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Multiple layer systems of coatings are considered to have larger resistance to crack propaga-
tion in comparison to coatings with simple layer. With regard to fatigue, it is possible to improve
the resistance of a component with the application of shot peening treatment, whose compressive
residual stresses delay or eliminate the initiation and propagation of fatigue cracks. The aim of
this study is to analyse the effects on rotating bending fatigue behaviour of hard chromium –
electroless nickel multilayer system coated AISI 4340 high strength steel submitted to shot peening
pre treatment. Results indicated that the interaction between the shot peening process with the
multilayer system was not satisfactory, resulting in intense delamination. Fracture surface analy-
sis by SEM was performed toward to identify the fatigue crack origin, as well as the coating-
substrate delamination process.
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1. Introduction

Many are the possibilities of metallic coatings for both
decorative and functional applications. Functional deposits
are designated to improve the service life of coated piece1.
Among the functional applications stand out the hard chrome
and electroless nickel coating2.

The electroless nickel coating has high hardness, wear
and corrosion resistances, as well as high covering capac-
ity. In the aeronautical industries they are basically used
toward the recuperation of consumed pieces2.

On the other hand, hard chromium electroplating (above
2,5 µm thick) is used in several landing gear components
as: shock absorber, hydraulic cylinders and shafts. How-
ever, it is well known that the hard chromium electroplating
decrease the fatigue resistance of a component, which is
attributed to high tensile residual stresses and microcracks
density contained into the coating3. Thus, failure of the hard
chrome plating is frequently governed by initiation and

propagation of these microcracks4. As a consequence, the
aeronautical industries have been working in the sense of
developing alternative coating processes or improve the
current ones.

Multilayer systems of coatings are considered to have
superior resistance to cracks propagation than coatings with
simple layer. Bifurcation in the crack tip and deviation in
its path when close to the interface are considered possible
mechanisms of retention of crack propagation5.

On the other hand, it is also possible to improve the re-
sistance of a component through shot peening superficial
treatment, whose compressive residual stresses generated
delay or eliminate the initiation and propagation of cracks6.
Shot peening is a cold work process in which small spheres
impact the surface of a piece. The impact of the spheres on
the surface produces small dimples, creating a compressive
residual stresses field below them6,7. These stresses produced
on or under the surface of a piece can be as high as 50% of
its yielding tensile strength7.
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The aim of this study is to analyse the effects on rotat-
ing bending fatigue behaviour of hard chromium –
electroless nickel multilayer system coated AISI 4340 high
strength steel submitted to shot peening pre treatment.

2. Experimental Procedure

Material

The present study has been conducted with samples of
AISI 4340 steel, used in aircraft components where strength
and toughness are fundamental design requirements. The
chemical analysis of the material used in this research was:
0,39%C, <0,001%S, 0,69%Mn, 0,74%Cr, 1,70%Ni and
0,23%Mo. The fatigue experimental program was performed
on rotating bending fatigue test specimens machined from
hot rolled and quenched and tempered bars according to
Fig. 1. Before grinding machine the material was quenched
from 815 °C - 845 °C in oil (20 °C) and tempered in the
range of (520 ± 5) °C for two hours.

The specimens were polished in the reduced section with
600 grit papers, inspected dimensionally and by magnetic
particle inspection. After final preparation, samples were
subjected to a stress relieve heat treatment at 190 °C for 4
hours to reduce residual stresses induced by machining.
Average superficial roughness in the reduced section of the
samples was R

a
 ≈ 2.75 µm and standard deviation of

0.89 µm.
Rotating bending fatigue test were conducted using a

sinusoidal load of frequency 50 Hz and load ratio R = -1, at
room temperature, considering, as fatigue strength, the com-
plete specimens fracture or 107 load cycles.

Five groups of fatigue specimens were prepared to ob-
tain S-N curves for rotating bending fatigue tests.

