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Abstract. A nanocryastalline surface layer of 38CrSi alloyed steel was fabricated by supersonic
fine particles bombarding (SFPB). Microstructure of the nanocrystalline surface layer was observed
by means of TEM, and tribological properties of the layer were tested by CETR equipment etc.
The results indicate that the nanocrystalline surface layer was characterized by nano-scale
equiaxed grains with random crystallographic orientations, as indicated by the dark-field image
and the selected area electron diffraction (SAED) patterns. And average grains size on the top
surface layer is approximately 25 nm. Nanocrystalline surface layer did not perform excellent
tribological properties at unlubricated condition, whereas, comparing with lower friction coefficient
and excellent wear-resistance performance at lubricated condition. And the wear mechanism of
the nanocrystalline surface layer has been discussed.

1. INTRODUCTION

Nanocrystalline materials have exhibited novel prop-
erties and performance behavior comparing with that
of the traditional ones [1-6]. The traditional engineer-
ing materials can be modified by generation of
nanocrystalline surface layer, i.e. by means of sur-
face nanocrystallization technique, which is a fea-
sible way to carry out industrial application of nano-
technique [7-9]. The severe plastic deformation is
an important way to perform surface
nanocrystallization, such as USP, SFPB, SMAT,
etc. [10-13]. Based on the theory of gas-solid
mixture, supersonic fine particles bombarding
(SFPB) discussed above is a technique that hard
solid particles with high kinetic energy dragged by
high pressure gas is used to bombard metallic
materials and make coarse grains in the surface
broken into nano-scale ones by severe plastic yield,
for obtaining the subsized-effect advantage of the

nano-scale particles and enhancing the global per-
formance of metallic materials effectively [14].

Now, nanocryastalline surface layer had been
prepared on the surface of some soft relatively
materials such as low carbon steel, 304 stainless
steel, and aluminium alloy, etc., which need relatively
lower bombarding particles speed and gas velocity
[15-19]. High hardness alloyed materials were mainly
used to manufacture components of general
machinery. However, because of it is high hardness
and not prone to plastic yield, the preparation of
nanocrystalline surface layer on the surface of
medium alloyed steel, such as 38CrSi, needs higher
bombarding particles velocity and gas velocity.
Hitherto, study on surface nanocrystallization
treatment of alloyed materials is comparatively
seldom report both in domestic and overseas
research. Consequently, investigation on preparation
and properties of nanocrystalline surface layer on
medium alloyed steel has great significance.
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Fig. 1. Dark-field TEM image of the initial surface
layer.

Fig. 2. Dark-field TEM image and corresponding
SAED pattern of the top surface layer.

Fig. 3. SEM cross-section observation of the sample
after 60 s treatment.

2. EXPERIMENTAL

The material used in this work was a 38CrSi al-
loyed steel plate of 6mm thick, its chemical com-
positions contain (mass%) 0.4C, 0.47Mn, 0.017P,
0.005S, 1.15Si, and 1.44Cr. The material was
quenched and tempered in terms of heat process-
ing with quenching in oil after 1.5 hour thermal re-
tardation at 910 °C,and tempering in water after 2
hour thermal retardation at 650 °C.The initial struc-
ture was tempered-sorbite with acicular martensitic
phase. Its hardness was HRC24.
Samples of 25.4×25.4 mm2 prepared by linear

cutting machine were SFPB treated after polished
and ultrasonically cleaned in acetone for about 20
min.The main processing parameters of SFPB were
chosen as follows: Gas pressure was 2.5 MPa. The
processing duration was 60,120, and 180 s, respec-
tively. Distance between the gun outlet and matrix
was 50 mm. The bombarding angle was 90°. Bom-
barding materials adopted was spherical stainless
steel shot. Its diameter was 0.2 mm. Its density
was 7.39 g.cm-3. Its hardness was HRC58.

