the surface an area with very low compressive
residual stresses (polishing for 75 pm), the microcracks
quickly reach an area free of compressive residual
stresses, and their initiation and propagation become
easier; the microcracks in the second and third classes
are thus more numerous than after polishing for 40 pm
(Fig. 19).

It thus appears that the effect of the treatment on
the fatigue life results in a competition between detri-
mental effects, such as a ductility decrease of the
surface layers, twinning, residual stresses in tension in
the external layer, the increase of cyclic stress or of
plastic strain amplitude in the bulk, and beneficial
effects such as the decrease of the plastic strain ampli-
tude in the surface layers, compressive residual stres-
ses under the surface layer. Owing to the mode of
deformation with an applied plastic strain, the result-
ing effect is negative. So, in order to obtain beneficial

effects on the fatigue life, it would be necessary to
realize tests in a stress-controlled mode. Such tests will
be performed and results published later.

5. Conclusion

A type 316L stainless steel was treated by a primary
explosive with thickness in the range 0.5-1.5 mm, then
tested in fatigue with a constant plastic strain ampli-
tude in the range 1073 to 5x 1073,

The treatment induces in the material a marked
hardening, especially in the first 300 um. The surface
roughness factor after treatment remains low. The
microstructure is mainly characterized by a profuse
twinning in the highly strengthened layers. The resid-
ual stresses at the surface are in tension. Beneath
10 pm depth, they are in compression up to about
100 pm.

The cyclic behaviour of the treated samples is char-
acterized by a higher stress amplitude than for the
untreated material during the near totality of the test.
This behaviour is explained by the very high strength-
ening induced by the treatment. However, the fatigue
life of the treated material is shorter than the reference
one. On the other hand, the secondary microcrack
density of the treated material is much higher than
that of the untreated material, especially for the very
short cracks. The characterization of the induced
effects and the use of tests performed on treated then
polished samples, allow both the shorter fatigue life
and the higher microcrack density to be explained.
They are due to the superposition of detrimental
effects on the one hand, such as surface roughness,
tension residual stresses in the external layer, twinn-
ing, decrease of ductility of the surface layers, increase
of cyclic stress and plastic strain amplitude in the bulk,
and on the other hand, beneficial effects such as de-
crease of the plastic strain amplitude in the surface
layers and compressive residual stresses beneath the
surface layer.
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