• specimens of base material – AISI 4340;
• specimens of base metal and hard chromium electro-

plated, 100 µm thick;
• specimens of base metal with intermediate electroless

nickel plating layer 15 µm thick and electroplated with
hard chromium, 145 µm thick;

• specimens of base metal shot peened with hard chro-
mium electroplating, 100 µm thick;

• specimens of base metal shot peened with intermedi-
ate electroless nickel plating layer, 15 µm thick, and
electroplated with hard chromium, 145 µm thick.

3. Surface Treatments

Shot peening process

The shot peening process was applied in accordance to
MIL-S-13165C, with intensity of 0.008 A, spheres S 230 of
steel, and 200% covering. The superficial treatment was
applied on fatigue specimens and just on reduced section
and before coatings.

All coatings employed in this study were submitted to
adhesion test in accordance with ASTM B 571, getting ap-
probation.

Electroless nickel deposition

The electroless nickel deposition was made in a solu-
tion containing 20 g/L of NiSO4 and 24 g/L of NaH2PO2,
with pH 5, of 82 °C to 88 °C and speed deposition of 8 µm/h
to 10 µm/h, resulting in coating with 12%P (Ni-P alloy).

Before the superficial treatment applications the speci-
mens were vapour degreased and alkaline degreased and
desoxided in hydrochloric acid solution.

Hard chromium electroplating

The accelerated hard chromium electroplating was car-
ried out from a chromic acid solution with 250 g/L of CrO3

and 2.7 g/L of H2SO4, at 55 °C - 60 °C, with a current den-
sity from 55 A/dm2 to 65 A/dm2, and speed of deposition
equal to 80 µm/h. A bath with double catalyst, based on
sulphate and without fluoride, was used. The term “accel-
erated “was used to characterise the high efficiency and fluo-
ride free hard chromium electroplating.

Average surface roughness of the hard chromium elec-
troplating was Ra ≈ 3.13 µm in the reduced section and stand-
ard deviation of 0.79 µm, in the as-electroplated condition.

After all coatings, the specimens were subjected to a
hydrogen embrittlement relief treatment at 190 °C for 8
hours, in accordance to ASTM E519.

Fracture surfaces analysis.

Analysis of fracture surface was carried out on rotating
bending fatigue specimens by scanning electron microscope,
model LEO 435 Vpi and Zeiss DSM 950.

4. Results and Discussion

Tensile tests

Mechanical properties of the material after heat treat-
ment are: hardness of 39 HRC; yield tensile strength of 1118
MPa (0.2% offset), ultimate tensile strength of 1210 MPa
and elongation of 14.9%.Figure 1. Rotating bending fatigue testing specimen.



Vol. 5, No. 2, 2002 Effect of a Shot Peening Pre Treatment on the Fatigue Behaviour of Hard Chromium on Electroless Nickel Interlayer Coated AISI 4340 Aeronautical Steel 97

Rotating bending fatigue tests

Figure 2 shows the S x N (Wöhler) curves of the rotat-
ing bending fatigue tests for all mentioned groups.

From Fig. 2, it is possible to observe the effect of the
hard chromium plating on the fatigue strength reduction of
the AISI 4340 steel. This is due to high tensile residual
stresses and microcracks density contained in the coating,
as mentioned in previous studies3.

Effect of the electroless nickel layer

Figure 2 shows the benefit effect of the electroless nickel
interlayer application on the fatigue life of AISI 4340 steel
hard chromium electroplated. This behaviour may be at-
tributed to the largest toughness/ductility and compressive
residual stresses contained in the electroless nickel plating,
which, probably, arrested or delayed the microcrack propa-
gation from the hard chromium external layer8. Basically,
residual stresses in the electroless nickel plating are depend-
ent on its phosphorus content, being tensile between 4% P
and 9% P and compressive below 4% P and in the range of
10% P to 12% P9,10. The nickel plating ductility also changes
with phosphorus content, being minimum at 10% P and
maximum at 12% P9.