The structural evolution of samples was
characterized by different techniques. The cross-
section morphology of the sample treated was

observed by scanning electron microscope (SEM)
on PHILIPH. The microstructure of the surface layer
on the SFPBed plate was characterized by
transmission electron microscopy (TEM) on JEOL-
2011.Thin foil samples for TEM observations were
cut from the treated surface layer by linear cutting
machine and thinned by ion thinning at low
temperature.

Hardness of the nanocrystalline surface layer was
tested by NanoTest600 machine. Friction and wear
experiments were performed under ambient
laboratory condition (20 °C) using a rotatory sliding
wear tester on CETR. The depth of wear scar were
tested by TR240 style surface roughness measuring
instrument, and the pattern of wear scar observed
by SEM after ultrasonically cleaned in acetone for
about 10 min.

3. RESULTS AND DISCUSSION

3.1. Microstructure of nanocrystalline
surface layer

Fig. 1 shows typical TEM plane-view observations
of the initial surface layer. The results indicate that
initial tissue of 38CrSi alloyed steel was mixture of
acicular ferrite with 0.5-10 m width and 2-20 m
length and cementite grains distributed irregularly
on ferrites.

Fig. 2 shows typical dark-field image and corre-
sponding SAED pattern of the top surface layer of
the sample after 60 s treatment. It is clear that mi-
crostructure of the top surface layer is
characterized by nano-scale equiaxed grains with
random crystallographic orientations, as indicated
by the diffraction ring in the selected area electron
diffraction (SAD) patterns. And the grains were
irregular-shaped and their size ranges from 20 to 30
nm.

Fig. 3 shows a cross-sectional observation of
the SFPBed sample after 60 s treatment. It could
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be found that plastic deformation with certain thick-
ness (area left to real line) generated on the sample
treated. According to the microstructure, the sample
can be divided into three areas, i.e. plastically
deforming zone, intermediate zone and matrix zone
along depth from surface layer. Severe plastic
deformation of about 30 m thickness (area left to
broken line) was seen in the surface layer, in which
grain boundaries and phases could not be clearly
identified as that in the matrix.

3.2. Friction and wear properties

The variation of hardness along depth of sample af-
ter 60 s treatment was determined in a cross-sec-
tional sample, as plotted in Fig. 4. The results show
that micro-hardness of nanocrystalline surface layer
was 2-multiples as matrix and inclined to decrease

Fig. 4. Variation of hardness with the depth of the
sample after 60 s treatment.

Fig. 5. Variation of the friction coefficient with the sliding time at different lubricated condition: (a) under
unlubricated condition and (b) under lubricated condition.

from superficial nanocrystalline surface layer to
matrix gradually along the depth.

Figs. 5a and 5b plot friction coefficient  as a
function of the duration for the initial sample, SFPBed
sample and polished SFPBed sample under
unlubricated condition and lubricated condition,
respectively. In advance, SFPBed sample was
polished to obtain average R a value same with that
of initial sample[20]. At unlubricated conditions,
friction coefficient of the three samples increases
gradually during about the first 1000 s and tends to
a steady-state value of about 0.6 when the rotatory
time exceeds 1200 s. The variation of the friction
coefficient as a function of rotatory sliding time at
others load (1, 3, 7 N) was similar to that at load of
5 N. Consequently, one can draw the conclusion
that SFPBed samples do not demonstrate excellent
friction properties at unlubricated conditions in the
present investigation.

At lubricated conditions of 50CC oil, friction co-
efficient of the initial sample increases slowly and
tends to a steady-state value of about 0.35. Friction
coefficient of the SFPBed sample increases
gradually during the first 1300 s, then increases rap-
idly and stays unchanged (of about 0.5 with large-
amplitude fluctuation). Friction coefficient of polished
SFPBed sample stays unchanged (of about 0.1).
The variation of the friction coefficient  as a func-
tion of rotatory sliding time at others load (10, 15,
25 N) was similar to that at load of 20 N. Conse-
quently, one can draw the conclusion that polished
SFPBed sample demonstrates excellent relatively
friction properties at lubricated conditions in the
present investigation.
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Fig. 6. Variation of the wear rate with load at different lubricated conditions: (a) under unlubricated condition
and (b) under lubricated condition.

