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The influence of surface mechanical attrition treatment (SMAT) on pack boronizing of AISI 304 stainless steel
(304 SS) is addressed. SMAT of 304 SS was performed using 8 mm Ø 316L stainless steel balls for 60 min.
Untreated and SMATed 304 SS samples were pack boronized by single stage (at 1223 K for 1, 3 5 and 7 h)
and duplex (973 K for 1 h and 1223 K for 1 h) treatments. SMATed 304 SS increased the kinetics of boron
diffusion, enabled the formation of a higher volume fraction of alloy borides and increased the hardness of
the borided layer. Duplex treatment increased the case depth than the single stage treatment. The findings
of this study suggest that SMAT can be used as an effective pretreatment for boronizing of 304 SS.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Boronizing is a thermo-chemical surface treatment process, which
involves diffusion of boron atoms into the surface of metal/alloy to pro-
duce a layer of borides of the corresponding metal/alloying elements
[1,2]. It is widely employed to improve the hardness, tribological prop-
erties and corrosion resistance of ferrous alloys [3–9]. Boronized stain-
less steels find application in food and chemical industries, nuclear
power plants and, biomedical applications [10–15]. Various types of
boronizing, namely, pack, paste, electrolytic, laser, etc., have beendevel-
oped to meet the challenging needs of various industries [16–21].
Among them, pack boronizing assumes significance following its easy
adaptability in process industries. Pack boronizing is usually performed
using a powder mixture consisting of an active ingredient (B4C), an ac-
tivating agent (KBF4) and a diluent (SiC) at 1173–1273 K for a few
hours depending on the desired case depth. During boronizing, the
case depth, phase contents, hardness and tribological properties of the
resultant boronized layer are primarily determined by the surface reac-
tions and the kinetics of boron diffusion. Improving the surface reactiv-
ity and accelerating the diffusion of boron is a challenging issue and calls
for suitable process modifications [22].

It has been shown that in nanocrystalline and ultra-fine grained
(UFG) materials, the presence of large number of grain boundaries and
triple junctions could act as fast atomic diffusion channels [23,24]. In
the past decade, diffusion behavior in nanostructured or UFG materials
produced by severe plastic deformation (SPD) has become an attractive
topic, since SPD processing is a promising route for producing bulk
nanostructuredmaterialswith enhanced properties [25,26]. Surfaceme-
chanical attrition treatment (SMAT) is a surface SPD method that en-
ables nanocrystallization at the surface of various metallic materials
[27–34]. SMAT enhanced the kinetics of diffusion during nitriding, alu-
minizing, chromizing, diffusion zinc coatings and diffusion of nickel in
copper [35–40]. Several reasons have been attributed for the observed
increase in the kinetics of diffusion of the active elements. The formation
of a gradientmicrostructure, pronounced non-equilibrium state of inter-
faces, ~30% excess free energy of the high angle grain boundaries have
been reported to be themajor reasons for the observed increase in diffu-
sion of Ni by ~4 orders ofmagnitude on SMATed copper [40].Wang et al.
[41] have observed an enhanced diffusivity of Cr in nanocrystalline Fe
sample produced by SMAT and correlated it to the presence of a large
volume fraction of non-equilibrium grain boundaries with high density
of dislocations and considerable amount of triple junctions. Nitriding,
aluminizing and chromizing are relatively low temperature processes
when compared to boronizing. Hence, materials subjected to SMAT
could maintain their nanostructured surface layer. In addition, the in-
crease in grain size during these processes is rather limited to cause
any significant influence on the kinetics of diffusion of the correspond-
ing elements. However, the temperature and treatment time employed
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for boronizing ofmost ferrous alloys are of the order of 1173–1273 K for
a few hours and, hence it is very difficult to realize the benefits of
nanostructuring at such conditions. This has also been addressed in
our earlier paper on the effect of SMAT on boronizing of EN8 steel [42].
The surface nanocrystallization by SMAT offers the benefit of formation
of borided layers at relatively lower temperatures. Xu et al. [43] have
shown that boronizing of SMATed H13 steel could be achieved at
973 K for 8 h. According to Yang et al. [44], the formation of large num-
ber of grain boundaries with various kinds of non-equilibrium defects
induced during SMAT enables an increase in kinetics of plasma
boronizing of H13 steel at 853 K for 4 h. In our earlier study [42], we
have shown that it is possible to get a reasonably thick boronized layer
on SMATed EN8 steel at 923 K for 7 h. However, such a long processing
time is not practicable for many industrial components. Boronizing of
stainless steels has beenwell studied and the details were reported else-
where [12,15,45–50]. Jauhari et al. [48] have observed an increase in
case depth of boronized layer formed on duplex stainless steel subjected
to super plastic deformation. However, the effect of SMAT on boronizing
of AISI 304 stainless steel (304 SS) is not studied previously. Since
boronizing of 304 SS requires a higher temperature of the order of
1223 K, it would be interesting to know to what extent the surface
nanocrystallization generated by SMAT will be useful in promoting the
kinetics of diffusion of boron. Duplex treatment is considered as one of

the possible modifications of surface treatment by chromizing and
boronizing. It is shown to be beneficial in increasing the kinetics of chro-
mizing of low carbon steel [51] andH13 steel [38] that results in the for-
mation of a much thicker chromized surface layer. Further, it is found to
be effective in increasing the boron diffusion kinetics and formation of a
dense and compact boronized layerwith a relatively higher thickness on
EN8 steels [42]. Hence, it is worthwhile to verify the effectiveness of du-
plex treatment. The present paper aims to address the effect of SMAT on
pack boronizing of 304 SS and to compare the effectiveness of single
stage and duplex treatments.
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Fig. 1. Optical micrographs of untreated and SMATed AISI 304 SS taken at (a, b) the sur-
face and (c) cross section: (a) untreated; and (b, c) SMATed using 8 mm Ø 316L SS
balls for 60 min.
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Fig. 2. Scanning electron micrographs taken at the cross section of AISI 304 SS
subjected to SMAT using 8 mm Ø 316L SS balls for 60 min.
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Fig. 3. X-ray diffraction patterns of untreated AISI 304 SS and those subjected to SMAT
using 8 mm Ø 316L SS balls for 60 min.
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