The application of several layers of coatings is a way to
obtain high hardness in combination with high toughness.
This system is considered to have superior properties than
coatings with simple layer, including to abrasion and ero-
sion resistances. Wiklund et al.4, mentioned that coatings
with multiple layers have larger resistance to cracks propa-
gation than those with simple layer. Crack tip bifurcation
due to plastic deformations and deflection of its path, when
close to the interface, may be possible mechanisms of inhi-
bition of cracks in coatings with multiple layers. Differences

on materials properties, such as Young’s Modulus, elastic-
ity, toughness and morphologies, when a crack pass through
the interface between coatings, increase the possibilities of
the crack to deflect or to bifurcate in several other, so, re-
ducing the intensity stress factor at the crack tip and result-
ing in a more toughness coating.

Effect of the shot peening superficial pre treatment

From Fig. 2, it can be observed the excellent recupera-
tion on fatigue strength of the groups submitted to shot
peening pre treatment. It is well known that the process in-
duces compressive residual stresses at the surface and sub-
surface, in a depth which depends on the intensity, size,
material and hardness of the shot and percentage of recov-
ering11. The compressive residual stresses arises as a result
of the resistance of the adjacent area of the material to the
plastic deformation caused by the shot, which act arresting
or delaying the cracks nucleation/propagation11-13.

Analysing the curves from the Fig. 2, it is also possible
to observe practically the same fatigue behaviour of the hard
chrome plated specimens submitted to shot peening pre treat-
ment, with and without the electroless nickel intermediate
layer (both inferior to the base material without coatings).
This can means that the interaction of compressive residual
stresses contained in the intermediate layer of electroless
nickel with one contained at the surface of the base mate-
rial (originated by the shot peening treatment), did not re-
sult in the expected increase in fatigue life when compared
to the specimens shot peened and covered with simple layer
of accelerated chrome*. This fact may be attributed to the
compressive residual stresses superposition between them.
That is, the compressive stresses contained in a layer may
generate tensile stresses at the adjacent surface. This impli-
cates that it cannot be appropriated to combine, consecu-
tively, coatings, which contain similar residual stresses, but
to alternate them through coatings with opposed residual
stresses. On the other hand, this consideration implicates
that the tensile residual stresses contained in the hard chrome
plating would induce compressive residual stresses in the
substrate. This is referenced by Horsewell5, who mentions
that the chrome layer contraction during the eletroctroplating
process generates high equi biaxial tensile stresses in the
coating and compression stresses in the substrate. So, in the
coating with simple hard chrome layer, the “benefit” given
to the substrate is counteracted by the microcracks density
contained in the coating, which when submitted to the ten-
sile residual stresses action in addition to external loads,
propagates and reduces the life fatigue of a component.

On the other hand, a delamination process were also
verified in the electroless nickel/base material interfaces,
submitted to the shot peening pre treatment, as can be ob-
served from Fig. 3 (in spite of the best anchoring substrate/

Figure 2. S-N comparative curves of the all cases analysed in this
study.

* The influence of the hard chrome thickness variation from 100 µm to 145
µm was not considered in function of the best performance of the samples
covered with hard chrome (145 µm thick) on chemical nickel, (15 µm thick)
in comparison with hard chrome plated samples, 100 µm thick.
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coating caused by the superficial deformations induced by
the shot).The observed delamination may probably be due
to the residual stresses balance between base material and
coating.