Fig. 7. Surface morphologies of wear scar for the three typical samples under unlubricated condition:
(a) the initial sample, (b) the SFPBed sample, and (c) the polished SFPBed sample.

Fig. 6a shows variation of wear rate with the load
for the initial sample, SFPBed sample and polished
SFPBed sample under unlubricated conditions. For
the three samples, wear rate increases with
increasing load. However, wear rate of the polished
SFPBed sample is lower than that of the initial
sample and SFPBed sample under each tested
load. Under lubricated conditions, wear rate of initial
sample and SFPBed sample increases linearly with
increasing load, as plotted in Fig. 6b. Wear rate of
polished SFPBed sample is lower than that of the
others at each tested load and deviates from the
linear tendency when the load exceeds 20 N. The
results indicate that wear resistance of the 38CrSi
has been improved by the surface
nanocrystallization treatment at given specially
condition in the present investigation.

Fig. 7 shows the SEM morphologies of wear
scars for the three samples at unlubricated
conditions, which shed light on the wear
mechanisms. The wear loss of the three samples
mainly result from plowing and micro-cutting under

the abrasive action of the GCr15 spherical tip fric-
tion couple and abrasive dust from the sample sur-
face. It can be seen that wear scar of the initial
sample was narrow and deep. The wear scar with
many parallel grooves of the SFPBed sample was
shallow and wide relatively. The scar of the polished
SFPBed sample was smooth, shallower than that
of the initial sample, narrower than that of the
SFPBed sample relatively.

The results above all demonstrate that
increasement of wear rate for the SFPBed sample
is dominantly attributing to the slight damage on
the sample surface brought from SFPB, which may
induce spall easily in the course of repetitive sliding
action. Comparing with the initial sample,
improvement of wear resistance for the polished
sample may results from enhancing of hardness in
the nanocrystalline surface layer.

Fig. 8 shows the surface morphologies of wear
scars for the initial sample, SFPBed sample and
polished SFPBed sample under the load of 20 N at
lubricated condition. The wear scar of the initial
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Fig. 8. Surface morphologies of wear scar for the three typical samples under lubricated condition: (a) the
initial sample, (b) the SFPBed sample,  and (c) the polished SFPBed sample.

sample is narrower than that at unlubricated condi-
tion. The wear scar of the SFPBed sample was also
shallow and wide. The wear scar of the polished
SFPBed sample was scratched slightly.

Due to extrusion by oil-bound film and repeat of
plowing, the damaged slightly surface by SFPB flake
seriously and produce wide, shallow furrows.
Attributing to high hardness enhanced by refinement
of grains in the surface layer, excellent oil-deposited
of lots of semi-spherical pits distributed on surface
(shown in Fig. 8c), high activity nanocrystalline
surface layer which was prone to react with additive
in the oil and generate protective-film between friction
couple and then decrease friction coefficient and
improve the anti-wear resistance effectively, the wear
scar on the surface of the polished SFPBed sample
was scratched slightly comparing with that of the
initial sample.

4. CONCLUSIONS

(1) Nanocrystalline surface layer of 38CrSi alloyed
steel with thickness of 30 m was fabricated by
means of SFPB, which nano-scale equiaxed grains
possessed random crystallographic orientations has
been obtained and its grains size ranges from 20 to
30 nm.
(2) The present results clearly demonstrate that the
polished nanocrystalline surface layer prepared by
SFPB could improve the tribological properties of
the materials effectively at lubricated conditions,
which might be a feasible way to carry out industrial
application of the surface nanocrystallization
technique.
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