Another way to explain the delamination phenomena is
presented by Y. Sugimura & S. Suresh15, who showed ex-
perimentally that the conditions for a fatigue crack arrest or
growth (in Mode I), through the interface between different
solid materials, are governed by the direction in which it
approaches the interface (if perpendicular or not), and if it
comes from the more ductile/toughness material or from
the more fragile one. It was verified that in simple and duc-
tile layer coatings, the propagation occurs until the plastic
zone at the crack tip touches the interface with the substrate
(fragile). At this moment, the crack growth rate decreases,
causing the crack arrest. Any attempt in forcing the crack
propagation from the most ductile material to the most fragile
(as increasing ∆K), will cause the crack tip deflection to-
ward the substrate/coating interface, causing delamination.
The crack will restart in a different area (for example, a
stress concentrator) and will propagate into the base mate-
rial. On the other hand, if the coating is more fragile than
the substrate, the original crack of this coating will cross
the interface and will penetrate in the substrate without im-
pediment, increasing the ∆K15. With the application of a
more ductile intermediate layer, the surface original crack
will growth through the layer (fragile) and will cross the
interface and the intermediate layer, easily. However, when
the plastic zone at the crack tip touches the interface coat-
ing / substrate (more strength), the crack will be retained
even before to touches this interface. The loading sequence
will just be to deflect and/or to bifurcate the crack tip, which
will occur, also, close to the interface (and not in the inter-
face). Thereby the delamination will be imminent. Figure 4
illustrates the whole path of a crack that began at the sur-
face and propagated in direction to the base material, simu-
lating the situation used in this study, based on the previ-
ously mentioned considerations.

However, in spite of the electroless nickel coating is more
ductile with regard to the external hard chrome plating, the
propagation of cracks coming from this external layer was
not easy. The retention of several cracks originating from
the hard chrome layer was verified, according to Fig. 5b.
This means that there is a great contribution of the residual
stresses on the fatigue cracks growth process, which is not
necessarily correlated to the ductile or fragile nature of the
material. That is, the residual stresses can be compressive
or tensile and present in materials both fragile and ductile.

Analyses of the fracture surfaces

The fracture surfaces are illustrated in Figs. 5 and 6.
One sees, from Figs. 5a and 5b, the uniformity in both thick-
nesses of electroless nickel and accelerated hard chrome;
radial microcracks along the thickness of the accelerated
hard chrome coating, which they did not growth in direc-
tion to the substrate, perhaps, inhibited by the electroless
nickel intermediate layer. Also, the excellent adherence be-
tween hard chrome and electroless nickel layers and
delamination between this last one with the substrate can
be observed.

Figures 6a and 6b show perfectly the effect of shot
peening application on the retention or retardation of the
fatigue cracks propagation. It is noticed that the cracks
growth only after, perhaps, the compressive residual stresses
field, either converging (a) or diverging (b).

Figure 4. Simulation of the crack propagation in the multilayer
system.

Figure 3. Delamination of the electroless nickel layer/base metal
shot peened interface PLASTIC ZONE AT THE CRACK TIP
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5. Conclusions

1. Electroless nickel intermediate layer application re-
sulted in the recovery of the fatigue life of AISI 4340
high strength steel accelerated hard chromium coated.
The electroless nickel intermediate layer was capable
to inhibit or to retain the propagation of many origi-

Figure 5a. Fracture surface of accelerated hard chromium (145 µm)
on electroless nickel (15 µm) plating, unshot peened.

Figure 5b. Fracture surface of accelerated hard chromium (145 µm)
over electroless nickel (15 µm) plated specimen submitted to shot
peening pre treatment.

Figure 6a. Fracture surface of accelerated hard chromium elec-
troplated specimen, 100 µm thick, submitted to shot peening pre
treatment.

Figure 6b. Fracture surface of accelerated hard chromium elec-
troplated specimen, 100 µm thick, submitted to shot peening pre
treatment.

nal cracks from the hard chromium external layer.
2. On accelerated hard chromium plated specimens con-

taining an electroless nickel intermediate layer no shot
peened, small delaminations (Fig. 5a), were observed.

3. From specimens submitted to shot peening pre treat-
ment the delamination was more intense, around all
coating/substrate interface (Fig. 5b). This suggests that,
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perhaps it is not interesting to put upon different lay-
ers containing compressive residual stresses, but to
alternate them with layers containing tensile residual
stresses or coatings free of stresses.

4. Hard chromium plated specimens and hard chromium
on electroless nickel plated specimens, both shot
peened, presented, practically, the same fatigue be-
haviour.

5. Accelerated hard chromium electroplating proved to
have an excellent adherence to the AISI 4340 steel
and to the electroless nickel intermediate layer. On
the other hand, the delamination at intermediate
electroless nickel layer-substrate interface was ob-
served too.
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